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Abstract—The available publications concerned with fabrication and study of light-emitting diodes (LEDS)
intended for operation in the 1.6—4.4 um spectral range; based on GaSb substrates; and grown by liquid-phase
epitaxy, which makesit possibleto form fairly thick layerslattice-matched to GaSh, are reviewed. In these stud-
ies, the active region consists of the GalnAsSh compound in LEDsfor the spectral ranges 1.8-2.4 and 3.4-4.4 um
and the AlGaAsSh compound for the spectral region 1.6-1.8 pm. The wide-gap AlGaAsSb confining layers
contain up to 64% of Al, which is an unprecedentedly high content for liquid-phase epitaxy. Asymmetric
(GaSh/GalnAsSh/AlGaAsSh) and symmetric (AlGaAsSh/GalnAsSh/AlGaAsSh) heterostructures have been
fabricated and studied. Varioustypes of designsthat make it possibleto improvetheyield of radiation generated
in the active region have been developed. The measured external quantum yield of emission is as high as 6.0%
at 300 K for the LEDs operating at the wavelengths 1.9-2.2 um. A pulsed optical -radiation power of 7 mW at
acurrent of 300 mA with aduty factor of 0.5 and 190 mW at acurrent of 1.4 A with aduty factor of 0.005 have
been obtained. The external quantum emission yield of ~1% has been obtained for LEDs that emit in the spec-
tral range 3.4-4.4 um; this yield exceeds that obtained for the known InAsSb/InAsSbP heterostructure grown
on an InAs substrate by a factor of 3. The measured lifetime of minority charge carriers (5-50 ns) is close to
the theoretical lifetimeif only the radiative recombination and impact CHCC bulk recombination are taken into
account. The impact recombination is prevalent at temperatures higher than 200 K for LEDs operating in the
spectral range 3.4-4.4 um and at temperatures higher than 300 K for LEDs operating in the spectral range

1.6-2.4 um. © 2005 Pleiades Publishing, Inc.

1. INTRODUCTION

Light-emitting diodes (LEDSs) occupy a prominent
place in optoelectronics. They are simpler and more
reliable than lasers and operate at much lower current
densities. In the case where a high resolution is not
required, LEDs are more attractive than lasers, sincethe
latter are more expensive devices; in addition, the need
to bring the narrow emission line of a gas into coinci-
dence with its absorption line complicates the experi-
mental setup owing to the requirement for precision
heating. Compared to thermal radiation sources, LEDs
offer an advantage, sincethey emit afairly narrow spec-
tral line (therefore, there is no need for optical filters)
and, in addition, admit a high-rate of electrical modul a-
tion, meaning that there is no need to use mechanical
choppers.

LEDs based on GaSb and its GalnAsSb and
AlGaAsSbh solid solutions are sources of spontaneous
radiation in the 1.6-2.5 um spectral range, within
which there are absorption lines of water vapors, CO,,
nitrogen-containing molecules (N,O, NO,, and NH,),
molecules of hydrocarbons (in particular, methane),
and so on. These radiation sources are promising for
spectral applications, in particular, for ecological and
technological control of the environment [1]; in addi-
tion, they can be used in medicine, e.g., for measuring

the sugar content in blood. There have been attemptsto
develop LEDsfor the spectral range 1.6-2.5 um on the
basis of lattice-mismatched InGaAs/GaAs heterostruc-
tures [2]; however, these heterostructures exhibited a
low efficiency due to the formation of misfit disloca-
tions in the stressed layers. Heterostructures based on
GaSh solid solutions are lattice-matched to the GaSh
substrate, have alow density of misfit dislocations, and
exhibit an enhanced resistance to degradation.

Gallium antimonide is a direct-gap semiconductor
with the band gap E, = 0.725 €V at room temperature.
The GaSb energy-band structure includes I', L, and

X valleys with the band gaps E; = 0.727 eV, E; =

0.753 eV, and Eg =1.032 eV at 300 K. As aresult of

the small ML energy spacing in GaSb and much lower
density of states in the ' minimum at room tempera-
ture, amajor portion of the electrons occupies statesin
the L valley. The spin—orbit splitting in GaSb amounts
to 0.76 eV (i.e, exceeds E; a room temperature),
which is favorable for a decrease in losses due to
absorption and, also, for areduction in thelevel of non-
radiative Auger recombination.

In LEDs based on GaSh, GalnAsSb is used as the
material for the active region and AlGaAsSb is used for
wide-gap emitters. The lattice constant of the GalnAsSb
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Fig. 1. Dependence of the band gap on the composition
of  quaternary  (GaSh);_(AlAsyogShpgr),  and

(InAsg 91Sbg,09)1 — A(GaSh), solid solutions, whose lattice

constant coincides with that of GaSh at a temperature of
300 K. The miscihility gap for GalnAsSb is represented by
the dotted line.

alloy ismatched to that of GaSb for the compositions
(Gash)(INAsy 9;Sbgp 09)1 - - The AlGaAsSb aloy is
lattice-matched to GaSb for the compositions
(GaSh); _ (AlAs) sShby ), The composition depen-
dences of the band gaps in direct-gap GalnAsSb and
AlGaAsSb aloys that are lattice-matched to GaSb are
showninFig. 1[3].

Data on fabrication and the results of studies of
LEDs based on GalnAsSb were reported for the first
time by Dolginov et al. [4]. A p-GalnAsSb semicon-
ductor grown on a p-GaSh substrate was used as the
material for the active (emitting) region and n-GaSh
was used for the wide-gap emitter. An external quantum
yield of 1-1.5% was attained at room temperature for
these LEDs; the response time was ~10~" s.

This paper is areview of the available publications
concerning the development and study of LEDs based
on GaSb and its solid solutions. The review consists of
an introduction, six main sections, and a conclusion.

In Section 2, the simplest asymmetric LED struc-
tures that include a GaSb substrate as one wide-gap
emitter and an AlIGaAsSh alloy layer as the other wide-
gap emitter are considered. These LEDsare most prom-
ising for the wavelength range A = 1.8-2.5 um.

In Section 3, we consider LEDs with symmetric
emitters based on AlGaAsSh alloys. Symmetric hetero-
structures are found to operate well at the wavel engths
of 1.94 and 2.35 um, which correspond to the absorp-
tion lines related to water and methane vapors, respec-
tively.

Section 4 is devoted to the efforts to modify the
design of LEDs based on symmetric AlGaAsSh/Galn-
AsSb/AIGaAsSh heterostructures that emit in the
wavelength range 1.9-2.1 um at room temperature with
the aim of attaining a higher emission power.
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Fig. 2. (a) Schematic representation of a light-emitting
diode based on a nonsymmetrical heterostructure with a
GalnAsSb active region. (b) The energy-band diagram of
thestructure: F isthe Fermi level, E isthe conduction-band
bottom, and E,, is the valence-band top.

In Section 5, we describe LEDs that emit at rela-
tively long wavelengths (at A = 3.4—4.4 um), are based
on symmetric AlGaAsSb/GalnAsSb/AIGaAsSh het-
erostructures grown on GaSh substrates, and feature an
unprecedentedly high efficiency in the spectral range
under consideration.

In Section 6, we consider the specia features of the
design of LEDs that operate at various wavelengths in
the range 1.6-2.5 um. We report the attained parame-
ters of the LEDs.

In Section 7, we describe studies aimed at increas-
ing the quantum yield of the emission by electrochem-
ical faceting the substrate part of the LED.

2. LIGHT-EMITTING DIODES BASED
ON AN ASYMMETRIC GaSh/GalnAsSh/AlGaAsSh
HETEROSTRUCTURE FOR THE SPECTRAL
RANGE 1.8-2.5 pm

The active p-GalnAsSb region was formed between

a p-GaSb substrate and an n-GaSb wide-gap emitter
in the LED design reported by Dolginov et al. [4],
whereas, in the LEDs we fabricated, the AlGaAsSbh
alloy was used as the wide-gap emitter in order to
improve the electron confinement [5]. The LEDs were
based on a structure (Fig. 2a) [5] that consisted of an
active n-GalnAsSb 2-3-um-thick layer (E; = 0.58 eV)
grown on a(111)B n-GaSb substrate (here, B standsfor
the Sb sublattice) doped with Te so that the charge-car-
rier concentration was (7-9) x 107 cm™ and a wide-
gap p-AlGaAsSh emitter layer (E; = 1.2 eV) doped
with Ge so that the carrier concentration was 5 x
SEMICONDUCTORS  Vol. 39
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Fig. 3. Electroluminescent characteristics of GaSh/Gal nAsSb/AlGaAsSb light-emitting diodes at room temperature. (a) The emis-
sion spectrum; (b) the dependence of the emission power P on the current I (I, is the threshold current that correspondsto adrastic
increase in the emission power with the current); (c) the directivity pattern of emission; and (d) the dependence of the emission
intensity on timet in the case where rectangular current pulses with an amplitude of 50 mA and duration of 70 ns are applied to the

Structure.

10%8 cm3. We studied structures in which the level of
active-region doping with Te varied in the range of car-
rier concentrations of (5-7) x 10%" cm=3. We used this
structure to fabricate mesa LEDs (with a diameter of
300 pm) with a continuous deposited ohmic contact
to n-GaSb (Au + 5% of Te) and alocal 50-um-diam-
eter ohmic deposited contact (Au + 5% of Ge) to
p-AlGaAsSh.

The energy-band diagram of the LED is shown in
Fig. 2b. As can be seen, there is a type || n—n hetero-
junction at the interface between the n-GaSh substrate
and the active region.

The LED characteristics, emission spectra, and
directivity patterns were measured under the applica-
tion of meander-type rectangular current pulses with a
duty factor of 0.5 to the LED. The repetition frequency
was chosen to be 40-1000 Hz; this frequency was suf-
ficiently low for a steady state in the LED to be estab-
lished during the effect of each pulse. Therefore, we
henceforth refer to this mode of operation as the quasi-
continuous wave (CW) mode. In order to obtain LED
characteristics at higher currents without heating, we
decreased the duty factor to 0.03-0.01. In this case, the
pulse width was decreased to 0.2-10 ps. Inwhat follows,
we will give only the amplitude values of the current and
emission power. The response time was determined from
the curve of the growth or decay of the emission pulse
when current pulses were applied to the LED.

The results of experimental study of the LEDs are
shown in Fig. 3. The emission spectrum P,(hv) =
dP/dhv incorporates a single band whose full width at
half-maximumis d=0.06-0.07 eV (Fig. 3a). Theemis-
sion power P (Fig. 3b) increases superlinearly as the
current increases, P ~ I™, while, at low currents, | <1, =
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4-8 mA; here, m = 4-5 and |, is the threshold current
that corresponds to a drastic increase in the guantum
yield of emission. At high currents, | >1,, m=1.1-1.3
inthe current range 10100 mA. Thedirectivity pattern
of emission (Fig. 3a) corresponds to the emission-
power dependence per unit solid angle (P, o) on the
angle in the active-region plane ¢ and the angle 6 with
respect to the perpendicular to this plane. The total

emission power isP = J’é"dq)JEPq,ve sinBde. The power

of the emission in the direction perpendicular to the
p—n-junction plane (8 = 0°) is 20-30% lower than that
at angles 6 = 70°-80° (Fig. 3c) for al values of ¢. This
behavior isattributed to the fact that radiation exits both
through the front surface of the crystal with the mesa
structure and through side surfaces. Emission from
only the front surface is observed at an angle 6 = 0°,
whereas the emission through the side surfacesis added
at larger angles. The angular distribution of emission
through each surface is found to follow the cosine law
closely. Theresponse speed of aL ED affects the depen-
dence of the current emission power P, on timet when
the LED isfed with rectangular current pulses (Fig. 3d).
The resulting emission pulse features three stages. Ini-
tidly, a delay in the appearance of emission is
observed; this delay is caused by charging of the p—n-
junction capacitance. The emission intensity then
increases with a time constant that is close to the life-
time of the minority charge carriers (1); when the cur-
rent is switched off, the emission intensity decays with
almost the same time constant. The current-pulse dura-
tion is chosen so that it exceeds T in order for the emis-
sion to have time to attain the steady-state value by the
instant of current-pulse termination. This steady-state
power represents the amplitude emission power P. The
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Fig. 4. The main parameters of the light-emitting diode:
(a) the emission spectra of four diodes and (b) the depen-
dences of the external quantum yield of emission ng, and
the time constant of the emission decay t on the wavelength
that corresponds to the peak Ay, Of the spectral band.

emission pulse (Fig. 3d) grows and decays with virtu-
ally the same time constant of 10-15 ns. The minority-
carrier lifetime, determined from the value of the
extracted charge when the forward current is changed
to the reverse current, has approximately the same
value (9-11 ns).

The voltage drop across the LED at high currents
(I >1,) isexpressed by the empirical dependence

_KT IHL KT 1+

eIn N eIn » + 1R, D

wherel; =0.001-0.1 pA, 1,=0.2-09mA, R,= 12 Q,
T is temperature, k is the Boltzmann constant, and e is
the elementary charge. The first term on the right-hand
side representsthe voltage drop acrossthe p—njunction,
the second term represents the voltage drop across the
n—n junction, and the third term represents the voltage
drop across the series resistance R, of the diode.

The external quantum yield of emission was mea-
sured using a calibrated photodiode in the case of exit
of radiation through both the front face and the lateral
faces in combination with exit from the front face. The
guantum yield of emission through the front face
ranged from 1.3 to 3.5%, while the total quantum yield
of emission ranged from 3.0 to 4.5% for a current of
30 mA and was virtually independent of the active-
region doping level. The attainment of a higher external
quantum yield of emission (Ne, > 1.5%) compared to
that reported by Dolginov et al. [4] is related not only

U
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to a high internal quantum yield of radiative recombi-
nation but also to the exit of amajor part of theradiation
due to the process of multiple reflection of light in the
mesa structure. Since we used n-GalnAsSb (rather than
p-GalnAsSb asin [4]), we can expect that the contribu-
tion of nonradiative recombination becomes much
smaller due to the lower rate of impact recombination.
Asaresult, this behavior can lead to ageneral decrease
in the recombination ratein the thin (with the thickness
d < 3 um) active layer and to the appearance of recom-
bination via potentia wells at the n—n heterojunction.

A number of facts indicate that recombination via
guantum states at the n—n heteroboundary can occur in
the diodes under consideration. The large width of the
emission spectrum (& = 70 meV) is possibly related to
the fact that the degree of degeneracy in the quantum
well for electrons at the n—n heteroboundary is higher
than that in the active-region bulk. The independence of
the minority-carrier lifetime from the degree of the
active-region doping also supports the concept of
recombination via quantum states at the n—n heter-
oboundary. In addition, the drastic increase in the exter-
nal quantum yield of emission as the current increases
and an increase in the slope of the current—voltage
(I-V) characteristic at currents of 4-8 mA can also be
related to radiative recombination via the quantum
states at the n—n heteroboundary.

Further studies of the LEDs based on GaSh/Galn-
AsSh/AlGaAsSh were carried out in a wide range of
compositions, values of the active region thickness, and
charge-carrier concentrations in this region [6]. The
LED structure wasthe same asin [5] (see Fig. 2); how-
ever, an n-GasSh:Te (100) substrate with a charge-car-
rier concentration of (5-9) x 10 cm—3 was used in [6].
The wide-gap p-AlGaAsSbh emitter (E, = 1.27 eV) was
doped with Ge so that the acceptor concentration was
5x 108 cm3,

The Ga, _,InAsSh, _, aloy composition was var-
iedintheranges0.05<x<0.24and 0.04<y<0.22in
the narrow-gap active layer, while the layer thickness
was varied from 0.4 to 6 pm. In this case, the mismatch
between the lattice parameters of the substrate and
layer (Aa/a) was no larger than (1-3) x 103, The active
layer of the structure was doped with tellurium, and the
charge-carrier concentration in the layer varied in a
widerange, from 1 x 10'6to 2 x 10'® cm. Mesa LEDs
300 pm in diameter were provided with a “point”
ohmic contact (with a diameter of 40 um and Au +
5%Ge composition) to p-AlGaAsSb and a grid ohmic
contact (Au + 3%Te) to n-GaSh.

The emission spectra P, = dP/dA of the LEDs at
room temperature (Fig. 44) include a single band; the
wavelength corresponding to the peak of this band A,
increasesalmost linearly asthe composition parameters
of the aloy (x and y) in the active region increase. The
value of A., is nearly independent of the level of
active-region doping but depends on the thickness of
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this region and decreases by 0.05-0.1 um as the thick-
ness decreases from 5to 0.4 pm.

The external quantum yield of the emission ne
depends on the charge-carrier concentration n in the
active region (Fig. 5a). For all the LEDs, this depen-
dence is bell-shaped with a peak at n = 1 x 10*” cmr3.
The dependence of the external quantum yield on the
active-region thickness d was also represented by a
curve with a peak. The highest efficiency was observed
at d = 2-3 um; the efficiency decreased especially dras-
tically (by almost an order of magnitude) as the thick-
ness decreased to 0.7-0.4 um (Fig. 5b). The external
guantum vyield ne, attained a maximum of 5% for
LEDswith A5 = 2.0-2.2 pm and decreased gradually
to 1% for LEDs that emit either at shorter wavelengths
(Amax = 1.8 um) or at longer wavelengths (A =
2.4 um). The measurements were carried out in the
range of currents | = 30-300 mA, in which case the
value of ng attained a maximum and the current
dependence of the emission intensity was linear. The
observed sharp increase in the external quantum yield
as the wavelength A, varied from 1.76 to 2.0 um is
probably caused by an increasein the efficiency of radi-
ative recombination as the energy gap between the I’
and L valleys in the aloy increases as a result of an
increase in the In content and eventual increase in the
carrier concentration in the direct I’ valley. Further
decrease in the radiative-recombination efficiency with
increasing wavelength in the range Ao = 2.2-2.4 um
apparently has a complex character. One of the causes
of this decrease could be an increase in the degree of
disordering of the alloy as the miscibility gap is
approached. Another cause might be the effect of inter-
facial recombination of charge carriers at the n—n heter-
oboundary. In a series of LEDs operating at different
wavelengths, the magnitudes of the offsets in the con-
duction band (AE,) and the valence band (E,) increase;
as a result, the depth of the potential wells at the
n-n heteroboundary increases. In this case, if there are
imperfections at the n—n heteroboundary, the efficiency
of the radiative recombination can be reduced. Such a
conclusion is supported by experimental data on a
decrease in the external quantum yield of emission and
an increase in the spread in the values of this yield as
the active-region thickness decreases and the p— junc-
tion approaches the n—n heteroboundary.

The transient electroluminescent characteristics of
the structures subjected to rectangular current pulses
(I = 200 mA) depend on the alloy composition in the
active region. The minority-carrier lifetime t (Fig. 4b),
determined from the emission-decay time constant
when the current was switched off and, also, from the
value of the extracted charge asthe forward current was
changed to the reverse current, was the longest for the
LEDs with A, = 1.8 um and equal to ~50 ns and
decreased gradually by an order of magnitude (to 3-5ns)
for aLED with A5 = 2.4 um.

2005
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Fig. 5. Dependences of the external quantum yield of emis-
Sion Neyt ON (&) the electron concentration n in the active
layer and (b) the layer thicknessd. T =295 K.

We managed, later on, to use structures based on
GaSh and the GalnAsSb and AlGaAsSb alloysto fabri-
cate LEDs that emitted in a spectral region correspond-
ing to longer wavelengths (A = 2.5 um) in the vicinity of
the miscibility-gap boundary for the GalnAsSb aloy [7].
Interest in spontaneous optical sources in this spectral
region is caused by the fabrication of optical fibers (fluo-
rite) for which an ultralow level of losses (~0.025 dB/km)
has been already attained at a wavelength of 2.5 um.

The light-emitting structure (Fig. 6) was formed by
liquid-phase epitaxy (LPE) on an n-GaSb (111)B sub-
strate (here, B indicates the Sb sublattice). The active
region of the structure consisted of an n-
Gay 751Ny 25A Sy 255h 75 Alloy inthe vicinity of the misci-
bility gap; one side of this region bordered an n-GaSh
layer (n =5 x 10' cm™) and the other side bordered a
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Fig. 6. Energy-band diagram of a nonsymmetrical hetero-
structure: By denotes band-to-band recombination, and A
and B, represent two types of interfacial recombination, i.e.,
(A) between the levels at the heteroboundary and (B,)
between a level at the heteroboundary for electrons and a
level of holes attracted to electrons. F¢ and Fy, are the quasi-
Fermi levels for electrons and holes and U is the external
voltage.

wide-gap p-AlGaAsSb layer (E; = 1.2 eV, p = 2 x
10 cm3). The active region of the structure was doped
with tellurium so that the charge-carrier concentration
was equal to (1-8) x 10% cm3; the active-region thick-
ness was varied in the range 0.4-5 um. We used this
structure to fabricate mesa LEDs (with a diameter of
300 um) with a grid ohmic contact (Au + 5%Te) to
n-GaSb and a “point” (with a diameter of ~40 um)
ohmic contact (Au + 5%Ge) to p-AlGaSbAs.

The dependence of the LEDS emitting properties
on the active-region thickness was studied.

The emission spectraof the LEDswith athick active
region (d =5 um) (Fig. 7a, curves 1, 1) feature only an
interband emission band (transitions B, in Fig. 6) with
the wavelengths of the peak A, = 2.32 and 2.12 ym at
295 and 77 K, respectively. The emission is nonpolar-
ized in any direction of light propagation. The elec-
troluminescence (EL) spectra of the LEDs with athin
active region (d = 0.4 um) (Fig. 7a, curves 2, 2') are
shifted to longer wavelengths by 0.15 um (at 77 and
295 K) owing to the generation of emission with a dif-
ferent physical origin: A = 2.42-2.47 um (295 K)
and 2.17-2.21 pm (77 K). The long-wavelength part of
the band exhibits TE polarization when emission is
observed in the p—n-junction plane (the vector E of the
emission electric field is paralel to the p—n-junction
plane). The degree of polarization isashigh as0.1-0.2.
The radiation is nonpolarized in a direction perpendic-
ular to the plane of the p—n junction.

This new emission correspondsto interfacial transi-
tions between the levels for electrons and holes at a
p-n heteroboundary of type Il (transitions A in Fig. 6)
and between the level for electrons and the level for
holes attracted to these electrons (transitions B, in Fig. 6).

DANILOVA et al.

P,, arb. units

1.0} 2 ] 2 I (a)

05

0.65
hv, eV

0.50 ! 0.55 0.60

1/%, arb. units
1.0} (b)

/

0.50 |
E, (295K)

1
0.65
hv, eV

1 0.60
E, (T7K)

1
0.55

Fig. 7. The spectra of (a) emission P,, and (b) photocur-
rent I; for structures with the thick (1, 1) and thin (2, 2')
activeregions. T=(1,2)295and (1',2) 77K.d=(1,1) 5
and (2, 2') 0.4 pm.

We studied the long-wavelength edge of photore-
sponse in the case where the p-AlGaAsSb side of the
structure was illuminated (Fig. 7b). The shapes of the
photoresponse spectra are nearly parabolic for the sam-
ples with thin and thick active regions; i.e., the photo-
current I O (hv — hvy)®5, where hv; = 0.51 eV at 295 K
and 0.58 eV at 77 K. Such aform photoresponse corre-
sponds to the absorption edge in alightly doped direct-
gap semiconductor, and the value of hv; correspondsto
the band gap of the active region.

At the sametime, the spectrum of the photoresponse I
(Fig. 7b) for the structures with a thin active region is
shifted to longer wavel engths owing to the appearance of
photosensitivity a photon energies hv < E,. This addi-
tional photosensitivity is probably caused by electron
trangitions originating near the n-GaSb-n-GalnAsSb
interface.

The external quantum yield of emission at the edge

of the miscibility gap for the solid solution (Fig. 8,
curve 1) at room temperature increases amost fivefold
as the active-region thickness decreases from 5 to
0.4 um. It is worth noting that the active-region thick-
ness becomes smaller than the hole diffusion length L =
3 um. However, the maximum value of the externa
SEMICONDUCTORS  Vol. 39
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Fig. 8. Dependences of (1) the external quantum yield of
emission at the edge of the miscibility gap ne, and (2, 3) the
time constant of the emission-intensity decay T on the thick-
nessof the narrow-gap layerdat T =(1, 2) 295 and (3) 77 K.

quantum yield (Ne: = 1%) remainslower, by afactor 2-3,
than the corresponding yield for the structures with
Amax = 2.0-2.2 um [5]. The external quantum yield at
77 K isafactor of 20-30 higher than that at room tem-
perature.

The most significant changes are observed in the
lifetime of minority charge carriers (Fig. 8, curves 2, 3)
as the active-region thickness is varied: the lifetime
decreases by nearly an order of magnitude (from 10-8to
10?° s) as the thickness decreases and the p—n junction
approaches the n—n heteroboundary.

All the above dependences on the active-region
thickness indicate that the radiative-recombination
mechanism changesradically and therole of interfacial
recombination is prevaent in structures with a thin
active region. It is noteworthy that the content of
arsenic decreases at the edge of the miscibility gap as
the layer thicknessincreases; as aresult, the concentra-
tion of defectsin the layer increases. This circumstance
brings about a decrease in n as d increases.

Later [8], the nature of the radiative recombination
in the heterostructures under consideration was studied
in detail. To this end, the temperature and current
dependences of the EL spectra, quantum yield of emis-
sion, and the lifetime of minority charge carriers in
LEDssimilar to those considered in [5, 6] were studied.
In addition, the lifetime of minority charge carriers was
studied inrelation to the difference between the band gap
of GaSb and that of the narrow-gap GalnAsSh layer.

According to the EL characteristics, al the diodes
can bedivided into two groups: short-wavelength LEDs
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Figg 9. The emisson spectra of four

GaSh/GalnAsSh/AlGaAsSh LEDs designed for operation
at wavelengths of 1.8-2.4 um (1-4) at (a) 295 and (b) 77 K.
(c) The dependences of the intensities of bands B, C, and D
(Pg, Pc, and Pp) for a light-emitting diode designed for
operation at awavelength of 1.8 um on the current at 77 K.

with an emission wavelength A, < 2 um and long-
wavelength LEDs with A, > 2 um. The emission
spectra of al the LEDs at room temperature (Fig. 9a)
arerepresented by aband with awidth of 0.04-0.06 eV
and an energy of the peak hv,,, closeto Eg of the nar-
row-gap layer. Spectral dependences of emission for
the LEDs designed for the wavelengths of 1.8, 2.0, 2.2,
and 2.4 um (0.69, 0.62, 0.56, and 0.52 eV) at T =295 K
areshownin Fig. 9a

As the temperature is varied from 295 to 77 K, the
emission spectra of the long-wavelength LEDs do not
radically change: they still include a single band. Low-
intensity bands C and D are clearly observed in the
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Fig. 10. Temperature dependences of (a) the external quan-
tum yield of emission for LEDs and (b) the charge-carrier
lifetime. Curves 14 correspond to the LEDs with the emis-
sion spectra(1-4) in Fig. 9. (b) The dashed lines correspond
to the results of calculations of (5) 1,, (6) T4, and (7) T;,.
(c) The dependences of the charge-carrier lifetime on the dif-
ference between the band gaps of GaSb and the narrow-gap
GalnAsSb layer AEg at (1) 77 and (2) 295 K for an electron

concentration in the narrow-gap layer equaling ~10*" cm >,

spectraof short-wavelength LEDs asthe temperatureis
varied from 295 to 77 K (Fig. 9b). The energies corre-
sponding to the peaks of bands C and D are smaller than
E4 by 20 and 80 meV, respectively; theintensities of the
bands depend heavily on current. Bands C and D,
located at longer wavelengths, are prevalent in the spec-
traat low currents (Fig. 9c). Asthe current isincreased,
the emission intensity in these bands attains a maxi-
mum (band C) or even becomes dlightly lower after
attaining a maximum (band D); at the same time, the
emissionintensity in the short-wavel ength band (band B)
increases steadily as the current is increased, with the
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current dependence of the intensity being transformed
gradually from superlinear to linear. As the temperature
increases, the contribution of band B increases; this band
is prevalent at room temperature even at low currents.

The temperature dependences of the energies corre-
sponding to the peaks of the emission bands for short-
and long-wavelength LEDs are radically different. For
al the short-wavelength LEDs, we have dhv,,,/dT =
dEy/dT for al the bands.

The energy position and shape of band B are charac-
teristic of band-to-band radiative recombination taking
into account the degeneracy of electrons. Bands C and
D havefeaturesthat are characteristic of recombination
viadoubly charged acceptors. The difference Eg—hv
is close to the ionization energy of a singly charged
acceptor for short-wavelength band C and is approxi-
mately fourfold larger for band D, which should be
expected for a doubly charged acceptor. In the short-
wavelength LEDs at temperatures close to 77 K, the
minority-carrier recombination is mainly radiative and
occurs owing both to band-to-band transitions and to
transitions to the levels of inherent doubly charged
acceptors; in contrast, at T > 200 K, nonradiative Auger
recombination begins to play an important role along
with the band-to-band radiative recombination. In
semiconductors with n-type conductivity, the Auger
process is most probable; in this process, a minority
carrier (hole) recombineswith an electron and transfers
the released energy to another electron in the conduc-
tion band (the CHCC process).

The external quantum yield of emission features a
maximum (up to 6%) in the LEDs designed for wave-
lengths of 2.0-2.2 um and decreases to 1% for the
LEDs designed for either shorter (A,,x = 1.8 um) or
longer (Ama = 2.4 um) wavelengths. Asthe temperature
is increased, the external quantum yield of emission
decreases in all the LEDs at a fixed current (30 mA)
(Fig. 104). In the temperature range 77-150 K, the
external quantum yield depends on temperature only
dightly, whereas this dependence is heavy at higher
temperatures.

We calculated theradiative (t,) and nonradiative (1,)
lifetimes of minority charge carriers in the case of
band-to-band recombination. In order to calculate T,
we chose the formula derived by Gel’ mont and Zegrya
[9] taking into account the nonparabolicity of the
energy bands and the spin—orbit splitting of the valence
band; this formulaiswritten as

- {D 2m (#2./e.Eg
-

CnkTd 3
32 321 &)
gz_fj Eg+A py +H !
mC3Eg+2Amﬁ/2+m§/2 '
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where
1_1+1_ 1_1+1_

o om o mg g, om, mg

m,, m, and m, are the effective masses of an electron
and light and heavy holes, respectively; ., is the high-
frequency permittivity; c isthe speed of light; and A is
the magnitude of the spin—orbit splitting of the valence
band.

The temperature dependence of 1, for a short-wave-
length LED was calculated using formula (2) and is
shown in Fig. 10b (curve 5). At atemperature of 77 K,
the calculated value of T, exceeds the experimental
value by no more than ~20%. As the temperature
increases, the calculated T, increases in proportion
to T%2; in contrast, experimental values increase much
less rapidly, which indicates that other recombination
mechanisms come into effect with an increase in tem-
perature.

In order to calculate the nonradiative holelifetimein
this process, we use the Besttie-L andsberg formulafor
a CHCC process [10-12]:

52 4,3 U gD
8./2m ethFleXpD1+kaD .
2 12 32 n

emZmPP(KTE) (L + W)™ (1 +20) | (3)

1, =

Here, 1 = my/m, and € isthe permittivity.

The squared product of the overlap integrals |F,F,]?
is calculated using the formula

%H_mﬂj p(1—p) @)
m{] 1+3u+2p

The Beattie-L andsberg theory was favored over the
more rigorous theory given in [9] because, in the
former, the quantity |F,F,J? is calculated in the context
of the one-dimensional Kronig—Penney model rather
than the three-dimensional model asin [9]. Apparently,
the one-dimensional model corresponds satisfactorily
to the conditionsin the crystals under study; these crys-
tals are heavily compensated and involve high electric
fields along which the law of conservation of momen-
tum can be violated. The more rigorous theory [9]
yieldsavalueof |F,F, that isafactor of Ey/KT smaller and
avalueof 1, that isan order of magnitude larger than those
calculated using the Beattie-Landsberg theory [10].

The temperature dependence of T, for a short-wave-
length LED was calculated with formula (3) and is
shown in Fig. 10b (curve 6).

At atemperature of 300 K, the calculated lifetime T,
exceeds the experimental value by a factor of ~1.5 and
isshorter than theradiative lifetime 1, by afactor of ~2.
As the temperature decreases, the value of 1, increases
rapidly. The resulting lifetime, 1,, = T,t/(t, + T,)
(Fig. 10b, curve 7), exceeds the experimental value (1)
by no more than 10-25%; therefore, we may assume

[FiFyl* =
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that radiative recombination is prevalent in short-wave-
length LEDs at low temperatures.

Thecalculated internal quantumyield n,, =T,.,/T, for
short-wavelength LEDs is equal to 98% at 77 K and
decreases asthetemperature increasesto 35% at 300 K.
The experimental external quantum yield differs from
the calculated value, being equal to 30-40% at 77 K,
and decreases drastically as the temperature increases
(to 1-2% at 300 K) (Fig. 10a). Probably, the experi-
mental value of the external quantum yield is much
smaller than the calculated internal gquantum yield
mainly asaresult of absorption of radiation in the crys-
tal. Furthermore, there are some additional mechanisms
of nonradiative recombination. At temperatures in the
vicinity of 300 K, the external quantum yield can be
affected to some extent by nonradiative recombination via
the L valey of the conduction band as a result of the nar-
row energy gap (100 meV) betweenthel” and L valleys.

In addition, the interfacial recombination at the
n-n heteroboundary can make some contribution to the
recombination process.

In the long-wavelength LEDs, the external quantum
yield of radiation is equal to 20-30% at 77 K, which
corresponds to the prevalence of radiative recombina-
tion if we take into account absorption of radiation in
the crystal. At room temperature, the external quantum
yield is an order of magnitude lower than at 77 K; cor-
respondingly, the lifetime of minority charge carriersis
controlled by a nonradiative process.

According to expression (2), theradiativelifetimein
the case of band-to-band bulk recombination should
increase by 40% as E, decreases from 0.7 to 0.5 eV,
irrespective of temperature while the nonradiative life-
time, according to expression (3), should decrease by a
factor of 2 when the temperatureisincreased to 300 K.
However, the experimental lifetime doesnot increase as
E, decreases from 0.68 to 0.53; rather, the lifetime
decreases by afactor of 2.5-5. This circumstance sug-
geststhat thereisinterfacial recombination (in addition
to band-to-band bulk recombination) in the long-wave-
length LEDs.

Sincethelifetime of minority charge carriers should
depend on the charge at the heteroboundary, we plotted
the dependence of the experimental lifetime T on AE,,
i.e., on the difference between the band gaps of GaSh
and GalnAsSb (Fig. 10c). The value of AE, is linearly
related to the magnitude of the conduction-band offset
AE, at the n—n heteroboundary; the space charge at this

boundary N depends on AE, asN O ,/AE, . Therefore,
the radiative lifetime should be inversely proportional

AE,4, which is precisely what is observed for
experimental T at 77 K (Fig. 10c, curve 1). At the same
time, we have T 0 (AEy)™ at room temperature, which

is quite possible in the case of a nonradiative CHCC
process at the heteroboundary (Fig. 10c, curve 2).



1244
P, arb. units
2
’ w{ l 2
10 - R n P ,//;/ 1
n 257
Coordinate Vvl
/4
1071F .= 2 7
S p i
n 777
L ""n 1717
177
Coordinate A %
/
102 1
1073
1074
107
11 A 1 1 1 1
103 102 10~ 10° 10!
I, A

Fig. 11. The current dependences of the optical output
power for light-emitting diodes of three types (1-3) at T =
77 K (dashed lines) and 300 K (solid lines). The energy-band
diagramsfor studied heterostructures 1-3 with various heights
of then-GaSb/n-GalnAsSb heterobarriersat the boundary with
the active region are shown in the inset; these heights amount
to (1) 100%, (2) 54%, and (3) 27% of the original vaue.

Later on, we studied the effect of the band offset at
an n-GaSh/n-GalnAsSb type Il heterojunction on the
efficiency of radiative recombination in LEDs based on
n-GalnAsSh [13]. We studied three types of individual
heterostructures (see the inset in Fig. 11) based on the
Gay 79l Ng 21AS) 160081 Alloy (E; = 530 meV and T =
300 K). Inatype 1 structure, anarrow-gap n-GalnAsSh
layer was confined by an n-GaSb:Te substrate (E; =
726 meV and n = 3 x 10Y cm™®) and a wide-gap
P-Al g 34Gag 66A Sp,02500 05:Ge emiitter (E; = 1.27 eV and
p =5 x 10" cm). The structures of types 2 and 3 differed
from the type 1 structure in that they included an interme-
diate n-Ga, _,InAs,Sb, _, layer introduced between the
subgtrate and narrow-gap n-Ga; _,InAsSb, _,; the In
content in this intermediate layer amounted to x = 0.10
and 0.15 for the structures of types 2 and 3, respec-
tively. The active and intermediate layers of the struc-
tures were doped with tellurium to produce an electron
concentration of 8 x 10'-1 x 10 cm=3.The narrow-
gap layer was 1.5 um thick, the intermediate layer was
2.0 pm thick; and the emitter layer was 2.5 pm thick.
The magnitude of the lattice mismatch between the
substrate and the layers was no larger than Aa/a = 5 x
10 These structures were used to fabricate mesa
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Fig. 12. Temperature dependences of (a) the external quan-
tum yield of emission ng, and (b) the lifetime of minority
charge carriersat apulsed current of 100 mA for structures 1,
2, and 3 (see Fig. 11).

LEDs 300 pm in diameter with a grid contact (Au +
3%Te) to the n-GaSb substrate and a “point” contact
(40 um in diameter, Au + 5%Ge) to p-AlGaAsSh. The
p-n-junction areawas 3 x 10~ cm?.

The current dependences of the optical power
(Fig. 11) are similar for the three types of structures. In
the entire range of currents and temperatures, the type 2
structures exhibited the highest optical power and the
type 1 structures featured the lowest optical power. The
external quantum yield of emission ne, (Fig. 12a) first
increased by 5-10% as the temperature was increased
intherange T = 77-110 K and, then, decreased drasti-
cally at temperatures higher than 110K for all thetypes
of structures. The quantum yield decreased in thevicin-
ity of room temperature.

Thelowest quantum yield was observed for the struc-
tureswithout an intermediate layer (type 1) and the high-
est yield was observed in the structures that incorporated
an intermediate layer with x = 0.10 (type 2).

The temperature dependence of the lifetime of
minority charge carriers (Fig. 12b) exhibited a maxi-
mum at T = 220 K. The temperature dependence of the
lifetime for the structures with the intermediate layer
was less steep than that for the structures without an
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intermediate layer. Thetemperature at which the carrier
lifetime was longest depended on the structure type.
The lifetime becomes identical for the structures of
types 1 and 2 at 130 K and for the structures of types 1
and 3 at 190 K. At room temperature, thelifetimein the
structures with an intermediate layer is 10-15% shorter
than that in the structures without an intermediate layer.

The emission characteristics of the LEDs studied
exhibit some common features that should be related to
recombination in the bulk of the active region; this
recombination is similar in the three types of hetero-
structures under consideration. Differencesin the emis-
sion characteristics of the LEDs are related to the cor-
responding differences in the energy-band diagrams.
The Gay 751 Ng 25A S, 16500 g1 @loy forms a biased hetero-
junction (type Il) with the n-GaSb substrate, and the
offsets of the conduction band AE. and the valence
band AE, are of the same sign and are equal to 370 and
170 meV [14]. The introduction of a Galn,AsSb inter-
mediate layer with x = 0.10 (E; = 630 meV) divides the
barrier at the n—n heteroboundary according to therela-
tion AE.,/AE, = (170/200) meV [14]. Introduction of
an intermediate layer with x = 0.15 (E; = 570 meV)
makes this ratio equal to AE/AE,, = (270/100) meV
[14]. The introduction of an intermediate layer leadsto
adecrease in the depth of the potential wells at the n—n
heteroboundary with the active region and to a decrease
in the role of radiative and nonradiative recombination
processes at this heteroboundary. The radiative lifetime
of the minority charge carriers in the case of recombi-
nation in the region of the heteroboundary is propor-
tiona to the surface charge density and isrelated to the
conduction-band offset in the form 1 O (AE.) 2. An
increase in temperature brings about an activation of
nonradiative recombination both in the bulk and in het-
eroboundary region. As AE, increases, the efficiency of
theradiative process|owers asaresult of intensification
of the nonradiative Auger process; therefore, the struc-
tures without intermediate layers exhibit longer life-
times and a lower efficiency at room temperature
(Fig. 12). As follows from the experimental data,
recombination of charge carriersin the region of the n—
n heterojunction directly affects the efficiency of radia
tive Auger recombination in the LEDs based on n-
GalnAsSh. The effect of the n—n heteroboundary was
observed in the entire range of temperatures (77-300 K)
and pump currents (I < 6 A) under consideration and
manifested itself in the ratio between the efficiencies of
the mechanisms of radiative and nonradiative recombi-
nation processes. The introduction of the intermediate
layer (AE/E, = 40%) made it possible to increase the
emission external quantum yield by a factor of
1.5-2 compared to that in the structures without an
intermediate layer.

Thus, we fabricated and studied LEDs that were
designed for the 1.6-2.5-um spectral range and had a
lowered potential barrier at the n—n boundary of the
activeregion. The n—n type Il heterojunction acted as a
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Fig. 13. Schematic representation of light-emitting double
heterostructures. symmetric (S) and nonsymmetrical (NS).

lower confining energy barrier. The LEDs of thisdesign
featured a quantum yield no lower than 5-6% in the
pulsed mode at room temperature. In addition, studies
of these LEDs made it possible to gain insight into the
properties of a type Il n—n heterojunction for a
GaSh/GalnAsSb system. We showed that there is an
optimal value of the conduction-band offset AE, at
which the external quantum yield reaches a maximum.
Thisvaueisequal to 200 meV for the LEDsunder con-
sideration. It was of great interest to us to compare the
developed structures of asymmetric LEDs that include
a type Il n—n heterojunction with a symmetric LED
structure that does not include atype Il heterojunction.

3. LIGHT-EMITTING DIODES BASED
ON A SYMMETRIC
AlGaAsSh/GalnAsSh/AIGaAsSbh STRUCTURE
AND DESIGNED FOR THE WAVELENGTHS
OF 1.94, 2.2, AND 2.35 um

Popov et al. [15] carried out a comparative study of
the design of two types of LEDs based on symmetric
and asymmetric heterostructures. The LEDs emitted at
the wavelength A, = 2.2 pm. The measurements were
carried out in the continuous-wave (CW) mode at room
temperature. The aim of the study wasto fabricate high-
power LEDs for the above wavelength in order to mea-
sure the absorption spectra of nitrogen-containing mol-
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ecules (N,O, NO,, and NH;). The structures of these
LEDs are shownin Fig. 13.

The LEDs were grown by LPE on an n-GaSb (100)
substrate. The heterostructure of thefirst type (symmet-
ric (S)) consisted of four epitaxial layers. The active
n-GalnAsSh layer was confined by two wide-gap
n-and p-AlGaAsSb emitters with a thickness of
2.5um. A heavily doped 0.5-um-thick p-GaSb layer
was grown on top in order to provide alow-resistance
contact. The active GalnAsSh layer had a high indium
content (x = 16%, E, = 0.57 €V) and was doped with Te

to a concentration as high as (1-2) x 10% cm3. The
wide-gap confining AlGaAsSb layers with an Al con-
tent of 50% (E, = 1.11 eV) were doped with Te and Ge
to the concentrations of (2—4) x 10'® and (6-8) x
108 cm3 for the n- and p-type layers, respectively. The
lattice constants of al the layers were matched to that
of the GaSh substrate. The structure of the second type
(nonsymmetrical (NS)) was different in that there was
no n-AlGaAsSb layer.

We studied circular mesa diodes obtained using
photolithography and deep etching of the substrate. The
mesa diameter (300 um) defined the area of the emit-
ting surface (7 x 10 c¢cm?). The chip of an individual
LED was square-shaped and had an area of 500—
500 pum?. The semiconductor chip was mounted within
a standard TO-18 transistor case. The TO-18 case aso
included a parabolic reflector that made it possible to
collimate the LED emission within an angle of
10°-12°. Thetotal LED sizewas 9 mm in diameter and
5.5 mmin length.

Thel-V characteristics of the two types of structures
differed from each other in relation to the cutoff volt-
age, which was equal to 0.27 V for structure S and
0.23V for gructure NS. The series resistances at a for-
ward biaswerein therange 1.3-1.4 Q for both Structures.

For both the S and NS structures, the spontaneous-
emission spectrum had a shape typical of infrared
diodes, exhibiting a characteristic thermal broadening.

Emission was observed under a forward bias when
the current was no higher than 5 mA. A steepriseinthe
power was observed for injection currents in excess of
10 mA.

The emission spectrum of asymmetric structure S at
room temperature consisted of a single band that had a
peak at thewavelength A ., =2.173um (0.571eV) at a
current of 120 mA and the full width at half-maximum
of 0.23 um (0.060 eV). The emission spectrum of a
nonsymmetrical (NS) structure at room temperature
and the same current of 120 mA had a peak shifted by
0.02 um to longer wavelengths (compared to the emis-
sion peak for an S structure) and a spectrum width of
0.28 um (0.074 eV). If the LEDs were cooled to 77 K,
the peak of the emission spectrum of structure S shifted
to shorter wavelengths, to A5 = 1.989 um (0.623 V),
with the average rate of 0.82 nm/K and the emission-
spectrum width decreased to 0.07 um (0.022 eV). The
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peak in the spectrum of an NS structure shifted to
shorter wavelengths, to 1.997 um (0.621 eV), asaresult
of cooling to 77 K. This spectrum had a larger width
(0.105 pm, i.e., 0.033 eV), even at liquid-nitrogen tem-
perature. It is worth noting that the total temperature-
related shift of the emission-spectrum peak for both
LED types was found to be smaller than the calculated
thermal-induced variation in the band gap. A weaken-
ing of the temperature dependence of the energy corre-
sponding to the emission-spectrum peak is characteris-
tic of band-to-band radiative recombination, in which
case the energy of the peak exceeds the band gap E,
by ~KT. The excess of the emission-spectrum over the
value of 1.5KT, which corresponds to the Boltzmann
distribution of the charge carriers, is attributed to the
heavy doping of the active region with donors. For both
structures, the position of the emission peak depends
only dslightly on the value of the injection current. The
shift to longer wavel engths was observed with an aver-
age rate of 0.05 nm/mA.

The current dependence of the output optical power
is shown in Fig. 14. The optical power P increased for
bothtypesof structuresin the entirerange of currentsand
can be described by the power-law dependence P I I™.
For a symmetric structure, the current dependence fol-
lowsthelaw P [0 | in theinitial region of currents up to
90 mA and transforms into the dependence P O | %87 at
higher pump currents. For a nonsymmetrical NS struc-
ture, the corresponding values of mwere equal to ~0.93
and ~0.76 for low and high currents, respectively. For
the LEDs of type S, the current dependence exhibited a
higher output power in the entire current range. The
highest optical power of 1.7 mW in the quasi-CW mode
was attained at an injection current of 120 mA (werefer
to the pulsed val ues of the emission power and current).
At higher currents, the emission—current characteristic
leveled off owing to heating of the LED. The symmetric
(S) LEDs exhibited a higher output power in compari-
son with the nonsymmetrical NS LEDs in the entire
range of currents under consideration. The symmetric
LED heterostructures of type S were studied in more
detail. In particular, we studied the output-power
dependence on current at various values of active-
region thickness d (Fig. 14b). The maximum value of
the optical power was attained at the active-region
thickness of 0.7 um; an increase or a decrease in the
layer thickness led to a decrease in the output power.
The optimal thickness of the active-region layer was
found to be much smaller than the diffusion length for
nonequilibrium charge carriers (~2 um) in the Galn-
AsSb aloys. Thisresult meansthat the carrier distribu-
tion within the active region isindependent of the coor-
dinate perpendicular to the plane of the p—n junction.

Thus, from the standpoint of spectra and power char-
acterigtics, asymmetric GaAlAsSh/GalnAsSh/GaAlAsSh
semiconductor structure with a conduction-band offset
that is comparable to the active-region band gap is
found to be the most attractive for attaining the highest
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Fig. 14. The current dependences of the optical output
power for light-emitting diodes based on double hetero-
structures fed by meander current pulses with a frequency
of 512 Hz. (8) Light-emitting diodes based on symmetric (S)
and nonsymmetrical (NS) double heterostructures with an
active-region thickness of 0.8 um. (b) Light-emitting diodes
based on a symmetric (S) heterostructure with the active-
region thicknessd = (1) 0.5, (2) 0.7, (3) 1.2, and (4) 16 um.
T=300K and Ay = 2.18 pm.

emission spectral density. This parameter was found to
be most important for practical implementation of this
class of infrared LEDs in spectroscopy.

Symmetric heterostructures were used to fabricate
LEDs for measuring humidity (at a wavelength of
1.94 um) [16] and methane content (at a wavel ength of
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Fig. 15. The energy-band diagrams of LED heterostructures
of three types designed for operation at the wavelength Ay, =
2.35 pm. Structures a and b contain 50% of Al in the emitter
layers and structure ¢ contains 34% of Al in this layer. The
coordinatein the direction of thelayer growth isdenoted by z

2.35 um) [17]. The externa quantum yield of these
devicesishigher than that of nonsymmetrical LEDs[6]
for the above wavelengths by afactor of 1.8 (1.94 um)
and 1.4 (2.35 um), respectively.

LEDs emitting at a wavelength of 1.94 um [16],
similarly to those designed for a wavelength of 2.2 um
[15], were formed by LPE on an n-GaSb (100) sub-
strate. GaSb (100) substrates with n- and p-type con-
ductivity were used for LEDs designed for a wave-
length of 1.35 um [17]. Three variants of heterostruc-
ture (a, b, and ¢) were used; the corresponding energy-
band diagrams are shown in Fig. 15. As can be seen,
these structures do not include a GaSh/GalnAsSb type
Il heterojunction and differ with regard to the character-
istics of the emitter layers. The active region in all the
symmetric structures under consideration with an In
content of 8 and 21% had n-type conductivity asaresult
of doping with Te (the electron concentration was
(1-2) x 10*” cm®). The optimal thickness of the active
region (~0.6 pum) was used [15]. The wide-gap confin-
ing layers grown on n- and p-GaSb substrates in struc-
tures a and b (see Fig. 15) contained 50% of Al (E, =
1.11 eV) and were doped with Te and Ge so that the
charge-carrier concentration was (2-4) x 10%® and
(6-8) x 10* cm2 in the n- and p-type layers, respec-
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Fig. 16. The emission spectrum of aL ED designed for oper-
ation at a wavelength of 1.94 um in the quasi-continuous
power-supply mode at a current with the amplitude of
50 mA at room temperature (dashed line) and the spectrum
of the same emission after transmission through a water
layer with a thickness of 5 um (solid line). The repetition
frequency for the current pulses was 512 Hz and the off-
duty factor was equal to 2.

tively. TheAl content waslowered to 34% (E;= 1.0eV)
in the emitter regions of structure c.

Semiconductor chips were installed into corre-
sponding LED casesin the sameway asin [15].

The -V characteristics of the LEDs were of adiode
type, with the cutoff voltage of 0.50V at room temper-
ature and 0.75 V at liquid-nitrogen temperature. The
reverse leakage current was equal to 0.8 mA at a volt-
ageof 1V. The seriesresistance under forward biaswas
no higher than 2.4 Q.

In Fig. 16, we show the emission spectrum of aLED
in the quasi-continuous mode at room temperature; the
LED was designed to operate at a wavelength of
1.94 pm. The spectrum of this emission after transmis-
sion through a 5-um water layer is aso shown in
Fig. 16. Thewidth of the emission spectrum is0.12 um
and that of the water-absorption spectrum is 0.03 um.
The injection current was 50 mA. In Fig. 17 (curve 1),
we show the emission spectrum of a LED that was
designed for a wavelength of 2.35 um and operated
under the continuous supply mode, injection current of
50 mA, and at room temperature. The emission-spec-
trum width is 0.22 pum. The spectrum of absorption of
the LED emission by methane at atmospheric pressure
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Fig. 17. (1) The emission spectrum of a LED designed for
operation at a wavelength of 2.35 um and fed by a current
with an amplitude of 50 mA under the guasi-continuous
mode of power supply at room temperature and (2) the spec-
trum of the same emission passed through a 2.5-cm-long
cell with methane at atmospheric pressure. The position and
intensity of the methane absorption linesareindicated inthe
upper part of the figure. The repetition frequency of the
pulses was 512 Hz and the off-duty factor was equal to 2.

was measured under the same conditions and is also
shownin Fig. 17 (curve 2).

Asaresult of using the optimal values of charge-car-
rier concentration and active-region thickness (see [6])
and, also, other means for structure optimization for
practical implementation, we attained larger values of
the external quantum yield for the LEDs designed for
the wavelengths of 1.94 and 2.35 um. A continuous
optical power of 3.7 mW and peak power of 90 mwW
were obtained at room temperature.

Studies of the three types of LEDs designed for
emissionintheregion of 2.35 um (Fig. 15) madeit pos-
sible to reveal the dependence of the optical-power
characteristics on the parameters of the emitter layers
(Fig. 18). Incorporation of an additional wide-gap
AlGaAsSh emitter on both sides of the active region
(asymmetric structure) brought about an increase in
the external quantum yield from 1.25% (for a nonsym-
metric structure with a type Il heteroboundary [6]) to
1.75% (Fig. 15, structure c) [17]. A further increase in
the height of the heterobarriers (Fig. 15, structures a, b)
made it possible to increase the efficiency of radiative
recombination to 2—2.5%. The structures grown on an
n-type substrate (Fig. 15, structure b) were found to be
2005
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Fig. 18. Dependences of the pulsed optical power on the
amplitude of current at T =300 K. Curves (1-3) correspond
to samples a, b, and cin Fig. 15. The repetition frequency of
the pulses was 500 Hz, and the off-duty factor wasequal to 2.

more efficient than those grown on a p-type substrate
(Fig. 15, structure a). Curve 1in Fig. 18 correspondsto
structure b (Fig. 15). However, for al the structures
considered in [17], the transition from a superlinear
current dependence of the optical power (m > 1) to a
sublinear dependence (m < 1) indicates that nonradia-
tive losses are enhanced significantly as the injection
current increases. A decrease in the efficiency of radia-
tive recombination should be related primarily to over-
heating of the active region due to both an increased
thermal resistance for the heat transfer to the substrate
through the quaternary solid solution and an increasein
the injection of hot charge carriers. In addition, heavy
doping of emitters is conducive to an increase in the
tunneling leakage currents and reduces the density of
the forward injection current into the active region. The
symmetric AlGaAsSh/GalnAsSh/AlGaAsSh semicon-
ductor structure of type b (Fig. 15) isfound to be most
attractive from the standpoint of attaining the maxi-
mum spectral density of the emission power. It is the
presence of large conduction-band offsets that exceed
the active-region band gap that is found to be the most
important feature for the development of infrared
LEDs. In the wavelength region of 2.3 um, an ampli-
tude optical power of 1.2 mW was attained in the con-
tinuous-wave (CW) mode at room temperature; it was
shown that it is promising to use LEDs for detection of
hydrocarbon molecules using absorption spectroscopy.
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Fig. 19. Optimized structure of a light-emitting diode for
obtaining the maximum optical power: (a) the arrangement
of layersin the structure and (b) the view from the side of
the contact pads. The arrows indicate the direction of exit of
rediation from the structure.
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4. HIGH-POWER LIGHT-EMITTING DIODES
OPERATING IN THE WAVELENGTH REGION
OF 1.9-2.1 ym

Further refinement of the LEDs based on Galn-
AsSb/AlGaAsSh heterostructures and emitting in the
wavelength region 1.9-2.1 pm was related to an
increasein their optical power asaresult of amore effi-
cient heat removal and a decrease in the contact resis-
tance, which made it possible to increase the external
guantum yield and widen the current rangein which the
emission intensity is proportional to the current [18].
The structure of such a LED corresponds to the well-
known flip-chip technology and is shown schematically
in Fig. 19. First, photolithography combined with deep
etching (into the substrate) is used to form circular
mesadiodes on the grown epitaxial structures. Contacts
are deposited onto the diode structure in such away that
the n- and p-type contacts are on the same surface.
A view of the LED from the side of the contact padsis
shown in Fig. 19b. A silicon wafer with a high thermal
conductivity was used for electrical connection of the
contacts. The contact layers were first deposited photo-
lithographically onto this wafer and were then aligned
and, finally, soldered to the LED contact layers by heat-
ing. Light emitted from the active region leaves the
structure through the substrate (as indicated by the
arrowsin Fig. 19a), which is completely unobscured by
the contact pads.
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Fig. 20. The emission spectrum of LED E-21 No. 21 fed
with a pulsed current with an amplitude of 100 mA, an off-
duty factor equal to 2, and arepetition frequency of 400 Hz
at room temperature.

An epoxy compound in the shape of a lens with a
height of 2—4 mm was deposited on the exterior surface
of the LED; thislens ensured that the divergence of the
luminous flux at half of the maximum intensity
amounted to 16°-20°.

The LED structures under study were fabricated by
LPE and consisted of GalnAsSb/AIGaAsSb hetero-
structures grown on an n-Gasb (100) substrate doped
with Te to attain a free-electron concentration of
(8-9) x 10 cm®. The LEDS structure (Fig. 194)
included anarrow-gap active layer surrounded by wide-
gap emitters. The advantage of a LED structure with
two wide-gap emitters was expounded by Popov et al.
[15]. All the grown layers were |attice-matched to the
substrate. The mismatch between the lattice parameters
of the substrate and the narrow-gap layer Aa/a =
(8-9) x 10 and that of the substrate and the wide-
gap layer Aa/a = 1.3 x 103 The narrow-gap
Ga, _,In,AsSb, _, layer with x = 0.1 and y = 0.08 was
doped with Teto obtain afree-€lectron concentration of
(7-8) x 10'® cm=3. The thickness of the narrow-gap
layer was 2 um. The wide-gap layers were grown with
ahigher Al content than thisin the corresponding layers
previously studied [6, 8, 15, 16] and had the
Al 64G80.36A S 4450 55 cOmposition. The n-type wide-
gap layer was doped with Te; as aresult, the free-elec-
tron concentration in the layer was 6 x 10" cm. The
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Fig. 21. Dependence of the pulsed emission power on cur-
rent for LED E-41 No. 21 at room temperature (the off-duty
factor was 2 and the repetition frequency equaled 400 Hz).

p-type wide-gap layer was doped with Ge to obtain a
free-hole concentration of ~10'® cm3. The thickness of
the n-type layer was 1.5 pm and that of the p-type layer
was 1.7 um. In order to form alow-resistance contact,
we coated the wide-gap p-type layer with a p*-GaSh
layer possessing a high concentration of free holes
(=10 cn3); thethickness of thiscoating layer was~3 um.

The calculated value of the band gap at room tem-
perature is E; = 0.64 eV in the narrow-gap region and
E, = 1.23 eV in the wide-gap region.

The emission spectra of the LEDs with the above
parameters consisted of asingle band at room tempera
ture (Fig. 20). The emission wavelength at the band
peak depended almost linearly on the solid-solution
composition in the active region and varied from 1.9 to
2.1 pm. The width of the emission band was 0.17 um at
acurrent of 50 mA and 0.18 um at a current of 200 mA.
As the current was increased from 50 to 200 mA, the
peak of the emission band shifted to longer wave-
lengths by 0.015-0.017 pm.

The current dependence of the pulsed optical-emis-
sion power for a duty factor of 0.5 for the pulse train
and repetition frequency of 400 Hz for the LEDs stud-
ied is shown in Fig. 21. The maximum value of optical
power P (4.6 mW) was obtained at the current | =
200 mA. In the current range 50-200 mA, the depen-
dence P(l) isnearly linear. At higher currents, the mea-
surements were carried out using a pulsed power sup-
ply (Fig. 22); the pulse width was no larger than several
microseconds. In this case (see Fig. 22), the depen-
dence P(l) wasamost linear at currents up to ~520 mA.
At higher currents, the dependence becomes sublinear
for all three pulse widths T, represented in Fig. 22 (1, =
5, 10, and 20 us). The maximum attained peak power of
No. 11

SEMICONDUCTORS  Vol. 39 2005



LIGHT-EMITTING DIODES BASED ON GaSb ALLOYS

emissionwas 190 mW at acurrent of 1.4 A, pulse width
of 5 s, and repetition frequency of 1 kHz. The externa
qguantum yield for the LEDs studied was equal to ~4%
at room temperature.

Measurements of the |-V characteristics showed
that the LEDs had a cutoff voltage of 0.5V and series
resistance of 2.2—2.8 Q at room temperature.

Thus, we managed to obtain ahigh optical power for
LEDs designed for the wavelength range 1.8-2.2 um.
Compared to the LEDs that we previously fabricated,
these LEDs have two refinements. First, they incorpo-
rate emitters with a wider band gap and Al content of
~64%, which is unprecedentedly high for AlIGaAsSh
layersgrown by LPE. Second, the design of these LEDs
makes it possible to position the active region closer to
the device case, which actsasaheat sink, and et out the
emission that is not screened by the contact through the
substrate. The values of the series resistance in the
LEDsindicate that, despite an increase in the band gap
of the emitter layers, the use of aheavily doped p*-type
layer in the near-contact region was found to be suffi-
cient for preventing the series resistance from increas-
ing with respect to its value in the LEDs fabricated in
[16]. Nevertheless, heating of the active region in the
LEDs studied is noticeable, since the spectral band
shifts by 10% of its width to longer wavelengths as the
current increases from 50 to 200 mA in the quasi-con-
tinuous mode with a duty factor of 0.5 for the pulse
train. However, this heating is not intense because the
current dependence of the power remains virtually lin-
ear (Fig. 21). This linearity is retained even if the cur-
rent isincreased to ~520 mA in the pulsed mode when
microsecond pulses are used at a period-to-pulse dura-
tion ratio 250 (Fig. 22). The appearance of a sublinear
dependence P(I) as the current is increased further
could be caused by two factors: either by heating of the
activeregion or by an increasein the current lossesas a
result of Auger recombination. If we represent the
dependence P(l) in the form of P O I™, m should be
equal to 2/3 in the case where the sublinear behavior is
governed by Auger recombination. An analysis showed
that, in the pulsed mode at | > 520 mA, m=2/3 at 1, =
Sus,m=11/21a 1,=10pus, andm=2/7 at 1,= 20 us.
This means that the sublinear character of the depen-
dence P(I) is governed by Auger recombination if the
pulse duration is 5 ps. A decrease in the pulse duration
does not result in extension of the linear portion of the
dependence P(1) to the current region | > 520 mA. If the
pulse widths are 1, = 10 and 20 s, the sublinear char-
acter of the dependence P(l) is caused not only by
Auger recombination but also by heating.

5. HIGH-EFFICIENCY LIGHT-EMITTING DIODES
OPERATING IN THE WAVELENGTH RANGE
3.4-4.4 um AT ROOM TEMPERATURE

The above-considered advantages of heterostruc-
tures based on GalnAsSh/AlGaAsSb and designed for
the wavelength range 1.7-2.5 um allowed usto turn our
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Fig. 22. Dependence of the pulsed emission power on cur-
rent for LED E-41 No. 21 at room temperature, the repeti-
tion frequency of the current pulses was 1 kHz, and the
duration of pulsest, = (1) 5, (2) 10, and (3) 20 ps.

attention to the development of spontaneous-emission
sources formed on GaSb substrates and designed for
operation at longer wavelengths (3-5 um) [19]. LEDs
based on INASSb/INASSbP heterostructures grown on
an InAs substrate have typically been fabricated for this
spectral region. A common disadvantage of structures
with aternary solid solution consistsin the fact that the
epitaxial layers and the substrate, made of alll-V com-
pound, are lattice-mismatched. In addition, the small
difference between the band gaps of InAs and InAsSb
brings about a small barrier height, which, however, is
large enough for efficient confinement of nonequilib-
rium charge carriers in the active region. Other conse-
quences of the above small difference areintense absorp-
tion and an appreciable impact ionization due to the
effect of the energy band split-off asaresult of spin-orbit
interaction. Considering the three above characteristics,
AlGaAsSh/GalnAsSh/AlGaAsSh heterostructures offer
some advantages over InAsSH/INASSbP heterostruc-
tures. Fabricated AlGaAsSh/GalnAsSh/AlGaAsSh
structures emitting in the wavelength range 3-5 um [19]
exhibited a room-temperature optical-emission power
and external quantum yield (~1%) that exceeded the
corresponding characteristics of the well-known
INASSH/INASSHP heterostructure grown on an InAs
substrate by a factor of 3 [20]. Structures based on
AlGaAsSb/GalnAsSb were formed by LPE on a
p-GaSb (100) substrate and incorporated four epitaxial
layers: p-AlGaAsSh/n-GalnAsSh/n-AlGaAsSh/n-GaSh.
The composition of the narrow-gap GalnAsSb layer
corresponded to the middle of the spectral range under
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Fig. 23. The emission spectraof LED 9602 at room temper-
ature in the pulsed mode with a pulse duration of 20 ps and
an off-duty factor of 49 at the current amplitudes| = (1) 200,
(2) 300, (3) 500, (4) 700, and (5) 1000 mA.

consideration. The p-GaSb substrate was nominally
undoped and had an equilibrium-hole concentration of
(1-2) x 10*” cm3. The wide-gap n- and p-type layers
were grown with an Al content that was higher than the
Ga content; the p-type layer was nominally undoped,
while the n-type layer was doped with Te. The wide-
gap layers were 1.5-um thick. The narrow-gap
Gay 066l No.934A S 53500 17 layer of the active region had a
thickness of 1.5 um, was nominally undoped, and had
afree-electron concentration of 10'® cm=. The n-GaSb
contact layer was heavily doped with Te. The specific
feature of the structure consisted in the fact that it was
basically lattice-matched to the GaSb substrate. The
measured value of relative mismatch of the lattice con-
stants Aa/a was equal to 2 x 10 to within the experi-
mental accuracy.

The sample was installed into a LED case that
included a parabolic reflector. The LED had the shape
of a paralelepiped. The p—n junction was sguare-
shaped and had an area of 0.5 x 0.5 mm?. The parallel-
epiped height was 0.1 mm. Thelight was emitted in the
reflector direction and was transmitted mainly through
the side faces of the parallelepiped.

The spectral and emission—current characteristics of
the LEDs were measured at room temperature in the
pulsed mode. The emission spectra typically consisted
of asingle band (Fig. 23). The wavelength correspond-
ing to the intensity maximum was equal to A, = 3.7—
3.8 um. The absorption line of CO, gas (A = 4.27 um),
contained in air, is perceptible in the long-wavelength
wing of the band. The energy corresponding to the peak
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Fig. 24. Dependence of the emission intensity of LED 9602
on current with apul se duration of 20 us and off-duty factor
of 49 at room temperature.

in the emission spectrum was found to be larger (by 20—
30 meV) than the band gap of the narrow-gap material
at room temperature, which may indicate that band-to-
band recombination of nonequilibrium charge carriers
dominates over impurity-related and interfacial recom-
bination in the structures studied. The large difference
between the energy corresponding to the emission-
band peak and the band gap can be attributed to a high
concentration of nonequilibrium electronsin the active
region. The short-wavelength wing of the emission
band was steeper than the long-wavelength wing. The
band shape was nearly independent of the current. The
gentle long-wavel ength slope of the band indicates that
there are tails of the density of states in the band gap;
however, these tails do not affect the spectral position
of the band peak. It is worth noting that the band width
at the half-maximum is equal to 30-35 meV, whichisa
factor of 1.5-2 smaller than the band width typical of
LEDs at room temperature. This narrowing of the band
may be caused by absorption of short-wavelength radi-
ation in the active region itself, since the emission
towards the parabolic reflector traverses a distance of
several tens of micrometersin the active region. In this
situation, the short-wavelength radiation is absorbed
owing to band-to-band transitions with subsequent par-
tial reradiation. The latter effect is conducive to super-
linear increase in the emission intensity with current
(Fig. 24). Apparently, the main cause of the superlinear
increase in the emission intensity at low currents
(<0.5A) is occupation of deep levels. At currents | >
0.5 A (>200 A/cm?), the deep levels become almost
2005
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completely occupied. The current range from 0.5 to
2.5 A corresponds to a high external quantum yield of
emission. The pulsed emission power P is governed by
the main band and increases superlinearly asthe current |
increases (Fig. 24). In the current dependence of the
power P [ I™, the exponent m decreases from m= 3 at
acurrent of 150 mA tom= 1.2 at acurrent of 2500 mA.
The pulsed emission power (the average power mea-
sured using a Nova instrument and multiplied by the
off-duty factor) is equal to 3.2 mW at a pulsed current
of 1 A with a pulse duration of 20 s and duty factor
of 1/49. In this situation, the external quantum yield of
emission is equal to 1%, which exceeds, at least three-
fold, the corresponding yield for a conventional
INASSH/INASSHP heterostructure grown on an InAs
substrate.

6. HIGH-EFFICIENCY LIGHT-EMITTING DIODES
OPERATING IN THE WAVELENGTH RANGE
1.6-2.4 pym AT ROOM TEMPERATURE

In order to solve the problem of developing high-
quality LEDs, we continued our efforts concerning the
refinement of LEDs based on GalnAsSh/AlGaAsSh
heterostructuresthat are grown on a GaSh substrate and
emit in the wavelength range 1.6-2.4 um. As a result,
we fabricated LEDs that completely span the above
range with a spectral step of 0.1 pum [21]. In the LED
structures designed for the emission wavelengths 2.05,
2.15, 2.25, and 2.35 um, the emission was extracted
through the substrate, since the GaSbh absorption edge
islocated at A = 1.72 um. Absorption in the substrate at
the wavelengths of 2-2.35 um is caused only by free
charge carriers. In LEDs operating at shorter wave-
lengths (1.65-1.75 um), the radiation is almost com-
pletely absorbed in the GaSb substrate. Therefore, in
these LEDs, we used heterostructures with two-sided
wide-gap confinement and extracted the emission
through the confining p-type layer rather than through
the substrate. In order to increase the quantum yield of
emission, we had to reduce the deleterious effect of
deep levels of adoubly charged structura defect in the
crystal lattice. Previous studies of GaAs and quaternary
GalnAsSh alloys have shown [22] that both a nomi-
nally undoped GaSb epitaxial layer grown by LPE and
bulk GaSb grown by the Czochralski and Bridgman—
Stockbarger methods invariably exhibit p-type conduc-
tivity. The hole concentration in the layer equals p =
(1-2) x 10 cm3 at T = 300 K. It was also established
that there existed three acceptor levels: a shallow level
with the activation energy E; = 11-17 meV and two
deep levelswith the energies E, = 30-35meV and E; =
70-90 meV; these deep levels are assigned to a struc-
tural crystal-lattice defect that consists of a gallium
vacancy and a gallium atom at an antimony site
(VeGag,). The concentration of these structural defects
governsthe concentration of holes and their mobility in
GaSh. As gdllium atoms are replaced by indium atoms
inthelattice of quaternary aloys, the probability of for-
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mation of structural defects decreases and the concen-
tration of deep acceptor levels is lowered. In al the
cases of growing LED structures, we used n-GaSh sub-
strates with a (100) orientation and an electron concen-
tration of 2 x 10" cm3. The concentration of intrinsic
structural defects related to the stoichiometry depends
on the ratio between the content of Sb and Gaatomsin
the solution—melt. Voronina et al. [22] suggested a
method for changing this ratio by introducing a certain
amount of Pb into the melt as a neutral solvent. First,
using Pb as aneutral solvent, we grew a buffer n-GaSh
layer on an n-GaSb substrate; this layer was (6—10) um
thick and had its concentration of intrinsic defects
reduced by an order of magnitude. An active
Gay 51Ny 0sASSh layer was then grown over the buffer
layer; the active layer had the thickness of 1.5 um and
was doped with Te to obtain the electron concentration
n ~ 10% cm=. The LED structure also included a
p-Alg 3.Gay esASSh layer (3 um) asawide-gap barrier for
electrons and a contact GaSb layer (0.5 um) doped with
acceptors to obtain the hole concentration p ~ 10'° cmrS.

The LED structure with a thick buffer layer had a
better internal quantum yield and integrated output
optical power than the structure without a buffer layer
corresponding to 13% and a factor of 2, respectively.
The spectrum width was 0.18 pm for a structure with-
out a buffer layer and 0.13 um for a structure with a
thick buffer layer. This observation indicates that we
managed not only to decrease the concentrations of
deep and shallow acceptorsin the active region but also
to reduce the tails of the density of states responsible
for the spectrum broadening. The increase in the spec-
trum width as the current increases in excess of 3A in
the pulsed mode is most likely caused by the fact that
the process of radiative recombination involves charge
carriers not only near the conduction-band bottom and
the valence-band top but also carriers with higher ener-
gies since, the current density is as high as 111 A/cm?
at | =10 A. The maximum internal quantum yield was
ashigh as82% at acurrent of 2A (with the off-duty fac-
tor Q = 1000).

In the actual structures, the ability of LEDs to oper-
ate at high currentsislimited not only by anincreasein
the role of Auger recombination but also by the proba-
bility of apinch breakdown or overheating asaresult of
local inhomogeneitiesin the crystal or the chip surface.
The high quality of the structures made it possible to
appreciably increase the operating power of the LEDs
by increasing the currents at which they operate stably.
For example, we obtained the optica power P = 1.66 mW
in the quasi-steady mode (Q = 2) at acurrent of 400 mA
and P = 60 mW in the pulsed mode (Q = 100, 1, =
200 ns) at acurrent of 10 A.

In order to attain a higher emission power, we
accomplished yet another modification of the LED
structure optimized for the water-absorption line at
1.95 um. We first used the same technology to grow a
buffer layer with athickness of 10 um. A 0.5-um-thick
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Fig. 26. The current—voltage characteristic of thyristor-type
LED structure E-816 at room temperature.
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Fig. 27. Energy diagram of LED structures E-832 and
E-833, emitting at wavelengths of 1.75 and 1.6 um, respec-
tively. The structures include a thick wide-gap buffer layer
with gradient of composition.

p-GaSb layer was then incorporated between the buffer
and active layers (Fig. 25). As aresult, we obtained an
n—p—n—p structure with an |-V characteristic that had a
shapetypical of thyristor structures (Fig. 26). The volt-
agefor switching on the structurewas equal to 1.9V. In
the ON state, the voltage decreased abruptly to 0.45 V.
As is well known from the theory of thyristor struc-
tures, the height of a reverse-connected barrier
decreases drastically in the course of switching as a
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result of the charge of holes and electrons (positive
charge in the p-type material and negative chargein the
n-type material) accumulated on both sides of the
boundary (in this case, a type Il heteroboundary
between p-GaSh and n-GalnAsSh).

In the LEDs with a thyristor structure, we obtained
amaximum internal quantum yield of 52% in the quasi-
steady mode at a current of 250 mA and the corre-
sponding yield of 77% at a current of 3A inthe pulsed
mode (Q = 1000). The maximum pulsed optical power
was 2.5 mW at the off-duty factor Q =2 and 71 mW at
Q = 1000.

We used yet another method for fabricating high-
efficiency structures that emit at wavelengths of 1.65
and 1.75 um [21]. Since (as was mentioned above) the
emission of these LEDsis amost completely absorbed
in the GaSb substrate, the GaSh substrate was removed
after the epitaxial layers of the LED heterostructure had
been grown (Fig. 27). This method has previously been
used [23-27] in fabrication of LEDs based on binary
heterostructuresin an AIAs-GaAs system. For the sub-
strate to be removed, the structure should have afairly
large thickness (50-100 pm). In the case under consid-
eration, GaSb was first overgrown with a thick
(250 pm) n-AlGaAsSb layer with awider band gap and
an Al content that decreased gradually from 10% at the
boundary with the GaSb substrate to 5% at the bound-
ary with the wide-gap n-AlGaAsSb emitter layer. This
thick layer had amuch higher structural quality than the
GaSh substrate. Correspondingly, the active region was
free of deep acceptor levels related to defects in the
crystal structure.

The emission spectra of the LEDs fabricated by the
above-described method consisted of a single band at
all the currents under consideration. The width of the
emission band was 0.13-0.14 eV in the quasi-steady
mode. Theinternal quantum yield was as high as 60%.
A broadening of the spectrum was observed at currents
higher than 4 A in the mode of short pulses. It was
assumed that the increase in the spectrum width is
related to the involvement of charge carriers with arel-
atively high energy in the process of radiative recombi-
nation. The integrated optical power in the mode of
short pulses (an off-duty factor equal to 1000) was
equal to 140-170 mW. Under these conditions, the
internal quantum yield of emission was as high as
100%. In the current range of 1-5 A, the radiative-
recombination rate was much higher than the rate of
nonradiative processes according to the Shockley—
Read—Hall model and the rate of Auger recombination.

7.AN INCREASE IN THE EXTERNAL QUANTUM
YIELD OF EMISSION FROM LIGHT-EMITTING
DIODES BY CHEMICAL FACETING
OF THEIR SUBSTRATE PART

Our further efforts concerning the fabrication of
LEDs grown on a GaSb substrate and emitting in the
No. 11
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mid-infrared region of the spectrum (1.6-2.4 um) were
directed at an increase in the emittance of a LED chip
by shaping it so that extraction of radiation became
more efficient.

A largerefractiveindex of electroluminescent semi-
conductors (n = 4) makes the exit of emission from the
LED crystal bulk difficult because the angle of internal
total reflection with respect to the normal to the surface
isequal to ! (inradians). In acrystal with the shape of
aparalelepiped, only 8% of the radiation can cross six
facets at the first incidence on these facets.

Various methods for texturing a semiconductor sur-
face (forming a system of depressions) in order to
change the angle of reflection back into the crystal bulk
have previously been discussed [27-29]. Using these
methods, after several passages within the semiconduc-
tor, radiation can be incident on the surface at an angle
that is smaller than the angle of the total internal reflec-
tion and, thus, can partially exit from the sample. Using
these methods, one can increase the fraction of outgo-
ing radiation in the visible and near-infrared spectral
regionsto ~30% [28, 29]. In the mid-infrared region of
the spectrum, the multipass approach does not yield
good results, since the radiation absorption by free
charge carriersis proportional to (X 2. A decreasein the
crystal size in order to reduce the propagation distance
of radiation in the crystal leads to degradation of the
heat removal and to adecreasein the LED power. How-
ever, for the LEDs corresponding to the mid-infrared
region, one can expect an increase in theyield of emis-
sion from the crystal by making the shape of thiscrystal
close to spherical, which ensures the exit of radiation
after its first incidence on the exterior surface [30].
To this end, chemical faceting was used to shape the
near-substrate part of the LED structureinto atruncated
cone—pyramid figure positioned on a pedestal that con-
tained the epitaxial part. Installation of such acrystal on
the crystal holder with the epitaxia part facing down-
wards ensures higher operating currents.

The LED structures under study were formed by
L PE on 400-um-thick n-GaSh substrates oriented in the
(100) crystalographic plane. The substrates were
doped with Te in order to obain an electron concentra-
tion of 8 x 10 cm3. First, an active undoped GaSb
layer, with the addition of the rare-earth element gado-
linium in order to improve to crystalline quality of the
layer, was grown. The grown layer was 1.5 um thick
and had the p-type conductivity that is inherent to
undoped GaSb layers. The active region was the same
in al the structures. We then grew a confining
p-Gay gsAl 3.SPASs layer that had awider band gap, was
doped with Ge to generate a hole concentration of 1 x
10%8 cm3, and had a thickness of 3.5 pm. A contact
p-GaSb layer with a hole concentration of 8 x 108 cm=
was grown over the confining layer. Finally, the wafer
thickness was reduced to 220 um by lapping and pol-
ishing.
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Fig. 28. Threetypesof structuresof LED crystas: structure(a),
with conical—pyramidal substrate part; structure (b), in the
shape of a parallelepiped with its epitaxial part soldered to
the crystal holder; and structure (c), shaped like a parallel-
epiped with the substrate part soldered to the crystal holder.
The dashed line indicates the p—n junction that represents
the boundary between the n-GaSbh substrate and the epitax-
ial p-type part of the structures.

Chemical faceting was carried out using contact
photolithography in three stages. In thefirst stage of the
photolithography, we produced a pattern in the form of
squares with a side of 480 um and a step of 500 um on
the near-substrate side for subsequent separation of the
wafer into individual chips. The boundary channels
were etched off to a depth of 70 um; the width of the
channels was 160 pm. In the second stage, a pattern in
the form of a circle with a diameter of 300 um was
formed in the center of open squares. After etching
these circles in the same way as in the case of the
squares, we obtained a figure with a height of 140 um
that was pyramid-shaped at its base and in the form of
atruncated cone at its apex, with the upper area having
a diameter of 200 um (Fig. 28a). In the third stage, a
window for an ohmic contact with a diameter of
100 pm was formed photolithographically at the center
of the upper pad.

Contact layers were formed by using aVUP-4 sys-
tem for consecutive deposition of Cr, Au + Tealoy, and
Au on the n-type region and Cr, Au + Ge alloy, and Au
onthe p-typeregion. The contact layerswerethen fused
tothematerial for 1 min at 250°C. The waferswerefur-
ther separated into individual chips by cleaving. Each
chip was mounted by its epitaxial-layer sideinaTO-18
LED crystal holder with aflat table.
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Fig. 29. The emission spectra at a current of 150 mA for
LEDs of three configurations: (1) parallelepiped with the
substrate part soldered to the crystal holder (Fig. 28c);
(2) paralelepiped with the epitaxia part soldered to the
crystal holder (Fig. 28b); and (3) with a conical—pyramidal
deeply etched substrate part (Fig. 28a).

In order to compare these LEDs with the LEDs pro-
duced by deep etching, we fabricated deviceswith stan-
dard geometric parameters (Figs. 28b, 28c). In this
case, the above-mentioned squares were formed and
channels were etched in the first stage to a depth of
15 um (in order to aobtain the separating grid) on the
n-type side of one wafer (Fig. 28b) and on the p-type
side of the other wafer (Fig. 28c). After arepeat photo-
lithography treatment, circular contacts with adiameter
of 100 pum were formed on this side. The chmic contact
to the opposite side was formed over the entire area.
After dividing the wafer into separate chips, the latter
wereinstalled with their continuous contact closeto the
crystal holder.

First, we determined how the emission spectrum for
the deeply etched pyramidal crystals differs from that
for the parallelepiped-shaped crystals.

The spectra of the original recombination emission
are distorted to the least extent in the crystals mounted
with their substrate part on the crystal holder (i.e., with
the epitaxial emitting part facing outwards) (Fig. 28c).
Emission exits from these crystals mainly through the
wide-gap epitaxial layer. These crystals emit a spectral
doublet with peaks at the wavelengths of 1.76 um
(0.705 eV) and 1.9 um (0.65 eV) and band widths of
0.06 and 0.07 eV, respectively (Fig. 29, curve 1). The
differences between the band gaps and the peaks of the
short- and long-wavelength bands are equal to the ion-
ization energy of a single-charged acceptor (0.02 eV)
and (approximately) to its fourfold value, respectively.
This observation suggests that doubly charged accep-
tors are involved in the generation of radiation. Aswas
already mentioned, the doubly charged acceptors are
formed when Ga atoms occupy the Sb sitesin the crys-

DANILOVA et al.

tal lattice. Such a process is characteristic of GaSh,
which is noted for its large deviation from stoichiome-
try. The presence of other acceptors was unlikely since
they were not introduced intentionally and the epitaxial
layer was purified using gadolinium.

A similar sample with its epitaxial layer soldered to
the crystal holder emitsasingle band (Fig. 29, curve 2)
with almost the same parameters as those of the long-
wavelength band of the doublet emitted by the crystal
whose substrate part was soldered to the crystal holder.
The peak of this band is located at a wavelength of
1.87 um (0.66 eV); the width of the band is 0.06 eV.
The presence of virtually only asinglelong-wavelength
band in the emission spectrum in the case where the
epitaxial-layer side of the LED crystal issoldered to the
crystal holder indicates that the short-wavelength emis-
sion is absorbed strongly in the bulk of the GaSb sub-
strate. Evidently, this absorption is mainly caused by
quasi-interband transitions between the tails of allowed
energy bands; these tails are caused by randomly
located doubly charged acceptors. The absorption coef-
ficient for the long-wavelength emission band is much
smaller. Only theradiation generated near the side faces
of the crystal has ashort optical path; however, the con-
tribution of thisradiation is small.

The emission spectrum of the LEDs obtained by
chemical faceting of the substrate part features asingle
broad band with a nearly flat top in the region of the
wavelength 1.83 um (0.66 eV) and a width of 0.08 eV
(Fig. 29, curve 3) at acurrent of 150 mA. By represent-
ing this spectrum as a superposition of two bands, we
reveal a short-wavelength band that is found to be only
a factor of 2 less intense than the long-wavelength
band. This result indicates that deep etching shortens
the optical path of radiation.

The current dependence of the emission intensity
for adeeply etched pyramidal crystal (Fig. 30, curve 3)
is steeper (due to the shortened optical path) than that
for aLED shaped as a parallel epiped and also soldered
by its epitaxial-layer side to the crystal holder (Fig. 30,
curve 2). However, since the optical path for a deeply
etched pyramidal crystal is much larger than that for a
LED shaped as aparall el epiped and soldered by its sub-
strate to the crystal holder (Fig. 30, curve 1), the pyra-
midal LED ranks below the parall el epiped-shaped LED
at low currents (<200 mA). At currents of 200250 mA
and higher, the emission intensity of the parallel epiped-
shaped LEDs whose substrate is soldered to the crystal
holder ceases to increase with current and their emis-
sion intensity becomes lower than that of the LEDs
with a deeply etched substrate part. The observed ten-
dencies can be explained in the following way. In the
LEDs with an emitting layer close to the exterior sur-
face at which the ohmic contact islocated, an unwanted
phenomenon is observed; i.e., the emission is concen-
trated under the contact, which appreciably reduces the
differentia efficiency as the current is increased and
increasesthe current density under the contact. Asaresult,
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the superlinear portion of the emission—current character-
istic ceases to exist at low currents. The share of nonradi-
ative Auger recombination increases as well owing to an
increase in the concentration of nonequilibrium charge
carriers. The emission efficiency becomes lower.

The approximate formula that relates the recombi-
nation current | . concentrated under the circular contact
with amuch smaller areathan the emitting-layer areato
the current |, outside the contact is written as

I, = 4ml (1+ /1+1J4ml,), (5)

where |, = obBkT/e, o isthe average electrical conduc-
tivity of the p-typeregion, b the thickness of thisregion,
and 3 is afactor that indicates either the monomolecu-
lar (B = 1) or bimolecular (B = 0.5) character of the
recombination process. Assuming that B = 1, kT/e =
0.0256 V, b =5 pm, and 0 = 200 Q! cm, we obtain
I, = 2.5 mA. According to formula (5), for these trans-
port parameters of the epitaxia layer, the concentration of
current under the contact setsin at acurrent of 100maA,, in
which case 20% of the current is found to be under the
contact; at a current of 250 mA, half of the current is
found to be under the contact. Thisinferenceis consis-
tent with experimental data. At low currents, | <8t =
64 mA, in which case the spreading of the current is
total, formula (5) is inapplicable and the ratio of the
currents under and outside the contact is equal to the
ratio between the area of the contact and the area of the
remaining (uncovered by the contact) surface of the
GaSh contact layer. In the case under consideration,
thisratio is equal to 3%. The phenomenon of emission
concentration under the contact makes a small-area
ohmic contact to athin p-type region undesirable.

Heat removal was considered for the fabricated and
studied LEDs installed in a TO-18 crystal holder; this
heat removal is controlled by the thermal resistances of
the crystal and crystal holder used.

If the heat isreleased uniformly in the emitting layer
and the crystal ismounted on the crystal holder with the
substrate facing downwards, the thermal resistance of
the crystal shaped as a parallelepiped is expressed by
the formula

Rr = % (6)
where H isheight of the parallelepiped, Sisitsarea, and
X is the thermal conductivity. At H = 220 um, S =
0.0025 cm?, and x = 0.336 W/(cm K), we obtain Ry =
26 K/W. Concentration of recombination under the
contact brings about a severalfold increase in the ther-
mal resistance.

Heat is released in the emitting layer mainly as a
result of nonradiative recombination; therefore, ther-
mal resistance should be calculated using formula (6).
If theinternal quantum yield of emissionishigh, heat is
mainly released asaresult of emission absorptioninthe
semiconductor bulk. If the emission is absorbed uni-
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Fig. 30. Dependences of the pulsed emission power on
current for three LEDs with different configurations (see
Fig. 28). The repetition frequency of the current pulseswas
512 Hz and the off-duty factor was 2. The numbers next to
the curves correspond to those in Fig. 29.

formly, the thermal resistance becomes a factor of
2 lower than that given by formula(6), irrespective of the
emitting-layer position. This circumstance provides a
wide margin for choosing the shape of the LED crystal.

Thethermal resistance of the crystal holder we used
(TO-18, gold-plated, and Au layer thickness of ~0.2 um)
is mainly determined by the nickel table, which has a
thickness & = 0.02 cm and diameter D = 0.4 cm. This
resistance can be expressed by the approximate formula

_ 1.
Ry = 2nx6ln o (7)

wherel isthe crystal perimeter. At | = 0.2 cm and the Ni
thermal conductivity x = 0.59 W/(cm K), we abtain
Ry = 25 K/W, i.e., approximately the same value asis
yielded by formula (6) for the semiconductor crystal.
The therma conductivity of the thin Au coating
(0.2 um) can be disregarded. The above estimate is
indicative of the important role of the crystal-holder
thermal resistance in the shift of the long-wavelength
band with an increase in current in the LED crystals of
pyramidal—conical and parallelepiped-like shape at
high currents (>200 mA) (Figs. 31-33). The shift of the
short-wavel ength band to longer wavel engths observed
even at low currents is attributed to concentration of
emission under the contact; this concentration is
accompanied by a corresponding increase in the optical
path of radiation.

Deep etching of the substrate part of the wafer so
that the LED crystal acquires a pyramidal—conical
shape and, aso, installation of the crystal in a case with
the epitaxial-layer side in contact with the crysta
holder ensure a higher yield of long-wavelength emis-
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Fig. 31. The emission spectraof aLED shaped like a paral-
lelepiped with the substrate part soldered to the crystal
holder (Fig. 28c) at the currents| = (1) 50, (2) 100, (3) 200,
and (4) 300 mA.
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Fig. 32. The emission spectra of aLED shaped like a paral-
lelepiped with the epitaxial part soldered to the crystal
holder (Fig. 28b) at the currents | = (1) 50, (2) 100, (3) 200,
(4) 300, (5) 500, and (6) 800 MA.
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Fig. 33. The emission spectraof aLED with aconical—pyra-
midal deeply etched substrate part (Fig. 284d) at the currents
I = (1) 40, (2) 100, (3) 200, (4) 275, and (5) 395 MA.
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sion than in the case of the standard configuration,
especially at high currents.

A weak angular dependence of emission (Fig. 34) is
characteristic of the crystals with a deeply etched sub-
strate part and whose epitaxial layer is soldered to the
crystal holder (Fig. 28a). Asthe angle 8 increases from
0° to 70°-80°, the emission intensity first increases by
10-15% and then decreases abruptly to zero at 110°;
i.e, a plateau is virtually observed in the range of
angles from —80° to +80°, with the result that the emis-
sion is found to be nondirectional. This phenomenon
can be accounted for by an increase in the number of
light-transmitting faces from five to nine and by the fact
that four of these faces are inclined at an angle of ~45°
to the emitting region. Theinclined facesarefairly con-
vex, which is conducive to an increase in the efficiency
of exit of radiation through these faces and to adecrease
in both the directivity and multipass effect. In the case
of the standard configuration, the parallelepiped-
shaped LED, the emission intensity at the center of the
directivity pattern is determined only by the radiation
exit through the LED front surface, which is parallel to
the crystal-holder table. Emission through the side
facesis added to the total emission at the angles 6 # 0°.
In the case of scanning in the planes parallel to the side
faces, a single side face is involved in the total emis-
sion; two faces are involved if the scanning is carried
out over thediagonal. Asaresult, the emission intensity
is higher in the diagonal direction. An analysis of the
directivity-pattern shape shows that the distribution of
emission through each face follows the cosine law.
Chemical faceting of the LED crystal made the direc-
tivity pattern of emission closer to that characteristic of
aspherical crystal, which increases the exit of emission
from the crystal.

The maximum differential external quantum yield
of emission for aLED with the simplest geometric form
(Fig. 28c) is equal to 0.78% and corresponds to an
internal quantum emission yield of 58%.

At high currents (I > 200 mA), aLED with adeeply
etched substrate part features the highest quantum yield
of emission owing to better heat removal, absence of
the current concentration under the contact, and pres-
ence of additional rounded faces.

Continuation of the efforts related to electrochemi-
cal faceting of LED crystalsresulted in the obtaining of
a developed convex—pyramidal surface using multi-
stage electrochemical etching. Theinternal reflection of
radiation from the developed surface at random angles
gives rise to the multipass phenomenon with reradia-
tion and to transformation of the short-wavelength band
into the long-wavelength band without any significant
losses in the total number of photons.

For experiments with electrochemical faceting of
semiconductor crystals, we formed awafer with epitax-
ial layers similar to that described in [30]. This large
wafer was then divided into several fragments; contact
photolithography was subsequently used to fabricate
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Fig. 34. The directivity patterns of a light-emitting diode
with a conical—pyramidal and deeply etched substrate part
(Fig. 28a) at a current of 50 mA. The patterns were mea-
sured in two planes perpendicular to the p—n-junction plane:
(2) the plane of measurements was parallel to the side faces
of the LED crysta and (2) the plane of measurements
included the diagonal of the p—n-junction plane.

LEDs with crystals of different configurations from
these fragments (Fig. 35).

The semiconductor LED crystals of typel (Fig. 35a)
had a thickness of ~380 um. A VUP-4 setup was used
to form contacts 100 um in diameter on the epitaxial-
layer side (i.e., the p-type region); the contacts were
obtained by consecutive deposition of Cr, Au + Ge
alloy, and Au. Chromium, Au + Te, and Au were depos-
ited on the substrate side (the n-type region). After dep-
osition, the contact layers were then fused by heating
for 1 min at atemperature of 250°C.

A pattern in the shape of squares with a side of
480 um and a step of 500 um was then formed on the
epitaxial-layer side. This operation preceded the divi-
sion of the structureinto separate chips. Inthe next stage,
mesas 300 um in diameter and 10 um in height were
formed at the center of the squares; the previoudy fused
contacts 100 um in diameter were located at the center
of these mesas.

The LED devices of type Il (Fig. 35b) were fabri-
cated so that the point contacts, mesas, and separating
grooves were formed on the side of the n-type region
(i.e., on the substrate side), while a continuous contact
layer was formed on the epitaxial (p-type) side of the
crystal.

The LED chips of types | and Il had a conventional
flat—rectangular configuration and differed from each
other only with regard to the extraction of emission.
Emission left the crystal mainly through the epitaxial
layersin the chips of type I, whereas it left through the
substrate in the case of the type |l chips.

The LED devicesof typelll had adevel oped surface
(Fig. 35¢) and were fabricated on the basis of the same
structure as LEDs | and 11; electrochemical faceting of
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Fig. 35. Four configurations of LED crystals. (a) parallel-
epiped with the substrate part soldered to the crystal holder
(crystal 1); (b) parallelepiped with the epitaxial part sol-
dered to the crystal holder (crystal I1); (c) a crystal with a
conical-pyramidal substrate part (crystal 111); and (d) a
crystal in the shape of a stepped pyramid with smoothed
steps (crystal 1V).

the LED crystal by contact photolithography was used
repeatedly. The windows for ohmic contacts 100 pmin
diameter were formed photolithographically on theside
of the chemically cleaned substrate with n-type con-
ductivity. The contact to the p-type region was formed
over the entire surface of the p-type epitaxial layer. In
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Fig. 36. Photograph of a wafer with LED crystals in the
shape of stepped pyramids with smoothed steps formed by
etching: () the view from the substrate side and (b) the pro-
file obtained by cleaving.

order to delimit separate chips, we formed a pattern in
the form of squares with aside of 480 um and a step of
500 um on the substrate side of the semiconductor crys-
tal and electrochemically etched off the boundary
grooves to a depth of 70 um using an etchant based on
CrQO;; the width of the grooveswas 160 pm. In the next
stage of the photolithographic process, a pattern in the
form of circles 300 um in diameter was formed at the
center of the open squares. We etched this pattern in a
way similar to the etching of the squares and obtained
afigure 140 um in height shaped like a pyramid at its
base and atruncated cone at the vertex, which had aflat
top 200 um in diameter.

In order to decrease the optical path of radiation, the
substrate part of the structure was thinned to 200 umin
the LED devices of type IV (Fig. 35d). The thickness
was decreased by grinding and subsequent chemical
polishing of the substrate. The LED structures were
fabricated using multistage deep etching.

Thefirst stage of fabrication consisted in the forma-
tion of ohmic contacts 100 um in diameter on the sub-
strate side of the structure.

In the second stage of photolithography, i.e., in the
stage of the pattern formation on the substrate side of
the LED structure, the duration of etching of a specific
pattern was reduced. As a result, the squares, circles,
etc., obtained had a smaller depth than in the case of the
typelll LEDs.

The sharp edges that are inevitably obtained when
multistage etching is used (four photolithographic
stages) were rounded and smoothed. To thisend, in the
fifth stage, amesa 200 um in diameter was formed pho-
tolithographically when the size of the flat top of the
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Fig. 37. The emission spectra of type | LEDs measured in
two directions: (1) perpendicular and (2) parallel to the
p—n-junction plane.
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Fig. 38. The emission spectra of type || LEDs measured in
two directions: (1) perpendicular and (2) parallel to the
p—n-junction plane.

structure was 200 um. All the features that were found
beyond this 200-um-diameter circle were etched off
electrochemically for 20 s. As a result, we obtained a
figure 120 um in height in the shape of a stepped pyra-
mid with smoothed steps (Fig. 36).

All the LED crystals were separated into individual
chips by cleaving. The chips of thetype | crystals were
mounted with the substrate facing downwards on the
LED TO-18 crystal holder with aflat table, whereasthe
chips of the crystals of types Il, I, and IV were
mounted with the epitaxial side facing downwards.

We measured the spectra and directivity patterns of
emission at various pulsed currents with amplitudes
from 10 to 300 mA, arepetition frequency of 512 Hz,
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Fig. 39. The emission spectraof type Il LEDs measured in
two directions: (1) perpendicular and (2) parallel to the
p—n-junction plane.
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Fig. 41. The directivity pattern of emission in the plane par-
alel to the side face for LEDs with different crystal shapes:
() crystal 1, (2) crystal 11, (3) crystal [11, and (4) crystal 1V.

and an off-duty factor of 2. The measurements were
carried out at room temperature; the LEDs were cooled
using a household fan. The emission transmitted
through an MDR-2 grating monochromator (used for
measuring the spectra) was calibrated in units of power
per unit wavelength range. In order to calculate the
emission power, we measured the spectrain two direc-
tions: one direction was perpendicular to the p—-junc-
tion plane, while the other was parallél to this plane but
perpendicular to one of the crystal faces. The power in
the parallel direction was doubled when the total emis-
sion power was cal cul ated, which corresponded exactly
to the directivity pattern for the parall el epiped-shaped
LEDs of types | and II. The method of calculation was
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Fig. 40. The emission spectraof type |V LEDsmeasured in
two directions: (1) perpendicular and (2) parallel to the
p—n-junction plane.

P, mW

7+ 4

6k

5L

4+

3r i

2k

1k

1 1 1 1 1 1

0 50 100 150 200 250 300

I, mA

Fig. 42. The current dependence of the emission power for
the LEDs with different crystal shapes. (1) crysta |,
(2) crystal 11, (3) crystal 111, and (4) crystal V.

the samefor the other LED typesaswell, sincethe base
of these was also shaped like a parall el epiped.

The LEDsof typesl, Il, and 1l were similar in their
structure to the LEDs studied by Grebenshchikova
et al. [30] (Fig. 28); however, the structureswere grown
on a thicker substrate. The LED of type | features a
spectrum (Fig. 37, curve 1) that issimilar to spectrum 1
(in Fig. 29) measured in the direction perpendicular to
the p—n-junction plane; i.e., this spectrum consists of a
doublet with peaks at wavelengths of 1.76 and 1.9 um.
Inthedirection lying in the p—n-junction plane (Fig. 37,
curve 2), the long-wavelength band of the doublet is
prevaent in the emission spectrum. The short-wave-
length band is almost beyond detection. The intensity of
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the long-wavelength band is two times lower than that in
the direction perpendicular to the p—n-junction plane.

The LEDs of types I, Il1, and 1V, in which the epi-
taxial side of the structure is soldered to the crystal
holder, emit virtually only a single band, whose param-
eters were close to those of the aforementioned long-
wavelength band (Figs. 38-40).

Theemission intensity for atypell LED (Fig. 38) in
the direction perpendicular to the p—-junction planeis
dlightly lower than that in the direction parallel to this
plane. The LEDsof types|ll and 1V featured almost the
same emission intensitiesin both directions (Figs. 39, 40).
This equality of intensitiesis caused by the small aver-
age thickness of the crystal inthe LEDs of types|i1 and
IV and indicates that the emission flux isuniforminthe
crystals. The nondirectivity of light fluxesin the LEDs
of types!ll and 1V isalso provided by reflection of radi-
ation from the smoothed joints of the faces.

A specific distribution of emission in the far-field
zone is characteristic of each LED crystal shape
(Fig. 41). Asthe angle of the observation direction with
the normal to the substrate plane becomes larger than
90°, the emission intensity decreases abruptly for the
LEDs of all types as a result of shading by the crystal
holder.

The type | LEDs emit with the highest intensity in
the direction perpendicular to the p—n-junction plane
(Fig. 41, curve 1). The emission intensity decreases
gradually asthe angle 0 of deviation from thisdirection
increases and amountsto 10-20% of theintensity at the
zero angle at © = 90°.

Thedirectivity patternsfor the LEDs of typesl|, 11,
and IV, in which the epitaxial side of the crystal is sol-
dered to the crystal holder, feature aminimum at 6 = 0°
(Fig. 41, curves 2-4). Thisbehavior ismost clearly pro-
nounced for thetype |l LEDs (Fig. 41, curve 2) that are
parallel epi ped-shaped with a square base 500 x 500 um
and height of 380 um. Theintensity at theangle 8 = 75°
is afactor of 2.2 higher than that at the zero angle and
isafactor of 1.5 higher at the angle 6 = 90°.

Smaller angles (B = 60°) at which the emission inten-
Sty is a a maximum are characterigtic of the type 11l
L EDswhose substrate part was subjected to adeep etch-
ing (Fig. 41, curve 3). The intensity at the maximum
exceedsthat at the zero angle only by afactor of 1.5.

The minimum at center of the directivity pattern is
least pronounced for thetype IV LEDs (Fig. 41, curve 4)
with the crystal in the shape of a stepped pyramid with
the total height of 200 um. A weak dependence of the
emission intensity on the angle 6 is characteristic of
these LEDs.

The current dependence of the emission power for
the LEDs under study is shown in Fig. 42. At low cur-
rents (no higher than 10 mA for the type Il LEDs and
no higher than 75 mA for other LEDS), the dependence
is superlinear and transforms into a sublinear depen-
dence at high currents. At currents | > 250 mA, the
emission power of the type | LEDs begins to decrease
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as the current increases, which is caused by concentra-
tion of emission under the ohmic contact and a corre-
sponding increase in the rate of Auger recombination.
Among the LEDs with different configurations, the
type | LEDs exhibit the lowest emission power at cur-
rentsin excess of 70 mA (Fig. 42, curve 1). The highest
emission power was attained for the type IV LEDs
(Fig. 42, curve 4): this power was equal to 7 mW at a
current of 300 mA. The type IV LEDs aso exhibited
the highest differential quantum yield of photons; this
yield was as high as 5.1% at a current of 75 mA. At the
same current, the LEDs of types Il and 1l featured
quantum yields of 3.2 and 4.1%, respectively. The high-
est differential quantum yield of photons for the type |
LEDswas 3.8% at acurrent of 10 mA. We can conclude
that the external quantum yield of emission for thetypel
LEDs is approximately equal to that of the type Il
LEDs; this circumstance implies that the contacts cov-
ering the entire p-type surface in the type Il LEDs and
only asmall part of this surfacein thetype | LEDs are
virtually nonabsorbing. In addition, the contacts reflect
photons diffusely, since the interface between the semi-
conductor and metal is not optically smooth. As a
result, the metal contacts contribute to a situation in
which the light flux in the crystal is not directional.

We derived theoretical formulas for the spectrum of
outgoing radiation and the external quantum yield of
photons; these formulas are based on the fact that the
emission spectrum is determined by the spectrum of
origina recombination emission and the absorption spec-
trum of the crystal. The derived expressions show that the
externa quantum yield depends mainly on theratio of the
light-emitting area of the crystal to its volume.

Under operating conditions, photons are first emit-
ted in the crystal, and only afraction of them exit from
the crystal. If we denote the total number of photonsin
the crystal by ®, the emission spectrum is represented
by the function d®/dA. The photons arise as a result of
recombination of electron—hole pairs formed due not
only to injection related to a passage of electric current |
but also to the interband and quasi-interband absorption
of photons that circulate in the crystal. The generation
rate for electron—hole pairs as a result of photoactive
absorption can be expressed by the definite integral

Jjac(dd)/d)\)d)\, where a is the photoactive-absorp-

tion coefficient averaged over the crystal and c is the
speed of light in the crystal. The absorption spectrum of
the crystal is contributed to by photoactive absorption,
absorption related to losses (including absorptionin the
metallic contacts) oy, and the effective absorption o,
that characterizes the exit of radiation from the crystal.
The spectral distribution of original recombination
radiation is expressed by the function dn;,/dA, where

J‘;(dnin/d)\)d)\ = N, is the internal quantum yield of
emission. It is assumed that radiation in the crystal is
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not directional. The resulting balance equation for the
spectral distribution of photonsiswritten as

d(d®/d)) _ dn.n
dt

Ejr + ca———d)\D
'r )

—c(a -0y +ae)a =0

Equation (8) is used to determine the spectrum of the
radiation flux that leaves the crystal:

dPe _ oq 99

dA €dA
)

d)\D(a +og4+ ae)

It follows from expression (9) that the spectrum of
radiation emerging from the crystal is independent of
the reradiation effect, since this effect is represented in
expression (9) by the definite integral of A between the
limits 0 and o; i.e., the reradiation effect has a certain
numerical magnitude. The spectrum of radiation |leav-
ing the crystal depends on the spectrum of original
recombination radiation dn;,/dA and on the spectrum of
absorption inthe crystal (o + a4 + a,). The quantities o
and o, vary only dightly within the range of wave-
lengths of most of the original recombination radiation.
The photoactive-absorption coefficient a increases sub-
stantidly as the wavelength decreases, which can
reduce the fraction of short-wavelength photons in the
outgoing radiation. This effect is significant in the
wavelengthregion A <A, (A, isaboundary wavelength)
where a > a4 + d,. Such a division of the integration
domain makes it possible to approximately calculate
the definite integral that appears in expression (9) by
multiplying (9) by a/a, and integrating with respect
to A. Asaresult, we obtain the expression

}ca —d\ = ﬂlse’

(10)

where n, is the internal quantum yield of short-wave-
length photons with A < A, After substituting expres-
sion (10) into (9), integrating with respect to A, and
dividing the result by I/e, we obtained the following
expression for the external quantum yield of photons:

N 1
_nsl + ad/ae.

n ext = 1 (11)

Here, n, is the internal quantum yield of long-wave-
length photonswith A > A,

It follows from expression (11) that, in order to
increase the external quantum yield of photons ne,;, we
have to increase not only the internal quantum yield of
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long-wavelength photons (n,) and short-wavelength
photons (ny) but aso the effective absorption coeffi-
cients a, that characterize the exit of photons from the
crystal. Inthe case of ng+ n, = 1 and a0, < 1, the
value of N is close to unity, which indicates that it is
possible to transform the short-wavelength band into
the long-wavel ength band without any loss in the num-
ber of photons. In order to determine a,, we take into
account that a different photon density d®/dV can be
observed in the vicinity of different areas of the crystal
surface dS. Taking into account that the photons cross
the surface only within the angle of the total internal
reflection and experience partial reflection back into the
crystal, we derived the following expression for d, in
the case where the refractive index of the crystal n> 1:

_1.d®_ dS

R e a2

If the photons and optical inhomogeneities in the
crystal aredistributed uniformly, expression (12) can be
simplified and written as

S

= e 13
vn(n + 1) 13)

It follows from formula (13) that the value of a, can
beincreased by increasing the SV ratio, e.g., by making
the crystal thinner. The value of a, increases by afactor
of 1.5 if the cubic shape of the crystal is replaced by a
hemispherical shape. Curvature of aspherical surfaceis
conduciveto the uniformity of the emission distribution
and makes the emission nondirectional in the crystal,
whereas the flat orthogonal faces in the cubic structure
are conducive to making the emission directional and
decrease the value of a.. A mesa structure obtained by
etching one of the LED faces is conducive to making
the emission nondirectional. The directionality could
be further radically reduced by forming convexities or
depressions over the entire crystal surface, which
increasethereal crystal surface and giveriseto an addi-
tiona increase in a,. Metallic contacts cover a part of
the surface and, thus, decrease the value of a,. In addi-
tion, these contacts can absorb radiation and, asaresult,
substantialy increase the value of ay The diffuse
reflection of radiation from the metallized surface can
represent a beneficial effect, as this reflection reorients
the photon fluxes. The small average crystal thickness
in the LEDs of types |1l and IV ensures the equality of
the radiation intensities in the directions that are per-
pendicular and parallel to the p-n-junction plane
(Figs. 38, 39). Thisequality indicates that the radiation
flux is uniform in the crystals. The absence of a direc-
tional distribution of emission in these crystals is
ensured by the reflection of radiation from the
smoothed joints of their faces. As a result, the condi-
tions for applicability of the above theoretical analysis
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can be considered as satisfied for the LEDs of types|l|
and IV. Formulas (13) and (11) were used to calculate
the equivalent coefficient of absorption caused by the
exit of radiation from the crystal and the external quan-
tum yield, respectively.

In the calculations, we used the typical values of the
internal quantum yield of photons n;,, = 58%, the ratio
between the generated fluxes of the short- and long-
wavel ength photonsnJn, = 2[30, 31], the coefficient of
nonphotoactive absorption a4 = 8 cm™, and the refrac-
tiveindex n = 3.9 [32]. The effective absorption coeffi-
cient calculated with formula (13) and related to the
exit of radiation from the crystal was found to be
1.13 cmr? for the LEDs of types | and I1, 1.3 cm™ for
thetypelll LEDs, and 1.79 cm™ for the type IV LEDs.
The theoretical external quantum yield of photons was
found to be close to the value measured for all the types
of LEDs.

Notwithstanding the fact that the LEDs of types 1|
and IV emit only in the long-wavelength band, in con-
trast to the type | LEDs, which emit, in addition, (and
more intensely) in the short-wavelength band, these
LEDs have a higher external quantum yield of emis-
sion. This observation indicates that the short-wave-
length band is transformed into the long-wavelength
band with the total number of photons not only con-
served but even increased. Thisincreaseis attributed to
an effective process of reradiation. The externa quan-
tum yield of photons increases as the ratio between the
area of the surface through which the radiation exits
and the volume of the LED crystal increases.

8. CONCLUSION

The main results obtained from a series of our stud-
ies relate to the devel opment and investigation of light-
emitting diodes (LEDs) based on the GaSh semicon-
ductor compound and its GalnAsSb and AlGaAsSh
solid solutions and designed for operation in the mid-
die-infrared region of the spectrum (1.6-4.4 um). The
LED structureswere fabricated using the method of lig-
uid-phase epitaxy (LPE); this method made it possible
to grow layersthat werelattice-matched to the substrate
and had a reasonably large thickness.

The GalnAsSh and AlGaAsSh alloys that form the
active and confining layers can basically be lattice-
matched in a wide range of compositions to the GaSh
substrate. The experimental values of the lattice-con-
stant mismatch were in the range Aa/a = 2 x 10732 x
10, The LED structures were grown on n-GaSh sub-
strates doped with Te (resulting in an electron concen-
tration that was (7-8) x 10' cm3) and oriented, in the
majority of cases, parallel to the (100) crystallographic
plane. The grown structures were either nonsymmetri-
cal (first, the active GalnAsSb layer was grown on the
substrate and, then, the wide-gap AlGaAsSh layer was
grown) or symmetric, in which case the active layer
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was surrounded on both sides with wide-gap AlGaAsSh
layers. The wide-gap layers were grown with ahigh Al
content, up to 64%, which is unprecedentedly high for
the LPE method.

The studies showed that the symmetric type of LED
heterostructure had an advantage over the nonsymmet-
rical type. This advantage manifests itself in a higher
optical power and asmaller width of the emission spec-
trum in the entire range of pump currents.

The active GalnAsSb was doped with Te in all
cases. It is experimentally established that the depen-
dence of the external quantum yield of emission on the
charge-carrier concentration in the active n-type region
has a maximum at about n = 10" cm™ for all wave-
lengths. As the In content in the active region was var-
ied from O to 24%, the emission wavelength increased
from 1.6 to 2.4 um. LPE gives no way of growing lay-
ers with an In content in the range 25—-70%. Emission
with the wavelength in the range 3.4-4.4 um was
obtained when the In content exceeded 75%. These
LEDs emitted at the longest wavelength among the
LEDs grown on an GaSb substrate.

The external quantum yield of emission ishighest if
the active-region thickness is 2-3 pm, which coincides
with the charge-carrier diffusion length.

The lifetime of minority charge carriers decreases
from 50 to 5 ns as the In content in the active region
increases, corresponding to an increase in the emission
wavelength from 1.8 to 2.4 um.

The current and temperature dependences of the
emission intensity indicate that the prevalent recombi-
nation processes are band-to-band radiative recombina-
tion and the CHCC nonradiative Auger process; in the
|atter case, one electron executes an interband transi-
tion, while the other €lectron executes an intraband tran-
sition, with the result that the energy and momentum are
conserved. We calculated (and compared with experi-
mental data) the radiative (t,) and nonradiative (t,) life-
times of minority charge carriersin the case of band-to-
band recombination. Within the entire temperature
range of 77-300 K, the resulting lifetimet,, is close to
the experimentally measured time constant for the
decay of the emission intensity when the current is
switched off. Asthe temperature T isincreased, the cal-
culated values of T, increasein proportion to T2, while
T, decreases, on average, according to T-32, These life-
times are equal to each other at temperatures of 200—
300 K. In this case, the theoretical internal quantum
yield is equal to 50%.

In order to improve the efficiency of extracting the
generated radiation from the crystal, we used various
methods. For example, we installed a parabolic reflec-
tor in the TO-18 case, which made it possible to colli-
mate the LED emission within the angle of 10°-12°;
introduced an epoxy compound shaped in the form of a
lens, which ensured divergence of the radiation flux
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equaling 16°—20° at the level corresponding to the half
of the maximum intensity; and used a flip-chip struc-
ture, which made it possible to position the active
region close to the heat-removing case base and extract
the light flux through the substrate, which is not
screened by the contact. In the case of the LEDs
designed for the shortest wavelengths (A, = 1.65—
1.75 um), we used a structure with removed substrate
and extraction of radiation through a wide-gap n-type
layer, which made it possible to appreciably reduce the
absorption in the crystal. We developed a method for
treating LED crystals by chemically faceting their sub-
strate part, which madeit possible to form this part into
a conical—pyramidal shape and increase the number of
crystal faces. The chemica faceting of crystas
increases the external quantum yield of emission and
makes the directivity pattern correspond nearly to that
of a hemispherical crystal. Shaping the LED crystals
into a stepped pyramid with smoothed steps leads to
transformation of the short-wavelength emission band,
related to a doubly charged intrinsic acceptor, into a
long-wavelength band. It is shown both experimentally
and theoretically that an increase in the area of a LED
crystal in comparison to its volume increases the exter-
nal guantum yield of photons.

Optimization of the LED structures madeit possible
to obtain an external quantum yield of photons at the
level of 5.5-6% at 300 K. We attained an optical power
of 3.7 mW in the continuous mode. The maximum
power in a pulse was as high as 7 mW at an off-duty
factor equal to 2, repetition frequency of 512 Hz, and
current of 300 mA and was as high as 190 mW at an off-
duty factor of 200, repetition frequency of 1 kHz, and
current of 1.4 A. For the LEDs emitting in the spectral
range 3.44.4 um, we found that the optical emission
power and external quantum yield (~1%) exceed the
known values for an InAsSb/INAsSbP heterostructure
grown on an InAs substrate by a factor 3.

The developed and studied LEDSs find wide use in
systems of ecological monitoring and medical diagnos-
tics, aswell asin al caseswhereit isnecessary to deter-
mine the absorption lines of water vapors, methane,
carbon dioxide, carbon oxide, acetone, anmonium, and
many other inorganic and organic substances.
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Abstract—A kinetic model of thin-film growth on a solid surface is investigated. This model is valid in the
case where the layers are formed as aresult of two-dimensional nucleation. Under conditions of high supersat-
uration of a gaseous phase, solutions are obtained for an island-size distribution function at the initial stage of
growth, the degree of filling of a substrate by islands at the coal escence stage, the vertical-growth rate of afilm,
and its surface roughness. These solutions express the structural characteristics of a growing film in terms of
physical constants (the interphase energy on the gas—solid interface and the activation barriers of diffusion and
desorption) of the system and the growth parameters (the surface temperature and the material-deposition rate).
The obtained results make it possible to calculate the growth dynamics for thin filmsin particular systems.

© 2005 Pleiades Publishing, Inc.

1. INTRODUCTION

Investigations of the formation of thin films depos-
ited on a solid surface from a gaseous phase are
extremely important for developing technologies for
the fabrication of semiconductor epitaxial structures
used in microelectronics and optoelectronics [1]. For
controllable growth of structures with the desired prop-
erties, it is necessary to develop a detailed kinetic the-
ory of thin-film growth. A large number of publications
devoted to various aspects of thisproblem arereviewed,
for example, in [2]. In the case of singular surfaces, the
basic mechanism of formation of layers is two-dimen-
siona nucleation [2—4]. At the present time, the initial
stage of condensation of thin films, involving the nucle-
ation and independent growth of two-dimensiona
islands (described most fully in [2, 5-7]) and the stage
of Ostwald ripening of islands [8], have been reason-
ably thoroughly studied. The theoretical description of
these stages is based on the kinetic theory of first-order
phase transitions [9] and certain general theoretical
approaches developed by Livshits and Slezov [10],
Kuni [11, 12], Binder [13], and some other authors. For
investigating the coalescence of islands, the geometri-
cal probabilistic modd of crystallization proposed by
Kolmogorov [14] and applicable to the case of two-
dimensional growth [15-17] is used. The theory of
polylayer growth of films is based on the Kashchiev
model [18] and its generalizations [19]. In [20, 21], we
used computer simulation to investigate thin-film
growth during molecular-beam epitaxy (MBE) and its
variants. Despite the abundance of models, the problem
of constructing a unified theoretical description of the
growth that makes it possible to obtain simple approxi-

mationsfor the structural characteristicsof afilmisstill
far from being solved.

The purpose of thiswork isto construct and investi-
gate a model of the autoepitaxial growth of a film
deposited on a solid surface from a gaseous phase. We
give specia attention to finding physically transparent
expressionsfor calculating afilm’sstructural character-
istics that are convenient for comparison with the
experimental dataand enable usto calculate the growth
dynamicsin particular systems.

2. THEORETICAL MODEL

The basic processes occurring in the formation of
thin films are the adsorption, desorption, nucleation,
and growth and coalescence of two-dimensional
islands. Vertical growth proceeds because of a consec-
utive filling of layers (Fig. 1). Conditions of growth
depend on the surface temperature T and material-dep-
osition rate V. We hereafter consider both these param-
eters as constant. If V is measured in monolayers per
second (ML/s), V = aJ, where o is the surface area
occupied by an atom and J isthe atomic flux to the sur-
face. Materia characteristics depend on the critical tem-
perature T, of the phase transition between rarefied and
dense phases of the adsorbate; the activation barriers Ey
and E, of adatom diffusion and desorption, respectively;
and the interphase energy vy of the gas—crysta interface
per unit length. We consider as known [2] the equilib-
rium adatom density ne, = (Y/o)exp(-A/ksT) (A = 2KgT,
is the phase-transition heat), the adatom lifetime 1, =

v;l exp(Ea/kgT) on the surface, and the diffusion time

1063-7826/05/3911-1267$26.00 © 2005 Pleiades Publishing, Inc.
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Fig. 1. Schematic representation of thin-film growth: J is
the intensity at which atoms arrive from the gaseous phase,
Uty isthe probability of adatom desorption per unit time,
Uty isthe probability of adiffusion jump per unit time, W(t)
isthe degree of filling of the surface at the moment of timet,
H(t) isthe averagefilm height, R(t) isthe surface roughness,
and py(t) isthe probability of finding a random point on the
film surface at the height of the kth monolayer.

tp = vBl exp(Ep/ksT), wherev, and vy are the preexpo-
nential factors and kg is the Boltzmann constant.

Aswas shown in [17], in the case of coal escence by
the mechanism of solid-state sintering [15] and the
“free-molecular” mode of growth of two-dimensional
idands (the growth rate di/dt of the number i of atomsin
asupercritical idand is proportional to its perimeter [2]),
the adatom concentration n on afree surface area obeys
the equation [17]

_ Dy () a(t)
n(t) = J-dtDJ—TD— o «y
0
Here,
g(t) = 4J'dt'|(t')r2(t', t) 2

is the degree of filling of the surface at the moment of
time t when disregarding the coalescence, I(t) is the
nucleation rate (intensity), r(t', t) isthelinear size of an
island formed at the moment of time t' determined
according to

r(et) = fdv(t). 3)

Therate of lateral growth of theislands is described by
the expression

v(t) = 200, @

wherer,= 0¥%/2, 1, = tD/01’2I Ney ~ tn/6g, iS the charac-
teristic growth time, I is the dlffuson-Jump length,
Beq = ONg, is the equilibrium filling of the surface by
adatoms, and ¢ = n/ng — 1 isthe supersaturation by ada-
toms. Equations (1)—(4) are written for the case of a
sguare nucleus (o = 4r?), where r is the haf-length of
the square's side. For another shape, the shape constant ¢

DUBROVSKII, CIRLIN

replaces factor 4 in Eq. (2). For low degrees of filling,
the physical meaning of Eq. (1) is obvious: it is the
material-balance equation on the surface. Here, the
integral term on the right-hand side gives the number of
atoms that have arrived at the surface at time t, and the
second term is the number of atoms in islands per unit
surface area. Equation (4) takes into account the arrival
of adatoms at an island due to surface diffusion towards
astep formed by its boundary. If degree of filling of the
surface increases, Eq. (1) is found to be the conse-
guence of the Kolmogorov formula [14] for a true
degree of filling,

W(t) = 1—exp[-g(t)], ©)
and the bal ance equationstaking into account anonzero
filling [17].

The nucleation rate is described by the Zel’dovich
formula[2]

2

Q) = = [

X Inﬂz(Z + 1)exp[—

—((+1)
(6)

D)

Here, a=40(y/kgT)? isthe squared dimensionlessinter-
phase energy on the gas—crystal interface, which is
large for the mgjority of materials (~10).

The vertical-growth rate V; of afilm depends on the
filling time ty,_ of one monolayer according to Kolmo-
gorov Eq. (5) [3]:

Vg = Uty, o(ty) = 1 (7)

For a low-temperature polylayer growth in which the
subsequent layers are formed on unoccupied areas of
the previous layers, the average height and roughness of
the film surface can be found on the basis of the Kash-
chiev model [18, 19].

The described pattern represents a reasonably gen-
eral model of autoepitaxial growth of a film at al its
stages (nucleation, independent island growth, coales-
cence, and growth of subsequent layers), but it disre-
gards the Ostwald-ripening stage [10]. However, it is
known that the islands merge together earlier than the
point when critical size attains an average nucleus size
r{t), and no Ostwald ripening is observed [2]. Then,
these equations represent a self-consistent system that
enables us to determine the structural characteristics of
afilmin relation to the temperature T; flux J; and phys-
ical constants A, E,, and E,. We now investigate the
described model at various stages of growth.

3. ISLAND-NUCLEATION STAGE

For investigating the island-nucleation stage, we use
the Kuni method [11, 12], which enables usto derive an
analytical solution to the nucleation problem under
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dynamic conditions. In terms of a supersaturation ¢ by
adatoms, material-balance Eq. (1) becomes

L(t) + G(t) = Ti [ =L -1 (@
0

Here, G(t) = g(1)/0, is the number of atoms in the
islands per unit surface area expressed in terms of an
equilibrium adatom concentration. The quantity @, IS
the gaseous-phase supersaturation and involves both
the growth controlling parameters T and V (we give var-
ious ways of writing ®,,):

Jt
_A_]_:
n

Vi,
0

Va2t (g

D = _1:\)_AeXpD kBTD

€q €q

In technologically important cases, the supersaturation
D, is aways high (about several tens) because
adsorption always dominates over desorption during
the film growth [2, 4]. The major parameter in the the-
ory is anidea supersaturation ®(t), i.e., the supersatu-
ration in the absence of nucleation, for which it follows
from Eqg. (8) at G = 0 that

D(t) = (Do + 1)[1— expg—TiAg} ~1  (10)

Expression (6) for the nucleation rate has an
extremely sharp peak at the point of the highest super-
saturation. Following [11, 12], we present |({) near the
peak as

1(Q) = I(q:*)exp[—q%(%—o} (12)

Here,

r= D, a - D,
P +linY(0, +1) Pxt1

i(0,)>1 (12

isalarge parameter of the theory and, in order of mag-
nitude, is equal to the critical number i.. in the classical
theory of nucleation for { = @

Taking into account the main exponential depen-
dence of the nucleation rate on the supersaturation near
its peak, other functions near the time instant tr a
which highest supersaturation is attained can be
replaced by their linear approximations. Then, we use
formula (10) to obtain the following expression for the
ideal supersaturation:

P(t) = d, +a(t—ty). (13)
Here, o = (P — P)/14. For thesizer(t' t), it follows
from Egs. (3) and (4) that

ro®y .
(-0,

r(t,t) = (14
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Material-balance Eq. (8) near t = tjbecomes

@, —{(t) = G(t) —a(t-ty). (15)
Substituting Egs. (11) and (14) into Eqg. (2), taking into
account that G(t) = g(t)/6, and using Eg. (15), we
obtain a closed integral equation for G(t):

_ 1 ®) (P
G(t) = Ney D‘[DE
(16)

t—t,

x [ d(e-t, —t')zexp[At—'t—q%G(t')]

Here, we introduce At = ®{l"'a and solve Eq. (16) by

iterations, which alternately majorize the solution from
above and from below so that the solution is rapidly
approached. For practical purposes, the accuracy of the
first iteration is sufficient:

CD* _t*
G(t) = ?engAt 0

(17)

When finding the normalizing constant in Eq. (17), we
took into account that G'(tp) = (Ppe — P/T, at the

point of the highest supersaturation; as a result, we
obtain

2 (A’ _ O,
neqdb* _TZD [(P,) = = (18

Using Eg. (6) for I(®r) and taking into account the
definitions for At and 1, from Eqg. (18), we can obtain
the following equation for the highest supersaturation:

2Ma(Jol5)" (P Parf
D2 (d,, +1)°In"*(d, + 1) Prrax + 11
wt )3 (19
x D

& =L@, 7p) = *

Fora> 1, ®,, > 1, and ®~ 1, Eq. (19) involvestwo
multipliers, whose magnitudes differ appreciably from

unity: (V'[D)3/62q (small value) and the exponential

function of the activation barrier of nucleation (large
value). The first two multipliers can be set equal to
unity with logarithmic accuracy. Hence, it follows that
the approximated solution to Eq. (19) is

(20)
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Fig. 2. Reduced nucleation rate 1/1(¢) (the solid line) for
two-dimensional islands and their reduced surface density
Ng/N (the dashed lin€) in relation to the dimensionless time
t/At for t{At = 9.

Here, Q isthekinetic control parameter [22] defined as
1 8% 8%
(Prex + 1)Q]ejq3TD Vi,  Vip
— V—Dex T (5/3))\ — Eu].

keT U

Q =
(21)

\V; O

The applicability condition for the classical theory of
condensation isalarge value of the activation barrier of
nucleation [11]. Therefore, the range of applicability of
thetheory isdefined by the strong inequality 3InQ > 1.
We estimate the magnitude of Q for the growth condi-
tions typical in the MBE and the material parameters
corresponding to GaAs[20]: T=580°C, V=0.1 ML/s,

T.=2200K, E; =0.8€eV, v, =3%x 10°s?, and /o = 1.
Inthiscase, B, =6 x 1073, t, = 1.8 x 10°s, Tp = 3 x
103, Q =110, and 3InQ = 14.1.

The substitution of Eq. (17) into Eq. (11) for the
nucleation rate yields

(22)

I(t) = I(¢*)e><p[t;:* —eXDG_t*D}

Oat O

We find the island density N, by integrating the nucle-
ation rate over time:

- nE =t
Ng(t) = Ngl—exp[—expD AT D]E (23)

After completing the nucleation stage, the island den-
sity becomes a constant value N = [(®At, for which it

follows from Egs. (18) and (21) that
r(1-¢)’

N = ng——ot. (24)
eqeg32q);°:Q2

DUBROVSKII, CIRLIN

In Eq. (24), we introduced the notation
_ P+l N,
P tl JTn
The physical meaning of ¢ is the ratio of the highest
adatom concentration nqto its value Jt,, which would

be established on the surface in the absence of nucle-
ation. In the complete-condensation mode [2, 17], the
value of € is much smaller than unity. Thetime

(25

- € D, E
1-ed, +1T

corresponds to the duration of the nucleation-stage.
Finally, we found the time in which the supersaturation
peak from Eg. (10) is attained to be

t, = Ta[=In(1—¢)]. 27)

The obtained expressions solve the problem of an
analytical description of the nucleation stage for the
island growth of afilm. For the model system with the
parameters T=580°C, V=0.1ML/s, T,=2200K, Ep =
0.8eV,E,=21¢€V,vp=3x10°s?,v, =10%s?, a=15,
and ./o = 0.4 nm, the island-nucleation characteristics
areasfollows: 1, =2.6 5, @, =43, 7= 1.9,€ = 0.065
(the complete-condensation mode), i(®) =14, =9.2,
At=0.011s, and ty= 0.17 s. Theisland nucleation pro-
ceedsin avery narrow timeinterval, 2At = 0.02 s, after
the time t= 0.2 s following the onset of deposition of
the material necessary for attaining the highest super-
saturation by adatoms. After completing the nucleation,

theisland density attains the value N = 5.5 x 10° cm.
In the complete-condensation mode, t= €Ta; therefore,

At/t, 01T < 1. (28)

Inequality (28) shows that the duration of the nucle-
ation-stage is much shorter than the nucleation-delay
time T3 We show the typical time dependences for the

nucleation rate and the surface island density in Fig. 2.
From Egs. (24), (21), and the Arrhenius temperature
dependencesfor ng, and tp for 1~ 1, it followsthat the

island density obtained in [23] depends on the deposi-
tion rate and temperature in the following way:

At

(26)

2 Eg)\ + 2E|j:|

Thus, the idland density increases with as the depo-
sition rate increases and surface temperature decreases.

(29)

4. STAGE OF INDEPENDENT ISLAND GROWTH

Since the equation of evolution for the size distribu-
tion function for supercritical islands is a first-order
equation with a stationary boundary condition at zero
and the growth rate of theislandsisindependent of their
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size, we can immediately determine the size distribu-
tion of the islands [11] on the basis of the solution
to (22). In terms of the size p =r/ry = t¥2, the distribu-
tion function is given by

f(p,t) = cNexp{c[p—p.(t)] —€** ™} . (30)
Here, p{t) is the average size of isands nucleated for
the highest supersaturation:

pu(t) = Ti ferec). (31)

The constant ¢ is determined from the condition
J‘;dpf () = ﬁ) dt'l (t):

o r 1
c= = (1-&)———.
D, At q;ieiJ;Q

Obviously, near the peak of pr{t), distribution func-

tion (30) has approximately a Gaussian form. The
width of the size distribution

22110 2h—Em
c VvV U kT U

decreases as the deposition rate increases and temper-
ature decreases. For the above model parameters, we
have ¢ = 0.14 and Ap = 20, which corresponds to Ar =
8 nm.

For acomplete description of theisland-growth pro-
cess, it is necessary to find the island mean size as a
function of time. Since the distribution function is
rather narrow, we can use the & approximation for I(t)
in an expression for the number of atomsin the islands
at the independent-growth stage:

N
G(t) = —=pi(t).

eq
Substituting EQ. (34) into material-balance Eqg. (8) and
taking into account that {(t) = ®(t) for t < tyand

Eqg. (31), we obtain an equation for anidand average size:
dp. _ N 2 Tp

I max
+ — + — = (I) + —_— —_ .
dt neq p* TA p* * TA (t t*) (35)

(32)

Ap = (33)

(34)

Tp

In this case, the initial condition p(tp) = 0. The exact
solution to Eq. (35) is

Px(t) = po[U(2) -2, (36)
where the parameters are defined as follows:
= Mﬂs [T_Dq) 0" 37
pO DN |:| EtA ma>1:| 1 ( )
5= 1 s (39)

2(1-6) TP (O + 1)
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Fig. 3. Time dependences of the average latera size rp=

Jopy of theislands calculated using Egs. (21), (22), (26),
and (38)—(44) for the three different values of the highest
gaseous-medium supersaturation @, = 5, 25, and 43, cor-
responding to different deposition rates V and the fixed sur-
face temperature T = 580°C. The values of the parameters
used in the calculation are given in the text. The case of
P max = 43 corresponds to the average-size evolution for V =

0.1 ML/s and the distribution function shown in Fig. 4.

Thefunction U(2) in Eq. (36) istheratio between linear
combinations of the Airy functions Ai(2) and Bi(2)
(Ai decreasesand Bi increases at infinity [24]) and their
derivatives
_ Bi'(2) —KIAi'(2)|
V@ = B +kaiD)
_ Bi'(z) —9Bi(z)
|AI'(z)] + A (2o)

The variable zlinearly depends on time,

- cDmax(t_t*
20 = pR+u+ =l

(39)

k

(40)

with the coefficients

13 D 4 128

p=l Pt a-e™ @

p=£0® 1
2rtd, + 10 (1 _g)?

(42)

and z; = Z(t = 0) = B(1 + n). We show the results
obtained by solving Egs. (36)—(42) for various parame-
tersinFig. 3.

Let us consider the obtained solution in the com-
plete-condensation mode (¢ < 1). Then, d ~e/M2 < 1
and p ~ €/l < 1, whilethe parameter 3 always exceeds
1.5 (in our example, B = 1.62) for large ' and small €.
Therefore, we can passtothelimitd — Oand u — 0.
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Fig. 4. Size distribution function for islands at the timet =
(1) tg (2) tg+ 05ty (3) to+ tg, and (4) to+ 2ty. The values
of the parameters used in the calculation are given in the text.

Because z > f3, it is possible to use the asymptotic
functions for the Airy functions at large z Ai(2) =
(U2)m2zY* exp[—(2/3) 27 and Bi(2 =
(U2 exp[(2/3)2?] [24]. As a result, the solution
for the average size is greatly simplified:

Px (X)
P, 0 +x DCD*B +>q]3/2 O (43
T oelil hDA[ P, 0, 1}%
Here,
=g 32 _ /\/_|:| max [rq
A= = v Lme) (44)

In Eq. (43), weintroduced the dimensionless variablex,
which isrelated to the deposition time as follows:

x=(1=D)V(t—t,). (45)

Here, D = ng/JT, = B,/VT, isthe desorption term. The
physical meaning of the variable x is obvious: it is the
number of material monolayers formed on the surface
in the time t taking into account the desorption (D) and
the island-nucleation delay (t). Solution (45) for the

average size shows that, at the very beginning of
growth, the islands grow very rapidly and, for the time
ty = (P Pra)Ta ~ T4, follow the asymptotic depen-

dence
_ [Py Bt X
P00 = =N

After the time ty¢ ~ Stg, following the onset of nucle-
ation, thelaw for which theisland radius grows propor-
tionally to (t — t)*% p = (x'oN)¥2 comes into effect.
The average size of the idands at the fixed instant of

(46)
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time t decreases as the deposition rate increases and
increases with the surface temperature as follows:

D—(3/2))\ EDD 1,2
P+ U Jjj 1/2 D t

keT U

The evolution of the size distribution function for the
islands at the independent-growth stage for the model
system isshownin Fig. 4.

(47)

5. THREE-DIMENSIONAL FILM GROWTH
Using Egs. (5), (34), and (46) and taking into
account that g = 8,,G, we obtain the following elemen-

tary formula for the degree of filling of the surface in
the compl ete-condensation mode:

Y(x) = 1-€™ (49)
The monolayer-formation time is
_ 1
tML - t* + (1—D)V (49)

For the model system under consideration, the val ues of
D andtjaresmall: D=2.3 x 102 and t;= 0.17 s; there-
fore, the monolayer-formation time only dlightly differs
from /V: t,, =104 s.

In the case of pure layer-by-layer high-temperature
growth, the vertical-growth rate of afilm is determined
from Egs. (7) and (49) as

_ _(2-D)V
* 1+ (1-D)Vt,'
For investigating a three-dimensional film surface, we
introduce the probabilities p,(t) for detecting a random
point on the film surface at a height of k monolayers at

(50)

the moment of timet [19]. According to Fig. 1, if the
layers do not overhang each other, we have
P(t) = W(t) —Wisa(t)  (Wo=1), (51)

where (1) is the surface filling fraction by the kth film
layer at the moment of timet. The average thickness H(t)
and the surface roughness R(t) of a film expressed in
terms of the monolayer height are determined accord-
ing to the expressions

HED = Y kpu(b),

k=1

RA(t) = § K2p(t) — H(t).
k; ‘ (52)

For pure layer-by-layer growth, it suffices to consider
onlyk=0andk=1inEg. (51). Then, py(t) = 1 —Y(t),
p,(t) = W(t), and H(t) = Y(t), and thefilling of one layer
over another periodically repeats. The film-surface
roughness R(t) is a periodic function of time with a
period approximately equal to the monolayer growth
rate t, . As a function of x, the squared roughness is
expressed as

Ri(x) = (1—e%)e™ (53)

SEMICONDUCTORS Vol. 39 No. 11 2005
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Fig. 5. Roughness as afunction of the dimensionlesstime x
(in units of the monolayer growth time) for the cases of
(1) low-temperature polylayer growth, (2) high-tempera-
ture layer-by-layer growth, and (3) an intermediate mode.

In the case of low-temperature polylayer growth, the
following integral relations [18] connect the degrees of
filling of the surface by various layers:

X

Wira(X) = IdX'Fk+ 1(X=X)P(X),
0 (54

Fera(0) = —expl-gicra(4)].

Here, g(X) is a function describing the filling kinetics
of the kth layer over the completely filled previous
layer. In the complete-condensation mode during
autoepitaxy, al F,(x) = e*; we then use Egs. (54) and
(51) tofind that dp,/dx = p,_; — px. Thisset of equations
gives a Poisson height distribution for film-surface
points:

k
X —x
P(X) = (7€ (55)
In this case, the film height is equal to the square of the
roughness of its surface:

H(x) = R*(x) = x. (56)

Figure 5 illustrates two limiting cases for the behavior
of the average height and roughness of the film surface.
In the samefigure, we qualitatively show the intermedi-
ate mode, in which the surface roughness behaves in
time in the form of a function of t¥2 with oscillations
imposed on it. Data from direct computer simulation,
including the autoepitaxial growth of GaAs [19, 21],
corroborate such behavior of the surface roughness dur-
ing MBE growth. It should aso be noted that MBE
alows in situ visuaization of the surface state in the
reciprocal space using reflection high-energy electron
diffraction (RHEED) [4]. The character of the dynamic
2005
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dependence of the mirror reflection during thelayer-by-
layer growth (or close to it) is oscillatory, with the
period being equal to the layer-formation time. In addi-
tion, the peak in this dependence corresponds to a vir-
tually filled layer, while the lowest diffraction intensity
reflects the presence of unfilled layer areas. Thus, the
obtained time dependences of the surface roughness
can be made to conform to dynamic RHEED depen-
dences transformed into the direct space.

6. CONCLUSIONS

We now formulate the main physical results of the
performed theoretical consideration of thin-film
growth. At the stage of nucleation of two-dimensional
islands, which occurs in very narrow time interval, the
sizedistribution function for islandsisformed. The sur-
face island density attains its maximum upon compl et-
ing the nucleation stage, remains constant at the stage
of isolated island growth, and decreases only after the
onset of coalescence. The island density increases and
their size decreases as the surface temperature
decreases and deposition rate increases. At the stage of
isolated idand growth, the size distribution of the
islands does not change its shape and shifts as awhole
along the size axis. The spread in sizes decreases asthe
deposition rate increases and the surface temperature
decreases. The average size of the islands grows pro-
portionally to t2 in the complete-condensation mode
typical of the MBE for most of the time. The coales-
cence of theislands resultsin the formation of acontin-
uous layer; the degree of filling of the surface depends
ontimeinthefollowing way: 1 —exp(-t/t,, ). For high-
temperature pure layer-by-layer growth, the filling of
the layers periodically repeats. The average film height
increases linearly with time, and the roughness is a
periodic function of time. During low-temperature
polylayer growth, a Poisson surface profile is formed
for which the square of roughness is equal to the aver-
age height, and both these quantities increase propor-
tionaly to the deposition time. In the intermediate
mode, the surface roughness variesin proportion to t¥2,
with oscillations imposed on this dependence.

Thus, in this paper, we have presented a kinetic
model of formation of thin films that enables us to
describe al the stages of film formation in an analytical
form in relation to the conditions of growth and physi-
cal parameters of the system. We show that the stages
of nucleation, independent growth, and coal escence of
islands are essentially separated in time for the com-
plete-condensation mode characteristic of the MBE and
its variants, which greatly facilitates finding solutions to
the problem of theoretical description of the growth pro-
cess. The obtained analytical expressionsfor the average
sizes of the idands, their surface density and the spread
in their sizes, and the film-surface average height and
roughness can be used in caculations and for optimiza-
tion of the growth modesin particular systems.
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Abstract—~For the first time, the desorption coefficient of hydrogen and activation energy of desorption are
directly determined during the growth of an Si epitaxial layer from silane in vacuum using experimental data
on the degree of surface coverage of an Si wafer with hydrogen. The results obtained are compared with earlier
results obtained under low-temperature conditions, for example, by thermodesorption spectrometry. The found
values are used to calculate the crystallization coefficient and its dependence on the growth temperature and
decomposition rate for monosilane at the growth surface. © 2005 Pleiades Publishing, Inc.

In recent years, the effect of hydrogen on the char-
acteristics of materials has been widely discussed in the
literature in relation to the development of methods for
detecting hydrogen in crystalsand itsrole in the forma-
tion of microdefects in Si [1]. The spectroscopy of
hydrogen bound in Si crystals is of special interest, in
particular, the spectroscopy of the rotational—vibra
tional lines of SiH, molecules captured by the surface
or incorporated into Si crystals. These lines are located
in the mid-IR and far-IR spectra regions [2—4]. Analy-
sisof the propertiesand characteristics of hydrogen com-
plexes is impossible without the development of meth-
ods for determining their surface or bulk concentrations
and the parameters that determine these concentrations,
specifically, the desorption coefficient of hydrogen.
These methods can sometimes be very indirect.

In practice, the emergence of hydrogen in epitaxial
S is associated with the metal-hydride technology
used for film growth. The accumulation of hydrogen on
the surface during such growth also leads to its emer-
gence in the layer. This phenomenon leads to passiva-
tion of dangling bonds at the defectsin the crystals and
to improvement of its electrical characteristics, which
most clearly manifests itself for hydrogenated amor-
phous Si. At the same time, passivation of the surface
bonds with hydrogen under low-temperature epitaxial
conditions results in a substantial decrease in the film
growth rate, thereby redtricting the potential of using
metal-hydride vacuum epitaxy to grow multilayer hetero-
structures, including quantum-dimensional structures.

In this context, the development of methods for
directly anayzing the characteristics of the surface
hydrogen under technological conditions and for deter-
mining the hydrogen desorption characteristics, along
with the problem of hydrogen dissolution in Si, is of
fundamental importance (in addition to the application-

oriented importance). The reason is that these aspects
areimportant if we areto gain adeeper insight into such
phenomena and to study the surface physicochemical
processes often under strongly nonequilibrium condi-
tions. However, there is a considerable spread of data
on the hydrogen desorption rate in the relevant publica-
tions. Temperature dependences of the hydrogen des-
orption coefficient that have been obtained or used in
reports by various authors are given in [5]. It follows
from these data that the spread of the parameter x at a
specific growth temperature for the same activation
energy is at least two orders of magnitude of the quan-
tity xo = 8 x 10%*1 s, Subsequently, using the sug-
gested cal cul ation procedure and data on hydrogen des-
orption from the Si surface, we refined the value of the
desorption parameter experimentally determined in the
temperature range 450-650°C under real growth condi-
tions [6]. This procedure allowed usto predict the tem-
perature dependence of this parameter for the region of
higher temperatures.

According to the above, the purpose of this study
was to analyze the kinetics of the pyrolytic decomposi-
tion of hydrides on the epitaxial Si surface so asto sub-
sequently determine the surface concentration of
hydrogen, the characteristics of the bond between
hydrogen and the surface, the effects of incorporation
of hydrogen atomsinto the crystal's, and mechanisms of
hydrogen dissolution in Si. In contrast to other studies,
where, in particular, the methods of thermally con-
trolled desorption spectroscopy were used to determine
the hydrogen desorption coefficient [7, 8], the specific
feature of this study is that we used data from techno-
logical experiments, which are widely available in the
literature for several aspects of the problem.

As the main method of solving the specified prob-
lem, we used a set of kinetic equations that describes

1063-7826/05/3911-1275$26.00 © 2005 Pleiades Publishing, Inc.
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Table
Ty, °C Vg, Als By = Ngy/ng

800 0.39
750 0.373
700 0.328
650 0.250 0.02
600 0.183 0.05
550 0.109 0.22
500 0.049 05
450 0.0167 0.8

the chain of physicochemical processes involved in a
molecule’'s decomposition on a hot surface. This set
relates variationsin the dimensi onless concentrations 6;
of atoms and molecul es adsorbed by the growth surface
to the molecular flow of hydride that reaches the sur-
face [9]. In order to solve the problem adequately and
to calculate the surface concentrations of hydride-
decomposition products it is necessary, in most cases,
to determine or refine the constants that appear in the
kinetic equations and are responsible for the rate of a
particular process on the growth surface. These con-
stants can be found by including expressions that deter-
mine the growth and composition of the growing epitax-
ia layer inthe main equations of the set. Thefinal choice
of the operational set of equations used to analyze pyrol-
ysis and crystalization is governed by the composition
or types of gases employed aswell as by the selection of
a specific scheme of their decomposition.

We previoudly considered a general set of equations
that describes, in particular, the effect of the decompo-
sition kinetics for hydrides on the surface of an epitax-
ia film on the steady-state growth of a Si; _,Ge, layer
[10, 11]. In the most general case, the set includes a
large number of equationsthat are specified by the type
of surface reactions. These reactions can include both
monomolecular and bimolecular decomposition, with
undefined kinetic coefficients being present in an over-
whelming number of cases. At this stage, we consid-
ered the simplest system with only one gas, specifically,
silicon monohydride. Experimental datarelating to this
gas are widely available in publications.

In this study, along with the smplest scheme
(mode!) of silane decomposition [10],

SHi(g)+2 — SiHa+H, SH+3—~Si+3H,
S~ Si(cr), H - 12H,(g), (@

which is most often used for calculations, we consid-
ered other schemes (models) of decomposition of a

ORLOV, SMYSLOVA

SiH, molecule suggested in previous publications (see,
for example, [12)]):

SiH,(9) +1— SiH, + H,(9),
SHy+2— S +2H, @)
S —Si(cr), H-— 12Hy(g),
SiH4(9) +1 — SiH, + H,.(9),
25H, +2 —= 25+ 2H + Hy(9), €)
S —Si(cr), H-— 12Hy(g),
SiH4(g)+§H§iH2+ZH,
SiH, — Si +Hy(9), )
S — Si(cr), H-— 1/2H,(9),
SiH,(g) +3 — SiH +2H + 1/12H,(9),
SiH — Si + 1/2H,(9), (5)
S — Si(cr), H— U2H,(9).

In models (1)—(5), the underlined chemica symboal indi-
cates that an atom is bonded to the surface, and the
underlined digit indicates the number of free bonds on
the surface that are necessary for the reaction to proceed.

The presented reactions are based on different
assumptions related to the surface concentration of
hydrogen atoms and hydride radicals, which play the
most important role in surface processes. The choice of
the corresponding molecule in models (1)—5) is asso-
ciated with the assumption that this molecule decom-
poses the most slowly on the growth surface.

The main parameters that should be determined in
this problem are the surface dimensionless atomic and

molecular concentrations 6g, 6y, and Bg,_inreference
to the concentration of surface bonds ny = 6.78 x
10% cm?, the hydride decomposition frequency v
voexp(—Ean/kT), the hydrogen desorption rate x

Xo&Xp(—Ef /KT), and the crystallization coefficient of
the Si atoms r(8;, T). Severd free parameters of the
problem, particularly r and ¥, can be redefined using
experimental data, for example, on the temperature
dependences of the film growth rate Vy, = (ndng)rbg
and the surface hydrogen concentration. Here, n, =
5.5 x 10?2 cmS,

The corresponding data, obtained by anaysis of
numerous reports on the determination of the growth
rate of Si film (see, for example, [13]) and reports on
the measurement of the surface hydrogen concentration
during growth [6, 14, 15], are given in the table. The
tabulated data were chosen according to the most fre-
quently used silane pressure in the reactor: Pgy =

0.3 mTorr. The experimental values of the quantity 6,

SEMICONDUCTORS  Vol. 39 No. 11 2005
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Fig. 1. Dependences of the surface concentration of hydro-
gen on (a) temperature and (b) monosilane decomposition
frequency. (a) Points 0 are the experimental data[6], and the
lines represent calculated curves 1-5, obtained in the con-

text of models 1-5, for vy = 96 s and X = (1) 8 x 10%;
(3) 2 x 10™; and (2, 4, and 5) 4 x 10 571, (b) The depen-
dences calculated in the context of models 1 (curve 1, xg =
8x 10 s7Y) and 2 (curve 2, X = 4 x 10! 1) are repre-
sented by solid lines and open symbols at 700°C, by

dashed lines and half-closed symbols at 600°C, and dotted
lines and closed symbols at 500°C. The valuesused in cal-

culations were P = 0.3 mTorr, E%H3 =0.08eV, and Eﬂ =
1.755¢eV.

listed in the table were taken from [6]. These data are
shown in Fig. 1a(symbol 0).

In order to solve the problem defined in the kinetic
equations written for the above-mentioned growth
models, the quantity X was chosen as the desired func-
tion. The concentration of adsorbed hydrogen 6, was
considered as a parameter of the problem. Using these
values of 8, asone of the main parameters of the prob-
lem, it was easy to determine the desorption coefficient x
for all the growth temperatures listed in the table on the
basis of the corresponding set of kinetic equations. This
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Fig. 2. Temperature dependences of the hydrogen desorp-
tion coefficient x. (@) Calculation using model 1 (curve 1,

Xo =8 x 10" s71); models 2, 4, and 5 (curve 2; symbols 2,
4,and 5; X = 4 x 10! s™1); and model 3 based on the exper-

imental data[6] P =0.3mTorr, Eg,, =0.08eV,vy=9657,
3

and Ef, =1.755eV (curve3, Xo =2 x 10" %), (b) The pre-

vious experimental data corresponding to xo = 2.1 x 1015 s%

and Ej, = 2.28 eV [16] (curve 1), Xo = 8 x 10'% s and
Ep, =2.1eV [5] (curve 2), and X = 2.2 x 10" s and
EZ =1.8¢eV [17] (curve 3).

calculation procedure is possible for an unambiguous
determination of the hydrogen desorption coefficient,
since, as follows from Fig. 1b, the surface concentra-
tion of hydrogen is completely independent of the
monosilane decomposition rate v for various decay
models in a wide range of growth temperatures. The
values of the hydrogen desorption parameter X, which
were calculated on the basis of the experimental datain
the context of the used models, are shown by closed
symbols in Fig. 2a. In the context of the activation
dependence of the hydrogen desorption coefficient x =
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Fig. 3. Dependences of the crystallization coefficient r on
(a) temperature and (b) monosilane decomposition fre-

quency. (a) Calculated curves obtained for vg = 96 sTonthe
basis of the dependence x = xoexp(—Eﬁ /KT) in the context

of various models. Model 1, with xo = 8 x 10! s, corre-

sponds to symbol 1; model 3, with xo = 2 x 101! s72, corre-
sponds to symbol 3; and models 2, 4, and 5, with xg = 4 x

10 s1, correspond to symbols 2, 4, and 5, respectively.
(b) Dependences calculated in the context of model 2, with
Xo =4 x 10" s, at three growth temperatures are shown
by the open symbols 2 at 700°C; half-closed symbols 2 at

600°C; and closed symbols, v = \)Oe(p(—E;Hn /KT), at
500°C. Thevalues of the parameters used in the calculations
wereP=0.03mTorr, Egy,_ =0.08eV,and E}; =1.755¢V.
The straight line shows the relation between v and v,

Xo&Xp(—Ef /KT), for example, using the method of con-
jugate gradients, it is easy to choose the parameters X,

and E;, and to construct the dependences x(T) that

most closely coincide with the values of X obtained on
the basis of the experimental data. The corresponding

ORLOV, SMYSLOVA

dependences are shown in Fig. 2a (straight lines and
open symbols). For al the models, we obtained an

approximately identical activation energy Ef, = 1.75—

1.76 eV and determined the preexponential factor,
which was found to be equal to 8 x 10'* s for model 1;
4 x 10" s for models 2, 4, and 5; and 2 x 10" s for
model 3. The activation-energy dependences of the
hydrogen desorption coefficient, which were obtained
by other authors using methods distinct from our
method, are shown in Fig. 2b for comparison. Compar-
ison of the curves shows that the results obtained in
[5, 16] most closely agree, with regard to the absolute
value of the coefficient x, with the results of the calcu-
|ations we carried out in the context of models 1, 2, 4,
and 5. However, there are large distinctions in the acti-
vation energies of this process. The results of calcula
tions carried out in the context of model 3 are close to
the results of [7, 17] in relation to both the activation
energy and the preexponential factor. The performed
calculations and comparative analysis allows usto con-
clude that the coefficient of hydrogen desorption from
the Si surface has an activation energy close to E, =
1.7-1.8 eV and a preexponential factor X, in the range
(2-4) x 101 sL,

Using the found values of the hydrogen desorption
coefficient and taking into account that 6y, is indepen-
dent of the silane decomposition frequency, it is easy to
solve an inverse problem and recalculate the tempera-
ture dependence of the surface concentration of hydro-
gen over the entire range of growth temperatures most
relevant from a technological standpoint in the context
of the models under consideration (Fig. 1a). Compari-
son of the theoretical curves with the experimental
points shows that the best agreement of the experimen-
tal data with the calculated curves obtained in the con-
text of models 1 and 3 is observed at temperatures
above 500°C. In particular, Fig. 1 shows that, below
500°C, the coverage of the surface with hydrogen tends
to the upper limit 8, = 1. It is noteworthy that the
absence of any dependence of surface hydrogen cover-
age on the monosilane decomposition rateis not related
to the possible considerable difference between the
rates of each of these processes. For example, thisinfer-
ence can be derived from a comparison of the depen-
dence x(T) in Fig. 2 with the dependence v(v,, T),
which isshownin Fig. 3b. It can be seen that the above-
mentioned quantities have comparable valuesin awide
temperature range.

Another important parameter of the system, which
depends strongly on the degree of coverage of the sur-
face with hydrogen, is the crystallization coefficient of
the Si atoms. However, in contrast to 6, this coefficient
is very sensitive both to the growth temperature and to
the hydride decomposition frequency on a hot surface.
As an example, Fig. 3a shows the dependence r(T) for
various schemes of monohydride decomposition at v =

Voexp(—Egy_/KT) with vy = 96 s [18] and Egy =

SEMICONDUCTORS Vol. 39 No. 11 2005
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0.08 eV [19]. For the chosen values of the parameters,
the characteristic decomposition rate, v = 36 s, far
exceeds the crystallization rate r. According to Fig. 3b,
the value of r inthe temperature range T, = 500-800°C
variesin the ranger = 0.05-0.5. A decrease in the pre-
exponential factor v, to avalue of <1 leadsto a consid-
erable increase in the crystalization coefficient, as
there is an increase in the concentration of dangling
bonds on the growth surface.

It isnoteworthy that, when carrying out the analysis,
we exclusively considered the desorption component in
the term describing hydrogen escape from the surface.
We completely disregarded the possibility that hydro-
gen atoms are incorporated into the growing layer.
However, experience shows that the hydrogen concen-
tration in Si israther high. It is possible that consider-
ation of this effect could help to eliminate the difficul-
ties encountered when determining the hydrogen
absorption coefficient by this method and by thermal
desorption spectroscopy.

We thank Cand. Sci. (Phys—Math.) A.V. Potapov
for her contributions to discussions and useful com-
ments and S.A. Nikitinafor help with the calculations.

This study was supported by the International Sci-
ence and Technology Center (project no. 2372).
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Abstract—The adsorption, desorption, initial film growth, and contact and thermal transformation of Cgy mol-
ecules on a Ta(100) surface in ultra high vacuum at temperatures from 300 to 2000 K are investigated. It is
shown that Cgy molecules from the first adsorption layer undergo a significant transformation even at room tem-
perature, forming aloose monolayer. The subsequent growth of fullerite occurs in accordance with the Stran-
ski—Krastanov mechanism and resultsin the formation of compact islands. The thermal stability ranges of ful-
lerite films on tantalum are determined and it is shown that decomposition occursin the temperature range 850—
950 K mainly due to decomposition of the molecules (induced by the catalytically active surface) rather than

thermal desorption. © 2005 Pleiades Publishing, Inc.

1. INTRODUCTION

Interaction of fullerenes with the surface of solidsis
interesting from a scientific point of view and important
in practice, since this process provides the key to tech-
nological application of fullerenes. To date, there are at
least several tens of studies in which fullerene-surface
interaction was analyzed by different methods (both
theoretically and experimentally) for silicon [1-7],
noble metals [8-12], and refractory metals [13-17].
Previoudly, we performed a detailed study on the regu-
larities of such interaction between Cg, molecules and
the surfaces of Ir [11, 12], Re[14], W [16, 17], Si [7],
and Mo [15]. Cg, molecules, adsorbed at room temper-
ature, retain their structure on the surfaces of Ir, Re, Si,
and Mo. At the same time, on the W surface, fullerenes
are significantly transformed, even at room tempera-
ture. According to modern concepts, tantalum is much
more chemically and catalytically active in comparison
with all the previously studied metals [18]. Thus, we
believe it isimportant to gain insight into the transfor-
mation of the known regularities of fullerene-surface
interaction for the Ta surface.

2. EXPERIMENTAL

The experiments were performed in a high-resolu-
tion Auger spectrometer (see [19] for details) in ultra-
high vacuum (p = 1071° Torr). Auger spectrawere mea-
sured in a direction close to the normal to the surface.
There was a possibility of recording Auger spectra
directly from heated samples in the temperature range
300-2100 K. The samples consisted of filamentary Ta
ribbons 0.05 x 1 x 40 mm? in size. They were cleaned
by successive annealing in oxygen (p = 10~ Torr and

TDeceased.

T = 1500 K for 30 min) and ultrahigh vacuum (p =
10° Torr and T=2600K for 5 h). The Auger spectrum
of the as-annealed surface contained only Ta peaks.
Along with cleaning, aribbon becametextured after the
appearance of the (100) face on the surface. The work
function of the surface was ep = 4.15 eV (this value
corresponds to the (100) face, according to [20]). The
surface was homogeneous in the work function. It has
previously been shown that the Cy», Auger peak of Cg,
molecules has an energy of 269 eV, i.e., dmost 3 eV
lower than, for example, the carbon Auger peak in the
spectra of graphite, metal carbides, or adsorbed carbon
clusters. ThisAuger peak energy is characterigtic of both
thick films of adsorbed Cg, molecules (5-10 monolay-
ers) and submonolayer coatings on iridium, rhenium,
and silicon. We used this factor to distinguish adsorbed
fullerenes from carbon in other possible states.

The Cg, molecules were deposited on the entire sur-
face of a ribbon from a Knudsen cell, into which a
weight of fullereneswith apurity of 99.5% was |oaded.
After aging, the cell yielded a stable and easily con-

trolled flux of Cg, molecules with the density v =

10%°-10"% molecule/lcm? s. To carry out absolute cali-
bration of theflux density, aniridium ribbon wasingtalled
near atantalum ribbon (parallel toit). The calibration was
performed using the technique we proposed in [16]. The
error of absolute calibration was estimated to be 15-20%.

3. ADSORPTION AT ROOM TEMPERATURE

Figure 1 shows the changes occurring in the carbon
and tantalum Auger signalsduring the adsorption of Cg,
molecules under the effect of a constant flux on the
Ta(100) surface at room temperature. As can be seen,
the tantalum Auger signal monotonically decreases but

1063-7826/05/3911-1280$26.00 © 2005 Pleiades Publishing, Inc.
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Auger signal, arb. units
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Fig. 1. Dependences of the (1) carbon and (2) tantalum
Auger signals on the time of deposition of Cgg moleculeson

Ta(100) at room temperature. The flux density Ve, © 4+

0.5) x 10! molecule/cm?s.

does not vanish: it attains some measurable value after
the deposition for approximately 500 s and then stops
changing. The carbon Auger signal increases almost
linearly during the deposition for about 200 s. Then, its
growth slows, and, at t = 500-600 s, the intensity of this
signa reaches a constant value. This result indicates
that, beginning with t = 200 s, new Cg, molecules arriv-
ing at the surface screen not only the substrate signal
but also the carbon Auger signa of the previously
adsorbed molecules, and, beginning from deposition
times of 500-600 s, the thickness of the fullerene layer
formed on the substrate becomes comparable with the
escape depth of theAuger electronsof carbon (1520 A).
Thus, we can state that, after a deposition lasting for
about 200 s, the first monolayer becomesfilled and the
subsequent monolayers begin to grow. During the dep-
osition of Cg, molecules, the shape of the Cy\\, Auger
line is gradually transformed: spectrum 1 in Fig. 2,
measured after the first ~60 s of deposition, changesto
spectrum 2 in Fig. 2 (deposition for 200 s) and, then, to
spectrum 3 in the same figure (deposition for 12 min).

The following question arises: how should we char-
acterize the monolayer of Cz molecules grown at
300 K on Ta(100)? As can be seen from Fig. 2, the car-
bon Auger signal from the first monolayer of Cg, mole-
cules has an energy of 271 eV and does not correspond
to the fullerene Auger signal. A similar phenomenon
has previously been observed on the W(100) surface
[16, 17]. Note that the first fullerene monolayer screens
the Auger signal of the Ta substrate more weakly (only
by afactor of 1.75) than the tungsten Auger signal [17]
and even more weakly than the molybdenum [15] or
silicon [7] signals. Nevertheless, this screening val ue of
1.75 dignificantly exceeds the degree of screening
obtained, for example, for surface layers of tungsten or
molybdenum carbides and is close to the degree of
screening characteristic of a two-dimensional graphite
film with respect to molybdenum, rhenium, or iridium
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Fig. 2. Shapes of the Cx\n, Auger line for different adsorp-
tion states of Cgy molecules on tantalum: (1) 0.3 monolay-
ersdeposited at 300 K, (2) amonolayer deposited at 300 K,
(3) amultilayer (~4 monolayers) fullerene film deposited at
300 K, (4) the samefilm annealed at 700 K for 20 s, (5) the
same film annealed at 900 K for 20 s, and (6) the same film
annealed at 1100 K for 20 s. The numbers indicate the ener-
gies (in €V) of the corresponding peaks.

Auger signals (1.6). Recall that the energies of the
Auger peaks of all the metals considered here are close
to each other (within 15 eV), which makesit possibleto
directly compare the degrees of screening. We believe
that fullerene, in contact with a Ta surface that has a
high catalytic activity, does not completely loseitsindi-
viduality and structure but is significantly transformed.
Indeed, one would hardly expect fullereneto undergo a
complete decomposition into atoms at room tempera-
ture even on such a chemically active surface as the
Tasurface. For example, we earlier showed [21] that
the Auger line of a carbon film deposited in ultrahigh
vacuum has a shape characteristic of carbon clusters
and that this film is thermally stable up to 900 K. The
transformation of Cg, molecules makes it possible for
some C atoms to be involved in strong chemisorption
interaction with the metal surface, which is the likely
reason for the complex partly carbide-like shape of the
Auger line of adsorbed submonolayer and monolayer
films of Cg, molecules (see spectral and 2 in Fig. 2).
Somewhat arbitrarily, we propose to characterize this
state as a“loose ball” (a schematic diagram of the pro-
cesses occurring during the deposition of fullerenes on
Ta(100) at 300 K is shown in Fig. 3a). Previoudly, we
developed similar concepts for the transformation of
fullerenes on the W(100) surface [17].

Let us estimate the concentration of Cg, molecules
in the first monolayer. On the basis of the absolute flux
calibration, we can statethat (0.8-1.1) x 10** molecules
are deposited on a surface area of 1 cm? for 200 s. This
means that the first monolayer of the Cg, molecules on
Ta(100) is rather loose in comparison with similar lay-
ers on metals of group VI (seetable).
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Fig. 3. Schematic diagram of the processes occurring dur-
ing the deposition of Cgy molecules on Ta(100) at room
temperature: (a) submonolayer coating, (b) beginning of the
second-layer growth, and (c) growth of amultilayer film.

L et us consider the further growth of fullerenefilms.
Some conclusions can be drawn on the basis of the
Auger data. First, the growth of afullerene film on tan-
talumisdistinctly not of the layer-by-layer type (asitis
on molybdenum or tungsten). It is more likely of an
island type, as on silicon and rhenium. Second, the
observed changes in both Auger signals can be made
consistent with the model only by assuming that the
growing fullerite idands leave some part of the first
monolayer open, while the density of these islands is
higher than in the first monolayer and is close to the
volume density of the fullerite. A hypothetical sche-
matic diagram of the successive growth stages of aful-
lerite film on Ta(100) is shown in Fig. 3. In surface sci-
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Fig. 4. Changes in the (1) carbon and (2) tantalum Auger
signals during the step annesling of afilm of Cgy molecules

with athickness of about four monolayers on Ta(100). The
initial state is the film of Cgn molecules deposited at room

temperature. The annealing time at each point is20 s.

ence, thismechanism of film growthisreferred to asthe
Stranski—Krastanov mechanism.

In addition, we should note that, up to the end of the
formation of the first monolayer, the shape of the car-
bon Auger line hardly changes (it is present in spectrum 1
inFig. 2). In contrast, for athree- of four-layer film, the
line shapeistypical of fullerenes (spectrum 3in Fig. 2),
since the Auger electrons from the first layer are
strongly absorbed in higher lying layers and make
almost no contribution to the total signal.

4. THERMAL TRANSFORMATION
OF A FULLERITE FILM ON Ta(100)

Figure 4 shows the changes in the carbon and tanta-
lum Auger signals upon annealing of multilayer fuller-
ite films with a total thickness of four layers. The
change in the shape of the carbon Auger line upon such
heating isshown in Fig. 2. As can be seen, up to 800 K,
the adsorbate Auger signal hardly changes, whereasthe
substrate Auger signal increases significantly from the
beginning. The shape of the carbon Auger line is aso
transformed, which is indicative of changes in the
chemical state of C atoms entering the compasition of
fullerenes. Even at 700 K, the energy of the carbon
Auger peak changes to the value of 271 eV, and anum-
ber of specific features arise in the low-energy part of
the spectrum that aretypical of carbide structuresrather
than fullerenes.

This trend is even more pronounced at 900 K,
although the Auger peak amplitude changes very little.
At high temperatures, the shape of the Auger peak
becomes very similar to that of carbides (Fig. 2, spec-
trum 6) and does not change upon further heating; only
the peak amplitude decreases. In the temperature range
850-950 K, fast reconstruction of the adsorption layer
occurs: the carbon Auger signal sharply decreases and
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the substrate Auger signal increases by a factor of
amost 2. With a further increase in temperature, the
carbon Auger signal continues to decrease, remaining
similar to the carbide Auger line in shape, and the sub-
strate Auger signal continues to increase. Both Auger
signalsattain constant valuesat T = 1700-1800K at the
level characteristic of the tantalum carbide surface[21].

Apparently, this complex behavior of the Auger sig-
nals is the result of a number of processes, occurring
simultaneously and competing with each other. In the
temperature range 300-800 K, the catalytic action of
the metal surface, leading to decomposition of
fullerenes from the first and next layers, increasingly
manifests itself during the heating. The released
C atoms are incorporated into carbide-like structures
on the surface and yield the Auger peak of the corre-
sponding shape. The sharp change in the amplitudes of
both Auger spectra at 800—900 K is apparently due to
two processes occurring amost simultaneoudly: des-
orption of undecomposed Cg, moleculesfrom the upper
layers and intense decomposition of Cgz, molecules and
their fragments with dissolution of the released carbon
in the substrate volume.

Indeed, the upper layers of the film initially contain
unstrained fullerenes (as indicated by an Auger peak
energy equal to 269 V). However, even at 700 K, their
number isvery small (if there any are at all): the Auger
peak energy is characteristic of carbides. Apparently,
this phenomenon is related to the further decomposi-
tion of the fragments of fullerenes and the replacement
of asignificant fraction of C—C bonds by C—Ta chemi-
sorption bonds. For all the previously studied substrates
(Mo, Re, Ir, W, Si, and SiC), the thermal desorption of
fullerenes from multilayer films has been observed in
the temperature range 750-850 K. It is reasonable to
suggest desorption of undecomposed Cg, moleculesin
this case. At the same time, as was shown in [21], the
atomization of almost all forms of the adsorbed carbon
and the dissol ution of the released carbon in the Ta sub-
strate, accompanied by the formation of a solid solu-
tion, finish at 900 K. Apparently, in the case under con-
sideration, a large fraction of the deposited fullerenes
are partially decomposed even at 400-700 K and lose
the ability to be desorbed. At 850-900 K, all these mol-
ecules are decomposed into atoms and the released
C atoms penetrate the surface region of the substrate to
cause a significant supersaturation and form grains of
volume carbide. Heating to higher temperatures leads
to a gradual dissolution of these grains, and, at 1700—
1800 K, the surface contains only the equilibrium sur-
face carbide, as one would expect from the data of [21].

Itisof interest to comparethe datain Fig. 4 with the
results of annealing of one monolayer of fullerenes
(Fig. 5). It can be seen that the picture is qualitatively
very similar: radical changes in the intensities of the
Auger signals occur at the same temperatures, although
the thermal desorption of decomposed full erenes seems
to be very unlikely. It is noteworthy that the state of the
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Data on the surface concentration of Cgy molecules and the
degrees of screening of the substrate Auger signal for mono-
layers of Cgo molecules on different substrates

Concentration of

-~ | Degree of 2
Substrate| Cg moleculesin ; S (1-0),cm
amonolayer, cm2| Screening |-
Mo(100) | ~1.6x 10 2.9 0.41 x 10
W(100) ~1.6 x 104 28 0.40 x 1014
Si(100) | (7-8) x 103 ~1.9 0.63 x 1014

surface carbide is attained at lower temperatures
(apparently, due to the smaller total amount of carbon
in the system, smaller grains of volume carbide are
formed and they can be more easily dissolved).

It is also of interest to determine the limiting depth
at which this surface effect exists, causing the decom-
position of fullerenes. Special experimentswere carried
out in which fullerite films with thicknesses ranging
from 300 to 1000 atomic layers were deposited on the
Tasurface. Then, the films were heated in vacuum, and
the products of thermal desorption were deposited on a
closely located substrate and analyzed by Auger elec-
tron spectroscopy. It was found that, at such film thick-
nesses, fullerenes are not decomposed but are thermally
desorbed, retaining their shape. Apparently, the effect
of the surface, leading to the decomposition of
fullerenes, covers depths no larger than several (maxi-
mum several tens) atomic layers.

5. RESULTS AND DISCUSSION

L et us estimate the concentration of fullerenesinthe
first layer using the data on their screening ability for
other substrates. We assume that the screening ability
of Cg molecules weakly changes as a result of the
above-described transformation and isthe samefor tan-

Auger signal, arb. units
OF G4/ Ta(100), 1 ML Ta
50

40‘
30
20

10
C

| | |
1200 1600 2000
Annealing temperature, K

0 | |
400 800

Fig. 5. Changes in the (1) tantalum and (2) carbon Auger
signals during the step heating of films of Cgy molecules
with a thickness of one monolayer on Ta(100). The anneal -
ing time at each pointis20 s.
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talum, tungsten, and molybdenum. In addition, we
assume that onefullerene decreasesthe flux of substrate
Auger electrons passing through it by afactor of o and

occupies an area equal to S, cm?, the total area from

which theAuger signal iscollectedisequal to S, and the
Auger signal intensity of apure substrateis|,. Then, the
intensity | of the substrate Auger signal from asurface
with a concentration N of fullerenes can be written as

In = Tol (S, No) + (1 - N)I, D

where the first and second terms describe the Auger
emission through the areas occupied by fullerenes and
those free of them, respectively. Let us denote the
experimentally observed decrease in the Auger signal
as d = I/l,. Then, it can easily be seen that

=1+ N(o-1). 2
The experimental data for the substrates previously
investigated are listed in the table. As can be seen from
formula (2), one can experimentally determine only the
product of the area occupied by one fullerene on the

basis of its screening ability, S, (0 —1). For the estimar
tion, let ustake the average value from those listed in the
table and assume that S;_ (0 — 1) = 0.5 x 10 cm?

Then, calculation of the surface concentration of
fullerenes on Ta(100) by formula (2) yields N = 0.85 x
10* cm?, which is in very good agreement with the
data of direct measurements (see above).

L et us compare the results obtained for Ta(100) with
the specific features of theinteraction of fullereneswith
other, previously studied, metal substrates. The adsorp-
tion of fullerenes on tantalum is very similar to their
adsorption on tungsten: on both these substrates, the
fullerenes of the first monolayer lose their character
even at 300 K. However, the heating of multilayer films
on the surface of W, as well as the previously studied
Mo, Si, and Re, leadsto the thermal desorption of excess
Ceo molecules; only the molecules of the first layer (on
W) and some of those from the second layer remain on
the surface. However, tantalum, which hasamuch higher
catalytic activity than al the above-mentioned substrates
[18], can decompose aimost al fullerenes deposited on
the surface, including those that are not in direct contact
with the metal. Apparently, we are observing here the
effect of induced transformation of molecules from the
second and subsequent layers (revealed by us in [17])
when the catalytic action of the surface is transferred
through the layers of transformed molecules.

6. CONCLUSIONS

The regular features of the interaction between Cg,
molecules and the Ta(100) surface are studied in detail.
It is shown that the deposition of fullerenes at room
temperature leads to island growth of afullerite film by
the Stranski—K rastanov mechanism with a highly loose
first monolayer composed of highly transformed Cg,

et al.

molecules. Heating of a multilayer film leads to the
induced transformation of Cg, molecules from the sec-
ond and subsequent adsorption layers, which appar-
ently makes these molecul es unable to undergo thermal
desorption.
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Abstract—Restrictions imposed on the maximum defect concentration at which the conventional assumption
of the Shockley—Read—Hall recombination theory (the equality of electron and hole lifetimes) is till applicable
are studied. Using the exampl e of doped silicon, the dependence of this concentration on theinjection level and
various defect parametersis considered. The cases where the semiconductor contains defects of only one type
and of several types are investigated. The performed analysis allows us to determine the sample parameters for
which the lifetimes of charge carriers can be calculated using a simplified recombination model. © 2005 Ple-

Ingtitute of Solid-Sate and Semiconductor Physics, Belarussian Academy of Sciences, ul. Brovki 17, Minsk, 220072 Belarus

iades Publishing, Inc.

1. INTRODUCTION

Measurements of charge-carrier lifetimes in semi-
conductors are used to determine various defect param-
eters, in particular, their concentrations and energy-
level positions in the band gap. Usually, the results of
such measurements are simulated using the Shockley—
Read—Hall (SRH) theory [1-3]. Thus, in order to sim-
plify the calculations, it is often assumed that the elec-
tron and hole lifetimes t,, and T, O, equivalently, the
excess charge carrier concentrations An and Ap are
approximately equal [2, 4, 5]. In Shockley—Read termi-
nology [1, 6], this condition corresponds to the so-
called simplified SRH model. The problem is, however,
that the application of such asimplified approach is not
always justified. As was shown in [1], the defect con-
centration N, must not exceed some critical value Ngi;
otherwise, the results of the lifetime measurements are
not reliable. The higher the concentration N,, the greater
the possible error is. At the same time, the quantity N,
strongly depends on many parameters of both the
defects and the semiconductor material. In particular,
in[1], the dependence of Ng;; on the position of the
defect level E; in the band gap was studied for different
values of the ratio y = c,/c, of carrier capture coeffi-
cients with respect to the defect level. However, gener-
ally, the plotsin [1] allowed only arough estimation of
the quantity N;, Since the calculations were based on
the formula of the simplified SRH theory itself. Basi-
caly, the case where 1,/T, = An/Ap = 1 was studied.
However, the reverse case, where the above quantities
are substantially different, is of interest. The approach
used in this study, specifically, application of the non-
simplified theory, makesit possibleto establish the crit-
ical concentration at an arbitrary value of theratio T,/T,,.

According to [7, 8], in p-type silicon containing a
number of radiation defects, in particular, E centers, the
carrier lifetimes are substantially different. Therefore,
for such samples, one might expect significant restric-
tions on the defect concentration if the simplified
recombination model is used. Thisissue is considered
in this study.

If theinjection level isincreased, the charge-carrier
lifetimes become closer to each other. Accordingly, the
restrictions on the defect concentrations should become
weaker. In this study, the conditions under which these
restrictions are retained, even if injection isnot low, are
considered.

In[1,7, 8], calculations were performed for the case
in which carrier lifetimes are determined by one defect
type only. Here, the applicahility of the smplified SRH
model is investigated for a more realistic situation in
which the levels of different centers contribute simulta-
neously to recombination.

2. RELATIONS BETWEEN THE PARAMETERS
OF THE SEMICONDUCTOR IN THE SRH MODEL

According to the SRH theory of recombination, in
the case of defects with one level in the band gap at a
given injection level Ap, the quantity An is determined
by solving a quadratic equation. Knowing this quantity,
we can calculate the lifetimes of charge carriers[3, 9].
For electrons, the following relation is valid:

—1

T, = Nt_l%o"'Ap"'no‘AB]

A
D
9 [{10+n1+An+ Po+ P+ AR
U cp c, r
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Here, n, and p, are the equilibrium electron and hole
concentrations, p; = n,exp(-Ae), N; = nexp(Ae),

re - E-E
& T TeT

n, and E; are the carrier concentration and the Fermi
level in an intrinsic semiconductor, kg isthe Boltzmann
constant, and T istemperature. The holelifetime can be
found from formula (1) using therelation 1,/t, = An/Ap.

We describe deviations from the condition An = Ap
by the parameter x = 1 — An/Ap for a p-type semicon-
ductor and by x = 1 — Ap/An for an n-type semiconduc-
tor. Then, instead of (1), we abtain, for an acceptor-
doped semiconductor,

_ Ny i+
T, = (c,Ny) lBbo+Ap+—1_° D_D
)

<[ (ot PO ¥+ dR(Y + 19 |

It followsthat, at alow injection level (Ap < p,, Where
Py is the equilibrium concentration), the lifetime of
minority charge carriers changes only if the quantities
Anand Ap are substantially different (so that [x| = 1) and
only at arather low doping level. However, the major-
ity-carrier lifetime is more sensitive to the value of x,
since

The simplified SRH model corresponds to the
approximation x = 0. The error arising when using this
model is determined by comparing carrier lifetimes at
x=0and x # 0. Theerror can be substantial if therelax-
ation of the measured parameter is determined by either
majority carriers or carriers of both types. An exampleis
provided by the method used in [1], where the photocon-
ductivity variation under optical injection was measured.

Havingfixed x, i.e., having chosen areasonableratio
of the lifetimes, we can find the corresponding defect
concentration N,. Thus, for a p-type semiconductor, the
relation between these quantitiesis

X = N; (1-X)po—YPp1
Po+ P1(Po + P1)(Y + N1/ po) + Ap(y + 1=X)

At alow injection level (Ap < p), we have

©)

N, = X(Pot P)*(y + i/ o)
‘ (1-X)po—ypr
In [1], the quantity

N = (Na+ py)[Y(Na + py) + 0y
crit —
INa=Y P

YASHIN

was anayzed rather than the quantity N,. The expres-
sionfor N;; can bewritten as N/[x| if, following [1], we
introduce the additional assumptions

X<1, py= Ng>p;.
We disregard these conditions, directly using nonsim-
plified formula (3).

In p-Si, the position of the defect level in the band
gap (E; = E; —0.18 eV) and the smallness of the coeffi-
cienty =1.8 x 103 yield avalue of x closeto unity even
for low concentrations of Fe defects [1]. At a doping
level of N, = 10% cmr3, injection level Ap < 10" cm3,
and defect concentration of N, = 10* cm3, we obtain
x = 0.99. Therefore, Fe centers can appreciably affect
the charge-carrier lifetimesin such asample.

According to the datafrom theoretical studies[7, 8],
for the parameters N, Ap, and N,, when they are equal
to those listed above for Fe centers, the presence of
radiation-induced E centers (phosphorus-vacancy) in a
p-Si crystal should provide an equally large value of
x = 0.99. Note, however, that, at such aconcentration, it
is not possible to satisfy the electrical neutrality condi-
tion using the values of the parameters of the centers
(E;=E +0.13eV andy=10) cited in[7, 8]. A calcula-
tion using formula (3) yields avalue of x = 0.01, which
istwo orders of magnitude smaller. Indeed, in this case,
X must be small, since the probability of filling of the
E centers by electrons is very small. Thus, for N, =
10 cm3, N, = 10 cm3, and Ap = 10% cm=3, only
103N, of the neutral E centers become negatively
charged. It is not sufficient to create an appreciable dif-
ference in the nonequilibrium concentrations of free
carriers in the bands and, respectively, in the carrier
lifetimes. We al so note that we have succeeded in repro-
ducing the results of [1] for p-Si with Fe and FeB cen-
ters, in particular, the carrier lifetime data. For this rea-
son, the methods suggested in [7] for finding defect
concentrations using the dependence of the carrier life-
times on the injection level seem to be unjustified.

3. DEPENDENCE OF THE APPLICABILITY
OF THE SRH MODEL ON THE DEFECT
ENERGY-LEVEL POSITION

L et us consider the dependence N (Ae) of the defect
concentration on the position of their energy levels for
specific values of x, N,, and y using the nonsimplified
SRH theory. Thus, we should be able to determine the
concentration of defects with a specific value of E; for
which the ratio of the carrier lifetimesis 1,/t, = 1-x.
In this way, we shall establish the limiting concentra-
tion up to which one can use the ssimplified SRH model
before the error does exceeds the specified ratio of the
carrier lifetimes.
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Fig. 1. Dependence of the concentration of (—/0) defects
(Np in p-Si on the position of their energy level (E) aty =
100 and alow injection level. N, = 10'° cm™ and x| = 0.5.
Solid curve 1 corresponds to the region x < O; solid curve 2,
totheregion x > 0; and the dashed curves, to the approxima-
tion pg = N,

We use formula (3). To be specific, we consider the
case of a p-type semiconductor with (—/0) defects, i.e.,
defects with charge states (-/0). The dependence
N;(Ae) for alow injection level (Ap < N, = 10' cm™3)
and different values of y in p-type silicon is shown in
Fig. 1 by solid lines 1 and 2. We set [x| = 0.5. We note
that, in the sample under study, such avalue of x might
be provided by radiation-induced E4 centers (Ae, =
5.41, y = 6.83), for example, at a concentration of N, =
6.8 x 10 cm3[10, 11]. At the same doping level in n-
type silicon, these centers would give x = 0.5 at a con-
centration of N, = 1.3 x 10* cm. For p,, we use the
approximation

N;p,
Po+ P1

Curve linFig. 1 correspondsto values of E; and N; that
provide x < 0, i.e., an excess of nonequilibrium elec-
trons. For curve 2, we have x > 0 and an excess of non-
equilibrium holes, accordingly. Compared to the equilib-
rium value, the occupancy of the defect level by magjority
carriersincreases at X < 0 and decreases at x > 0.

In Fig. 1, the dotted line corresponds to the same
dependence N(Ae) but is calculated under the condi-
tion py = N,. Such asimplified electrical -neutrality con-
dition was used when constructing similar dependences
in [1]. The authors of [1] would have obtained exactly
these curves if they had considered larger values of x.
The dependence has a discontinuity near the point

pO:Na+

n.
Ae, = Inb.

Po
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Fig. 2. Dependence of the concentration of (—/0) defects
allowed by the simplified SRH model in p-Si on the position
of the defect energy level for y = 0.01, 1, and 100 at alow

injection level. N, = 10'° cm= and x| = 0.5.

It can be shown that the width of the corresponding
" gap” IS
1+]X.

Inl—lxl’

for example, at x = 0.5, this gap is approximately equal
to ks T. We note that the region x < O lies on the left of
the gap whereas the region x > 0 is on the right of the
gap. In [1], the curves N.;(Ae) tended to infinity and
had no gaps at the points Ae, = Ae,. Indeed, the gap dis-
appearsasx — 0.

It can be seen from Fig. 1 that the dependence of the
free-carrier concentration on the defect concentration
can strongly modify the curves N,(Ae)) compared to the
approximation p, = N,. This statement is particularly
true for the region x < 0, where the quantity p, can
assume large values. Now, there is no gap between the
regions of negative and positive X. Moreover, theregion
x> 0 extends over the entire band gap, in contrast to the
region x < 0, which either adjoinsthe band of the major-
ity charge carriers (as in Fig. 1) or totally disappears.
We note that the greater the parameter y, the bigger the
difference from the case py = N,.

The solid curvesin Fig. 1 correspond to the nonsim-
plified SRH model, but this dependence can be com-
pared to calculation within the framework of the simpli-
fied model with x = 0, which is of particular interest to
us. In the case where two values of N, correspond to
same value of Ae, we must choose the smaller value.
Thus, we obtain one of the curvesin Fig. 2 (y = 100)
from the solid curve in Fig. 1. Similarly, changing the
parameter y, we can also construct the other curvesin
Fig. 2. All of them refer to the case of (—/0) centersat a
low injection level and adoping level of N, = 10 cnmrs,
In this way, for each Ag, we find the maximum defect
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concentration at which the use of the simplified model
isstill justified. Up to this concentration, the error does
not exceed the chosen limiting value 1,/t, = 1 -X.

From Fig. 2, we see that the concentration of
defects, as allowed by the simplified SRH model with a
preset value of |x| = 0.5, can be much smaller than N.,.
This situation occurs if the coefficient y is small and a
defect has a sufficiently deep level. In contrast, in the
case of defects with largey, the application of the sm-
plified SRH model is usualy justified even at low dop-
ing levels. We note that our plots are radically different
from the corresponding plots presented in [1].

4. INJECTION LEVEL DEPENDENCE
OF THE CONDITIONS FOR THEAPPLICABILITY
OF THE SRH MODEL

It followsfrom (3) that, at fixed x, the concentration N,
increases as the injection level Ap isincreased. There-
fore, evenif, at small Ap, the concentrations N, allowed
by the simplified model are low, as Ap increases, this
restriction is removed [1]. However, for some defects,
the dependence N,(Ap) can be weak. In this case, the
applicability of the simplified SRH model can be lim-
ited in the case of a higher injection level aswell.

It can be seen from formula (3) that, in a p-type
semiconductor (n, <€ pg), the quantity N, is weakly
affected by injection if

< Y(po+ P1) + n1_

Ap y+1

YASHIN

A similar condition for an n-type semiconductor is

< Y 1(no"' ny) + p,

-1 "

y +1

At the same doping level, thisinequality is more easily
satisfied for acceptor doping if y> 1 and, for donor dop-
ing, if y < 1. Thisfinding is confirmed by the example
of radiation-induced E4 centersin p-Si and n-Si [10, 11].
For this case, we obtain

Ap(cm™) < 2.9x 10" +0.9p,
and, respectively,
An(cm‘s) <29x 10"+ 0.1n,.

Having supplemented the above conditions with the
inequalities Ap < pyand An < n,, using formula (2), we
find the limiting injection level below which the
charge-carrier lifetime is independent of the injection
level. For p-Si with Fe centers, we obtain

Ap(cm™) < 1.5x 10"+ 1.4 x 10 °p,.

Therefore, in such a sample, the lifetime begins to
depend on the injection level at a much lower doping
level than in p-Si with E4 centers[1, 10].

An

5. RECOMBINATION CENTERS
OF DIFFERENT TYPES

In real semiconductors, recombination centers and
traps of different types are usually present. In this case,
we can obtain an expression for the parameter x that
generalizes formula (3). For a p-type semiconductor,
we find

N[ (1 =X) Po— Y Paid

X = 2 (B0 Pa)(Po* P (Ve + Nl Po) + APV, * 1=

Here, theindex k is used to distinguish between defects
of different types if necessary. In [1], the assertion is
made that, in the case of numerous defect types, the
same restriction on the concentration as in the case of a
samplewith defects of agiven type must be satisfied for
each one. In other words, the total allowed concentra-
tion N; is not smaller than the sum of alowed concen-
trations Ny, for each of the defect types. However, it fol-
lows from (4) that this is not always the case. Some
defects can create an excess of nonequilibrium free
electrons, while other defects create an excess of holes.

Now, we consider the example of silicon containing
the radiation-induced centers E1 and E4. In p-Si at all
doping levels, defects of both types give rise to an
excess of nhonequilibrium holes. Therefore, an increase
in the concentration of defects of one type actually
reduces the allowed concentration of defects of the

(4)

other type. However, in n-Si, the situation is somewhat
different. The E4 centers nearly always create an excess
of nonequilibrium electrons (at Ny < 3.3 x 10* cm3, if
we disregard the case of very high defect concentra-
tions). At the same time, the E1 centers (E; = E +
0.40 eV) can create an excess both of electrons and of
holes. In the available publications, there exists a sig-
nificant scatter in the values of the electron-capture
coefficient for these centers, with the result that the pos-
sible values of the parameter y liein the range 1.8-394
[12]. Accordingly, the E1 centers create an excess of
holes if Ny is smaller than 2.5 x 10 cm™ or 1.1 x
10* cm3 for limiting values of y in the specified inter-
val, respectively. In this case, the total allowed concen-
tration exceeds the sum of the allowed concentrations
for each type of defect. Thus, the use of the ssimplified
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SRH mode is judtified a concentrations N, exceeding
thosein the case of asamplewith defects of only onetype.

6. CONCLUSIONS

The simplified SRH recombination model can be
used to interpret measurements of charge-carrier life-
times only if the defect concentration does not exceed
some limiting value. The latter is determined by the
parameters of the centers, the level and type of the
semiconductor doping, and the semiconductor temper-
ature. Theresult depends on the error that is considered
to be alowed in finding the lifetime of carriers. The
allowed value of the defect concentration can be several
orders of magnitude lower than the doping level. At low
injection levels, the carrier lifetimes in such samples
are substantially different.

When estimating the allowed defect concentration,
it is necessary to correctly take into account the role of
defects in the balance of charge carriers. Primarily, this
concerns defects whose energy levels lie far from the
band of minority carriers. Even if the injection level is
not low, restrictions on the allowed concentrations of
some defects can be substantial. At the sametime, in a
semiconductor with several defect types, such restric-
tions can be weaker than in case of the defects of asin-
gle type.

The knowledge of avalue of the limiting defect con-
centration is necessary to obtain reliable results when

SEMICONDUCTORS Vol. 39 No. 11 2005
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measuring the charge-carrier lifetimes using the method
based on the simplified SRH recombination model.
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Abstract—The kinetics of the electronic processes in metal—insulator—semiconductor structures in which the
insulator layer has low conductivity is considered. When adc bias voltage is applied to such a structure, a non-
equilibrium depletion region appears in the semiconductor layer. The conditions necessary for the formation of
a stable depletion region and the appearance of photoelectric signalsin thisregion are analyzed. The duration
of transients and the parameters of the structure layers are estimated. © 2005 Pleiades Publishing, Inc.

“ldeal” insulator layers with low electrical conduc-
tivity (10 Q~* cm™) are used in the following photo-
sensitive devices based on metal—insulator—semicon-
ductor (MIS) structures. charge-coupled devices (CCDs),
charge injection devices (CIDs), and image converters
based on structures that consist of a MIS and a liquid
crystal [1]. MIS structures with leakage in their insula
tor layer have attracted virtually no attention. Neverthe-
less, such structures are used in vidicon phototargets
that are sensitive in the middle infra-red spectral region
[2, 3]. In vidicon phototargets, the voltage across the
MIS structure continuously decreases because of leak-
age of the charge supplied by an electron beam. In tra-
ditional devicesbased on MIS structures[1], the power
source maintains astrictly controlled voltage acrossthe
structure irrespective of the conduction in the insulator
layer. The fact that the kinetics of the electronic pro-
cesses in MIS structures must be somewhat different
from similar processes in phototargets is the subject of
the present study.

In MIS structures, wide-gap semiconductors with
impurities can be used as insulator layers. In this case,
a heterojunction consisting of a narrow-gap semicon-
ductor and awide-gap semiconductor isformed, which,
under certain conditions, can exhibit the properties of a
MIS structure. Metal oxide and polymer layers possess-
ing the required conductivity can be also used as insu-
lator layers. The concept of an “insulator layer” in such
structures has apurely terminological meaning. Inwhat
follows, we use the term “MI S structure with leakage.”
First of dl, we consider structures in which, at rela-
tively low voltages, an injection of charge carriers (at
least of one sign) across the insulator—semiconductor
interface isimpossible.

We disregard surface effects related to the contact
potential difference between the layers of a structure.
Thisstep is possible because the voltage applied to such

a structure (>10 V) is much greater than the contact
potential difference.

The distribution of charge, afield, and voltagein the
layers of a MIS structure with leakage is described by
the equations[2, 4]

&E; = 4menyL + 4meN,—4TIAQ;, )
U= U+U, 2
4mien, L
U, = 80 : ®3)
S

whereg; and €, are the permittivities of theinsulator and
semiconductor layers, respectively; n, isthe concentra-
tion of ionized impuritiesin the semiconductor; L isthe
length of the depletion region; N is the density of free
carriers accumulated at the semiconductor—insulator
interface; AQ, is the density of the charge passing
through the insulator layer; U is the voltage across the
layers of the structure; U, isthe voltage across the semi-
conductor; and U; is the voltage across the insulator.

We must find the time dependence of the length of
the depletion region with regard to the leakage current
in the insulator layer as a sufficiently wide voltage
pulseis applied to a structure.

Using Egs. (1)—3), we can write the expression for
the voltage across the layers of a structure as
_ 4renyL®
= ;.

L.
u — —s—'(4nen0L + 41eN, - 41eAQ)). (4)
i

Differentiating (4) with respect to timet and taking
into account that

d_l\lS:GL, %

dt dt

QU _

= 0B

0,
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we obtain
8ren, L dL
g, dt

(%)

+— Bflneno dL+4neGL 4n0E =0,

(.
where G is the rate of thermal generation in the deple-
tion region and o; is the electrical conductivity of the
insulator layer. To simplify the solution of Eq. (5), we
assume that the current density in the insulator layer is
time-independent, i.e., o,E; = const.

In the experiment, the insulator thicknessL; = 10-° cm,
the voltage applied to the insulator U; = 10V, and the
field E = 10° V/cm. Under such high fields, the drift
velocity of a charge carrier v, attains saturation (v; =
WE) and the assumption that o,E, = en;v, = const is
quite justified (i, is the mobility of charge carriersin
the insulator, and n; is their concentration).

Equation (5) can be rewritten as

2engg;L eng _
eL(0E —eGD) - "GE—eardt ~ U (©
Integrating Eqg. (6), we obtain
)+ 2g,0,E;, oE —eGL
sL " eLeG oE —eGL, -
o,E—eGL _ t
+In—/—m = =,
o E—eGL T

where T = ny/G and L, istheinitial length of the deple-
tion region.

For convenience of the analysis, we rewrite Eq. (7)
in the form

o,E; —eGL o OA(L-Ly)O _ o O t0O ®
GE-eGL, PH B 5~ *PUTEY
where
_ Zsi, _ 2&0iE +1
&L £.eGL
In the steady-state mode (t = o), we find, from Eq. (8),
o,E;—eGL = 0. 9)

This relation implies that, in the steady-state mode,
in the presence of a dc current in a MIS structure, a
depletion region of length
1=
eG
dill exists in a layer of the semiconductor near the
interface with the insul ator.

If the conductivity of the insulator is o; = 108~
10° Q1 cmr?, E = 10°V/cm, and the rate of thermal gen-

Ly = (20
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eration in the semiconductor is G = 101°-10%°
then Ly = 10%-10-3 cm.

Using Eq. (8), at Ly < L, we can determine the
duration of the transient required for attaining a steady-
state value of the depletion region length:

_ 2£| Lono FIO[?SiO'i Ei D Gi Ei —EGLQ

s = -2 +HIn=—==,
eL,G GlkeGL, o,E —eGL,

If the current in the insulator is sufficiently low for the
inequalities g,E; < eGL,, 0,E; < eGLg, OE < eGL,,
Ly < Ly, and L; < Ly to hold, then we obtain from (11)

cm3 st

(11)

_ 28 2giLong Mg Ly _ 2&LgNng
€GL, G L, LG’

The first term in (12) coincides with a similar
expression for the transient obtained for MIS structures
with an “idedl” insulator [3]. From (11) and (12), we see
that, if we use a MIS structure with leakage in the insu-
lator, the duration of the transient decreases by aquantity
determined by the second term in (11) and (12).

Let us determine the time dependence of the length
of the depletion region under the conditionseGL > G;E;
and L < L,. From Eq. (8), wefind

(12)

4 =

L  OALO
— eX — = eX — 13
™ pD— E IOD- BE (13)

If o, < eGL,, then B = 1 and, using Eq. (13), we
can represent the function L(t) as

0 2g,L
L(t) = Loexp %t]_ :L%'

Setting the argument of the exponential functionin (14)
equal to unity, we find that the length of the depletion
region decreases by afactor of 2.7 in thetime

[28 L0 N IDT
If Lo> L, and g = ¢, thent, = (2L/L)T.

A variation in the photogenerated current I, in a
structure can be determined from the formula

(14)

(15

U 2g;L
- = €GeS, = OS Lol - T 0, (19

where G, is the photogeneration rate and S, is the area
of the photosensitive element.

The conclusion, following from formulas (8)—(10),
that anonequilibrium depletion region existsin the nar-
row-gap semiconductor of aMIS structure with leakage
when adc voltageisapplied to the structureis of certain
practical interest. We consider the possible physical
processes resulting in the formation of such a region.
It iswell known that a nonequilibrium depletion region
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appears in MIS structures after applying a voltage
pulse. The formation and conservation of a depletion
region when adc voltageis applied to astructureis pos-
sible under certain conditions.

Most importantly, there must be no injection of free
carriers (at least, of one sign) from the insulator with
leakage into the narrow-gap semiconductor. Electrons
passing through the insulator layer stop at the interface.
To neutralize the interface, holes must come to the
interface from the bulk of the semiconductor. However,
in our case, the semiconductor is chosen as an n-type
structure, meaning that there are virtually no free holes.
Therefore, the field penetrates into the semiconductor
and pushes the equilibrium electrons away from the
interface, and a depletion region, in which electron—
hole pairs are thermally generated, is formed. If the
thermally generated current of minority carriers in the
semiconductor exceeds the leakage current in the insu-
lator, then, in atime T, the depletion region virtualy
disappears. If the thermally generated current of minor-
ity carriersis comparablewith the current in the insula-
tor or lower (eGL < g,E), then the nonequilibrium
depletion region does not vanish and continues to exist
as long as there is a dc voltage across a structure. The
hole current thermally generated towards the interface
has no time to compensate for the arrival of electrons at
the interface, and the electric field penetrates into the
boundary layer of the semiconductor, pushing the
majority carriers away from the interface.

A similar nonequilibrium depletion has been
observed in photosensitive semiconductor structures
under the exclusion of minority carriers and in photo-
diodes under extraction [5]. An exclusion contact
(ahomojunction formed by the layers of a heavily
doped semiconductor and of the same almost intrinsic
semiconductor) lets the flux of majority carriers pass
and, at the same time, does not inject minority carriers;
therefore, finally, a steady-state nonequilibrium deple-
tion region is formed. In [5], it was shown that photo-
detectors based on the exclusion phenomenon have a
lower level of intrinsic noise and higher operation tem-
perature compared to traditional photoresistive detectors.

Let us consider the response of a structure to light
pulses that produce the photogeneration current
eGpL S, > o;E;. Under these conditions, the charge cur-
rent through theinsulator has no time to compensate the
charge e, of the minority carriers accumulating at the
interface, and the thickness of the steady-state region
decreases over timeto anew valuethat issmaller than L.
In turn, this process results in a decrease in the photo-
current to a new value determined, according to (10),
by the total rate of thermal generation and photogener-
ation. Therefore, aphotocurrent pulseisobservedinthe
circuit. After sometime, in spite of the presence of illu-
mination, this photocurrent decreases to a value only a
little larger than the dark steady-state current.

Essentiadly, when a MIS structure is illuminated
under adc voltage, the voltage isredistributed from the

KOVTONYUK et al.

semiconductor layer to the insulator layer; thisredistri-
bution isaccompanied by the appearance of a photocur-
rent pulse, which decays as a new steady-state voltage
distribution is established. If the pulse of light is termi-
nated, the charges that pass through the insulator gradu-
aly begin to compensate the accumulated charge, the
length of the steady-stae depl etion region assumesitsini-
tid vaue, and structure can again record a pulse of light.

In several experimental studies [6, 7], time-depen-
dent radiation has been recorded using MIS structures
with leakage. However, the theory of the effect was not
completely clear. We compare the above results of the-
oretical analysis with the experimental data presented
in[6-8].

Silicon-based MI'S structures with a room-tempera-
ture resistivity of about 3 x 10° Q cm were studied.
Deposited layers of titanium dioxide and silicon diox-
ide with resistivites of ~(108-10°) Q cm and thick-
nesses of 10° cm were used as an insulator. The area of
the structures was ~1 mm?. After the application of adc
voltage of ~30 V, a current appeared in the structures
with acurrent density of ~102 A/cm?, which corresponds
to aresigtivity of the insulator equaling ~10° Q cm. As a
source of pulsed radiation, gallium arsenide light-emit-
ting diodes were used.

After the application of arectangular pulse of light
of duration ~10 s, arather sharp spike in the photocur-
rent is observed on the pulse front; after atime of about
107 s, this spike decays, although the pulse of light is
gtill on. This observation means that the structure
responds to time-dependent radiation only. The photo-
current decays exponentially with a time constant that
decreases as is the intensity of the pulses of light are
increased, in agreement with formulas (15) and (16).
The situation is repeated for the subsequent pulses of
light. Thus, the theory developed in this study agrees
relatively well with the result of the experiment.

Corresponding oscillograms of the photocurrent
pulses (see Fig. 1in [6]) for MIS structures with leak-
age under different operation modes are reported in [6-8],
and it is not necessary to reproduce them here.

The level of intrinsic noise of a photodetector is
mainly governed by dark current. In the MIS structures
considered, the dark current is controlled by the con-
ductivity of the insulator o;, which, for the required
value of Ly, can be determined from formula (10):

eGL
O; = ?ISI

Using formula (17), we performed a simulation of
the required conductivity of the insulator layer of MIS
structures based on narrow-gap semiconductors
(indium arsenide and indium antimonide), which are
sensitive in the middle infra-red spectral region (2.5—
5.5 um). In order to attain a sufficiently high quantum
yield in this spectral region, it is necessary for the
length of the steady-state depletion region Ly to be
~(5-10) um. In these semiconductors at liquid-nitrogen

(17)
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temperature, the thermal generation rate is G = 10—
10° cm3 s [7]. In experiments carried out in [4, 6, 7],
the voltage applied to the structures was =10 V, the
insulator thickness was 10 cm, and E; = 10° V/cm.
Substituting these valuesinto formula (16), wefind that
o; can vary in the range ~(10"-10%) Q- cm.

There is a possihility of choosing the minimum
value of the conductivity of the insulator layer neces-
sary for the formation of a depletion region of required
Size in anarrow-gap semiconductor, i.e., thereisapos-
sibility of optimizing the noise current. As to the oper-
ation temperature of the MIS photodetectors consid-
ered, the conclusions of [2, 3, 5] that, in the presence of
a nonequilibrium depletion region in a photosensitive
structure, the operation temperature of photodetectorsis
higher than in traditional photoresistors, remain valid.

Since a MIS structure with a dc bias voltage does
not respond to a time-independent light flux, specific
light modulators must be used at the input. If, for some
reason, the signal light flux is already modulated (for
example, in laser range meters and in active optical
locators) and the background radiation istime-indepen-
dent, then a background signal is absent in the mea-
sured photocurrent and the threshold sensitivity is
restricted by the total noise in the dark current and
background.

In summary, we note that, if a dc voltage is applied
to a MIS structure with leakage, a photosensitive non-
equilibrium depletion region, whose length is deter-
mined by the ratio of the leakage current density in the
insulator to the thermal generation rate in the semicon-
ductor, appears in aboundary layer of the semiconduc-
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tor. Such structures are photosensitive to pulsed light
fluxes and insensitive to time-independent light fluxes.
The noise level in MIS structures with leakage is deter-
mined by the current in the insulator layer and can be
minimized by choosing the parameters of the layers of
the structure.
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Abstract—A new type of heterostructure is suggested and developed. The heterostructures are based on the
direct contact of a bulk semiconductor with adielectric layer in which afinely ground semiconductor phaseis
dispersed. In Si- and GaAs-based heterostructures of this type, rectification and photovoltaic effects are
observed. It is shown that illumination of such structures so that the side of the dielectric layer with the built-in
finely ground semiconductor phase is exposed to light induces a broadband photovoltaic effect deep within the
fundamental absorption band of the bulk semiconductor. © 2005 Pleiades Publishing, Inc.

Heterostructures based on diamond-like semicon-
ductors have been, for a long time, one of the most
important subjects of investigations in the modern
physics of semiconductors and semiconductor elec-
tronics[1]. At the present time, the substantial progress
that has been made towards the next-generation of
optoelectronicsis closely related to the devel opment of
low-dimensional heterostructures [2—4]. The advent of
materials with reduced dimensionalities has led to the
emergence of nove technologies for controlling the
fundamental properties of semiconductors and to the
advent of high-power low-threshold lasers[2, 3]. Inthis
paper, we report the results of thefirst study of the pho-
tosensitivity of a new type of heterostructures that are
based on bulk crystals in contact with thin dielectric
layers containing a uniformly distributed finely ground
semiconductor phase. Silicon and gallium arsenide
have been taken as examples.

1. The photosensitive heterostructures were formed
on (100)-oriented Si and GaAs wafers with n- and
p-type conductivity. The finely ground phase was pre-
pared by mechanical grinding of the initial single crys-
tals. In order to reduce the dispersion of sizes of the
semiconductor particles to be introduced into the
dielectric layer, we subjected them to multiple frac-
tional precipitation from mixtures of these particles
with alcohol in air. Then, the finely ground phase was
introduced into a liquid polymer (P), specificaly,
epoxy resin, to a content of 1-2 wt %, and the mixture
wasthoroughly stirred so asto eventually provide auni-
form distribution of the finely ground semiconductor
(S) phase over the volume of the liquid dielectric phase.
Thereafter, adrop of theliquid epoxy resin was applied
to the surface of a semitransparent metal layer (Mo or
Ni) thermally deposited on a glass surface. Then, the
surface of the epoxy resin drop was brought into direct

contact with a semiconductor wafer, after which the
semiconductor wafer was dightly pressed so that it
could be put on specia-purpose bounding dielectric
plates placed directly on the metal surface. Eventually,
these dielectric plates provided the conditions for
obtaining a plane-paralel epoxy resin layer including
the embedded disperse semiconductor particles. In the
above procedure of fabrication of the structures, the
excess liquid mixture was “pressed out” of the gap
between the metal (M) and semiconductor surfaces, fol-
lowing which the system, consisting of glass, metal,
and a mixture of epoxy resin with the finely ground
semiconductor phase (M/(P + §/9), was fixed under a
mechanical load until the solidification of the epoxy
resin was completed. With the entire solidification
completed, the resulting structure became monalithic
and was supplied with electrical contacts to the semi-
conductor and metal. The procedure used here for fab-
rication of the structures is similar to that previously
suggested for manufacturing heterocontacts between a
natural protein and a semiconductor [5]. The only dif-
ference is that an epoxy layer with a built-in finely
ground semiconductor phase is used hereinstead of the
protein used in [5]. The thickness of the dielectric layer
in the heterostructures under consideration ranged
between about 0.1 and 0.05 mm.

Along with the M/(P + S)/Sstructures, we fabricated
M/(P + /M structures in which the epoxy resin layers
with the built-in finely ground semiconductor phase
were in contact with metal surfaces on both sides of the
layers. In this case, the metal layers were deposited on
glass surfaces in the same way as for the M/(P + §)/S
structures.

2. The basic types of structures fabricated by the
above procedure and some of the parameters of the

1063-7826/05/3911-1294$26.00 © 2005 Pleiades Publishing, Inc.
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Table
Constituent structural components b
' : RoQ | K U=5V | A eV g vwt
single-crystal wafer | finely ground phase sample number
p-Si p-Si 5 108 1 1.7-2.2
n-Si p-Si 7 5x 10° 10 2529 50
n-GaAs p-GaAs 17 10° 102 1525 850
p-Si p-GaAs 23 106 10 2-3 100

Note: The heterostructures’ thin-film component, consisting of a finely ground semiconductor phase embedded in epoxy resin, wasillu-

minated. 2 A% refers to the spectral region of high voltage photosensitivity. b S{T refers to the maximal photosensitivity.

structures are listed in the table. Below, we describe the
main experimental results obtained for these structures.

The M/P/M structures, as a rule, exhibited a linear
current—voltage behavior under the external biases U <
100V (I O U). At room temperature, the resistance R of
structures of this type was typically in the range 10°-
10 Q, depending on the thickness and area of the
epoxy resin layer.

With the finely ground Si and GaAs phases intro-
duced into the epoxy resin, the resistance of the result-
ing M/(P + Si)/M and M/(P + GaAs)/M structures, con-
taining about 1-2 wt % of thefinely ground phaseinthe
resin layer, as a rule, appeared to be several orders of
magnitude lower than the resistance of the M/P/M
structures. It was possible to estimate the resistance,
which wasfound to be at alevel of R= 10°-107 Q, from
the linear portion of the steady-state current—voltage
(I-V) characteristic of such systems (at U <50V). The
resistanceis controlled mainly by the geometric dimen-
sions of the layers and by the content of the finely
ground semiconductor phase introduced into the resin
layer. Under the exposure of such heterostructures to
integral radiation from a filament lamp at T = 300 K,
positive photoconductivity at alevel of Ao/o = 1.1-1.2
was generated.

When studying the steady-state 1-V characteristics
of the M/(P+Si(GaAs))/Si(GaAs) heterostructures, we
observed a rectification typical of well-known semi-
conductor homostructures and heterostructures. The
|-V characteristic of one of the heterostructures under
considerationisshownintheinsetin Fig. 1. This struc-
tureinvolved afinely ground p-Si:B (p = 2 Q cm) phase
uniformly distributed in the dielectric layer in contact
with the surface of an n-Si:P single crystal plate (p =
0.1 and 0.01 Q cm). The rectification factor K, defined
as the ratio of direct current to reverse current at U =
100V, was as large as K = 10. In this case, the forward
direction corresponded to a positive polarity of the
external bias applied to the layer. The residua resis-
tance of the heterostructures in the range of the depen-
dencel = (U —U)/R,was Ry= 5 x 10° Q, while the cut-
off voltagewas Uy = 1 V.
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In addition to the well-pronounced rectification, a
photovoltaic effect was detected in the M/(P + S)/M het-
erostructures. As a rule, this effect was most pro-
nounced when the side of the structures with thin two-
phase layers was illuminated; these layers consisted of
a finely ground Si or GaAs phase embedded in the
dielectric P.

3. We now consider specific features of the spectral
dependences of the relative quantum efficiency of pho-
toconversion ), which is defined as the short-circuit

N, arb. units
10°

102

10!

fiw, eV

Fig. 1. Spectral dependences of the relative quantum effi-
ciency of photoconversion for the M/(P + Si)/(p-Si) hetero-
structuresin the case where the side of (1, 2) the metal layer
and (3) p-Si crystalline substrate were exposed to unpol arized
light at T = 300 K. The substrate thickness was d = 0.3 mm.
Curves 1 and 3 refer to sample no. 5, and curve 2 refers to
sample no. 7. Theinset shows the steady-state current—volt-
age characteristic of the M/(P + Si)/(p-Si) heterostructures.
The forward direction corresponds to a positive polarity of
the external bias at the p-Si crystalline substrate.
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(N%w)'? arb. units
3 -
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1.0 1.5 2.0
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Fig. 2. The dependence (r]hm)ll2 = f(hw) for the M/(P +
Si)/(p-Si) heterostructuresin the case where the metal-layer
sidewasilluminated at T = 300 K.

photocurrent normalized by the number of incident
photons. If the side of an M/(P + Si)/S heterostructure
with its dielectric layer containing a uniformly distrib-
uted finely ground p-Si phase was illuminated, we
observed broadband spectra of photosensitivity, as is
showninFig. 1 (curves, 2). For structures of thistype,
the long-wavel ength edges of the spectraof n weresim-
ilar in shape and could be linearalized when plotted as
(nAw)Y? versus f(hw) (Fig. 2). Such a spectral depen-
denceistypical of absorption due to indirect interband
transitions [6]. The extrapolation of (n%w)Y? to zero
yielded a cutoff energy that is in agreement with the
band gap of bulk crystalline silicon [7].

If the side of the Si M/(P + Si)/Si heterostructure
corresponding to the single crystal substrate (the thick-
ness d = 0.3 mm) was illuminated, the spectrum of n
consisted of a narrow band with a peak around A O
1.24 eV (Fig. 1, curve 3). In this case, a short-wave-
length decrease in photosensitivity was observed with
an increase in the photon energy at 7w > 1.24 eV. This
decrease is related to an increase in optical absorption
in the Si substrate and to the large spacing between the
layer of photoinduced electron—hole pairs and the
space-charge region. These circumstances eventually
cause the quantum efficiency of photoconversion to
decrease. It should be emphasized that, if the dielectric
layer with a built-in finely ground Si phase in such
structuresis illuminated (instead of illumination of the
S substrate), the decrease in photosensitivity in the
region of fundamental optical absorption in bulk crys-
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N, arb. units
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Fig. 3. Spectral dependences of the relative quantum effi-
ciency of photoconversion for the M/(P + GaAs)/(p-GaAs)
heterostructures in the case where the side of (1, 2) the
metal layer and (3) crystalline substrate was illuminated at
T =300 K. The substrate thicknesswas d = 0.3 mm. Curve 1
refers to sample no. 11, and curves 2 and 3 refer to sample
no. 17.

taline Si a Aw > 1.24 eV is virtualy nonexistent
(Fig. 1, curvesl, 2). Inthiscase, itisevident that, in the
part of the spectra with shorter frequencies n(hw) at
hw> 1.4 eV, the photosensitivity of the heterostruc-
tures varies only slightly and even exhibits a tendency
to decreaseintheregioniw> 2 eV (Fig. 1, curve 2). In
the other type of structures (Fig. 1, curve 1), we
observed a steady increase in photosensitivity deep
within the fundamental absorption band of bulk silicon;
the photosensitivity attained an absolute maximum at
hw=2.8eV. It should be noted that the heterostructures
compared above differ mainly in relation to size,
mutual arrangement, and content of the finely ground
phase introduced into the epoxy resin layer.

It is worth noting that study of correlation between
the short-wavelength spectra of photosensitivity and
the real arrangement and size of the particles of the
finely ground phase may be of considerableimportance
for understanding the processes of photoconversion in
this new type of heterostructure. At the same time, the

lack of short-wavelength decrease in n at #Aw > Eg

revealed in the Si-based M/(P + Si)/Si heterostructures
(Fig. 1, curve 1) may suggest that this result is a mani-
festation of the reduced dimensions (size-confinement)
of the semiconductor particles formed by mechanical
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grinding, asin the case of a heterojunction between the
nanosized and bulk phases of silicon [8, 9].

As can be seen from Fig. 3, patterns similar to those
considered above (Fig. 2) were also observed in the
spectran(fw) for the M/(P + GaAs)/GaAs heterostruc-
tures. In fact, the long-wavelength edge of the photo-
sensitivity of these GaAs-based structures is indepen-
dent of what side of the structureisilluminated and, in
both cases, follows the exponential dependence, with a
bend (Fig. 3, curves 1, 2) or a peak (curve 3) at fiw [
1.41 eV. This photon energy is consistent with the band
gap of GaAs [7]. The steep slope of the long-wave-
length edge of photosensitivity, S = d(Inn)/d(fw) =
80 eV, corresponds, with regard to [10], to direct
interband optical transitions in GaAs [6]. At the same
time, the sharp short-wavelength decreaseinn at w >

ES™® observed if the substrate side of the structure is

illuminated (Fig. 3, curve 3) is due to a sharp increase
in the optical absorption coefficient in this direct-gap
semiconductor. From Fig. 3, itisalso evident that, if the
side with the dielectric layer incorporating a finely
ground GaAs phase is illuminated, it is possible to
eliminate the short-wavel ength decrease in the quantum

efficiency at photon energiesfw > ES"AS (curvel)orto
shift the high-photosensitivity spectral region much
deeper into the fundamental absorption band of GaAs
(curve 2). This finding provides good grounds for
believing that, as in the case of the above-discussed
heterostructures containing fine Si particles (Fig. 1,
curves 1, 2), the new approach to fabrication of hetero-
structures containing fine GaAs particles makes it pos-
sible to suppress recombination processes in the depth
of the fundamental absorption band of bulk GaAs, in
spite of the mechanical grinding of the material used for
reducing the dimensionality of the semiconductor.

Figure 4 shows the typical spectral dependence of
the photosensitivity of the M/(P + GaAs)/Si hetero-
structures that involve a contact between two different
semiconductors in different states, i.e., between the
bulk Si crystal and the finely ground GaAs phase. From
Fig. 4 (curve 1), it is evident that, if the side of the
epoxy layer with built-in fine GaAs particlesis illumi-
nated, this heterosystem exhibits a high photosensitiv-
ity in awide spectral region, from 1 to 3 eV, and the so-
called “window effect” typical of ideal heterojunctions
[11]. The long-wavel ength edge of the photosensitivity
of such heterostructures follows the dependence nf.w O
(hw — EZ)?2 which is characteristic of indirect inter-
band optical transitions in silicon, and, therefore, can
be ascribed to absorption of radiationin the Si substrate
(Fig. 4, curve 2). In turn, the lack of awell-pronounced
short-wavel ength decrease in photosensitivity when the
side of structureswiththe P+ GaAslayer isilluminated
may indicate that recombination processesintheregion
of fundamental absorption of the constituent finely
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Fig. 4. (1) The spectral dependence of the relative quantum
efficiency of photoconversion and (2) the dependence
(r]hm)”2 = f(hw) for an M/(P + GaAs)/(p-Si) heterostruc-
ture (sample no. 23) in the case where the metal-layer side
was exposed to unpolarized light at T = 300 K.

ground semiconductor are suppressed. With regard to
the data presented in [8, 9], it can be suggested that one
of the possible reasons for widening of the spectra
region of photosensitivity in such heterostructures is
transformation of the electronic energy spectrum of the
semiconductor in itsfinely ground phase.

Thus, using Si and GaAs as examples, we arefirst to
develop photosensitive structures based on bulk dia-
mond-like semiconductors and finely ground semicon-
ductor phases distributed in a dielectric. With these
structures, we have managed to widen the spectral
region of high photosensitivity to shorter wavelengths.
Thisresult may be dueto the reduced dimensionality of
the semiconductor crystals achieved by mechanical
grinding.
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Abstract—A numerical simulation of the dynamics of phase transitions induced by nanosecond pulsed radia-
tion from aruby laser in CdTe has been carried out. It is shown that evaporation of Cd atoms resultsin cooling
of the surface; consequently, anonmonotonic profile of the temperaturefield isformed, with the maximum tem-
perature being attained in the bulk of the semiconductor at a distance of about 10-30 nm from the surface. At
radiation energy densities above the threshold, the molten state formed under the surface extends both to the
surface and into the depth of the semiconductor. Crystallization also proceeds in two directions, namely, from
the surface into the depth of the samples due to the growth of nucleation centers in the melt, which is highly
depleted in Cd atoms under the conditions of intense heat removal, and from the substrate to the surface due to

epitaxial growth. © 2005 Pleiades Publishing, Inc.

At the present time, 11—V I semiconductor materials,
including cadmium telluride, are extensively used in
the production of photoresistors, optical waveguides,
detectors of ionizing radiation, solar cells, etc. For the
successful use of laser-assisted treatments of such
materials within the currently available technologies, it
is necessary to gain some insight into the physical pro-
cesses induced by laser irradiation of these semicon-
ductors.

The regular patterns occurring during modification
of CdTe surface layers by irradiation with nanosecond
laser pulses have been studied by a number of authors
(see, e.g., [1-5]). In such studies, the properties and
composition of the surface layers after |aser-assisted
treatments received the most attention. However, prob-
lems concerned with the dynamics and kinetics of the
phase transitions induced by laser radiation are not yet
adequately understood mainly because there are no
data on anumber of optical and thermal parametersand
their temperature dependences. Thisis particularly true
for the value of the thermal conductivity k; and its tem-
perature dependence for molten cadmiumtelluride. The
previously used value, k; = 0.58 W/(cm K) [1, 6]
(accepted as equal to the thermal conductivity of mol-
ten silicon), is substantially overestimated; the value
k, = 0.011 W/(cm K), used in [4], refers to the thermal
conductivity of crystalline CdTe at its melting point.

Exposure of 1V and I11-V semiconductors to laser
radiation with an energy density above the threshold
value induces melting of the surface layer of the mate-
rial; then, the layer crystallizes in the process of liquid-
phase epitaxy at the crystal-melt interface. In the case
of [1-V1 semiconductors, these processes are accompa-
nied by changes in the stoichiometric composition of
the surface layer because of evaporation of its compo-

nents. For instance, during irradiation of the CdTe sur-
face with nanosecond pulses from aruby laser, the sur-
face layer becomes enriched with tellurium because of
an intense evaporation of Cd atoms|[7]. In addition, the
evaporation profoundly affects the formation of the
temperature profile[8] and, thus, influences the dynam-
ics of phase transitions.

In this study, we consider the dynamics of phase
transitions initiated in cadmium telluride by nanosec-
ond radiation from aruby laser (at the wavelength A =
694 nm) with regard to the evaporation and shift of the
melt—vapor interface. The numerical simulation was
carried out on the basis of the one-dimensional hesat-
transfer equation

p(TIE(T) + LS(T =T, N 50

9 oT @)
= &[k(x, t)&} +5(x 1),

where p is the density, c is the heat capacity, L, isthe
latent melting heat, &(T —T,,) isthe d function, T, isthe
melting temperature, k is the thermal conductivity, tis
time, T is temperature, and X is the coordinate in the
direction from the surface into the depth of a sample.

In Eq. (1), the function of the heat source Sx, t)
describes the heat release on absorption of the laser
radiation:

E(t)

S(x, T) = (1-R)—=a(x, T)expEl—Ia(x’, T)dx%.
T 0 !

AN
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Here, R and a(x, T) are the optica reflection and
absorption coefficients, and E(t) and T are the energy
density and the duration of the laser pulse.

The boundary conditions and the initial condition
were specified as
oT

K<

5, =@ Tx=dp=To @

T(x,0) = Ty, (4)

where d isthe thickness of the CdTe layer; Tyistheini-
tial temperature; and Q is the heat flow from the sur-
face, which is controlled by the flow of evaporating
atomsj.

Asarule, when simulating the effect of nanosecond
laser radiation on condensed materids, it is assumed
that all the energy losses are negligible except the ener-
gies expended on evaporation, phase transitions, and
chemical reactions (depending on the particular condi-
tions in the problems to be solved). For instance, when
the pulse duration T ~ 100 ns and the intensity of laser
radiation is ~10” W/cm?, the temperature of the surface
of the material irradiated is as high as ~2000 K. If the
coefficient of the convective heat exchange is taken to
be a, = 103W/cm? K, the heat flow from the surfaceis
Q, =0 T(0, t) — To] ~ 2 W/cm?, and estimation of the
losses for thermal radiation yields the value Q, =
eo[T4(0, t) — Tg] ~ 100 W/cm? (here, 0 = 5.67 x
10> W/cm? K# is the Stefan—Boltzmann constant, € is
the reduced emissivity, and T, is the ambient tempera-
ture). Comparison of these values shows that, in time
intervals on the order of 100 ns, the energy losses from
the surface due to convective and radiative thermal
exchange are small and can be disregarded when simu-
lating the thermal processesinduced in semiconductors
by nanosecond laser radiation.

For the density of mass flow of the atoms evaporating
in vacuum j we used the following dependence [8, 9]:

M
21k T ©)
Here, M is the atomic mass, and kg is the Boltzmann
constant. The pressure P(T) is defined by the phase
equilibrium equation [10]
logP,(T) = a—b/T. (6)
Evaporation of Cd atoms and Te, molecules from
the surface of both the crystal and the melt was taken
into account. The heat flux from the surface was deter-
mined by the expression [8]
Q = Legloa* Lreltes (7)

where Loy and Ly, are the latent evaporation heat for
cadmium and tellurium and j o4 and j 1, are the massflow
densities for evaporating cadmium and tellurium.

J(T) = 0.435P4(T)

KOVALEV et al.

Because of the intensive evaporation of Cd atoms,
the surface layer becomes enriched with Te. Therefore,
the motion of the vapor-melt phase interface Z(t) is
controlled by the flow of evaporating tellurium mole-
cules in accordance with the equation

dZ _ jre
dt — pre ®)

where pr, is the mass density of tellurium.

Equation (1) was solved numerically using a com-
putational procedure, without considering the melt—
crystal phaseinterface explicitly. When formulating the
implicit difference scheme, we used a method of
smoothing [11] in which the & function was approxi-
mated by a &-like function as follows:

2
S(T—T,,0) = ﬁexp[%} ©

Here, the initial width A = 10 K. The parameter A was
varied in relation to the temperature gradient in such a
way that the interval in which the &-like function was
defined involved no less than three count points. The
problem was solved by the sweep method with the use
of the iteration procedure. The step along the space
coordinate was varied from h = 0.01 um for O um<x<
lpumtoh=0.5pumfor 20 pm < x < 35 um. Theinitial
step along the time coordinate was 0.2 ns and could be
varied depending on the convergence of iterationsin the
computational process. The optical and thermal param-
eters of cadmium telluride used to solve the problem
are listed in the table. The shape of the laser pulse was
specified by the function sin?(Tit/2t).

Thethermal conductivity of cadmiumtellurideinits
solid state is defined by the expression k(T) = 15.07/T,
with T measured in degrees of kelvin and kg in
W/(cm K) [1]. Such a temperature dependence is typi-
cal of the phonon mechanism of heat transport [16].
Itiswell known that cadmium telluride belongs to the
class of materials that melt, following a “ semiconduc-
tor-to-semiconductor” transition, resulting in the for-
mation of achain-structured liquid in which charge car-
riers are located at the ends of the chains [17]. These
findings were confirmed by the results by Godlevsky et
al. [18], who studied the properties of the CdTe melt
using the methods of molecular dynamics. It was
shown that, when melted, cadmium telluride retained
its semiconductor properties and assumed the proper-
ties of a metal at higher temperatures. However, the
metallization of the CdTe melt is attained due to struc-
tural changes, which result in the formation of
Te chains, rather than due to an increase in the density
of free charge carriers. As the temperature increases
further, the Te chains break down into shorter chain
fragments, ultimately resulting in the formation of a
close-packed metal phase. High-temperature measure-
ments (up to 1825 K) of the electrical conductivity of
the CdTe melt were reported in [19]. It was also shown
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Parameter Crystalline CdTe Molten CdTe
p, gcm 5.887 —0.1165 x 103T [12] 6.158 —0.3622 x 10°T [12]
c,JgtK 0.205 + 3.6 x 10°T [13] 0.255 [8]
Ly Jgt 209 [13]
T K 1365 [13]
k,Wemt K 15.07/T [1] 2x1075(2.213-3.654 x 10°T + 1.52 x 1075T?)
n (A = 694 nm) 3.04[14] 3.04[14]
a, cmt (83.96T + 3.54 x 10%) [1] 1.5 x 10°[1]
Parameter Cd Te
L, Jg? 888 [8] 893 [8]
a* 5.68[10] 4,72 15]
b 5720 [10] 5960.2 [15]

* Pressure is measured in atmospheres; n is the refractive index.

that semiconductor properties were retained in the mol-
ten state, with further metallization of the melt at higher
temperatures. In the context of a double-structure clus-
ter model of the melt [12], the gradua transition to
metal-type conductivity was interpreted in [19] as
being a consequence of the formation of a chain-struc-
tured liquid on melting. This behavior is accompanied
by the appearance of charge carriers at the ends of the
constituent chains, which results in an increase in the
carrier concentration and electrical conductivity.

We used dataon the conductivity of the CdTemelt [19]
and the Wiedemann-Franz relationship [16] to obtain
the temperature dependence of the thermal conductiv-
ity for the CdTe melt asfollows:

ky(T) = 2x10°°T
x (2.213-3.654 x 10°T + 1.52 x 10°°T?).

Since the Wiedemann—Franz rel ationship for molten
[1-VI compounds has not been studied due to the lack
of experimental data on the electrical conductivity, the
Lorentz number was taken to be 2 x 108 W Q/K?2.

Figure 1 shows the time dependences of the CdTe
surface temperature (solid line) and of the flux of
vaporizing Cd (dashed line) and Te (dashed-and-dotted
line) atoms on irradiation of a CdTe samplewith pulses
from aruby laser with the energy density E = 0.2 Jcm?
and pulse duration T = 80 ns. It is evident that the flux
of vaporizing Cd atoms is substantially more intensive
than the flux of Te atoms, since the vapor pressure of
the Cd atoms is an order of magnitude higher than the
pressure of the Te atoms. It is the vaporization of Cd
atomsthat brings about arather intensive cooling of the
irradiated sampl e surface and promotes, from theinitial
stage of heating, the formation of anonmonotonic tem-
perature profile with amaximum at the depth x = (0.01—
0.03) um (Fig. 2). As aresult, melting starts near the sur-

(10)
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face at a depth of ~19.5 nm; then, the molten domain
extends to the surface (Fig. 3), with a velocity ~1.5 m/s,
and into the depth of the sample, with avelocity ~2.5 nvs.

At the stage during which a sample cools down, the
nonmonotonic temperature profile is retained (Fig. 4).
Therefore, the crystalization front starts moving both
from the surface into the depth of a sample (Fig. 3,
curve 2) and from the maximum depth of the molten
domain (~157 nm) to the sample surface (Fig. 3, curve 2).
The velocities of mation of the melt—crystal interfaces
are nearly equal, being ~1 m/s. The crystallization pro-
cess is brought to completion at the moment at which
both fronts meet at a depth of ~68 nm. By this time the
evaporated-layer thicknessis ~6 nm (Fig. 3, curve 2").

T,K j» gfem? s
4100
1500 =~ m
T, L 480
\
1200 !
\ . 460
\
\
900 \\ . cd lao
Voo Te
\
600 \\\ 4120
\§‘\
—-_— —— \\
300 | P oy il 1 0
100 150 200 250 300
t,ns

Fig. 1. Time dependences of (solid line) the CdTe surface
temperature T and (dashed and dot-and-dashed lines) the
fluxes j of the vaporizing (dashed line) Cd and (dot-and-
dashed line) Te components at theirradiation energy density

E =02 Jcm?2.
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Fig. 2. Calculated temperature profiles during the melting

stage of CdTeat theirradiation energy density E=0.2 Jem?
at different instants of time: (1) 62, (2) 64, (3) 66, (4) 68,
and (5) 70 ns.

It should be noted that, at the depth of the molten layer,
recrystallization proceeds viaepitaxial growth from the
substrate. At the same time, crystallization from the
surface proceeds as a result of a three-dimensional
growth of nucleation centersin the molten layer, which
has a nonstoichiometric composition, under the condi-
tions of strong depletion of Cd atoms from the melt and
intensive heat removal. In thiscase, afine-grained poly-
crystalline or amorphous phase is expected to be
formed at the surface, depending on the conditions of
laser irradiation. As a consequence, the surface layer,
~62 nm in thickness, will contain a large number of
defects[5, 7].

The threshold energy density for melting under
exposure of the CdTe surface to radiation from a ruby
laser with a pulse duration of 80 ns has been determined
experimentaly at the level of 0.12 Jcm? [20]. As fol-
lows from the results of optical probing, anincreasein
the reflectivity and a decrease in the transmittance was
observed at E = 0.1 Jcm?. These data were accounted
for in [17] by the temperature dependences of the opti-
cal parameters of CdTe in its solid state. In accordance
with the calculations, at an irradiation energy density of
0.1 Jem?, the melt isformed near the surface at adepth
of 23.5 nm; it then moves 3.5 nm toward the surface but
does not reach it (Fig. 3). The lifetime of the liquid
phase is ~25 ns, and the thickness of the evaporated
layer after the crystallization processis~1.1 nm.

The modification of the CdTe surface region as a
result of exposure to nanosecond radiation from a ruby
laser (T = 20 ns) was studied experimentally by Golo-
van' et al. [2]. Asfollows from their experimental data
and the theoretical calculations in [6], the threshold
energy density is ~40 mJcm?. Studies of laser-induced
defect formation [7] have shown that, at E = 80 mJcm?,
the thickness of the layer in which point defects are

KOVALEV et al.
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Fig. 3. The time dependence of the thickness of the molten
CdTe layer at the irradiation energy densities E = (1) 0.1,

(2,2)0.2,and (3, 3) 0.3 Jem?. Lines 2" and 3" indicate the
thickness of the layer evaporated at E = 0.2 and 0.3 Jem?,
respectively.
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Fig. 4. Calculated temperature profiles at the stage of crys-

tallization for theirradiation energy density E = 0.2 Jem? at
different instants of time: (1) 80, (2) 140, (3) 160, and
(4) 180 ns. The dashed line represents the thickness of the
evaporated layer.

detected is ~70 nm. At E = 143 mJ/cm?, such alayer is
thicker than 100 nm. According to calculations taking
into account the experimental conditions in this study,
the threshold for melting is ~60 mJ/cm?. In this case, a
molten layer ~22 nmin thicknessisformed in the semi-
conductor at a depth of ~10 nm and does not extend to
the surface (Fig. 5). As a sample cools down, this layer
iscrystallized dueto epitaxial growth. At higher energy
densities (curves 2, 3), the melt reaches the surface. In
this case, as the semiconductor cools down, a surface
layer containing alarge number of defectsisformed due
to multinucleus crystallization inthe surface layer [5]. At
E = 80 and 120 mJcn?, the thickness of this layer is
~27 and ~47 nm, respectively (curves 2', 3. For the
above values of E, the depths of the extension of the
melt are 73 and 130 nm, respectively. The intensive
2005
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Fig. 5. The time dependence of the thickness of the molten
CdTe layer x on exposure to an 20-ns laser pulse with the

energy densitiesE = (1) 0.06, (2, 2) 0.08, and (3, 3) 0.12 Jcm?.
Lines 2" and 3" indicate the thickness of the layer evapo-
rated at E = 0.08 and 0.12 Jcm?, respectively.

vaporization from the surface and the high mobility of
Cd atoms in the melt (the diffusion coefficient is Dy =
6.7 x 10° cm?s [18]) favor the formation of point
defects in the depth of these layers, due to crystalliza-
tion of the melt to a nonstoichiometric composition.
At the energy density 120 mJ/cm?, the thickness of the
evaporated layer is~3 nm (curve 3"). The values calcu-
lated above are in satisfactory agreement with the
experimental data[7].

Thus, a numerical ssimulation of the influence of
radiation from aruby laser on cadmium telluride shows
that vaporization profoundly affects the dynamics of
phase transitions in the surface layer. The intensive
vaporization results in cooling of the surface of the
material; as a consequence, a nonmonotonic profile of
the temperature field is formed, with the maximum
temperature inside the semiconductor being at a dis-
tance of about 20-30 nm from the surface. At above-
threshold radiation-energy densities, the melt formed
under the surface extends in opposite directions: to the
surface and into the depth of the semiconductor sample.
Crystallization of the melt proceedsin two directions as
well, namely, (i) from the surfaceinto the depth of asam-
ple due to a three-dimensional growth of crystallization
nuclei inthe molten layer of nonstoi chiometric composi-
tion under the conditions of depletion of Cd atoms from
themelt and intensive heat removal and (i) from the sub-
drate to the surface due to epitaxia growth.
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Abstract—Structures with InGaN/GaN quantum dots have been studied using photocurrent spectroscopy. The
dynamic range of measurementsis found to amount to four orders of magnitude under preservation of the sig-
nal-to-noiseratio at alevel higher than ten. Within the experimental accuracy, the shape of the spectrumisinde-
pendent of an applied reverse external bias, whereas the spectrum itself shifts to shorter wavelengths, whichis
attributed to the Franz—Keldysh effect. Variation of the temperature brings about a change in the spectrum
shape. This effect isfound to be different for structures grown under different conditions. This behavior can be
attributed to homogeneous broadening of the electronic states, the statistics of charge carriers at the levels of
guantum dots, and the effect of temperature on the position of these levels. © 2005 Pleiades Publishing, Inc.

1. INTRODUCTION

For semiconductor light-emitting structures that
include p—n junctions and contain quantum-dimen-
sional inclusions (such as quantum wells or quantum
dots (QDs)) in their active region, only interband
absorption occurring in the active region makes a con-
tribution to the photocurrent in measurements of photo-
conductivity for which the photon energy is smaller
than the band gap of the matrix. This circumstance
makes it possible to study the electron spectrum in the
activeregion directly [1]. Asarule, other methods used
to measure absorption spectra provide no means with
which to accurately separate the contribution from pas-
sive regions, which detrimentally affects experimental
sensitivity. These requirements are especially strict in
studies of structures in which the emission originates
from deeply localized states whose concentration is
lower than that of the states in the matrix. For example,
this situation takes place in the structures with QDs. At
the sametime, any kind of absorption depends on occu-
pancy of the levelsthat are involved in the transition: in
the case where the occupancy of the relevant levelsis
comparable to unity, the absorption decreases; if the
population signisreversed, amplificationisobservedin
the medium [2]. In addition, when measuring the pho-
tocurrent, we should take into account that some of the
electron-hole pairs generated during excitation of the
photocurrent are separated by a p— junction and the
remaining electrons and holes recombine. Under cer-
tain conditions, retardation of the charge-carrier extrac-
tion from localized levels of a QD for some QD-con-
taining structures and subsequent reradiation of these
carriers are possible [1]. The characteristic times of
emission of charge carriers from a QD increase expo-

nentially as the depth of charge-carrier localization
increases and temperature decreases [3]. In the case
where the emission times of charge carriers become
comparabl e to the radiative-recombination times, rera-
diation of the generated electron—hole pairsis possible.
In addition, retardation of extraction for already delo-
calized charge carriers is possible, which can lead to
formation of an excess population in the vicinity of the
active region. In this study, we used the photocurrent
method to investigate light-emitting diode structures
with InGaN/GaN QDs. The system of semiconductor
compounds containing Group |11 nitrides is character-
ized by awide band gap. Asaresult, the band offsets at
the heteroboundaries can aso be large. At the same
time, the current level of insight into the kinetics of
relaxation and thermal activation of charge carriersand,
also, into the statistics of charge carriersin this system
isrelatively inadequate.

2. EXPERIMENTAL

The structures under study were grown using an
AIX2000HT system and contained five InGaN QD lay-
ersthat had an average thickness of 3 nm and were sep-
arated by 7-nm-thick GaN barriers. A more detailed
description of the structure design can be found in [4];
however, in contrast to the structures studied in [4], we
used a special technological method (growth interrup-
tion) for one of the structures in order to enhance the
phase decomposition that initiates QD formation [5].
This interruption should lead to the formation of QDs
with a higher depth of localization of their charge car-
riers. The photocurrent was excited using a gas-dis-
charge xenon lamp and measured with an SR810 DSP

1063-7826/05/3911-1304$26.00 © 2005 Pleiades Publishing, Inc.
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Fig. 1. Photocurrent spectrafor the structures with quantum
dots. The reverse-bias voltage applied to the structure was
V=(1) 0and (2) -3V.

synchronous detector. We used a resistive heater in
measurements of the photocurrent spectra at tempera-
tures above 295 K (up to 600 K). In the temperature
range under consideration, a tin contact was used to
measure the current. In order to increase the signa-to-
noiseratio, we averaged thesignal over afairly long time
interval; at the sametime, the stability of the lamp power
was also controlled.

3. RESULTS AND DISCUSSION

It iswell known that the electron spectrum of struc-
tures with InGaN QDs can be described by the error
function [5] and the tail of states can be approximated
by the Gaussian function. The variance parameter in the
latter function can be determined by studying the posi-
tion of the emission peak as a function of temperature.
This approach implies a quasi-equilibrium distribution
of charge carriersin the entire temperature range. At the
sametime, the long-wavel ength tail of the photocurrent
spectrum can also be approximated by the error func-
tion; however, the variance parameter can, in this case,
differ from that obtained from temperature depen-
dences of the peak position in the spectrum. This
parameter, as obtained from photocurrent measure-
ments and reported by Eliseev [5], was much larger
than would be expected from temperature dependences
of the position of the peak in the spectrum and was
attributed to an appreciable inhomogeneous broaden-
ing of the electron spectrum. This broadening corre-
sponds to relaxation times on the order of 10 fs; how-
ever, experimental data obtained in studies with time
resolution indicate that the relaxation timesinaQD are
much longer [6]. It is conceivable that structures pos-
sessing aradically different rate of charge-carrier relax-
ation were studied in [6].

In order to reveal a correlation between the photo-
current spectraand the el ectron spectrum, we measured
SEMICONDUCTORS  Vol. 39
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Fig. 2. Photocurrent spectra measured at temperatures rang-
ing from 300 to 600 K for structures grown (&) with a
growth interruption, which stimulates the phase separation
in InGaN, and (b) without a growth interruption.

the photocurrent in structures that contained QDs. The
measurements were carried out at temperatures ranging
from 300 to 600 K with (or without) a reverse external
bias voltage applied to the structure. Previously, we
studied the photocurrent spectra for a structure with a
low degree of charge-carrier localization; in that case,
an increase in temperature did not result in appreciable
changes in the shape of the photocurrent spectrum [4].
Anincrease in the sensitivity of the experimental setup
and a study of QDs with alarge depth of charge-carrier
localization made it possible to observe and analyze
variationsin the shape of the photocurrent spectrainthe
region of long-wavelength tails.

In Fig. 1, we show the photocurrent spectra of a
structure with QDs such that the charge carriers were
localized at a large depth. As can be seen from Fig. 1,
the application of areverse bias voltage does not affect
the spectrum shape within the experimental accuracy;
however, a dlight shift of the spectrum to shorter wave-
lengthsis observed. Since the photocurrent depends on
the light absorption and the efficiency of extraction of
photogenerated charge carriers, the above observation
indicates that an external bias only slightly affects both
the aforementioned processes. The short-wavelength
shift of the photocurrent spectrum occurring when an
external reverse biasis applied can be attributed to the



1306

Franz—Keldysh effect [7]. At the sametime, an increase
in temperature leads to an appreciable extension of the
long-wavelength tail of the spectrum (Fig. 2). Thisbehav-
ior correspondsto an increase in the variance parameter if
the photocurrent spectrum is approximated with a Gauss-
ian function. This phenomenon can be accounted for on
the basis of severa different standpoints:

(i) Anincreasein temperature leadsto anincreasein
the homogeneous broadening of the levels, since there
is an increase in the rate of interaction between charge
carriers and phonons [5]. In this case, the emission
times for charge carriers are much shorter than the
times of recombination, whose rate, in order of magni-
tude, istypically equal to 10° s [6].

(i) The probability of charge-carrier recombination
is comparatively high due to retardation of the carrier
emission if the times of carrier emission to QDswith a
large depth of localization are relatively long; as a
result, the photocurrent efficiency is lowered in struc-
tures with degp QDs. As the temperature increases, the
role of deep QDs becomes more important owing to an
increase in the probability of emission [1].

(iii) An increase in temperature brings about a vari-
ation in the electron spectrum of the structure. This
phenomenon is related to the different composition
dependences of the electronic—optical parameters of
GaN and InGaN.

In any of the above cases, the fact that the spectrum
shape is not affected by the application of a bias is
indicative of afairly rapid extraction of already delocal-
ized charge carriers from the active region. In other
words, this behavior means that the p—n-junction field
isfound to be sufficient for rapid separation of delocal-
ized charge carriers before their recombination in the
active region.

We now consider extension of the photocurrent-
spectrum tail for structures grown under different con-
ditions in more detail. In Figs. 2a and 2b, we show the
photocurrent spectra for structures grown (1) without
and (2) with an interruption of the growth process,
respectively (the interruption stimulates phase separa-
tion). As can be seen, when the temperature is
increased, the extension of the spectrum tail islarger for
structures 2. In accordance with the above-considered
interpretation, this distinction could be caused by the
following factors:

(I) A larger relative increase in the rates of emission
and capture of charge carriers in a structure of type 2
(Fig. 2b). If the emission rate corresponds to a time of
10fs, the homogeneous broadening increases more rap-
idly with temperature. In this case, the statistics of
charge carriers in the active region corresponds to the
equilibrium state.

(I1) When the emission times are much longer than
10 fs, extension of the spectrum tail can mean that the
emission in structures 2 is greatly retarded, which, as

SIZOV et al.

was considered above, leads to adecrease in the contri-
bution of deeper QDs to the photocurrent. In this situa-
tion, the statistics of charge carriers corresponds to a
nonequilibrium state. In structures 1 (Fig. 2a), the ini-
tial emission rate can be high and its relative variation
affects the photocurrent spectraonly slightly.

(11 Anincrease in temperature may affect the spec-
trum of states in structure 1 to a lesser extent than in
structure 2. A variation in the spectrum of states can be
caused, for example, by the different sensitivity of
built-in fieldsto temperature at variouslevels of dimen-
sional quantization [7]. In addition, this variation can
be caused by adifferent rate of decreasein the band gap
for the GaN matrix and the InGaN QD layer asthe tem-
perature increases.

For the structures under consideration, data
obtained from X-ray diffractometry indicate that the
average content of Ininthe InGaN layer of structures 2
is lower than in this layer of structures 1 (10 and 13%,
respectively), even though the positions of the emission
peaks for these structures were amost identical (2.8 €V)
at room temperature. The above structural features
could account for the difference between the tempera-
ture dependences of the optical properties of the struc-
tures under consideration. We can take into account the
following factors. In structures grown under certain
conditions, homogeneous broadening of the levels can
be important. As a result, a quasi-equilibrium distribu-
tion of charge carriers can take place even at low tem-
peratures. However, in structures grown under different
conditions, the homogeneous broadening can be negli-
gible, while the quasi-equilibrium statistics of charge
carriers is established at fairly high temperatures.
Therefore, additional experimental data are needed for
clarifying the issue of what exactly the absorption and
carrier-extraction mechanisms that are in effect in
structures with InGaN QDs are.

4. CONCLUSIONS

We studied the photocurrent spectra of structures
with InGaN quantum dots; the spectra were measured
using a high-sensitivity setup. The application of an
external bias voltage did not affect the spectrum shape
to within the experimental accuracy. This observation
means that the extraction of photogenerated charge car-
riers is independent of the p—n-junction field; instead,
this extraction depends on other parameters, for exam-
ple, the rates of therma emission of charge carriers
from the quantum dots and the rate of the tunneling pro-
cesses (if these exist). At the same time, the spectrum
shape changed appreciably as the temperature was var-
ied. Specifically, the spectrum tails were extended as
the temperature was increased. This effect was more
pronounced in a structure with a higher degree of phase
separation in the active region.

SEMICONDUCTORS  Vol. 39

No. 11 2005



STUDIES OF THE ELECTRON SPECTRUM IN STRUCTURES 1307

ACKNOWLEDGMENTS
We thank M.A. Yagovkina and V.I. II'ina for their
contribution to the experimental part of this study.

This study was supported by the Russian Founda-
tion for Basic Research.

REFERENCES

1. PW.Fry, |. E. Itskevich, S. R. Parnell, et al., Phys. Rev.
B 62, 16784 (2000).

2. M.Kubad, E. S. Jeon, Y.-K. Song, et al., Appl. Phys. Lett.
70, 2580 (1997).

SEMICONDUCTORS Vol. 39 No. 11 2005

3.

4.

L. V. Asryan and R. A. Suris, Semicond. Sci. Technol.
11, 554 (1996).

D. S. Sizov, V. S. Sizov, E. E. Zavarin, et al., Fiz. Tekh.
Poluprovodn. (St. Petersburg) 39, 492 (2005) [ Semicon-
ductors 39, 467 (2005)].

P. G. Eliseev, J. Appl. Phys. 93, 5404 (2003).

I. L. Krestnikov, N. N. Ledentsov, A. Hoffmann, et al.,
Phys. Rev. B 66, 155310 (2002).

S. F. Chichibu, T. Azuhata, T. Sota, et al., J. Appl. Phys.
88, 5153 (2000).

Translated by A. Spitsyn



Semiconductors, Vol. 39, No. 11, 2005, pp. 1308-1312. Trandated from Fizika i Tekhnika Poluprovodnikov, Vol. 39, No. 11, 2005, pp. 1354-1358.
Original Russian Text Copyright © 2005 by Kulbachinskii, Rogozin, Lunin, Belov, Karuzskii, Perestoronin, Zdoroveishchev.

LOW-DIMENSIONAL

SYSTEMS

Specific Featur es of Photoluminescence
of INASGaAs QD Structuresat Different Pumping Levels

V. A. Kulbachinskii®, V. A. Rogozin, R. A. Lunin, A. A. Belov, A. L. Karuzskii,
A.V. Perestoronin, and A. V. Zdoroveishchev
Moscow State University, Moscow, 119992 Russia
Ne-mail: kulb@mig.phys.msu.ru
Submitted February 22, 2005; accepted for publication March 9, 2005

Abstract—Photoluminescence spectra of INASGaAs QD structures have been studied at different pumping
powers and temperatures. At low pumping levels, one of the spectral lines in an undoped sample is shifted as
the power increases. As the temperature increases, the luminescence intensity in the high-energy portion of the
spectrum decreases, and the low-energy spectrum is red-shifted. The presence of QDs of two characteristic

sizesis demonstrated. © 2005 Pleiades Publishing, Inc.

1. INTRODUCTION

Structures with self-organized quantum dots (QDs)
are of interest for development of radically new QD
devices, such as lasers or memory cells, with parame-
terssuperior to the existing ones[1, 2]. Particular atten-
tion has been given to studies of the photoluminescence
(PL) of these structures|[3, 4], asPL studiesarethesim-
plest method for confirming the presence of QDs in a
sample, estimating their size, and observing quantum
confinement [5—7]. Active studies of QD systemsand a
broad distribution of efficient technologies for the pro-
duction of quantum-confined structures have drawn
attention to development of methods for estimation of
structure quality by diagnostics of the electron states
using the low-temperature luminescence. Moreover,
systems of correlated QDs are of fundamental interest
as a model object for investigations of many-particle
interactions in strongly correlated systems of a Mott—
Hubbard type [8].

The shape of the PL spectrais mainly defined by the
intrinsic properties of the samples under study (the
electronic structure, distribution of free-carrier density,
and the possibility of phonon formation). However, sev-
eral externa factors, such as the temperature of the stud-
ied sample and frequency and power of light exciting the
PL, exert astrong influence on the obtained data.

Theeffect of excitation power on the PL spectrawas
studied in [9-13]. In these studies, the scatter in QD
size was small, whereas the process of self-organized
QD growth often resultsin the formation of QDs of dif-
ferent size[14, 15]. Another specific feature of the stud-
ies performed so far isthe fact that they mainly focused
on investigations of the PL spectra at high pumping
powers, whereas the effect of low pumping power on
the shape of the PL spectraislittle understood. Also lit-
tle known about is the effect of doping on the PL spec-
tra of doped structures.

For example, in [9], increasing the pumping power
from 0.5 to 32 W/cm? resulted in a blue shift of the PL
peak of INAs QDs by 18 meV and in the broadening of
this peak. This behavior was explained as follows: at
low pumping powers, only acertain portion of QDs are
in an excited state, and large-sized QDs are excited first
[10]. As the power is increased, a larger amount of
small-sized QDs contribute to the PL spectrum. It also
follows from [10] that, in doped samples, the initial
position of the PL peak must be at a higher energy,
since the energy levels of severa large-sized QDs are
initialy filled and smaller QDs contribute to PL even at
the lowest pumping power.

Asthe illumination intensity further increases from
45 to 4500 W/cn?, the position of the PL peak remains
virtually unchanged, since, at this power, all QDs con-
tribute to PL. However, this circumstance gives rise to
new higher energy peaksrelated to the excitation of lev-
elswith higher energiesin the QDs [11].

In [12], the PL spectra were studied at an optical
excitation power ranging from 1 to 1100 W/cn?. In the
power range below 100 W/cm?, only the amplitude of
the spectral lines increased, while the general shape of
spectrum remained virtually unchanged. At higher
powers, new spectral lines appeared, similarly to [11].

In [13], the PL spectra were studied at extremely
high powers of optical excitation, specifically, up to
20 kW/cm?. A large number of excitons concentrated in
the QDs, and the interaction between these excitons are
responsible for decreasing the energy of transitions
from ground states, whereas the PL peaks related to
transitions from excited states are blue-shifted.

Thus, four portions can be distinguished in the
dependence of the PL spectra of QD structures on opti-
cal excitation power. At low powers, ashift of the spec-
tral peaks related to involvement of new QDs is
observed. In addition, the amplitude of the peaks

1063-7826/05/3911-1308$26.00 © 2005 Pleiades Publishing, Inc.
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increases linearly, but the shape of the spectrum is not
changed. Then, at a sufficiently high power of optical
excitation, new lines arise in the PL spectra. Finally, at
extremely high powers, a shift of lines related to inter-
exciton interaction is observed.

Theadditional PL peaksarising in the spectraof QD
structures can be related to more than simply the exci-
tation of the next energy levels. For example, the two
PL peaks observed in [14, 15] are related to the forma-
tion of QDs of two different sizes in the structures
under study. The temperature dependence of the
PL spectraof such structures was also discussed in [15].
At low temperatures, nonresonant photoexcitation
leads to uniform occupation of all QDs. As the temper-
ature increases, the probability of carrier tunneling
between the QDs increases, so progressively deeper
QDs are preferentialy occupied and involved in radia-
tive recombination. Therefore, the red shift of PL lines
observed with an increase in temperature is stronger
than that predicted by a decrease in the band gap.

This communication reports on a study of PL spec-
tra for doped and undoped samples containing QDs of
two different sizes. The spectra were recorded at rela-
tively low optical excitation powers, from 10 m\W/cm?
to 9 W/cm?, at temperatures between 4.2 K and room
temperature.

2. SAMPLES AND EXPERIMENTAL METHODS

The structures for study were grown by MOCVD at
630°C at atmospheric pressure. Sample no. 1 contained
a homogeneously Si-doped 1.3-um-thick GaAs matrix
grown on a semi-insulating (001) GaAs substrate. A
layer of InAs QDs, formed by depositing 4.5 monolay-
ers (ML) of InAs between two 15-nm-thick undoped
InAs spacers, was built into the central part of the
matrix. Sampleno. 2 was grown on avicinal semi-insu-
lating (001) GaAs substrate, misoriented by 2° in the
[110] direction. It consisted of an undoped GaAs
matrix and a layer of InAs QDs formed by depositing
3.3 ML of InAsnear the structure surface. Sampleno. 3
was grown on a substrate with a 0.14° misorientation.
In this sample, the thickness of InAs was 1.4 ML,
which was not enough for the formation of QDs. The
sample was doped with two & layers of Si, separated
from the QD layer by GaAs spacers of 20 nm in thick-
ness. The total thickness of the sample was 0.8 um.
Thus, PL was studied in sampleswith doped QDs (sam-
ple no. 1), undoped QDs (sample no. 2), and with an
InAs wetting layer (WL) (sample no. 3).

The morphology of the surfaces with QDs was stud-
ied with an Accurex TMX-2100 atomic force micro-
scope in the contact mode at atmospheric pressure.

The PL spectrawere recorded at liquid-helium, lig-
uid-nitrogen, and room temperatures using an MDR-3
spectrometer and an FEU-62 photomultiplier operating
in the photon-counting mode under optical excitation
by an CW YAG laser with an LCM-T-111 pumping
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Fig. 1. (8) AFM image of the surface of a sample with QDs
revealed by selective chemical etching of the capping layer
and (b) histogram of the height distribution of the surface
density of QDs for the surface under study.

diode (with awavel ength of 532 nm, emission power of
20 mW, and laser beam divergence 6 = 1.4 mrad). The
laser beam was focused by a spherical lens with the
focal length f = 33.5 cm. The diameter of the light spot d
in the focal plane of the lens was determined from the
relation d = 6f [ 16, p. 525] and was found to be equal to
0.47 mm. The incident power was determined taking
into account the reflection from the fused quartz win-
dows of the optical cryostat. During spectral studiesin
the temperature range ~4.2 K, the optical excitation
power was varied from 10 m\W/cm? to 9 W/cm?.

3. RESULTS AND DISCUSSION

Figure 1 shows an AFM image of the doped QD
layer, obtained after the 15-nm-thick capping layer was
removed by selective etching [17]. In spite of possible
etching of the clusters, the size and surface density of
the QDs can be estimated from this image. Two types
of QDs can be seen. The larger dots have a surface den-
sity of ~3 x 10° cm?, average height of ~5 nm, and lat-
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Fig. 2. (8) PL spectrafor the samples: (solid line) sampleno. 1,
(dotted line) sample no. 2, and (dashed line) sample no. 3.
(b) The same as (a) but in the logarithmic scale. Tempera-
tureT=4.2K.

eral size of ~40 nm; their typical size matches the data
obtained for QD layers without overgrowth. Smaller
QDs, which have asimilar surface density, demonstrate
alarger scatter in size, perhaps dueto the stronger effect
of etching. Their average lateral size is ~30 nm, and
their height is ~2 nm. It is noteworthy that this type of
dot is not observed on the surface QD layers formed
without overgrowth. We assume that they either disap-
pear on the free surface through coalescence or are
formed after deposition of the capping layer as aresult
of reconstruction of the WL. The last process can
enhance elastic stressesin arelatively thick WL grown
on a free surface. A ssmple calculation shows that
changing the WL thickness by one ML is enough for
the formation of QDs with the above-mentioned size
and density.

Figure 2a showsthe PL spectrafor the three samples
a T = 4.2 K. For convenience, Fig. 2b shows these
spectraon the logarithmic scale. The obtained PL spec-

KULBACHINSKII et al.
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Fig. 3. PL spectrafor sampleno. 2 recordedat T=4.2K and
different pumping powers P (W/cmz). T=4.2K.Thenoise
in the curve tails is smoothed.

tra can be conventionally divided into low-energy and
high-energy portions with the boundary at about
1.42 eV. In the low-energy portion, the spectral peaks
for sample no. 3 can be represented as the sum of two
peaks, presumably corresponding to two types of QDs
of different size. As an example, Fig. 3 shows the PL
spectrafor sample no. 2, recorded at 4.2 K at different
pumping powers. Figure 4 shows the energy positions
of spectral peaksrelated to radiative transitionsin InAs
QDsasafunction of the pumping power. It can be seen
that, as the pumping power increases, the low-energy
peak for undoped sample no. 2 is dightly blue-shifted
in the power range P < 0.4 W/cm?. At the sametime, the
position of the second peak remains virtually
unchanged, and its amplitude is higher. This behavior
can be attributed to the presence of a large amount of
smaller QDs (see Fig. 1), which are occupied nearly
uniformly. Among the large-sized QDs, the largest are
occupied first, with all the dots being occupied only at
higher excitation powers; this behavior should be
related to the high probability of tunneling between the
large-sized QDs. The presence of a dopant in sample
no. 1 meansthat carriersare already present inthe QDs,
and, beginning from the lowest excitation intensity, vir-
tually no shifts of the peak positions are observed.

Now, we discuss the high-energy portion of the
spectra. Ascan beseeninFig. 2, itincludesthree peaks.
The peak with highest energy liesat E = 1.51-1.52 eV
and corresponds to transitions in the GaAs matrix. The
central peak of high amplitude can be attributed to tran-
sitions in the INAs WL (see, e.g., [18]); the peak that
lies at an energy ~0.35 eV lower can be related to radi-
aive transition in the WL, which is accompanied by
emission of longitudinal optical phonons in the GaAs
matrix [19]. The difference between the positions of the
WL peaks in different samples is attributed to differ-
ence in the WL thickness. For example, at the nominal
thickness of the InAslayer of 1.4 ML, al the deposited
2005
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Fig. 4. Energy positions E of two peaks in the low-energy
portion of the PL spectrum as a function of the pumping
power P. Thetrianglesrefer to sampleno. 1, and the circles,
to sampleno. 2.
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Fig. 5. PL spectrafor sample no. 2. The solid line refersto
T=4.2K, and thedashed line, to T= 77 K.

InAsis contained in the WL. When the amount of InAs
isincreased to 3.3 ML, the WL becomes thinner, since
some portion of InAs is redistributed into QD islands.
Asthe amount of InAsfurther increases, the WL isfur-
ther thinned.

The large size of the QDs in sample no. 2 can be
related to the misorientation of the substrate, which
means that it becomes more energetically favorable for
INAs to be accumulated on the terrace boundaries and
form large QDs[15] than to form multiple small islands
distributed uniformly over the entire surface.

Figure 5 shows the PL spectra for sample no. 2
recorded at different temperatures. During the transi-
tionfrom T = 4.2 to 77 K, the PL intensity in the high-
energy portion of spectrum considerably decreases,
which istypical of bulk GaAs, and the low-energy QD
peaks are further red-shifted. This behavior can be
attributed to anincreasein the mobility of carriersinthe
structure, which leads to entry of the carriers into
2005
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regions with the deepest energy levels, in which radia-
tive recombination occurs. In the case of doped sample
no. 1, the shift of the low-energy spectrum is smaller;
this fact is related to filling of the regions deepest in
energy by free carriers. Adequately explainable room-
temperature PL spectra could not be obtained because
of the large temperature broadening and low intensity
of the spectral lines.

4. CONCLUSION

The PL spectra of INAS/GaAs QD structures have
been studied at different pumping powers and tempera-
tures. The spectra comprise a low-energy portion
related to electron—hole recombination within the QDs
and ahigh-energy onerelated to transitionsin the GaAs
matrix and the InAs wetting layer. Analysis of the low-
energy portion of the spectra has shown that the struc-
tures under study contain QDs of two characteristic
sizes. As the pumping power initially increases, one of
the PL linesin the undoped sampleis shifted; this effect
isrelated to an increase in the number of QDs involved
in the PL process. At higher temperatures, the intensity
of the high-energy portion of the spectrum decreases,
and the low-energy portion is further red-shifted. This
effect isrelated to an increase in carrier mobility in the
structure and redistribution of carriers between QDs of
different sizes.
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Abstract—A simple approach to calculation of the interband absorption coefficient in a uniform electric field
is developed. This approach provides a means for studying the special features of electroabsorption in awide
class of semiconductor systems on the basis of the most general relationships. The approach is used to study
the electroabsorption in two-dimensional systems with different profiles of their one-dimensiona potential,
guantum wells, and superlattices in magnetic fields. © 2005 Pleiades Publishing, Inc.

When studying interband light absorption in semi-
conductor systemsin a uniform electric field, the solu-
tion to the Schrodinger equation for an electron is com-
monly used [1-3]. A large number of studies have dealt
with the processes of electroabsorption in a uniform
magnetic field. For example, electroabsorption was
studied in the specia case where the vectors of the
strength of the electric (E) and magnetic (H) fields are
parallel [4, 5]. The absorption of electromagnetic
waveswith E (O H wasreported in [6-9]. Inthat case, it
was necessary to exploit the two-band approximationin
order to treat the tunneling processes (the Franz—
Keldysh effect) consistently.

In this study, we develop atheoretical approach that
makes it possible to calculate the coefficient of inter-
band light absorption in auniform electric field directly
from the Kubo formula, with knowledge of only the
eigenfunctions and eigenvaues in the absence of an
electric field. The prime objective of this study is to
illustrate the simplicity of the new approach and its
potential for studying the special features of light
absorption in size-confined systems.

In what follows, we use the simplest moddl of a
semiconductor with nondegenerate bands and assume
that both bands have extrema at the same point of the
k space. The calculations below are carried out in the
single-band approximation, which implies the inequal -
ity cE/fSH < 1linthecase of E OH [7, 10] (S =

JE4m, , €4isthe band gap, m, isthe electron effective

mass, and c isthe speed of light). Hereafter, wewill dis-
regard exciton-related effects. The influence of exciton
effectson thelinear optical properties of semiconductor
quantum wells was discussed in [11].

1. In accordance with the Kubo formula [12], the
coefficient of interband absorption of light with the fre-
guency Q is defined by the correlation function for

dipole moments and can be written in the secondary-
guantization representation as

4T[e
nocﬁQV

K(Q) = Pors®S 'lasmpipim

aoy

BE; (1)

J’dtexp(th) " (t)al (tag“al 0

Here, we introduce the following notation: a"

a) arethe operators of creation and annihilation of an
electron in theith band (i = c and v refer to the conduc-
tion and valence bands, respectively), a isaset of quan-
tum numbers that describe the state of the electron,
a® is the smoothed wave function of the carrier in the
ith band in the absence of an electric field, P, is the
matrix element of the momentum operator in the Bloch
functions of the valence and conduction bands, & isthe
unit polarization vector of the electromagnetic wave,
V isthe volume of the quantum system, eisthe elemen-
tary charge, my is the free-electron mass, and n, is the
refractive index. In Eq. (1), the averaging Ll..Lis per-
formed with the full density matrix of the systemin a
uniform electric field,

and

DAexp [Ht RE (2

A (i tr
A% = ephA A,

with the Hamiltonian

(') ZE(I) +(l) (l)+ZV(I) +(l) (l), (3)

aa,
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where s ) isthe energy of an electronintheith bandin
the absence of an electric field.

If the electric-field strength E is directed along the
axis Ox, we have

Vf,'f, = e V|xal’n (4

According to Eg. (2), the equation of motion for
aY (t) can be written as

Oy — 1000 () A0 4 B
A () = sFEda’ + ) Vepag (1O 5)
ﬁl:l a % a9 0

Thesolution to Eq. (5) can befound in amanner similar
to that used in [13] and is defined by the relation

() = z<a B“’>a8), (6)

.0
eXp&—(H(') +V)g
B D

where A’ is the Hamiltonian for electrons in the
ith band in the coordinate representation in the absence

of an electric field, V = eEx, and AY |a®= e |a®]

Substituting the expressions for a;(i) (t) and ag) (t) into
Eqg. (1) and taking into account the completeness of the
system of wave functions for electrons, we derive the
absorption coefficient:

4T[e cvg p I
K(Q) = nechav| ZIdtexp(th)
” )
(v) © , ol e
><<0( exp%(H +V)Dexp[1— (H +V)Ea>.

Expression (7) is obtained with regard to the relation

Ea;(")aff) +(c) (V)D“‘éyﬁé

V1P

for adegenerate el ectron gasin the conduction band (the
valence band iscompl etely filled with electrons). In what
follows, we consider the case of the Hamiltonian

2

()
(.2 * 5%, ®)

RS (%Y, 2) = Fo

where P, is the momentum-operator component and
m is the effective mass of an electron in the ith band.

The Hamiltonian of Eqg. (8) describesawide class of
physical problems. If we use the algebra of operators of

SINYAVSKII et al.

the coordinate and momentum [14], it can easily be
shown that

expEri—t[ eEx}E _ exth P2 ieEt’ AE
7iL2m, [ DﬁZm " 2hm, 5
i eExt DeEtD eExt
P 0®POgmpn - POz 0 O
X e [iezEZIBD Eit PL ieEt’s D
POema 0°PHi2m © 2am, 9

With regard to Eq. (9), the absorption coefficient of
Eq. (7) takes, after integrating with respect to t, the form

2
K(Q) = _8re’ [P, &
VnocﬁQwE mo
OGP A iPl O
Zlmﬂs Elfexp O fiek 3eEhpD (19

a,p

I 1 P
XA'[_E%“B ZUD}
where we introduce the following notation: Awe: =

V21, D =1Q + £f —gg , andpt=m;" +m,’
For writing expression (10), we used an integral repre-
sentation of the Airy functions Ai(2) [15],

00

J’dtexthAHat ~ibtd = 2n(3p) ™

0a ggm -, am
*XP 3R Y ig7 A'[ (30) +3U]}

The choice of the Hamiltonian for electrons in the
absence of an electric field in form (8) means that, in

the eigenvalues €1, the term PZ/2m can be explicitly
separated, i.e.,

2
e® = ¢4 Px

a a' m (11)

(a' are quantum numbers that describe, in addition
to P,, the electron state in the ith band).

Thus, the argument of the Airy functionsisindepen-
dent of P, (A + P2/24 = 1Q + £f — €5 = Ayp), and
the matrix element is [a °|B'[= 'C|B'V[6k§, " (kiX isthe
wave-vector component for an electron in the ith band).
Therefore, we can sum over kiX in formula (10) exactly.
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Asaresult, the final expression for the absorption coef-
ficient can be written as

grte”  [2p 2
L,L,nochQthwd]

Pcvg 2

K(Q) = Pov§
Mo

(12)
Aq BD

Z B AiPE-

where L, and L, are the corresponding dimensions of
the semiconductor system. From expression (12), well-
known results for interband light absorption can be
derived [1-3]. For absorption in a uniform magnetic
field gauged with the vector potential A(0O, 0, Hy), for-
mula (12) directly yields the results obtained in [4, 5]
for the coefficient K(Q) (H || E).

2. On the basis of general formula (12), we now
examine the special features of electroabsorption in
size-confined systems. For quantum-confined systems
with an arbitrary one-dimensional potential along the
axis Oz, we have

#? k
e = 0 By
€q N 2mi’ (13)
where s(') are the quantum-confined levels in the
ith band and n® is the number of a particular level. For

the quantum systems under consideration, the overlap
integral for the wave functions can be written as

E9p'0= mIn"B,. . (14)

We now substitute expressions (14) and (13) into for-
mula (12) and integrate with respect to the momentum
fik; using the relation [16]
X o I DR
IJ;(AI (a+x) = 2A|1(2 0()_2 I dxAi(X).
2%%q
Then, the absorption coefficient takes the form

CV%

My

ame’ u
dnych’Q

A
Z|Eh°|n1[|]2A|1D 1% nné%

n, n,

K(Q) =

(15

Here, aisthethickness of the size-confined system and
Do, =hQ + €, — €.

In the absence of an electric field, we have, at
An, > 0, Aiy(-2224,, 1hwe) — O(A,,, ), Where
O(X) is the unit-step function. Then, according to

expression (15), the frequency dependence K(Q) has
the stepwise shape typical of two-dimensional systems.
SEMICONDUCTORS  Vol. 39
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Specifically, for rectangular quantum wells (QWs) with
an infinite barrier height (m°n; O= Onn, )» the well-
known results of [17] for the absorption coefficient can
be obtained directly from formula (15). As follows
from this formula, the frequency dependence of the
coefficient of interband absorption of electromagnetic

waves at any particular strength of a uniform electric
field E is the same for different size-confined systems.

In this case, only the value (the factor [°|n; Jand posi-

tion of the absorption peak (the value of s(') dependson

the shape of the one-dimensional potentia) vary. As
follows directly from the asymptotic behavior of the
Airy function Aiy(x) [15] a A, /Awe > 0, i.e, in the
high-frequency region, the light-frequency dependence
of the absorption coefficient is nonmonotonic. In the
case of size-confined systems, the oscillatory behavior
of K(Q) is more pronounced than in bulk materials. In
the long-wavel ength region of the absorption spectrum
(A, <0) at A, /hwe > 1, the absorption coefficient

K(Q) follows the exponentia frequency dependence
and describes the tunneling process (the Franz—
Keldysh effect). It isworth noting that all the above cal-
culations were carried out for isotropic bands. Exten-
sion of the resultsto the case of anisotropic masses and
consideration of light and heavy holes presents no
problems. The latter consideration leads only to quanti-
tative changes in the oscillatory dependence K(Q) in
the short-wavelength region of the spectrum [17].

We now consider the light absorption in parabolic
guantum wells (PQWSs) in the case where uniform mag-
netic and electric fields are directed along the surface of
asize-confined system under study (H || E || Ox). When
gauging the vector potential A(O, Hz, 0), the Hamilto-
nian is given by

A(|) Zm% eH%
~2

w; 2
zZ,

— + —=
2m 2m
(16)

m;

+ eEx +

where G = ,/8AE A’ /ma’ is the quantum-confine-
ment step and AFE; is the PQW barrier height for the
ith band.

In the absence of an electric field, Hamiltonian (16)
takes the form given by expression (8). In this case,
according to formula (11), we have

ho(k
g, = Z(my) +hw0c(n +1/2),
b o 17
5 G +
= ——— —fiwy, (n" + 1/2) —¢,,
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K(Q), arb. units
151

0.5

|—

-0.1 0 0.1

0.2 Ay/hit,

Fig. 1. Frequency dependences of the optical absorption
coefficient (in arbitrary units) for a parabolic quantum well
in uniform electric and magnetic fields. The dependence for
the case of azero eectric field is shown by curve 1. Curves 2
and 3 refer to wg/w, = 0.033 and 0.1, respectively.

where wj; = 6 + ) and w isthe cyclotron frequency
in the ith band.

The square of the matrix element based on the wave
functions of an electron in a PQW in a magnetic field
[18] can be directly calculated in the simplest case of a
transition of a carrier between the lower quantum-con-
finement magnetic levels (n® = n¥ = 0). The expression
for absorption coefficient (12) takes the form

16me’ /MU /A,
an,ch’Q ActA,

dT ePrai2L Ao
+
Iﬁ A Fo ‘[E

K(Q) =

(18)

0
with
2Mwe
mw,

B = 2 2 (e 1y(p-12

1 1 _
F‘,év + ﬁéc, }\i =

My 6y,

-1 _
M = P

thc ﬁwOV
&8T5 "o

Dy = HQ—

@ A
o = —', = =<,
1 wgl p )\ v
In the absence of an electric field, the frequency depen-
dence of the absorption coefficient exhibits a stepwise
behavior (Fig. 1, curve 1). Under a higher magnetic
field, the step width spansawider region of frequencies
of the absorbed electromagnetic waves (Fig. 1 shows a
part of the first step). This circumstance is due to an
increase in the quantum step corresponding to the mag-
netic-field-induced size confinement. In a constant

SINYAVSKII et al.

electric field, light absorption in the long-wavelength
spectral region (the Franz—Keldysh effect) becomes
possible; in the high-frequency region, the absorption
coefficient K(Q) is described by an oscillatory depen-
dence (Fig. 1, curves 2, 3). The numerical calculations
were carried out for typical AlGaAs-GaAs PQWSs
(m, = 0.06m, and m, = 0.4m,, with, respectively, the
offsets of the conduction and valence bands AE, =
0.255 eV and AE, = 0.17 eV). The other parameters

were the PQW width a= 1000 A, %6, = 14.6 meV, and
£, = 4.6 meV. The magnetic field strength corre-

sponded to the relation 2w, = % G, . In this case, we had
B = 0.3w/w.. Curves 2 and 3 were obtained with
we/w. = 0.033 (E = 125 V/ecm) and we/w. = 0.1 (E =
650V/cm), respectively. As the electric field is
increased, the number of oscillations and their ampli-
tude at the step decrease.

3. Using formula (12), we can easily derive an
expression for the coefficient of interband absorptionin
a superlattice (SL) of period d in a transverse electric
field. With regard to the dispersion relation for charge
carriers, the tight-binding approximation yields the fol-
lowing relation for the eigenvalues [19]:

eV = %[(kix)2+(kiy)2] +g4—Agcos(K.d). (19)

Here, g4 are the quantum-confined level s of theith band
and A4 isthe width of the sth miniband in the ith band.

For the allowed direct transitions (k; = k; ), it fol-
lows from expression (15) that

2
Anep P, g2

SL _

» (20)
£_[1#Q -5 + Ay cos(k,d)]5,
E

Z|u |A|1

s, s, k,

where uS, is the matrix element based on the wave
functions of the sth miniband of the conduction band and
sth miniband of the valence band, £ =&, + (e« + £4,),
and Ag = Ay + A, .

If the width of the minibands can be disregarded
(Ag = 0), expression (20) yields, in the absence of an

electricfield (E = 0), the well-known expron for the
interband absorption coefficient [20].1

Let the width of the miniband be finite (Ag. # 0 and
A, # 0). If we disregard the weak dependence onk, in

the overlap integral u> [21] in this case, we obtain,

L The first allowed minibands are rather narrow; therefore, this
approximation is often used when studying the optical properties
of SLs.
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after summing over the momenta, the following expres-
sion for the absorption coefficient:

8ne’ i

KH(Q) =
dn,ch’Q

Pev§
Mg

S sy, @

Here, we introduced the following notation:

.20 = 3OV 0cH D] + Al =y(x )
(22)

1

_Z_VJ'drarcsinTAi[—y(X+ )] El
Tt_1 0

o2 _hQ-Ey
withy = ga)—EAsg and X = AL
Inthe absence of an electricfield (E=0andy — ),
the function I(y, x) is defined by the relation

lo(X) = %—%Tarcsin(—x)ée(—x)@(l+x)

(23)

0 .0
+ El% + 1a1rcsm>qu)(x)G)(1—x) +0O(x-1).
n O

Thefunction | (x) isshownin Fig. 2 (curve 1). It should
be noted that we consider interband optical transitions
between the lowest minibands, i.e., s=s = 1. In this
case, the frequency dependence KS-(Q) reproduces the
behavior of the electron density of states in an SL in
relationto Q[22]. Inanonzero electric field, absorption
of electromagnetic waves in the long-wavelength
region becomes possible (the Franz—Keldysh effect),
and the function KS-(Q) exhibits oscillations at x > 1.
As the dectric field is increased, the oscillatory peaks
increase in amplitude and their number decreases. In
Fig. 2, curves2 and 3 are plotted for y= 3 and 1, respec-
tively.

We now consider the interband absorptionin SLsin
a magnetic field directed along the axis of quantum
confinement (the axis Oz). Let the electric field be par-
allel to the plane of the size-confined system (E O H).
In Landau’s gauging for the vector potential A(-Hy, 0O, 0),
the Hamiltonian of the system iswritten as

ORI eH P, Pl
H = —®P,+—yw +—L+_—Z+V(2+eE
2m, %X c % 2m;  2m (2) + eEy, (24)

where V(2) is the periodic potential of the SL.

To eliminate the term eEy, we use a unitary transfor-
mation of Hamiltonian (24):
ieE
0o

eAS‘|:|(i)e_AS = |:|(i) with s = - |5y- (25)
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Fig. 2. Frequency dependences of the optical absorption
coefficient (in arbitrary units) for a superlatticein auniform
electric field. The dependence for the case of azero electric
field isrepresented by curve 1. Curves2 and 3refertoy=3
and 1, respectively.

It can easily be shown that

a2 a2
Lip AT B, Py

|1|“) = —
2mi R2 2m| 2m|
2 2 =2 (26)
eER ~ eE
+ PX_ 2.
h 2mw;

We now perform unitary transformation (25) under the
trace sign in expression (7). Taking into account the
completeness of the system of wave functions, we
obtain the absorption coefficient

Sy ATE” P..&|2 c _iv.Pa |gvr?
KH(Q)-V—nOCﬁQW ZBIEG |exp{-ivoPy} [B']
L . @
t c v, CE
x [ dtex D—[ﬁQ—ea+s +=—(m,+m, }g.
£ pDﬁ B 2H2( )D

Here, we introduced the notation y, = eER(1/A%w, +

Uh?w,); €4(€q) is the energy of an electron in the
valence band (conduction band) for the SL in a mag-
netic field. In the tight-binding approximation, this
energy is defined as

el = fw(n+12) +e A cos(Kd).  (28)
In expression (27), [d O] are the wave functions of an elec-
tron in the ith band, which represent the solution to the
Schrodinger equation with Hamiltonian (26) (at E = 0).
These functions are the product of the wave functions

for an SL and the wave functions of an electron in auni-
form magnetic field (n; is the Landau level) [23]. The
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matrix element involved in expression (28) can easily
be calculated as

(ht2"O

K, ky

mxcle—iVoPlevE|= |U§i|6kc k
X y y|j1 |2 <1:|

ﬁyd]

2
D n —nV& y% y%
ISR C—expQ3 (29)
“02R0 v Br®PE R
, O ﬁzy
= |u§i|6k§, kEW“c“v expEl—4—R%, n.zn,.

Let the slight dependence on k& in Uz be disregarded.
Then, for theallowed direct optical transitions (k; = k; ),

we obtain, after summing over kj, an expression for
absorption coefficient (27) in the form

CV§
Mo

2

eXEI—
DZRD

Ko (Q) =

nocQR d
(30)
z |u | |Won,| J’dzé{ D, *+DssCOST

—Tt
S,S'

where
Dnp = hQ—E5 —hwoy(n, + 1/2)

c’E’
—-hw,(n, +1/2) + —(m,+m,
v( ) 2H( )-

Further calculations can be carried out in the same way
as above. As aresult, we obtain

PCV§ 2

My

Ki(Q) =

n,cQR’d

31)
Sgn(As _An n, ) (
expL3 y@ =

b ZR D Ais_Ancnv

< 3 oo

s, s

Formula (31) describes the frequency dependence of the
absorption coefficient typical of the behavior in magnetic
fields. It should be noted that, at E # O, there are no selec-
tion rules (as is standard [6]) for the number of Landau
levels, and the optical absorption edge shifts to the low-
frequency region by the quantity E>c3(m, + m,)/2H2. The
magnitude of the absorption coefficient decreases by a

factor exp{—#i2y2/2R?} typical for the case of crossed

electric and magnetic fields. The square-root singular-
ity of the absorption coefficient in expression (31) can
be eiminated by taking into account, e.g., the interac-

SINYAVSKII et al.

tion of the carriers with lattice vibrations. It should be
remembered that all of the above calculations of elec-
troabsorption in SLs were carried out in the effective-
mass approximation, so the results are invalid in the
limit of high electric fields (the conditions for the Wan-
nier—Stark ladder) [24].
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Abstract—The effect of an electric field on photoluminescence (PL) of silicon nanocrystals formed in silicon
dioxide by ion implantation with subsequent annealing has been studied. Application of an electric field leads
toanincreasein PL intensity by ~10% at low temperatures and an electric field strength of 12 kV/cm and toits
decrease at temperatures above 20 K. Theincreasein exciton PL intensity in an electric field isinconsistent with
the model of recombination of quantum-confined excitonsin nanocrystals. The effect can be described in terms
of amodel of recombination of self-trapped excitonsformed at the interface between aSi nanocrystal and SiO..

© 2005 Pleiades Publishing, Inc.

The mechanism of radiative recombination in nano-
size semiconductor crystals remains an open guestion
in spite of a variety of publications on the subject in
recent years. The efficient luminescence from nanoc-
rystalsis attributed to quantum confinement in crystal-
lites with sizes smaller than the Bohr radius of an exci-
ton as well as to recombination assisted by defects or
foreign substances on the surface of the nanocrystal-
lites. The largest efforts have been applied to study of
the recombination mechanism in Si-based nanocrystal-
lites such as porous Si [1] and nanocrystals grown by
epitaxy [2] or self-formation [3, 4]; nevertheless, the
mechanism of luminescence from Si nanocrystals
remains under discussion. For example, the data
obtained in [5] indicate that effects on the nanocrystal
surface play an important role in the observed photolu-
minescence (PL), whereas the authors of [3, 6] state
that the luminescence of silicon nanocrystalsin thevis-
ible spectral range is due to quantum confinement. In
this study, we present data on the photoluminescence
(PL) of Si nanocrystals embedded in a SiO, matrix
under the action of an external electric field. Our results
indicate that the PL from nanocrystalsis not related to
recombination of excitons via quantum-well levelsin a
nanocrystal. A mechanism of recombination taking into
account structural defects formed in the vicinity of a
nanocrystal is discussed in terms of the self-trapped
exciton model.

Nanocrystal samples were produced by implanta-
tion of Si atomsinto a 0.5-um-thick SiO, layer formed
by oxidation of a silicon substrate followed by anneal-
ing [7]. The implantation energies were 200 and
100 keV at the doses 6.3 x 10 and 3.9 x 106 cm2,
respectively. The post-implantation annealing was per-
formed for 5 h at 1130°C.

An electric field was applied in the no-contact con-
figuration. The sample under study was placed at a
small distance from the surface of a piezoelectric
LiNbO; crystal, in which interdigitated transducers
excited asurface acoustic wave (SAW) [8]. The ac elec-
tric field of the SAW was applied to the sample, and the
PL was excited and measured through the LiNbO; crys-
tal, which is transparent in the used spectral range (see
theinset in Fig. 1). This method of electric field appli-

Energy, eV
1.8 1.7 1.6 L5
600 | . pp— .
F=12kV/em
£
= 400
E
2
=
2
.5 200
—
A

1
750
Wavelength, nm

1
700

Fig. 1. Spectra of steady PL from silicon nanocrystals mea-
sured without an electric field (solid line) and in afield with
a strength of 12 kV/cm (dotted line). The spectra are nor-
malized to the spectrum of sensitivity of the recording sys-
tem. The inset shows the following experimental configura-
tion: IDT isan interdigitated transducer deposited onto the
piezoelectric crysta and RF stands for radio-frequency
voltage.

1063-7826/05/3911-1319$26.00 © 2005 Pleiades Publishing, Inc.
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Fig. 2. Temperature dependence of the integral intensity of
the PL from a nanocrystal with and without an electric field
with astrength of 12 kV/cm. The lines are drawn for conve-
nience.

cation excludes the process of fabrication of contactsto
the sample and makesit possibleto study different sam-
ples under identical conditions. A drawback of this
technique is the limitation imposed on the wavelength
of the exciting laser, which should satisfy the condition
of transparency of the piezoelectric crystal; in our case,
a337-nm pulsed nitrogen laser was unsuitable for study
of the PL kinetics. The measurements were performed
in He vapor in the temperature range 5-120 K in the
traveling SAW mode; in test measurements, the stand-
ing SAW mode could be used. The SAW frequency was
~71 MHz, which corresponds to a wavelength of
~40 um. The maximum strength of the electric field
induced in the sample was calculated from the mea
sured efficiency of the diffraction of light on the SAW
and equaled 12 kV/cm. In order to reduce the average
power applied to the piezoel ectric crystal, the SAW was
excited in the pulsed mode with arepetition period and
pulse width of 320 ps and 64 ps, respectively. The PL
was recorded during the time interval corresponding to
propagation of the SAW over the region of PL excita-
tion. Steady PL wasexcited by anAr* laser (20 mW and
488 nm). Along with steady PL under the electric field,
we studied the kinetics of low-temperature PL from
nanocrystals, which was excited by an N,-laser. The PL
was recorded using adouble monochromator spectrom-
eter with a cooled photomultiplier operated in the pho-
ton-counting mode.

Figure 1 shows the most important result of the
experiment on the effect of the electric field of the SAW
on the PL of nanocrystals. It appeared that, at atemper-
ature of 5K, theintensity of steady PL from the nanoc-
rystals increases by as much as 10% at an electric field
strength of 12 kV/cm. The shape of the PL spectrum,
which has a broad band peaked at about 770 nm,
remains virtually unchanged. Figure 2 shows tempera-
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Fig. 3. Frequency dependence of the change in intensity of
the PL from ananocrystal with a SAW applied in the stand-
ingwave mode at T =5 K (squares). The dashed line shows
the approximation of the frequency response of thelight dif-
fraction in the SAW standing mode. Inset: the changein the
PL intensity vs. the electric field strength.

ture dependences of the integral intensity of the nanoc-
rystal PL in an electric field and without it. These
dependences are similar. They include a portion of
nearly constant intensity at T = 5-15 K, a portion of
intensity increase at temperaturesup to 70 K, and apor-
tion of intensity decreaseat T >80 K. Ascanbeseenin
Fig. 2, the application of an electric field raises the PL
intensity in the first portion of the temperature depen-
dence, whereas, at temperatures above 25 K, the PL is
guenched by the electric field.

Since the intensity of PL from nanocrystals increases
with temperature (Fig. 2; in addition, see [9, 10Q]), it
might be assumed that the intensity increase observed
under a SAW is not related to the electric field but is
caused by the heating of the sample due to ohmic loss
in the interdigitated transducers formed on the piezo-
electric crystal. In order to estimate the effect of heat-
ing, we studied the frequency dependence of the change
in PL intensity with a SAW excited in the standing
wave mode (Fig. 3). In this situation, multiple reflec-
tions of the SAW from theinterdigitated transducers are
responsible for the frequency response being strongly
modulated, with a period of about 100 kHz, which is
determined by the pitch of the transducers. If the
PL intensity is affected by heating of the transducers,
the heating of the sample must be independent of the
SAW frequency. However, in the experiment, the mag-
nitude of the effect of a standing SAW on the PL inten-
sity varied with the frequency of the exciting RF volt-
age in synchronism with the efficiency of the light dif-
fraction on the SAW (see Fig. 3). Thisfact allows usto
leave out the effect of heating of the interdigitated
transducers. This conclusion is also supported by the
nearly linear dependence of the change in PL intensity
on the electric field (see the inset in Fig. 3). If sample
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Fig. 4. Evolution of the spectrum of nonsteady PL from
nanocrystals recorded with different delays after pulse exci-
tation without amagnetic field (solid lines) and on applying
a magnetic field of strength 5.6 T. Temperature equaled
4.3 K, and the delay after the laser pulse, from the top
downwards, was 0.2, 1.4, 4, 8.5, 16, 32, 55, and 110 ms.

heating were a source of increase in PL intensity, this
dependence would be quadratic.

Now, we discuss the problem of correspondence
between the observed increasein the PL intensity under
the action of an electric field and the model of recombi-
nation of quantum-confined excitons in nanocrystals.
In the absence of calculations of the radiative recombi-
nation efficiency for silicon nanocrystalsin an electric
field, we rely on results obtained for other systems.
First, we disregard the effect of fine structure of the
exciton levels. Asiswell known, in bulk structures and
quantum wells, exciton PL is quenched by the applied
eectric field, which reduces the overlapping of the
electron and hole wave functionsin an exciton [11, 12].
In particular, similar behavior was predicted for CdS
and CdSSe quantum dots (QDs) [13] and experimen-
tally observed during optical absorption by CdS QDs
[14] and luminescence from INP QDs [15]. Thereisno
reason to suppose that the effect of an electric field on
silicon QDs leads to the opposite result. Now, we take
into account the fine structure of exciton states. In sili-
con QDs, it givesrise to alower optically inactive trip-
let state and an optically active singlet state with higher
energy [16]. In this case, redistribution of excitons
between the states in the magnetic field [17] or at ele-
vated temperatures [6] modifies the probability of radi-
ative recombination and the PL intensity if recombina-
tion occurs via several competing channels. As far as
we know, data on modification of the time and intensity
of exciton transitions in an electric field for silicon
nanocrystals that takesinto account the fine structure of
exciton states has not yet been obtained. Therefore, we
examine data obtained for a system in which the radius
of the exciton state is close to the nanocrystal size, for
example, organic semiconductors, which are being
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Fig. 5. Configuration diagram of a nanocrystal with an
Si—Si dimer at the interface between the nanocrystal and
amorphous matrix.

actively studied at present. In organic semiconductor
structures, an externa electric field quenches the lumi-
nescence of singlet excitons[18, 19]. The quenching of
the phosphorescence of triplet excitons in an electric
field was observed in [20]. Study of the optical absorp-
tion by triplet excitonsin [21] led to the conclusion that
the cross section for their formation is reduced by an
applied electric field. On the basis of these data, we con-
clude that the increase in PL intensity in nanocrystals
under the action of an electric field cannot be attributed
to effects related to the fine structure of exciton states.

The insignificance of the contribution from the fine
structure of exciton levelsin the PL of silicon nanocrys-
tals is also confirmed by the kinetics of low-tempera-
ture PL from nanocrystals in a magnetic field (Fig. 4).
As can be seen from this figure, the application of a
magnetic field does not change the kinetics of PL from
the nanocrystal's, which indicates that excitons are not
redistributed between the different spin states.

We may conclude, therefore, that the enhancement
of the nanocrystal PL by an electric field isinconsistent
with the model of recombination of quantum-confined
excitons in nanocrystals. At the same time, the
enhancement of the PL may be related to the existence
of some kind of potential barrier in the system, which
can be more easily overcome by carriers if an electric
field is applied. Earlier, we observed a similar effect
during study of the PL from GaAs, which isrelated to
electron capture by shallow donors [8]. The observed
behavior of the PL of nanocrystals in response to the
application of an electric field and variation of the tem-
perature, which is shown in Fig. 2, can be explained in
terms of the model suggested in [22]. The model is
based on the assumption that a self-trapped exciton is
formed on a Si—Si dimer at the nanocrystal boundary.
Figure 5 showsthe configuration diagram of such asys-
tem. Here, Q is the configuration coordinate, which
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characterizes the stretching of the S—Si bond. In the
ground (G) and excited (EXC) states, an exciton
belongs to a nanocrystal. The self-trapped exciton
(STE) state, separated from the excited state by the
potential barrier A, corresponds to a self-trapped exci-
ton localized on the Si—Si dimer. The self-trapped exci-
tonisformed from an exciton in the excited (EXC) state
inthe nanocrystal if the exciton overcomesthe potential
barrier. The probability of overcoming the barrier can
be raised by elevating the temperature or reducing the
barrier height by applying an electric field. In this situ-
ation, the nonzero effect in the time-averaged PL inten-
sity upon application of an ac field is provided by the
nonlinear response of the system. It is noteworthy that
the presence of alow-temperature portion with constant
PL intensity in the temperature dependences shown in
Fig. 2 requiresthat the probability of an exciton tunnel-
ing from the EXC to STE state should al so be taken into
account. It is also necessary to note that achangeinthe
PL intensity isonly possible when competing recombi-
nation channels are considered. In particular, following
an analogy with deep levels in semiconductors, it is
necessary to take into account the probability of recom-
bination of an STE exciton viaanonradiative tunneling
transition across the barrier E*, which separates the
self-trapped exciton state and the ground state[23]. The
decrease in the PL intensity observed under the effect
of an electric field at temperatures above 25K isrelated
to therising efficiency of this recombination channel.

Good agreement between the cal culated and experi-
mental curves is reached when the experimental data
are described in terms of the self-trapped-exciton
model. Nevertheless, the analysis shows that the large
number of parameters used in the model hinders an
unambiguous determination of the height of the poten-
tial barriers and the transition probabilities. In order to
determine the numerical values of the model parame-
ters, further study of the kinetics of nanocrystal PL in
an electric field is necessary.

We have studied the effect of an ac electric field on
the steady PL of silicon nanocrystals formed in a SiO,
matrix by ion implantation with subseguent annealing.
It is shown that the application of the electric field
raises the intensity of low-temperature PL and
guenches PL at temperatures above 20 K. The analysis
of the experimental data shows that the observed
enhancement of the PL in the electric field isinconsis-
tent with the model of recombination of quantum-con-
fined excitons in nanocrystals; instead, it can be
described in terms of amodel of recombination of self-
trapped excitons formed at the interface between the
silicon nanocrystal and SiO..
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Abstract—The degree of circular polarization of photoluminescence from an n-type I11-V-based [001] quan-
tumwell (QW) iscalculated under an electric current flow inthewell plane. It is shown that mixing of the states
of light and heavy holes leadsto circular polarization of photoluminescence during the propagation of light in
the plane of the structure. The role of various terms that are linear in the wave vector in the electron energy
spectrum is analyzed for the effects of spin orientation and emergence of circular polarization of radiation in

the electric field. © 2005 Pleiades Publishing, Inc.

1. One of the main specific features of nanosize
structures fabricated on the basis of I11-V compounds
istheir gyrotropic properties. From the point of view of
symmetry, this fact means that the components of vec-
tors and pseudovectors are transformed by identical
representations, and a linear relation is possible
between them. Phenomenologically, this circumstance
should lead, for example, to the emergence of an aver-
age carrier spin (pseudovector) when a constant el ectri-
cal current flows in agyrotropic medium [1]. A micro-
scopic cause of the linear relation between the average
spin and the electric field is the presence of terms that
are linear in the wave vector in the electron or hole
spectrum. For gyrotropic bulk Te crystals, the emer-
gence of auniform spin density under aflow of current
was predicted by Ivchenko and Pikus [2] and was
detected owing to the additiona rotation of the polar-
ization plane of linearly polarized light, which propa
gates along the main axis of acrystal [3]. For nongyro-
tropic crystals, the emergence of spin density close to
the surface under a flow of current was predicted by
Dyakonov and Perel [4]. For AlGaAs-based structures,
measurement of the degree of circular polarization of
radiation represents adirect observation of the spin ori-
entation [5]. For bulk AlGaAs crystals, the average spin
is related to the degree of circular polarization by a
numerical factor. However, thisis not the case for quan-
tum heterojunctions, and the coefficient depends on the
spin orientation relative to crystal axes.

Recently, the effect of spin orientation of charge car-
riers has been found from the degree of circular polar-
ization in a p-AlGaAs asymmetric heterojunction [6].
The purpose of this study is to calculate the degree of
circular polarization of photoluminescence (PL) for

n-type 111-V-based [001] Quantum Wells (QWS) when
acurrent flowsin the well plane.

2. The symmetry of 111-V-based [001] QWS can be
D,q or C,, . According to this fact, the average electron
spin is ariented in the heterostructure (HS) plane when
a current flows through a QW. However, the relative
orientation of the average spin and current depends on
the relation between various contributions to the
Hamiltonian of atwo-dimensional (2D) gasthat arelin-
ear in the wave vector [7]. If the contribution caused by
the asymmetry of a QW itself prevails and the Rashba
Hamiltonian describes the electron spectrum, the aver-
age spin is normal to the current [8].

If the asymmetry of the heterojunctionitself isinsig-
nificant and the main role belongsto termsthat are lin-
ear in the wave vector and arise owing to the absence of
the center of inversion in abulk material (the Dressel-
haus terms), the spin is not normal to the current, and
the angle between them depends on the current direc-
tion relative to the crystallography axes[7].

In order to induce PL in n-type QWSs, it is necessary
to generate nonequilibrium holes. Nonequilibrium car-
riers can be generated by light. In this case, the circular
polarization of radiation depends on the spatial local-
ization of the carriers. If the nonequilibrium holes are
located in the barrier and their motion is not quantized,
the degree of circular polarization is equal to the aver-
age spin multiplied by 0.25 [9]. If the recombining
holesremaininaQW, their motion isquantized, and, as
a result, the total momentum is aligned aong the
growth axis. Dueto this circumstance, the degree of cir-
cular polarization is equal to zero if an electron and
hole have a zero quasi-momentum. For the entire
charge-carrier ensemble, this fact means that the circu-
lar polarization of radiation will depend on the electron

1063-7826/05/3911-1323$26.00 © 2005 Pleiades Publishing, Inc.
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and hole distribution, and its magnitude cannot be
related to the average spin by asimple numerical factor.
When calculating the degree of polarization, we will
hereafter assume that the nonequilibrium holes
involved in recombination are located at the ground
level of the size quantization and can have a nonzero
guasi-momentum in the well plane when the concentra-
tion of photoexcited electrons is considerably lower
than the equilibrium one.

The polarization properties of the emitted optical radi-
aion are determined by the polarization tensor d,g [10]:

ZvanEmﬁﬁn Pt (1)

Here, p° and p" are the spin density matrices for elec-

trons and holes, and V5, are the matrix elements for
the operator of the momentum component between the
states n for electrons and m for holes. Let us assume
that light propagatesin the plane (x, y) along they; axis,
the z axisis parald to the growth axis while x || (100)
andy || (001), and the electric field has the components
(€, €y, 0). The problem consists in calculation of dyg,
where a, B = z, X;, and x; 0 y;. In a general form, an
electron-spin density matrix with a definite quasi-
momentum can be represented as

Pin = H(Z1 +6S(K

10 ars s-is g )

2D8X+|S/ a-S, D

where a and S(k) can depend on the electric field and
are determined from the solution to the corresponding
kinetic equation, and o; is the Pauli matrix. Let us
assume that the nonequilibrium holes are not oriented
by the electric field and their density matrix isdiagonal:

Ot = 50 1(K). ©

Here, f'(k) is the hole distribution function. In order to
simplify the calculation of the wave functions of elec-
trons and holes, let us consider a rectangular QW and
disregard the odd terms in the wave vector. It is conve-
nient to write the wave functions for the ground state of
the holesin the form [11]

War = €= (Vo) C@ g, * VANV,

=

~Vy(K)C(2)€" U 1, +iV3(K)S(2)€” U gp),
Woap i = e'k"(v3<k)<:(z)e‘°“”k U @

+V,(K)C(2)e” kU]JZ+iV1(k)S(z)e ‘U_

+Vo(K)C(2)U _3p).

AVERKIEV, SILOV

Here, C(2) and §2) are functions that are even and odd
relative to the QW center; V, are the functions of k, with
V, OkMat k — 0O; p(X, y) is the radius vector of a
charge carrier in the well plane; U, are the wave func-
tions at the valence-band top of the bulk material; ¢, is
the polar angle of thek vector; and Aisthearea. Inrela-
tion (4), no alowance is made for the cubic anisotropy
of the valence band.
The electron wave function can be written as

W k:eikp_l_ 1
n,

ﬁf(z)uz, n =tz (5)

2
Here, f(2) is the smooth envel ope of the wave function,
which depends on the potential barrier shape; and U}

is the Bloch wave function in the conduction band at
k = 0. We will further assume that the electrons are
located at the ground level and f(2) is an even function
relative to the well center. Using a canonical basis for

the functions U,,,and U_ [10], we can write the matrix
elements V,,, in theform

X, —in 2i¢
Vigan = g NG yVo(k) A/':% IV, (k)€ %DP,
Vi a2 = £€_2i¢kDP.
Vfuz 32 = —V:/; —312» (6)
x1
Vi —12,-32 = —V?m 32

[

P= J’f(z)C(z)dz.

Here, D isarea constant, and (n,, ny) isthe direction of
the x; vector. We made allowance for the fact that the
optical transitions occur with quasi-momentum conser-
vation so that the electron and hole quasi-momenta
wereidentical. Using set (6) and representations of spin
matrices for the electron and hole densities (2), (3), we
can write expressions for dg:

k
d,, = 20 W2y,
dX1X1 = a(k); (k)D P [3V +V2
—2./3V,V,c082¢, (N —n%) — 4nxnyJ§V0V2§n2¢k] ,

d, = ék)D P (v ®(S-ns) @
- ’\/éVOVZ[ (nxsk - nysy) s ﬂ2(|)
- (S\/nx + any) COSZd)]),
d, = dr,.

zX;

SEMICONDUCTORS Vol. 39 No. 11 2005



CIRCULAR POLARIZATION OF LUMINESCENCE CAUSED BY THE CURRENT

The circular polarization is defined by the imaginary
part of d,,, and it follows from set (7) that, at k = 0, we
have d,, = 0. By order of magnitude, V, = E,/A, where
Ais the guantum confinement energy for light holes.
Since it is possible to expect that, under experimental
conditions, there would be few photoexcited holes and
their energy E,, would be much lower than A, we abtain
V, < 1. Infurther calculations, we will restrict the anal-

97)circ =

4 IV V,P* 1" (K)((n,S, — nysy)sm2¢ (S0 + Siny) c0529)0
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ysisto this approximation. The magnitudesof S and S,
are proportional to the electric-field strength. There-
fore, when calculating the degree of circular polariza-
tion in the approximation that is linear in E in expres-

sonsfor d, , and d,, thereisno need to make allow-

ance for the field dependence of a(k) and f(k). The
degree of circular polarization is defined as

(8)

J3 P?a(k) f"(k)Vid

In relation (8), the symbol [Tldenotes integration with
respect to d’k, and it is taken into account that the aver-
age values of a(k)f'(k)cos2¢ and a(k)f(k)sin2¢ are
equal to zero at ‘€ = 0. In addition, theintegrationis car-
ried out here with respect to the frequency of the emit-
ted light, meaning that relation (8) yields the magnitude
of the average degree of circular polarization of PL.
Thus, it is necessary to determine S,, f(k), and f(k).
The form of (k) is determined by the photoexcitation
conditions, while Sand a(k) should befound by solving
the kinetic equation [5]
L, 0]+ %0 = sip,
)

H(kl) = é(cﬂ(kl)) = B0k

(l)

Here, [H,’, p] denotes the commutator; Sp denotes

the collision integral; and H(kl) denotes the Hamilto-
nian that describes splitting of the levels in the approx-
imation that is linear in the wave vector. A nonequilib-
rium spin emerges during spin relaxation; therefore, the
magnitudes § depend on the spin relaxation mecha-
nisms. We will further calculate S and P, under the
assumption that spin relaxation proceeds mainly
according to the Dyakonov—Perel kinetic mechanism.
To simplify the calculations, we will assume that scat-
tering occurs at the A potential, which means that the
relaxation times of various harmonics of the distribu-
tion function are identical. In this case, the collision
integral can be expressed as[5]
Stp

(10)

= W,y {B(Ec—Eic+ H —HI), p(k) —p(K)} -
k

2,2
2m*’
{AB} = (AB + BA)/2 denotes the anticommutator, and

W, is the squared absolute value of the matrix element
that corresponds to electron scattering by impurities. In

Here, E, = m* is the effective electron mass,
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the absence of an electric field, the equilibrium density
matrix takes the form

1
Po = 5 fo(Ex+ HIN. (11)

Here, f; is the equilibrium electron distribution func-
tion, nisthe equilibrium electron concentration, and p,
from relation (11) causes collison integra (10) to vanish.
When solving Eq. (9), wewill assumethat H"” < E, and
represent relations (11) and (2) as the sum

l afOH(l)

2 6E (12

~ _ 1
p = 3nfo(E)I +5

Here, p° describes variation in the spin density matrix

in an electric field. Substituting p, = %fo(Ek)I ¥

1af0 6
20E, Hi

the nonzero spin splitting of the states. The absence of
circular polarization is associated with the fact that p,
includes the zero and first circular harmonics, while
only the second harmonic can lead to nonzero d, ,
according to relation (8). Asaresult, a(k) in the denom-
}n(aé(:)r of relation (8) linear in € should be replaced by

n.

’ To determine S(K), po should be substituted into the
field term, and terms that are linear in H, should be

retained in the collision integral [5]. Substituting rela
tion (11) into Eg. (9) and, sequentialy, caculating

into relation (8), we obtain P ;. = 0, despite

2Spc and2 »

S(k) and a(k). Finally, after substituting the expression
for a(k) into the equation for §(k), we obtain an equa-
tion for the carrier spin S,(k) in the form

. = 28180
0

we can obtain connected equationsfor

[2,S]

5t (13)
+= (e‘évQ [e%8vQ,(K)On EO.
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Here, [2,S], denotes the vector product; [ ldenotes
averaging of the vector k over the angle; and 1, is the

relaxation time, %1— =W, 5, 8 (E ~ E(K). For the 2D
0
carriers studied here, the relaxation time is energy-
independent. In contrast to [5], Eq. (13) isalso valid at
Q"' 1, = 1. The equations for S, are easily solved for
the arbitrary form of Q(kl) ; however, the expressionsfor
S(K) are very cumbersome. Therefore, as an example,
we further consider the cases in which only one of the

contributionsto the splitting linear in the wave vector is
dominant.

The linear splitting is caused by the absence of the
center of inversion in a bulk material (the Dresselhaus
Hamiltonian) [5]:

2
Qy = _%BDky’

y |1(010).

2
= %BDkxv
x| (100),

In this case, solution (12) takes the form

S, =0, S = KBp(Ekek, +€,K);
e f

K = —Ton
m = 9E

(14)

S, = —KPp (K + € kk,),

We can use solution (14) to obtain an expression for the
angle © between the average spin and the direction of
the electric field [7]:

2

2
O = arccosy—x. 15
Ei+ €l 1o
The termsthat are linear in k are determined by the
asymmetry of the heterointerface (the Rashba effect):

2 2
= f_«LBRky; Qy = _f_iBka;

as aresult, we obtain

S, =0, S = KBp(E.K;+Ekk,),

(16)
S, = —KBRr(Ekek, +E,K).

In this case, the average spin is normal to the direction
of the electric field. Relations (14) and (16) are
obtained under the assumption that spin relaxation pro-
ceeds according to the Dyakonov—Perel kinetic mecha-
nism and 1, is independent of the electron energy. It is
noteworthy that the average values of [§[oincide with
the corresponding values from [5, 7, 8]. Substituting

AVERKIEV, SILOV

relations (14) and (16) into the relation for P, w
obtain

P20 = Boln =6, 220

1 5

-n,é,)—

PPV V, £ (K)KO
P2 fnf"(K)VO

Inrelation (17), n' is the unit vector in the direction y;
of propagation of light. An interesting specific feature
of relation (17) consists in its different angular depen-

dences for P, and P2,.. For PX.., the degree of

circular polarization is aways highest in the direction
normal to the electric field. If the Dresselhausterms are

dominant in the Hamiltonian of the 2D gas, Poe
depends not only on the relative orientation of n' and €
but also on their arrangement with respect to the crys-
tallographic axes. If an electricfield isapplied aong the
axes [100] €, = +€,, then, as follows from [17], the
degree of circular polarization is always highest for
light propagating normally to the electric field. For € ||

[100], P2, islargest for n' ||[100], while P, =0for
this n'. This circumstance makes it possible to deter-
mine the relative role of various contributions that are
linear in k to the energy spectrum of the 2D gasfromthe
angular dependence of polarization. The magnitudes of
P e are proportional to the first degree of the parame-
ters 3. Strictly speaking, = 0 for a symmetrical
well. However, in this study, a symmetrical rectangu-
lar well was used only to calculate the spectrum and
wave functions of the ground state of electrons in the

case QY < Eg. If theasymmetry of aQW isinsignif-
icant, then B # 0, and the wave function remains sym-
metrical relativeto thewell center. Sincethevaluesof S,
are proportiona to the first degree of Bg, the above cal-
culation isalso valid for asymmetrical electron wells at
QY <E..

3. Let usestimate the values of P, for an infinitely
deep potential well for holes. Let us assume that photo-
excited holes have a uniform energy distribution in a

certain range (0, Ep). V, = E/A < 1,V = 1, and P2 is
independent of the wave vector. The latter condition is
satisfied at Ey/A < 1. Then, P, = V,[5/n, where S is
the average spin in the electric field according to rela
tion (14) or (16). For adegenerate electron gas, we have
S/n O €€PB1y/Er, where E is the Fermi energy of the
electron gas. For GaAs at B =102 eV A, 1,= 10 s,
€ =10V/cm, and n = 102 cm2, we obtain S/n = 0.10.
Thisresult meansthat, at V, = 0.2, thevaueof P, = 2%.

CI rc BR( n (17)

SEMICONDUCTORS Vol. 39 No. 11 2005



CIRCULAR POLARIZATION OF LUMINESCENCE CAUSED BY THE CURRENT

Although the magnitude of the polarization isnot large,
it can be detected experimentally. Thus, it has been
shownin thisstudy that the spin orientation by acurrent
of majority carriers in a symmetric QW [001] leads to
circular polarization of the radiation propagating in the
QW plane. For asymmetric QWSs, the degree of polar-
ization can be calculated by the method developed in
this study. For n-type HSs, relations (14) and (16) are
conserved. However, the components of the polariza-
tion tensor d,z will be more cumbersome. Since the
expressions for §, include the zero and second circular
harmonics only, the degree of circular polarization for
asymmetric heterojunctionsis also determined by mix-
ing of the states of heavy and light holes. Therefore,
relation (17) can be used to estimate %, for asymmet-
ric QWs when spin relaxation of the majority carriers
proceeds predominantly according to the Dyakonov—
Perel kinetic mechanism.

This study was supported by the Russian Founda-
tion for Basic Research, INTAS, and scientific pro-
grams of the Russian Academy of Sciences.
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Abstract—The structure of opal—ZnO composites is studied by transmission electron microscopy and X-ray
phase analysis. It is shown that, under thermal treatment of infiltrated samples, a solid-phase reaction proceeds
a the opal—ZnO interface. As a result, zinc silicate 3-Zn,SiO, and its high-temperature phase, willemite
Zn,Si0,, are formed. The structure and emission properties of the nanocomposite are studied in relation to the
degree of filling. For asample subjected to 25 cycles of filling, luminescence controlled by the 3-Z2n,SiO, phase
is detected in the blue spectral region (at 430 nm). The angular dependences of the luminescence and reflection
spectra of an opal—ZnO composite sample subjected to four cycles of filling show the effect of suppression of
a spontaneous emission of zinc oxide in the photonic band gap. © 2005 Pleiades Publishing, Inc.

1. INTRODUCTION

In the last few years, the development of efficient
light emitters based on photonic crystals has attracted
increasing interest from researchers [1-3]. In this
regard, the greatest potential is exhibited by three-
dimensional (3D) photonic structures, e.g., opal matri-
ces[4—7]. A number of studies have dealt with the emit-
ting properties of organic molecules, semiconductor
nanocrystals, and rare-earth ions introduced into opal
matrices [3-5]. Mo et al. [8] reported an enhancement
of the green luminescence linein ZnO deposited in the
mesovoids of a silicon dioxide aerogel. The lumines-
cence of ZnO oxide quantum dots has been detected in
opal—ZnO structures[9] and amorphous silicon dioxide
layers deposited on a zinc oxide film on a silicon sub-
strate and subjected to an appropriate thermal treatment
[10]. Recently [11], we have devel oped a technol ogical
process consisting in infiltration of zinc oxide into the
3D opal lattice by chemical deposition from a solution
and obtained opal-ZnO composite samples that show
predominantly ultraviolet (UV) luminescence at room
temperature. Fabrication of ZnO-based high-quality
nanostructures that emit radiation predominantly in the
UV region is required for the development of high-
power semiconductor light sources for this spectral
region. Zinc oxideisexactly the same asgallium nitride
initsoptical, electrical, and structural parameters; how-
ever, ZnO ismuch simpler than GaN from atechnol og-
ical standpoint and more stable under operating condi-
tions. Moreover, thefree exciton binding energy in ZnO
is~60 meV [12], i.e., istwice higher than that in GaN.
As a consequence, excitonic emission is the major
channel of recombination in ZnO at room temperature.

In this paper, we report data on the structure of
ZnO-infiltrated opal matrices studied by X-ray phase
analysis (XPA) and transmission electron microscopy
(TEM) in relation to the filling factor. The emission
properties of the opal-ZnO composites were also stud-
ied. It was found that the excitonic emission of ZnO in
the structure features an anisotropy corresponding to
dispersion of the first band gap of opal with respect to
frequency and angle.

2. EXPERIMENTAL

The pores of the opal matrix were filled by impreg-
nation with a solution of zinc nitrate Zn(NO), - NH,O
and subsequent decomposition of the nitrate to oxide by
thermal treatment in air for 15 min at 600-800°C.
A description of the impregnation procedure can be
found in [11]. Samples of about 5 x 4 x 3 mm? in size
were fabricated. The degree of filling of the pores with
zinc oxide was 30, 50, and 100% of the total volume of
the pores. The size of the zinc dioxide spheres varied
from 220 to 320 nm for different samples. Thethin nano-
composite samples needed for the TEM measurements
were prepared by mechanical polishing of bulk samples
and subsequent thinning by ion etching. The structural
studies were performed using a JEOL JEM-2000FX
transmission e ectron microscope. The element compo-
sition of the samples was determined by X-ray energy-
dispersive spectroscopy. The spectrometer allowed us
to detect elements ranging from Nato elements with a
higher atomic mass. The X-ray phase analysis was car-
ried out using a Siemens-D500 diffractometer with
CuK, radiation.

1063-7826/05/3911-1328$26.00 © 2005 Pleiades Publishing, Inc.
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Fig. 1. TEM image of certain areas of the opal—ZnO com-
posite fabricated in four cycles of filling with ZnO.

The spectra of photoluminescence (PL) and reflec-
tion of the opal-ZnO nanocomposites were studied.
The PL measurements were performed at room temper-
ature with a high angular resolution and at different
PL-signal recording angles. The samples were pumped
with different intensities of excitation with a pulsed
nitrogen laser operating at the wavelength 337.1 nm, a
pulse duration of 0.6 ns, and output power of 2.3 MW.
The reflection spectra were recorded under irradiation
of the samples by ahal ogen filament lamp with 50 W of
power. The radiation of the lamp was transmitted
through an MDR-23 monochromator and, then, was
incident on the sample surface. The intensity of the
reflected signal was measured at different angles of
incidence. In the optical experiments, the spectral reso-
[ution was no poorer than 0.1 nm.

3. STRUCTURE

We studied opal—ZnO nanocomposite samples dif-
fering in relation to the number of cycles used tofill the
space between the opal-constituent SIO, spheres with
zinc oxide. The number of cycles was 4 and 25. For
these samples, the fraction of pores filled with ZnO
was, correspondingly, 30 and 100%, as calculated from
curves for the weight gain. From the TEM images and
electron diffraction patterns, it follows that the opal
samples have a regular structure of amorphous SiO,
spheres 240-260 nm in size. The space between the
spheresispartialy or completely filled with apolycrys-
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Fig. 2. TEM image of an area of the opal—ZnO composite
fabricated in 25 cycles of filling with ZnO.

taline material. As suggested by the characteristic
X-ray emission spectra detected from the space
between the spheres, zinc dominates over silicon in the
composition of this material. The Si-related signal in
the characteristic emission X-ray spectra can be
accounted for by the fact that the excitation area was
larger than the pore size. The TEM images and the
X-ray spectra show that, after four cycles of filling, the
empty space between the SiO, spheres is not com-
pletely filled with zinc oxide. For example, it is evident
fromtheinsetin Fig. 1 that, along with domains of non-
uniform dark contrast between the spheres, there exist
unfilled domains of uniform light contrast. In the dark
domains, the fine-grained structure of the filling mate-
rial iswell pronounced (Fig. 1). Theelectron diffraction
patterns show that this material is polycrystalline.

After 25 cyclesof filling, the pores between the SIO,
spheres in opal are completely filled with ZnO, as is
clearly shown in Fig. 2.

The constituent SIO, spheres of the opal samples
subjected to four cycles of filling with ZnO have well-
pronounced boundaries; some of the spheres show a
border of very dark contrast (Fig. 1). In contrast, the
SiO, spheres in the samples subjected to 25-fold filling
with ZnO essentially have smeared boundaries (Fig. 2).
Thisallowsusto suggest that solid-phase reactions pro-
ceed at the opal—-ZnO interface.

The electron diffraction patterns of both samples
show that there is a polycrystalline material between
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Fig. 3. X-ray diffraction pattern of alap prepared from the
opa—ZnO composite fabricated in four cycles of filling with
ZnO. The indices of the reflection peaks not marked by
asterisks and marked by one or two asterisks refer to the
Zn0, Zny,Si0y, and B-Zn,Si0, phases, respectively.
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Fig. 4. PL spectra of the opal—ZnO nanocomposite samples
differing in the number of cycles used to fill the space
between the constituent SIO, spheres of opal with ZnO.
Curves 1 and 2 refer to samples fabricated in 4 and
25 cycles, respectively. T =300 K.

the SiO, spheresin the opal. Calculation of the diffrac-
tion vectorsrevea sthat the electron diffraction patterns
contain, along with reflections corresponding to ZnO, a
number of reflections belonging to another phase.
However, because of the high background level in the
patterns due to the amorphous structure of the opal
clusters, it is difficult to unambiguously identify what
crystalline material is responsible for these additional
reflections.

In order to clarify the phase composition of the crys-
talline phases, X-ray diffraction patterns were obtained

EMEL’CHENKO et al.

for laps prepared from the opal samples subjected to 4
and 25 cycles of filling. Analysis of the diffraction pat-
terns suggests that, in the sample filled in four cycles,
the major phase is zinc oxide (Fig. 3). Apart from ZnO,
there exist zinc silicate 3-Zn,SiO, (ICDD PDF-2,
14-0653) and a small amount of its high-temperature
phase, willemite Zn,SIO, (ICDD PDF-2, 37-1485). In
the sample filled in 25 cycles, the major phase is zinc
silicate 3-Zn,SIO,4; willemite and zinc oxide are aso
present. These results alow us to conclude that, under
thermal treatment of samples impregnated with zinc
nitrate, zinc oxide interacts with amorphous silicon
dioxide, resulting in the formation of zinc silicates.
Since a therma treatment is performed during each
cycle of filling, the higher the number of cycles, the
larger the fraction of zinc oxide converted into zinc sil-
icate. The formation of the willemite phaseis of partic-
ular note. According to the available data (ICDD PDF-2,
14-0653), zinc silicate B-Zn,SIO, transforms into
willemite at 960°C. In the experiments carried out dur-
ing this study, however, the annealing temperature was
not higher than 800°C. Such a lowering of the phase
transition temperature could be due to the nanometer-
scale size of these crystals.

4. LUMINESCENCE AND REFLECTION
SPECTRA

Figure 4 shows the room-temperature PL spectra of
the opal samples after 4 (curve 1) and 25 (curve 2)
stages of filling with ZnO. For the samplesfilled in four
stages, aUV excitonic peak and agreen peak typical of
the ZnO hexagona phase can clearly be seen at the
wavelengths 382 and 530 nm, respectively. The pre-
dominance of excitonic emission suggests that the zinc
oxide formed in the pores of the opal samplesisof high
crystal quality and stoichiometric composition. As the
number of stages of filling increases, two broad emis-
sion bands with peaks at 430 and 515 nm appear in the
PL spectra of the opal—-ZnO nanocomposites. In this
case, the green emission band may be due to oxygen
vacanciesin zinc oxide [11], whilethe blue band is con-
trolled by the zinc silicate phase 3-Zn,SiO, [13]. The
lack of excitonic luminescence from zinc oxide in the
spectrum (curve 2) may be caused by the large amount
of silicon admixture remaining in the ZnO phase after
25 stages of filling and thermal treatment of the nano-
composite samples.

Comparison of the PL spectra shown in Fig. 4 sug-
gests that the samples subjected to four stages of filling
can be used for the fabrication of UV emitters with a
distributed feedback. In this case, the opal matrix con-
trols the allowed modes of the emitter, and the zinc
oxide incorporated into the pores of the opal serves as
an emitting medium. Due to the opal matrix, the exci-
tonic luminescence of ZnO can be observed only in
some specified directions. In this context, we studied
the angular dependences of the PL and reflection spec-
tra for the nanocomposites; these spectra featured an
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Fig. 5. PL spectra of the opal-ZnO nanocomposite after
four cyclesof filling with ZnO at different PL-signal record-
ing angles ¢: (1) 12°, (2) 20°, (3) 35°, and (4) 50°. The PL
intensity is divided by sing. The excitation power density
was 70 MW/cm?. T = 300 K.
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Fig. 6. Reflection spectra of the opal—ZnO nanocomposite
samples (four cycles of filling with ZnO) at different angles
of incidence with respect to the sample surface: (1) 90°,
(2) 67.5°,(3) 52.5° (4) 45°, (5) 30°, and (6) 22.5°. T=300K.

intense UV emission band (there were four stages of
filling with ZnO).

Figure 5 shows the PL spectra of the opal—ZnO
nanocomposite samples after four stages of filling with
ZnO. The spectrawere excited in adirection orthogonal
to the sampl e surface and recorded at different angles ¢
with respect to the surface. The PL intensity was
divided by the sine of the angle of recording to compen-
sate for changes corresponding to Lambert’s law. Nev-
ertheless, it can clearly be seen that, as the angles ¢
decrease, theintensity of the excitonic emission of ZnO
at 382 nm sharply decreases. This observation can be
accounted for by the existence of a stop band for violet
light along some directions of the opal structure.
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For recording the stop bands of the material, we
studied the mirror reflection spectra of the opa—-ZnO
structures at different angles of incidence of the light
beam (Fig. 6). Asis evident from Fig. 6, the reflection
peak corresponding to the stop-band shifts to shorter
wavel engths asthe angles of incidence are decreased. It
is because of the lack of propagating short-wavel ength
electromagnetic modes along these directions in the
opal matrix that the excitonic emission of zinc oxideis
virtually quenched in the PL spectra of the nanocom-
posite (Fig. 5, curves 1, 2). The effect of suppression of
spontaneous emission from zinc oxide in the photonic
band gap is observed in this case. As aresult, the emis-
sion of zinc oxide along the other directions of the pho-
tonic crystal is enhanced.

5. CONCLUSION

Our TEM and XPA studies of opa—ZnO composites
have shown that, under thermal treatment of the infil-
trated samples, a solid-state reaction proceeds at the
opal—ZnO interface and results in the formation of zinc
slicate 3-Zn,SiIO, and its high-temperature phase,
willemite Zn,SIO,. It is established that, in these sam-
ples, the willemite phase is produced at temperatures
below 800°C, which is considerably lower than the
phase transition temperature (960°C) reported earlier.
For the sample subjected to 25 cycles of filling with
Zn0O, no luminescence signal in the region of excitonic
emission in ZnO was detected. At the same time, a
broad emission band controlled by the 3-Zn,SiO, phase
was observed in the blue spectral region (430 nm). The
angular dependence of the PL spectra of the opal—ZnO
composite fabricated in four cycles of filling showed a
sharp decrease in the intensity of 382-nm excitonic
emission at small PL-signa recording angles. This
result may be due to the stop band for violet light for
certain directions in the opal structure. Such an inter-
pretation is confirmed by measurements of the angular
dependence of the mirror reflection spectra. The spectra
suggest the effect of suppression of the spontaneous
emission in the photonic gap.
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Abstract—The photoluminescence and electrical properties of organic semiconductors of polyamide acid
(PAA) and its complexes with lanthanides are investigated. On the addition of Laand Th to PAA, the emission
intensity increases by 40%. No inherent bands of lanthanides are found in the emission spectrum. The current—
voltage characteristics and the temperature dependence of the conductivity of PAA and its complexes areinves-
tigated for layers ranging from 40 to 0.1 um in thickness. A specific feature of its electrical propertiesisahys-
teresis of the temperature dependence of conductivity with an increase or decrease in temperature. A consider-
able deviation of the current—voltage characteristics from linearity, which is associated with injection currents,
is observed for layers 0.1-0.2 um thick. The breakdown voltage and limiting-current density for these layers
are 3-8V and (2-1) x 1072 A/cm?, respectively. The obtained value of the current density is comparable with
the current density in layers of electroluminescent conjugate polymers at the same voltages. © 2005 Pleiades

Publishing, Inc.

1. INTRODUCTION

The luminescence and electrical properties of
organic polymers are of great interest, sinceit is possi-
ble to fabricate efficient electroluminescent diodes
based on them. Promising e ectroluminescent materi-
als, along with intense luminescence, should have suf-
ficiently high stability and the ability to provide a high
current density in the diodes.

The known organic semiconductors with high elec-
troluminescence efficiency are polymers with conju-
gated bonds, namely, polyphenylvinylene (PPV) andits
derivatives [1, 2]. The optical and electrical properties
of PPV closely resemblethe properties of chalcogenide
vitreous semiconductors. For PPV, arelatively broad opti-
cal absorption band is observed, the spread of the long-
wave ength absorption edge follows the exponentia law,
and the charge-carrier mohility is ~10° cn?(V ) [3].
Polyamide acid (PAA) and the metal—polymer
PAA-based complexes of transition metals exhibit pho-
toluminescence (PL) comparablewith that observed for
PVV inreation to efficiency and spectral distribution [4].
A metal—polymer complex is a compound with a cen-
tral metal atom, the so-called complexing agent, which
islocated in the coordination bond with fragments of a
polymer chain, the so-called ligands.

It seemsinteresting to further study PAA complexes
with various elements that can introduce their charac-
teristic bands in the spectrum. Such elements are tran-
sition metals, namely, rare-earth metals or lanthanides,
which have narrow luminescence bands that are found in
awidewavelength rangefrom visibleto IR radiation [2].
In this context, we examined the PL and el ectrical prop-
erties of La-containing PAA complexes (PAA-La*)
and Th-containing ones (PAA-Tb?).

2. THE SAMPLES

The polymers of PAA and the PAA-based com-
plexes, specificaly, polyamide acids with imide and
biquinoline unitsin their main chain, are soluble hydro-
Iytically stable materials that can form transparent
films. These films have high strain—strength properties
and thermal stability up to 180°C. Due to the presence
of biquinoline unitsin their main chain, these polymers
form stable soluble complexes with transition metals.
The Lacontaining PAA complex was obtained by
introduction of LaCl; into PAA. The genera structural
formula of the complexes (PAA-La**) can be repre-
sented as

1063-7826/05/3911-1333$26.00 © 2005 Pleiades Publishing, Inc.
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To obtain the Tb?*- and Tb®*-containing metal—
polymer complexes, we used ThCl, and TbCl; salts,
respectively.

On heating to 180-250°C, cyclization sets in the
polymers, and they transform to high-strength nonfrag-
ile polybenzoxazinonimides [5]. The obtained polymer
solution was poured onto glass substratesto form films,
which were dried at 100°C to a constant weight. The
films were 0.1-40 pum thick.

3. LUMINESCENCE

To excitethe PL, we used an N, laser with theemis-
sion wavelength A = 337 nm. When measuring the PL
spectra in the visible spectral region 300900 nm, we
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Fig. 1. Spectral distribution of photoluminescence intensity
for (1) polyamide acid and its (2) La3*-containing and
©)] Tb%*-containi ng metal—polymer complexes. Curves 1
and 3 are compiled from [4].
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used a photomultiplier. To measure the spectrainthe IR
region 800—1800 nm, we used an InGaAs photodiode.

ThePL spectraareshowninFig. 1. The spectra depen-
dences of the PL intensity are peaked at 520-540 nm.
The peak positions virtually coincide with the wave-
length of the PL peak for the conjugate PPV polymer.
The PL intensity for PAA and its complexes was of the
same order of magnitude asfor PPV and its complexes.
Thesimilar character of PL for the conjugate PPV poly-
mer and PAA can be accounted for by the existence of
sufficiently long sections of conjugated bonds in PAA.
After adding La to PAA, we observed a considerable
increase in the emission intensity, which attained 40%
at the wavelength of light corresponding to the emis-
sion peak. No additional bands in the near-IR region
werefound. It was previously noted that theintensity of
the main band increases as Tb is introduced into PAA,
although no inherent PL band of Tb was found in this
case [4]. It seemslikely that the phenomenon observed
can be attributed to the effect of introduction of a heavy
atom. It isassumed that this effect is associated with the
effect of the metal atom on the spin—orbit interaction in
the ligand [6-8].

When studying the polymer complexes of lan-
thanides, it was found that photoexcitation of electrons
in the ligands (rather than direct excitation of the metal
atom) leads to the emergence of atomic lines of lan-
thanides [9, 10]. The PL of lanthanides in polymer
complexesis usually associated with the electron exci-
tation via energy transfer to the electrons from atriplet
level of the ligand and a subsequent electron transition
to the lower allowed states. In this case, the ligand
serves as an antennathat transfers energy to the excited
lanthanide. The absence of the characteristic emission
lines of lanthanidesin the emission spectrum of the La-
and Tb-containing metal—polymer complexes may be
caused by the low efficiency of the energy transfer from
the ligand to the lanthanide, which is determined by the
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distance between the center of the ligand and lanthanide
aswell as by the ratio between the energies of the triplet
state and luminescent state of lanthanide [11, 12].

4. ELECTRICAL PROPERTIES

Asthe electrical properties, we studied the current—
voltage (I-V) characteristics and the temperature
dependence of the conductivity of the PAA, PAA-La*,
and PAA-Tb?* layersin awide thicknessrange from 40
to 0.1 um. For the layers thinner than 2 pm, one of the
electrodes was the ITO layer and the second electrode
was made of Al or graphite. Colloidal graphite was
used for 20- to 40-pm-thick layers.

The -V characteristics were measured for constant
and pulsed voltages. It was found that the shape of the
|-V characteristics depends strongly on the film thick-
ness. For films 40-5 um thick, no deviations of the
|-V characteristics from linearity were observed at
voltages as high as 100 V.

A specific feature of the temperature dependence of
conductivity for both PAA and its complexesis a hys-
teresis, which manifests itsalf in the fact that the con-
ductivity behaves differently as the temperature
increases and decreases. Figure 2 showsthevariationin
the current if the temperature T is increased or
decreased. In the region T = 290-350 K, we observed
hysteresis of the temperature dependence. As the tem-
perature increases, the current is considerably higher
and depends more weakly on the temperature (curve 1)
than when temperatureis decreased (curve 2). Thetem-
perature dependences of the current during the repeated
heating—cooling cycle (dependence 3) are identical to
each other and similar to the dependence obtained
when temperature is increased in the first cycle. If the
temperatureis stabilized in the range 320-350 K in the
first cycle during the temperature increase, the current
decreases with time. For example, asthe temperatureis
stabilized at T= 340K, the current decreases by afactor
of approximately 4 in 5 min. This phenomenon shows
that the origin of the hysteresis is associated with vari-
ation in the composition and structure of the polymer,
which leads to a decrease in its electrical conductivity
as the temperature increases during the first heating—
cooling cycle. During the subsequent cycles, the polymer
structure stabilizes. A hysteresis of thistype was observed
for trans-carotene and attributed to a variation in the con-
centration of oxygen adsorbed in the sample[13].

The temperature dependences of the current, which
were recorded during the repeated cycles, are shown in
Fig. 3. They show that the conductivity depends on
temperature exponentially, and the activation energy
for this process is ~1.3 eV for PAA and 1.5 eV for
(PAA-La*).

For layers 2040 pm thick, the room-temperature
conductivity was ~1012 Q- cm. At such low conduc-
tivity of luminescent polymers, a high current density
and high emission efficiency in luminescent diodes are
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Current, A
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Fig. 2. Temperature dependence of the current in a40-pm-thick

film of the La3*-containing metal—polymer complex of
polyamide acid (1) for an increase, (2) for a decrease, and
(3) for arepeated increase in temperature. The area of the

electrodesis 0.0425 cm?, and the voltage applied is 9.2 V.

Current, A
1077 3
- 2
1078 3
- 1
107 3
10710%
C 1 1 1 1 1 1
2.5 2.6 2.7 2.8 2.9 3.0

1000/T, K~

Fig. 3. Temperature dependence of the current in the layers
of (1) polyamide acid and (2) its La3*-containi ng metal—
polymer complex for a repeated increase in temperature.

The area of the electrodes is 0.0425 cm?, and the voltage
appliedis9.2V.

attained due to space-charge-limited injection currents
(SCLCs). For the SCLCs to occur, the total charge
g = CU, which emerges at the electrodes of a sample
with the capacitance C, should enter a sample when a
voltage U isapplied to the el ectrodes. The magnitude of
the SCLC in the solid state, with or without traps that
have adiscretelevel, isdescribed by the dependence[14]

| = 8epU?/9L®,
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Fig. 4. Current—voltage characteristics of the films of
(a) polyamide acid and (b, c) its Tb2+-containing metal—
polymer complex at voltages below those corresponding to

the threshold. The film thickness was (a) 0.2, (b) 0.1, and
(c) 0.16 pm.
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Fig. 5. Sshaped current—voltage characteristics of the
Tb2+-containing metal—polymer complex of polyamide
acid. Thefilm thicknesswas (a) 0.1 and (b) 0.16 um.

where ¢ isthe permittivity, 1 isthe mobility, and L isthe
sample thickness.

The magnitudes of these currents depend strongly
on the thickness. Therefore, the typical thickness of the
polymer layer in electroluminescent diodes is only
0.1 um. A square-law voltage dependence of the cur-
rent, which is characteristic of an SCLC, is often
observed for thin layers of conjugate polymers in the
high-field region [15].

Figure 4 shows that nonlinear 1-V characteristics,
which can be represented by an exponentia voltage
dependence of the current density, are observed for
~0.1-um-thick layers of PAA and its complexes. The

LEBEDEYV et al.

cause of this nonlinearity of the |-V characteristics for
thin polymer layers can be associated with the presence
of an SCLC. In the case of the presence of the SCLC,
an exponential dependence is observed for semicon-
ductors if the charge carriers are captured by localized
states with a uniform energy distribution [16]. The
steeper dependence at lower voltages (Fig 4, curvesa, €)
may be caused by the effect of the contacts. Anincrease
in the current was limited by the electrical breakdown
or by current instability, which leads to an S-shaped
| -V characteristic. The threshold voltage and the cur-
rent density for layers 0.1-0.2 um thick are 3-8V and
(2-1) x 102 A/cm?, respectively. The obtained current
density is comparable with that for the layers of conju-
gate polymers, which equals 102-10" A/cm? at the
same voltages [15]. However, the films of conjugate
polymers withstand considerably higher voltages,
which allows one to obtain currents ~10 A/cm? in these
polymers[17].

The S-shaped 1-V characteristics of thin layers of
the Th-containing metal—polymer complex are shown
inFig. 5. The observed current instability iscomparable
inits characteristicswith the switching effect in chalco-
genide vitreous semiconductors [18, 19]. The essence
of this effect isarapid reversible switching of asample
from the high-resistivity state to the low-resistivity one.
Current instabilities are of great interest as phenomena
that can be used to switch the voltage and current. The
origin of this current instability in a metal—polymer
complex can be associated with electronic—thermal
switching, whose mechanism was considered in detail
elsawhere[20, 21].

5. CONCLUSIONS

Asaresult of our investigations, it is found that, on
the introduction of Th and Lainto polyamide acid, the
PL intensity increases by almost 40%. We found no
characteristic PL bands of lanthanidesin this case. The
PL intensity and injection currents for PAA, metal—
polymer PAA-based lanthanide-containing complexes,
and the el ectroluminescent conjugate PPV polymer are
guantities that are on the same order of magnitude
under comparable voltages. The luminescent and elec-
trical properties of PAA and its complexes, in combina-
tion with high thermal stability, allow us to consider
them as promising electroluminescent materials. Their
disadvantages are their relatively low limiting fields,
which makesit necessary to radically improve the tech-
nology used to obtain these materials. The observed
hysteresis of the temperature dependence of conductiv-
ity indicates that the content of absorbed gas and, pos-
sibly, the structure of the materials vary as the temper-
ature varies. We know that similar phenomena are also
observed for conjugate polymers. These phenomena
require extremely thorough further study because they
affect the electrical and optical properties of organic
semiconductors and can determine the potential for
their practical usage.
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Abstract—Infrared spectroscopy is used to investigate the effect of ammonia adsorption on the concentration
of equilibrium charge carriersin porous-silicon layers with variousinitial types of dopants at different concen-
trations. It isfound that ammoniaadsorption resultsin an increase in the number of free electronsin n-type sam-
ples up to alevel exceeding 108 cm3, In p-type samples, a nonmonotonic dependence of the charge-carrier
concentration on ammonia pressure is observed. The obtained results are accounted for by the appearance of
adsorption-induced shallow donor statesthat, along with theinitial-dopant and surface-defect states, specify the
charge-carrier type and concentration in the silicon nanocrystals of the porous layer after ammonia adsorption.

© 2005 Pleiades Publishing, Inc.

1. INTRODUCTION

Porous silicon, obtained by el ectrochemical etching
of silicon single crystals, continues to be an attractive
material for investigations of low-dimensional solid
systems[1, 2] in physics. The appeal of porous silicon
(por-Si) isdueto itsdiverse physical properties and the
needs of the recently opened fields of optical [3] and
biomedical [4] applications. At a reasonably high
porosity (=50%), this material consists of a system of
coupled silicon nanocrystals whose surfaces are open for
the action of environmental molecules [1]. The por-Si
specific surface can be as large as ~10° m?/g [2], which
leads to the adsorption covering of the nanocrystal sur-
face having a significant effect on their electronic prop-
erties. For example, in por-Si with an average diameter
of pores and silicon nanocrystals exceeding 4-5 nm,
i.e., in mesoporous silicon (mesopor-Si) [1], depending
on the molecular environment and adsorption coverage
of the silicon nanocrystals, there can be equilibrium
free charge carriers with a concentration of ~10%—
108 cm3 [5-7].

Recently, it has been established that the adsorption
of molecules with acceptor properties, for example,
nitrogen dioxide molecules, resultsin anincreaseinthe
concentration of equilibrium holes in mesopor-Si lay-
ers up to the doping level of the p-type substrates under
use[7, 8]. There also exist data on the effect of adsorp-
tion of donor molecules, in particular, ammonia mole-
cules, resulting in a change of magnitude and sign of
the photovoltage in porous-silicon layers [9]. It has
recently been reveal ed that the adsorption of these mol-
ecules on p-type samples at low temperatures resultsin
the occurrence of an ESR signal from free electrons
[10], which suggests an inversion of the conductivity

from p- to n-type. However, the data reported in the
available publications make it impossible to settle the
issue of what the role of the initial-dopant type and its
concentration is during achange in the concentration of
equilibrium charge carriers in mesopor-Si when
adsorbing ammoniamolecules or to deal with the ques-
tion of how large the absolute changes in the charge-
carrier concentration can be after adsorption at room
temperature. It should be noted that investigation of
ammonia adsorption molecules in porous nanostruc-
tured semiconductors is of importance for developing
new highly sensitive gas sensors [10, 11].

In this paper, we report the results of studying varia-
tions in the charge-carrier concentration in mesopor-Si
layers caused by ammonia adsorption. We grew meso-
por-Si layers on both n- and p-type substrates, which
enabled us to establish the role of an initial impurity in
the adsorption-induced doping of silicon nanocrystals.

2. EXPERIMENTAL

Mesopor-Si layers were formed by the conventional
method of electrochemica etching [1] of p-Si:B or
n-Si:As wafers (see table) in a HF(48%) : C,H;OH
solution with aratio of 1 : 1. The anodization-current
density j amounted to 50 mA/cn? for the p-type sam-
ples and 80 mA/cm? for the n-type samples. After
accomplishing the pore formation, we separated the
layers from the substrates by a short-term increasein |
up to 700 mA/cm?. The porosity of the samples was
determined by the gravimetry method and ranged from
50 to 60%.

The optical spectra were detected using a Perkin—
Elmer RX | Fourier spectrometer in a range of 400—

1063-7826/05/3911-1338$26.00 © 2005 Pleiades Publishing, Inc.
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Characteristics of the samples and the charge-carrier concentrations determined in them (according to | R-spectroscopy data)

Sample Subf:it\r/iattetconduc- Substrate resistiv- cori:r;?]rt?gt-i%argrilr?rthe Ct?:tri%ﬁc'\?rirrlg gﬂg?g_ tcrgt?g?]e-Nc?rr]rfr s:rggfgn at
ytype Ity p, me2 em Substrate, cm™ in vacuum, cm3 Py, =20 Torr, cm™

| p 1-5 102 4x 108 4.3 x 10%7

I p 10-20 5x 108 3x10Y 1.6 x 10'8

11 n 35 1019 1.6 x 107 2.3x 1018

6000 cm* with a spectral resolution of 2 cm™ for the
normal incidence of infrared (IR) radiation on a sam-
ple. The experiments were carried out at room temper-
ature in vacuum with a pressure of 10-° Torr and at var-
ious pressures of ammonia, which was obtained from a
20% aqueous solution. No special purification of
ammonia from the water vapor was performed. How-
ever, experiments performed to check the water-vapor
adsorption showed the water vapors exert a negligible
effect on the IR spectra of the mesopor-Si layers under
investigation.

We determined the absorption spectrafrom the trans-
mission spectra without taking into account the reflec-
tance and multiple-beam interference using the formula

_InT
d k)

where d isthethickness of asample under investigation
and T is its transmittance. The estimates showed that
this simplification does not severely distort the spectral
dependence a(v) and thefree-carrier concentration Nin
the silicon residuals calculated from this dependence.
The value of N was determined using the method

Fig. 1. Absorption spectra for samples| (1) in vacuum at a
pressure of 107 Torr and in an ammonia atmosphere at a
pressure PNH3 of (2) 1 and (3) 20 Torr.

SEMICONDUCTORS Vol. 39 No. 11 2005

described in [8]. In particular, it was assumed that
a(v) O N in the high-frequency range.

3. RESULTS

In Fig. 1, we show the experimental IR absorption
spectra (400-3500 cm™) for sample I. Curve 1 corre-
sponds to the absorption spectrum from a freshly pre-
pared samplein vacuum, while curves 2 and 3 represent
the spectra of samplesin an ammoniaatmosphere at var-

ious pressures Py, . Similarly, in Figs. 2 and 3, we show
the absorption spectrafrom samples|l and 111 in vacuum
and in an ammonia atmosphere at various pressures.

As can be seen from Figs. 1-3, the freshly prepared
mesopor-Si layers and thosein an ammoniaatmosphere
at low Py, are predominantly characterized by hydro-
gen coverage of the surface. The a(v) spectra mainly
involve absorption bands caused by S—H, (x =1, 2, 3)
stretching vibrations with wave numbers ranging from
2070t0 2170 cmt, Si—H, bending vibrations (660 c™2),
and Si—H, “scissor” modes (910 cm™). With an
increase in the ammonia pressure (Py, > 10 Torr), the

)
500

: 3
1000 2000 v, cm™!

Fig. 2. Absorption spectra of samples |I. Designations 1-3
arethesameasin Fig. 1.
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Fig. 3. Absorption spectra of samples I11. Designations 1-3
arethesameasin Fig. 1.

absorption bands caused by Si-O-Si stretching vibra-
tions (v = 1050-1100 cm™) and by stretching vibra-
tions of the bonds of the NH; molecules adsorbed on
the surface of the silicon nanocrystals (Fig. 2) appear in
the spectra.

Asfollowsfrom the analysis of amonotonic compo-
nent of the a(v) spectra shown in Figs. 2 and 3, the
freshly prepared samples are characterized by a very
weak absorption by free charge carriers. However, sig-
nificant variations in the value of a are observed
(Figs. 1-3, curves 2, 3) in the NH; vapor. Furthermore,
we detected areduction in the absorption by free charge
carriers (Figs. 1, 2, curves 2) for the p-type samples at

the pressure Py, =1 Torr and a sharp increase in o

(Fig. 2, curve 3) at Pyy, = 20 Torr. The n-type samples

are characterized by a monotonic increase in the
absorption by free charge carriersin the entire pressure
range under study (Fig. 3, curves 2, 3).

In Fig. 4, we show the dependence of the concentra-
tions N on an ammonia pressure Py, calculated using

the a(v) spectra, fromwhichit followsthat the free-car-
rier concentration al so depends on the type of substrate
used for preparing mesopor-Si. We note that the freshly
prepared mesopor-Si layers are appreciably depleted of
free carriers in comparison with a single-crystal sub-
strate (see table) due to an incomplete activation of
dopants and a partial trapping of charge carriers by the
states of defects on the surface of the silicon nanocrys-
tals[6]. At the sametime, therelative dopant concentra-
tion (recalculated per number of silicon atoms) in the
mesopor-Si layersis higher than in the substrate under
use[12].

A decrease in N with an increase in Py, from 0.1
to 1 Torr for p-typesamples| and |1 (Fig. 4a) enablesus

PAVLIKOV et al.

N, cm™
1019__ (a) v ]
E - oIl
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Fig. 4. Dependences of the free-carrier concentration N on
the ammonia pressure PNH3 for samples (&) | and Il and

(b) 111. The dashed line encloses values of N for the freshly
prepared samplesin vacuum at a pressure of 107 Torr.

to assume that shallow donor states, which compensate
the origina acceptor dopants, are formed when the
ammonia molecules are adsorbed on the surface of the
nanocrystals of porous silicon. With a further increase

in Py, , the number of adsorbed molecules increases

and, therefore, can change the conductivity from p- to
n-type. This phenomenon manifests itself as an

increasein N for samples| and Il at Py, > 2 Torr.

For samples |11, we detected amonotonicincreasein

N as the ammonia pressure was increased (Fig. 4b),
which, obvioudly, is indicative of an increase in the
number of adsorption-induced donor states. The maxi-
mum concentration of electrons produced during the
adsorption was as high as 2.3 x 10 cm for the n-type
samples (see table). At the same time, the peak values
of N were equa to 1.6 x 10*® (sample Il) and 4.3 x
10% cm~3 (sample ) for the p-type samples. These val-
ues agree well with the considered concept of forma-
tion of shallow donor states during the ammonia
adsorption. At the same time, the absolute maximum
SEMICONDUCTORS  Vol. 39
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values of N are probably restricted by the formation of
defects due to partial oxidation. The latter process is
possible at high pressures (see Figs. 1 and 2, curves 3)
owing to the presence of residual water and oxygen
impurities in the adsorbate.

Our experiments showed that the absorption by free
carriersis virtually completely reversible in the cycles

consisting of an inlet of molecules at Py, <1 Torr

with subsequent evacuation. This observation indicates
that the NH; molecules and the surface of the silicon
nanocrystals do not form a steady chemical bond under
adsorption and, consequently, the molecule-surface
bonding energy is lower than the therma energy
(~26 meV) at room temperature. Unfortunately, in the
performed experiments, it seems to be impossible to
determine the parameters (the activation energy and
concentration) for adsorption-induced donor states.
However, because the silicon-nanocrystal sizes are suf-
ficiently large for the quantum-dimensiona effects to
become pronounced in the investigated mesopor-Si
samples, we can assume that the electronic properties
of the adsorption states are close to those on the surface
of the silicon single crystals. Further investigations are
necessary for gaining a deeper insight into the nature
and properties of the electronic states arising during
ammonia adsorption.

4. CONCLUSIONS

Asfollows from the performed investigations, shal-
low donor states are formed as a result of ammonia
adsorption on the mesopor-Si surface. The resulting
concentration and type of charge carriers depend on the
adsorbate pressure and the type of single-crystal sub-
strate used for the fabrication of mesopor-Si. In n-type
samples, the ammonia adsorption resultsin an increase
in the free-electron concentration. In boron-doped sam-
ples, we observed inversion of the conductivity from
p- to n-type at high ammonia pressures. The obtained
results indicate that it is possible to change the type
and concentration of equilibrium charge carriers in
mesopor-Si layers in a controlled manner, which may
be of practical interest for developing various electron
devices based on this material.
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The measurements were performed using instru-
mentation belonging to the Center of Shared Equip-
ment at Moscow State University.
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Abstract—The possibility of successful removal of fluoropolimers from the surface of silicon structures by
treatment in an atomic hydrogen flow is investigated. It is ascertained that the treatment of samplesin adirect
atomic hydrogen flow with a density of 2 x 10% cm™ s at temperatures from 20 to 100°C leads to a decrease
in the content of fluorocarbon residues (in particular, CF) by 5 orders of magnitude. Fluorocarbon residues are
removed from both the planar surface of silicon structures and the lateral walls and the bottom of contact holes
with adiameter of 0.3-0.25 pum and larger and adepth of 0.9 um, openedinaSiO, layer by reactiveion etching.
A treatment time of 2 min is sufficient for complete removal of the fluoropolimers. This process of dry cleaning
can be recommended for use in the fabrication of integrated circuits containing an interlayer of alow-permit-

tivity insulator. © 2005 Pleiades Publishing, Inc.

1. INTRODUCTION

Materials with a low permittivity €, for example,
carbon-modified silica, are considered to be promising
insulators for interlayer isolation in integrated circuits
with element sizes of 90 nm and smaller [1-5]. Reac-
tive ion etching in carbon- and fluorine-containing
gases is widely used to open contact windows in inter-
layer isolating films. After opening contact holes, aflu-
orocarbon polymer film remains on the lateral walls
and the bottom of the contact holes [6]. This fluorocar-
bon residue is a nonvolatile material possessing high
chemical and thermal stability. The presence of afluo-
rocarbon film leads to an increase in the contact resis-
tance between metallization layers and deteriorates the
properties of the metal-insulator interface. Therefore,
fluorocarbon residues must be completely removed
before deposition of metal films. A conventional and
effective way to remove fluoropolimersis treatment in
an oxygen plasma. However, this process has poor
compatibility with technology based on the use of insu-
lators with a low permittivity. Indeed, oxygen-plasma
etching leadsto losses of carbon and changesin the ele-
mental composition of a materia and, as a result,
increases the permittivity € [3-5, 7]. In this context, the
search for and development of new processes of
removal of fluorocarbon residues that do not lead to the
degradation of insulators with a low value of € is an
urgent problem.

A method for removal of a fluoropolimer film in
supercritical CO, was proposed in[8]. The drawback of
thistechniqueisthat it israther difficult to makeit com-

patible with vacuum processes. In [6], the fluo-
ropolimer film was removed by bombarding the con-
taminated surface with Ar* ions. However, high-energy
heavy Ar* ions generate a large number of radiation
defects and cause spurious charging of the surface. The
technique of plasma-chemical dry etching is character-
ized by a much smaller concentration of introduced
defects and is more promising for the removal of fluo-
rocarbon residues. In addition, it is known that treat-
ment in a plasma of hydrogen-containing mixtures, in
contrast to treatment in oxygen-containing media, is
more compatible with technology based on the use of
insulatorswith low € [3-5, 9]. Therefore, the possibility
of removing organic and fluorocarbon residuesin plas-
mas of various hydrogen-containing gases and mix-
tures (NH;, H,—N,, H—He, and H,) has been consid-
ered in anumber of studies. Since treatment in a nitro-
gen-containing plasma of NH; or in a H,—N, mixture
may lead to photoresist poisoning [5], it should be
acknowledged that treatment in a purely hydrogen
plasma, which was used in [9] to remove fluorocarbon
residues, isarather promising method for removing flu-
oropolymers from the surface. However, this method
also has a drawback, which consists in the negative
effect of charged particles on the semiconductor struc-
ture. This effect can be eliminated by treating semicon-
ductor structures in a medium of neutral chemically
active particles.

In this study, we demonstrated, for the first time, the
possibility of effective removal of fluoropolimers from
the surface of semiconductor structures by treating

1063-7826/05/3911-1342$26.00 © 2005 Pleiades Publishing, Inc.
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Fig. 1. Images of the (a) surface and () cross section of the
initial sample before its treatment in an atomic hydrogen
flow and after the treatment at a temperature of 22°C for
(b) 2 and (d) 20 min.

them in a direct flow of neutral hydrogen atoms. The
characteristic features of the removal of fluoropolimers
from the surface of the structures, as well as from the
walls and bottom of the contact holes, by treatment in
an atomic hydrogen flow under different conditions are
investigated.

2. EXPERIMENTAL

The experiments were carried out with Si(100)
wafers that had a diameter of 150 mm. On the surface
of these wafers, a 50-nm-thick layer of thick thermal
silicon oxidewasfirst grown, and, then, Al/Ti/TiN films
with thicknesses of 500, 15, and 35 nm, respectively,
were deposited. Then, a 900-nm-thick SIO, film was
grown by plasma chemical-vapor deposition. Contact
holes 0.25-0.3 um in diameter were opened in the
SiO, film through a photoresist mask (UV5) by reactive
ion etching in amixture of Ar, CHF;, C,Fg, O,, CO, and
N, gases. Next, the wafers were divided into samples
3 x 4 cn? in size and loaded into the vacuum chamber
of the experimental setup. The chamber was pumped by
a turbomolecular pump. The pressure of the residua
gaseswas (1-2) x 1075 Pa. The sampleswere cleaned in
a direct flow of hydrogen atoms generated by a low-
pressure exposed to source of atomic hydrogen [10].
The flux density of H atoms in the treatment zone was
2 x 10% cm s, the average energy of the H atomswas
estimated to be no higher than 1-2 eV, and the degree
of contamination of the hydrogen flow by spurious
metal impurities did not exceed 10%%. The hydrogen
pressure in the vacuum chamber during the treatment
was 102 Pa. The samples were heated by an IR source.
The treatment temperature and time were varied in the
ranges 20-100°C and 2—40 min, respectively. In some
experiments, simultaneously with the treatment in
atomic hydrogen, the sample surface was arc-discharge
UV light with awavelength of 172 nm, generated by a
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Fig. 2. Mass spectrum of the surface of the initial sample
before treatment in an atomic hydrogen flow. The ion-col-
lection time was 2 min.

xenon lamp [11]. After the treatment, the sampleswere
exposed to air. The composition of the sample surface
before and after the treatment in atomic hydrogen was
analyzed by time-of-flight secondary-ion mass spec-
trometry. Images of the surface and cross section of the
samples were obtained in a scanning electron micro-
scope.

3. RESULTS AND DISCUSSION

Figures 1a and 1c show images of the surface and
cross section of theinitial samplebeforeitstreatment in
an atomic hydrogen flow. It can be seen that the surface
and edges of the holes are rough and there is contami-
nation on the walls and bottom of the contact holes,
which arose during the opening of the windows in the
insulator. Analysis of the chemical composition of the
initial-sampl e surface showed that this contaminationis
a fluoropolimer film, whose composition is similar to
that of polytetrafluoroethylene. The main peaks in the
mass spectraare dueto C* (12 amu), CF* (31 amu), and

CF; (69 amu) (Fig. 2). The intensities of these peaks
for an ion-collection time of 2 min are, respectively,

140000, 100000, and 50000 total counts. CF, (50 amu)

and C;F; (93 amu) are also present on the surface, but
in smaller amounts.

After the treatment in an atomic hydrogen flow, the
situation radically changes. Figures 1b and 1d show
images of the surface and cross section of the samples
processed in an atomic hydrogen flow for different peri-
ods of time. It can be seen that the sample surface
becomes smoother, the edges of the holes flatten, and
there are no visible fluorocarbon residues either on the
walls or the bottom of the contact holes. Analysis of the
chemical composition of the sample surface (Fig. 3d)
showed that the content of fluorocarbon residues
decreased significantly. The content of the main com-
ponent CF decreased, on average, by 5 orders of mag-
nitude and the intensity of the peaks was lower than
10 total counts (the peak intensity is normalized to an
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Fig. 3. Mass spectrum of the sample surface after treatment
in an atomic hydrogen flow at a temperature of 22°C for
40 min: (8) the entire spectrum and (b) the spectrum in the
vicinity of 31 amu. The ion-collection time was 10 min.
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Fig. 4. Intensities of the CF* peak for the initial sample and
the samples treated in atomic hydrogen as functions of
(a) the treatment temperature and (b) the treatment time.

Fig. 5. Images of the sample surfaces after treatment in
atomic hydrogen with simultaneous UV irradiation at a
temperature of 22°C for (a) 2 and (b) 20 min.

ion-collection time of 2 min). The entire mass spectrum
of the cleaned surface corresponds to the spectrum of a
surface with a photoresist film exposed to air for some
time. Figure 3b shows the detailed mass spectrum of
the cleaned sample in the range 30.8-31.2 amu. The
peak at 31 amu, corresponding to CF* ions, has an
intensity of about 4 total counts (the peak intensity is

ANISHCHENKO et al.

normalized to an ion-collection time of 2 min). The
peak with a higher intensity at 31.02 amu is due to
CH30O" ions. Thus, the data obtained indicate that, as a
result of the treatment in an atomic hydrogen flow, flu-
orocarbon residues are removed from both the surface
of the semiconductor structure and the walls and bot-
tom of the contact holes. As a result of direct motion,
neutral H atoms easily penetrate the holes (including
those with a high aspect ratio) and effectively remove
fluoropolymers from their walls and bottom.

Figure 4 shows the dependences of the content of
CF* ions on the sample surface on the treatment tem-
perature and time. It can be seen that, when the samples
are at room temperature, almost complete removal of
the contamination from the surface is obtained even at
treatment times of 2 min. An increase in the treatment
time to 20 min leads only to a decrease in the intensity
of the peak at 31 amu (CF*) by afactor of 2. A further
increase in treatment time does not change the surface
content of CF*: it remains at a level of 4 total counts.
The temperature dependence of the CF* content is not
pronounced. The minimum content of CF* on the sur-
face (0.5 total counts) is obtained at atreatment temper-
ature of 50°C. Treatment at room temperature and at
100°C leaves a somewhat larger amount of CF* on the
surface.

Figure 5 shows images of the surfaces of the sam-
plestreated in atomic hydrogen for different time peri-
ods with a simultaneous exposure to UV light. At a
short treatment time (2 min), the intensity of the peak at
31 amu (CF*) in the spectrum of the sample subjected
to the combined effect of atomic hydrogen and UV
light (Fig. 5a) isafactor of 1.6 smaller than for the sam-
ple treated only in atomic hydrogen. This result sug-
gests that UV irradiation increases the rate of removal
of fluorocarbon residues. At atreatment time of 20 min,
theintensities of the CF* peaksfor the sampl e subjected
to the combined effect (Fig. 5b) and the sample treated
only in atomic hydrogen are amost the same and lower
than in the case of treatment in atomic hydrogen for
2 minwith simultaneous exposure to UV light by afac-
tor of only 1.5. The absolute intensities of these peaks
are close to the minimum value obtained in the experi-
ments involving treatment in atomic hydrogen at room
temperature (Fig. 4b).

Comparative analysis of theimages of the cross sec-
tions of the initial sample and the sample cleaned in
atomic hydrogen (Figs. 1c, 1d) indicates that the treat-
ment in atomic hydrogen, along with theremoval of the
fluoropolimer film, also leadsto etching of the photore-
sist layer. A treatment in atomic hydrogen for 2 min
makes the photoresist layer thinner by afactor of about 2.
Analysis of the images of the surfaces of the samples
treated in an atomic hydrogen flow and in atomic
hydrogen with a simultaneous exposure to UV light
(Figs. 1b, 1d, 5) shows that UV irradiation facilitates
not only the removal of fluorocarbon residues but also
the etching of the photoresist layer. It can be seen that
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the samples subjected to the combined treatment are
characterized by a more inhomogeneous surface; the
degree of the surface inhomogeneity increases as the
treatment time in atomic hydrogen with simultaneous
UV irradiation isincreased.

In [9], where a fluoropolimer film was removed by
treatment in a hydrogen microwave-discharge plasma
under the conditions of electron cyclotron resonance, it
was suggested that fluorocarbon residues are removed
as aresult of ion-stimulated chemical reactions, which
involve high-energy ionsand chemically active H atoms.
According to the results of this study, fluorocarbon res-
idues can be effectively removed using only chemically
active H atoms with an average kinetic energy no
higher than 1-2 eV. In this case, the interaction between
fluorocarbons and atomic hydrogen occurs via the
mechanism of radical etching (apparently, with the
breaking of C—C bonds and subsequent formation of
volatile reaction products). The stimulating effect of
UV light amounts most likely to the breaking down of
the initial fluorocarbon molecules into fragments and
radicals and (or) an increase in the desorption rate of
the reaction products.

4. CONCLUSIONS

It has been shown that treatment in an atomic hydro-
gen flow effectively removes fluorocarbon residues
from the surface of semiconductor structures. Fluoro-
carbon residues are removed both from the surface of
the semiconductor structure and from the walls and bot-
tom of the contact holes, which is related to the direct
motion of H atoms. At aflux density of H atoms equal -
ing 2 x 10'®> cm™ s, atreatment at room temperature
for 2 min is sufficient to clean the surface. The main
advantages of treatment in a direct atomic hydrogen
flow over the known methods are the compatibility of
this process with technology based on the use of low-
permittivity insulators; the possibility of cleaning con-
tact holes with a large aspect ratio; and the absence of
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high-energy and charged particles in the flow, which
minimizes the number of introduced charges and
defects.
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Abstract—Results regarding bifacial silicon solar cells with external busbars are presented. The cells consist
of [n*p(n)p*] Cz-Si structures with a current-collecting system of new design: alaminated grid of wire external
busbars (LGWEB). A LGWEB consists of a transparent conducting oxide film deposited onto a Si structure,
busbars adjacent to the Si structure, and a contact wire grid attached simultaneously to the oxide and busbars
using the low-temperature lamination method. Bifacial LGWEB solar cells demonstrate record high efficiency
for similar devices: 17.7%(n-Si)/17.3%(p-Si) with 74-82% bifaciality for the smooth back surface and
16.3%(n-Si)/16.4%(p-Si) with 89% bifaciality for the textured back surface. It is shown that the LGWEB tech-
nology can provide an efficiency exceeding 21%. © 2005 Pleiades Publishing, Inc.

1. INTRODUCTION

The development of new techniques for the forma-
tion of eectric contacts to solar cellsis one of the key
directions when solving the principal tasks of semicon-
ductor solar photovoltaics.

In order to make solar photovoltaics competitive
with present-day energy sources (fossil fuel, nuclear
power, other types of renewable energy sources), the
cost per peak watt (W,,) of installed power of the solar
systems should be Iowered by at least by half from its
present-day value of $6/W, to below $3/W,, and the
production volume (700 MW in 2003) should be
raised by approximately a factor of 1000 within 30—
50 years[1, 2]. Reasoning from the trend in the devel-
opment of solar photovoltaics, which steadily demon-
strated an annual 25-30% rise in output volume and
5-6% reduction of the W, cost [1] in the period from
1979 to 2003, these goalsseem to be attainable. Accord-
ingly, a historic surmounting of the cost threshold is
planned for the year 2013. However, what technical
problemsareto beresolved in order to achievethisgoa ?

At present, flat-panel crystalline silicon modules
constitute more than 90% of the total manufacture of
photovoltaic devices [2]. No aternative to silicon is
anticipated in medium-range forecasts [3]. The Euro-
pean Photovoltaics Industrial Association isrelying on
the flat-panel approach and is planning, among other
things [4]:

(i) to raise solar-cell efficiency from the present-day
12-16% to 20%, for which purpose, it is considered
necessary, in particular, to devel op high-efficiency con-
tacts, preferentialy situated on the back surface (back-

contact solar cell (BCSC)), in order to reduce the cost
of module assembly;

(if) to reduce the consumption of silicon from
16 g/W,, (now) to 8 g/W,, because the cost of Si wafers
makes up about half of the module cost [5, 6]; there-
fore, the cell thickness must be reduced from 300 to
~120 pm.

It is necessary to note that the development of bifa-
cial [7] and concentrator [8, 9] cellsare also regarded as
efficient ways to reduce the W, cost.

Thus, the need to reduce theW cost determines the
main lines of research in silicon photovoltalcs solar
cells must have a high efficiency, be thin (flat-panel
approach), and, desirably, be bifacial with back con-
tacts or of a concentrator type (the concentrator
approach is under development now).

Discussing the present-day situation concerning the
efficiency of silicon solar cells, it is necessary to note
that an efficiency exceeding 20% has already been
reached in laboratory devices (the absolute record for
silicon cells is 24.7%) [10], but the efficiency of com-
mercialy available cellsis much lower (12—16%). The
main factor limiting the efficiency of commercial cells
is the technology of formation of the electric contacts.

Electric contacts define the photocell “face,” bothin
a literal and metaphorical sense. At present, screen-
printing (SP) technology involving the baking-in of
metal-contai ning pastes dominates in the industry: it is
used in the fabrication of 90% of silicon solar cells.
However, the simple and economical SP technology
has serious disadvantages, which make it inapplicable
for the production of thin solar cellsand restrict the effi-
ciency of commercial cells[11]. Inturn, all the record-
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high values of efficiency have been obtained using the
technology of evaporated contacts (ECOs) deposited in
vacuum, with the pattern formed by photolithography.
However, the ECO technology isnot used in wide-scale
production because of its high cost.

Therefore, the key long-standing problem in photo-
voltaicsisto reduce the breach between the efficiencies
of industrial and laboratory solar cells; thus, new sim-
ple and economical technologies must be devel oped.
This problemis particularly important for technologies
used in the fabrication of high-efficiency contacts,
which should not include photolithographic and mask-
ing operations.

Promising designs of solar cells with an efficiency
above 20% are being considered, in particular, the HIT
structure (heterojunction with an intrinsic thin layer)
developed by the Sanyo Electric Co. [12], the point-
contact solar cell from Sun Power [13], and the OECO
design (oblique evaporated contacts) developed at
ISFH [14]. This report presents the results obtained for
bifacia silicon solar cells with a wire contact grid and
external busbars fabricated by a newly developed |ow-
temperature LGWEB (laminated grid of wire external
busbars) technology [15].

2. THE DESIGN OF LGWEB SOLAR CELL

The solar cell (Fig. 1) consists of a [n*p(n)p*]-Si
structure (1) and two (facial and back surface) current-
collecting systems. Each current-collecting system
includes: (i) a transparent conducting oxide (TCO)
layer deposited on the surface of a structure, which also
serves as an antireflection coating; (i) electric busbars,
facial 2 and back surface 3, located near structure 1
and a contact grid (facial 4) produced from a copper
wire coated with contact composition and fixed, using
the low-temperature lamination method, simulta
neously with the facial TCO layer and facial busbars
(and similarly on the back surface); (iii) alamination
film (5) attached to the TCO surface and fixing the
wire contact grid.

3. THE TECHNOLOGY OF LGWEB SOLAR CELL
FABRICATION

Solar cells were produced from structures based on
n- and p-type Czochralski-grown silicon (CzSi). For
the n-Si structures, the resistivity of silicon was p =
4.5 Q cm and the thickness was 390 um; for p-Si, the
corresponding values were 40 Q c¢cm and 290 um,
respectively. The [n*np*]-Si and [n*pp*]-S structures
were produced at Kvark (Krasnodar, Russia) by diffu-
sion of phosphorus and boron from deposited P- and
B-containing glass using the standard technological
equipment. The used wafers were either textured on
both sides or had their back surface smoothed by alka
line etching. After removal of the glass, the structures
could be etched in a solution of nitric and hydrofluoric
acids[16].
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Fig. 1. Design of LGWEB solar cell (the front and back
view are identical). (1) [n*p(n)p*]-Si structure with layers
of transparent conducting oxide deposited on both sides;
(2) frontal bushars; (3) back-surface bushars; (4) wire con-
tact strips; and (5) lamination film.

The TCO layers were deposited onto the surfaces of
a silicon wafer. For the p* layer, this was 1n,O5:Sn
(indium tin oxide (ITO)) film, and for the n* layer,
In,O4:F film was used [17]. The films were grown by
spraying asolution at the substrate temperature of 400
500°C [18]. The deposition time was ~1 min. Thefilms
were ~75 nm thick and dark blue in color. The sheet
resigtivity of the ITO and 1n,0O5:F films was ~50 and
~30 Q/sq, respectively. After the deposition of the
TCO, asample of the desired area was cut out using a
diamond scriber; no additional treatment of edges was
performed. The contact grid, made of copper wire
70 um in diameter and coated with a contact composi-
tion, was fixed onto the TCO with a 32-pum-thick lami-
nation film at atemperature of 150°C.

4. THE MERITS OF THE LGWEB DESIGN

(i) The introduction of a TCO makes it possible to
use a simple homogeneous (nonselective) emitter with
a high sheet resistivity of 100 Q/sg or higher in an
LGWEB.

(ii) The combination of contact grid wire with a
TCOinan LGWEB makesit possible to obtain extraor-
dinarily low (3.2%) shadow loss and serial resistance
loss [19]. Such losses are no higher than in solar cells
with ECO metallization and about three timesless than
for SP metallization [20-22]. The width of the wire
contact finger is only ~80 um, and it can easily be
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Table 1. Parameters of LGWEB solar cells

UNTILA et al.

Group 1. n*—n—p* Group 2: n*—p—p*
Parameter #615 #739 #1044-2 #1043-1

front back front back front back front back
Texture + + + - + + + -
Ry, Q cm? 26 60 52 84
Rip, Q cm? 112 110 85 84
I, MA cm 35.0 30.8 36.2 27.3 354 31.3 36.6 29.8
Ve, MV 609 607 623 615 617 614 619 615
FF, % 76.5 77.4 78.3 78.5 75.2 76.6 76.2 78.0
Eff, % 16.3 14.5 17.7 13.2 16.4 14.7 17.3 14.3
Effiota, %0 30.8 30.9 311 31.6
Bifaciality, % 88.9 74.6 89.6 82.7
Area, cm? 322 42 42.3 42.3

Note: R, denotes the sheet resistivity of the emitter after diffusion; Ry, the sheet resistivity of the emitter after its etching; and Effqy,
thetotal efficiency on the front and back surfaces. Bifaciality refersto the ratio of efficienciesfor illumination of the back and front
surfaces. Solar cell no. 615 was tested at the Sandia National Laboratories and further used as the reference sample.

reduced. In addition, the copper wire contact fingers
have alow longitudinal resistance, ~40 mQ/cm, which
is more than 15 times lower than that obtained by the
SP method. These properties are especially important
for large-area solar cells and concentrator cells.

(iii) The LGWEB design is preferable to the BCSC
variant because it is free of the principal disadvantage
of the latter, that is, the production of a high-efficiency
BCSC consumes expensive floating-zone Fz-Si. For
example, calculations carried out by Sun Power have
shown that, in order to obtain >20% efficiency in their
Point Contact cells, siliconwith acarrier lifetime>1ms
is necessary, i.e., Fz-Si [13]. Similarly, to obtain high
efficiency in an OECO solar cell of 200-300 pm in
thickness, the diffusion length must be no less than
500-800 pm [23]. For silicon of inferior quality, the
efficiency of a BCSC sharply decreases, and this
decreaseis even stronger than for cellswith contactson
both sides. Thus, the unique advantage of LGWEB solar
cellsisthat their busbars lie clear of the cell but contact
gtrips are present on both surfaces. As a result, not only
isthe module assembly simplified, even morethaninthe
case of the BCSC version, but the requirements placed
on Si quality do not become more stringent.

(iv) The contact fingers can be produced from wire of
any cross-sectional shape, e.g., triangular, which is con-
sidered to be an efficient method to reduce shading [24].

(v) Wire contact fingers are compatible with virtu-
ally any shape of solar cell surface, not only smooth or
textured, but also rough, undulated, or curved. This cir-
cumstance means that the LGWEB design offers
extraordinary advantages over other techniques for rib-
bon silicon (EFG).

(vi) LGWEB solar cells are bifacial.

(vii) The low (<150°C) temperature of fabrication
makes L GWEB technology applicableto solar cdllsbased
on amorphous materias, including the HIT structure.

5. PARAMETERS OF AN LGWEB SOLAR CELL

The parameters of the solar cells were determined
from light current—voltage (I-V) characteristics: short-
circuit current density J.., open-circuit voltage V., fill-
ing factor FF, and efficiency Eff. For sample no. 615,
the results were obtained at the Sandia National Labo-
ratories (SNL); these data included spectral response
and reflectance. For the other cells, J,, was measured
using a Telecom-STV pulse tester, and sample no. 615
was used for current calibration. It was found that, with
an adequate current calibration, the Telecom-STV
tester provides a correct measurement of Jg. with less
than +2% error, but V., and especially FF, are underes-
timated, whichisrelated to the nature of pulse measure-
ments. The extent of underestimation increases as the
effective lifetime of minority carriers in the base
increases. Therefore, V.., FF, and Eff were determined
from steady-state light 1-V characteristics under illumi-
nation with a 1000 W halogen incandescent lamp on a
thermostated tabl e, in which case the temperature of the
solar cell reached (25 + 0.1)°C. In these measurements,
the short-circuit current of each solar cell was set
according to the value measured with the Telecom—
STV tester.

The parameters of the LGWEB solar cells made of
n-Si (group 1) and p-Si (group 2), for both a textured
and a smooth back surface, arelisted in Table 1. As can
be seen from Table 1, the LGWEB technology makesit
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Table 2. Parameters of LGWEB solar cells and cells produced at | SFH using different contact deposition techniques

Type of solar cell Si (type) Area, cm? p(S), Qcm | Eff, % (front) | Eff, % (back)
4 0.5 211
Fz(p) 15 20.4
Monofacial 100 0.5 20.0 -
4 13 18.3 -
OECO[14, 23] Cz(p)
100 13 17.9 -
Bifacia 19.0 17.0
I Fz(p) 4 0.5 18.1 17.4
Bifacial BCSC 192 16.0
ECO (front and back), bifacial [7] Fz(p) 4 05 20.1 17.2
ECO (front)/SP(back), bifacial [25] Fz(p) 4 15 17.4 134
I Fz(p) 26 15 145 12.7
SP (front and back), bifacial [26] cz(p) 4 6.0 134 115
16.4 14.7*
Cz(p) 42 40
17.3 14.3**
LGWEB
32 16.3 14.5*
Cz(n) 4.5
42 17.7 13.2%*

Notes: * Indicates that the front and back surfaces are textured and ** indicates that only front is surface textured.

possibleto fabricate bifacial solar cellsfrom Cz-Si with
afacial and back surface efficiency over 17% and 14%,
respectively.

6. COMPARISON OF LGWEB
AND OECO SOLAR CELLS

To assess the quality of the obtained results, we
compare them with data obtained by R. Hezel, a pio-
neer and leader in photovoltaics, at ISFH (Germany)
using other contact deposition techniques and, in par-
ticular, the new high-efficiency OECO technology. The
unique specific feature of OECO technology isthat, for
the first time, high-efficiency MTIS (metal—(tunnel
insulator)-semiconductor) contacts were deposited
onto a solar cell without photolithography and mask-
ing. Table 2 offers a comparison of the parameters of
solar cells produced at ISFH by different metallization
techniques (OECO, ECO, and SP) and using the
LGWEB design devel oped by our team.

The choice in favor of the ISFH team for the com-
parison is due exclusively to the wide diversity and
record-high level of their results, which make it possi-
ble to reved the influence exerted on solar cell effi-
ciency by such important factors as silicon (Cz-Si or
Fz-Si) quality, silicon resistivity p, size of a solar cell,
contact deposition technique (ECO or SP), and cell
design (monofacial, bifacial, or with al contacts on the
back surface (BCSC)).
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Analysis of the datain Table 2 shows that the record
efficiency for OECO technology (21.1%) was obtained
for amonofacial solar cell of 4 cm? in area made from
p-Fz-S with p = 0.5 Q cm. However, the efficiency of
OECO cells decreases on passing (i) from Fz-Si to
Cz-Si by 2.1-2.8%, (ii) from monofacial to bifacial
design by ~2.1%, (iii) from monofacial to bifacial
design with back surface contacts by 1.9-3%, and
(iv) from the size of 4 cm? to 100 cm? by 0.4-1%.

A correct comparison of OECO and LGWERB cells
demands data for solar cells with comparable parame-
ters, which are, regretfully, absent. However, the effi-
ciency of a bifacial OECO cell made of CzSi, with
back surface contacts of 4 cm?in area, can be estimated
as 15.3-16.4% on the front side and 13.2—14.6% on the
back surface, which is no higher than the efficiency of
an LGWERB solar cell (~1% less on the front side).

7. LGWEB SOLAR CELL AS COMPARED
WITH A CELL WITH SCREEN PRINTING
METALLIZATION

The data listed in Table 2 can also be used for trac-
ing how the efficiency of a bifacial solar cell based on
Fz-Si decreases when ECO contacts are replaced by
SP ones. For example, when ECO metallization is used
on both sides, the front—back efficiencies are fairly
high: 20.1 and 17.2%, respectively. When ECO con-
tacts are replaced by SP ones only on the back surface,
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Fig. 2. The reflectance R and interna Q; and external Qg
quantum yield of charge separation for solar cell no. 615.

the efficiency falls to 17.4 and 13.4%, and, for a cell
with SP contacts on both sides, the efficiency falls to
the exceedingly low values of 14.5 and 12.7%. This
example clearly demonstrates the drawbacks of SP
technology.

8. PROSPECTS FOR RAISING THE EFFICIENCY
OF LGWEB SOLAR CELLS

The efficiency of LGWEB solar cells can be raised
by more than 4.5% and, correspondingly, exceed 21%
by applying the measures considered bel ow.

Reflection. First of all, we stress that our LGWEB
solar cell is already laminated, which means that its
measured efficiency approaches that in a module. Cur-
rently, we use a lamination film with high refractive
index (n= 1.56) which leadsto high reflection (~4.8%).
Figure 2 shows the reflectance R and external Q, and
internal Q; quantum yield for solar cell no. 615. It can
be seen that, in the range 450-1000 nm, R = 8-9%, of
which ~4.8% and 3.2% are accounted for by the lami-
nation film and wire grid, respectively. Therefore, the
efficiency can be raised by ~0.5% by reducing nto 1.3.

Base resistivity. The optimization of the base resis-
tivity p offers a significant reserve for increasing
LGWEB solar cell efficiency. It is necessary to note
that, in the record cells, the base material is usualy
heavily doped, to ~3 x 10 cm (p = 0.5 Q cm), which
improves the efficiency by diminishing the bulk recom-
bination current, series resistance, and negative effect
of ahighinjection level. Theinfluence of p intherange
p = 0.08-1.4 Q cm on the efficiency of OECO solar
cellswas studied in detail in [23]. It was shown that, as
p increases from the optimal value of 0.4 to 1.4 Q cm,
the efficiency decreases from 21.1 to 20.4%, i.e. by
0.7%. At the same time, our LGWEB solar cells are

UNTILA et al.
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Fig. 3. Comparison of spectral sensitivities of LGWEB
solar cells in the blue-green (350-540 nm) and IR (920—
1200 nm) spectral ranges under frontal illumination nor-
malized to the sensitivity of solar cell no. 615.

produced from silicon with a nonoptimal doping level,
which is 30-100 times lower than that conventionally
used in high-efficiency solar cells. Therefore, we
believe that optimization of p will raise the efficiency of
LGWEB cells by more than 1%.

Diffusion layers. The diffusion layers in LGWEB
solar cells are not yet optimized. The short-wavelength
sensitivity of solar cell no. 615 is low [20], and we
attribute thisfact to the heavy initial doping of the emit-
ter (26 Q/sq). It was found, however, that the short-
wavelength sensitivity increases as the initia (i.e,
immediately after the diffusion) sheet resistivity R; of
the emitter increases (Fig. 3). Moreover, increasing R ;
not only makes the short-wavelength sensitivity higher
but also improves the other parameters of solar cells
(Table 1). It is noteworthy that the long-wavelength
sensitivity of the sampleswith asmaooth back surfaceis
higher than that for samples with a textured back sur-
face, which, evidently, isrelated to enhanced reflection
of long-wavelength light from the smooth surface. In
addition, the long-wavelength sensitivity of the solar
cells based on n-Si is, in genera, higher than for p-Si
cells, possibly because their thicknessis 100 um larger.

The edges. The edges of the LGWEB solar cells
were not specially treated, so they are a source of
losses. The experimental data presented in Fig. 4 show
that increasing the area of LGWEB cells resultsin an
increase in their efficiency. This result contrasts
strongly with the case of OECO cells, where the oppo-
site effect was observed. Therefore, resolution of the
edge problem will allow the efficiency to be increased
by ~0.5%.

The quality of silicon. As can be seen from Table 2,
the use of high-quality Fz-Si can enhance the efficiency
of LGWEB solar cells by ~2.5%.
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Fig. 4. Efficiency of an LGWEB solar cell vs the ratio
between its perimeter and area, P/S. Curve 1 shows frontal
illumination and curve 2, back surface illumination.

9. CONCLUSION

Thus, solar cells with a new design and technol ogy
for the fabrication of the current collecting system,
LGWEB, demonstrate record-high efficiency for their
class of solar cells (bifacial, back-contact, and Cz-S).
The analysis shows that a wide field of action is open
for the optimization of LGWEB solar cells and
improvement of their efficiency, which can potentially
exceed 21%.
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Abstract—The reflection high-energy electron diffraction (RHEED) behavior manifested during MBE growth
on a GaAs(001) surface under low-temperature (LT) growth conditions is examined in this study. RHEED and
its intensity oscillations during LT GaAs growth exhibit some particular behavior. The intensity, phase, and
decay of the oscillations depend on the beam equivalent pressure (BEP) ratio and substrate temperature, etc.
Here, the intensity dependence of RHEED behavior on the BEP ratio, substrate temperature, and excess of As
content in the layer are examined. The change in the decay constant of the RHEED oscillations is also dis-

cussed. © 2005 Pleiades Publishing, Inc.

1. INTRODUCTION AND EXPERIMENTAL
PRELIMINARIES

Recently, molecular-beam-epitaxial (MBE) growth
of GaAsat alow temperature (LT), specifically, around
200°C, has become increasingly important in semicon-
ductor research and technology [1]. LT GaAs growth
has become an increasingly important method, since it
provides highly insulating films and contributes to the
synthesis of magnetic semiconductors. It has been
shown that growth at this LT leads to incorporation of
excess As in the crystal. The high concentration of
excess As in LT GaAs results in a number of novel
properties. As-grown and annedled LT GaAs layers
exhibit extremely high electrical resistivity and very
short lifetimes of photoexcited carriers [2]. Their elec-
trical parameters can be analyzed using a combined
band and hopping conduction model [3]. Depending on
the growth parameters, these layers may containup to a
1.5% excess of As[4, 5]. The majority of excessAsis
in the antisite position, while the remaining atoms are
interstitial As or Ga vacancies [6]. The unigueness of
LT GaAsisitshigh density of midgap states, which are
a result of excess As, while the structure of matrix
remains perfect [7].

Recently, the use of reflection high-energy electron
diffraction (RHEED) to control the growth of LT GaAs
has been reported [8-10]. The authors observed
RHEED oscillations of the specular spot intensity with
aperiod corresponding to one monolayer of deposition,
as is observed during the traditional high-temperature
growth process. It is not an unsophisticated event to
observe oscillations of RHEED intensity during LT

The text was submitted by the author in English.

growth. RHEED oscillations are very strongly influ-
enced by the growth parameters, such as deposition
temperature, the ratio of beam equivalent pressure
(BEP), etc. RHEED oscillations have been found to be
fundamental in two regions of the BEP ratio at LTs.
One of these regions is near and another is far from
unity of the BEP ratio. The strongest oscillations were
observed when the BEP ratio was nearly one [8, 9].
Oscillations were also found in the region of 40-100 of
the BEPratio [10].

RHEED and its intensity oscillations during LT
GaAs growth exhibit some particular behaviors. In
addition, the intensity, phase, and decay of oscillations
depend on the BEP ratio, excess As content, and sub-
strate temperature. Here, we investigate the behavior of
oscillation decay during the growth of LT GaAs. The
investigated deposition temperature and the range of
the BEP ratio are 200°C and 0.9-1.3, respectively. This
investigation is based on measurements and observed
intensity oscillations of RHEED, which are described
in[8,9].

2. RESULTS AND DISCUSSION

Temporal evaluations of RHEED specular intensity
during LT GaAsgrowth, wherethe BEPratio iscloseto
unity, are shown in [8] (Fig. 1) and [9] (Fig. 2). It can
be seen that, when the BEP ratio moves away from
unity, the decay of oscillations becomes stronger. If the
ratio is 1.3, then the oscillation intensity is very small,
S0 its evaluation is difficult. The decay of the oscilla-
tions was determined as described in [11]. The ampli-
tude decay of the oscillations was investigated peak to
peak. The intensity of the oscillation minima is
changed. The peak-to-peak series are determined by the

1063-7826/05/3911-1352$26.00 © 2005 Pleiades Publishing, Inc.
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subtraction of the background of the oscillations,
which, in turn, is determined by the line of minima of
the oscillations. After the subtraction, an exponential
function is fitted to determine the decay in intensity
with the aid of least-squares method. The exponential
approach is performed according to the first part of
Eq. (1), where 1, is a decay time constant. The deter-
mined decay constants vs. the BEP ratio are shown
inFig. 1.

Itisknown that the strainin agrown layer influences
the observed RHEED oscillations. If the strain islarger
in the grown structure, then the oscillations become
faster. If the strain is smaler or absent, then the
RHEED intensity oscillates for longer. This effect is
demonstrated and described for the case of
InGaAs/GaAs heterostructuresin [11, 12].

We can observe very strong changes in the oscilla-
tion decay depending on the BEP ratio at 20°C (see
Fig. 1). Depending on the growth parameters, these LT
GaAs layers may contain many excess As atoms. The
majority of excessAsisinthe antisite position. Thelat-
tice spacing (Ad/d) of LT GaAs becomes greater than
that of the stoichiometric crystal. The lattice spacing of
nonstoichiometric LT GaAswasdeterminedin[7]. The
functions of lattice spacing vs. the BEP ratio are also
shownin Fig. 1.

We can observe (see Fig. 1) that the decay time con-
stant of oscillations t, decreases rapidly during LT
GaAs growth as the BEP ratio increases, that is, as the
excess As content also increases. The decay of oscilla-
tionsis due to several factors. The excess As givesrise
to alattice mismatch, and, therefore, also to strainin a
grown layer. This strain can influence the decay of
intensity oscillations. First, weinvestigate thiseffect, as
theinfluence of strain is known and the influence of the
growth phenomenon is unknown. The mismatch depen-
dence of the oscillation decay can be determined from
the given parameters (see Fig. 1). The variation in
decay time constant vs. lattice spacing is shown in
Fig. 2. It is clear that not only the mismatch alone is
responsiblefor the decay but aso the other growth con-
ditions. Changes in the excess As modify not only the
mismatch but also the growth conditions, e.g., growth
rate, [13]. Therefore, both the mismatch and the growth
parameters influence the behavior of the oscillation
decay. We approximate this decay with an exponential
function. Furthermore, we assume that the two effects,
i.e., the mismatch and the growth influence, can be sep-
arated from each other. In this way, the decay phenom-
enon can be described by two time constants:

I(t) = Boexpa;E
ot -0 =0 @
= BoexpE(—;+—;D = BexpE[—;D

Here, 15 and 1), are the assumed time constants of the
separated influences, i.e., growth and mismatch, respec-
SEMICONDUCTORS  Vol. 39
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Fig. 1. The decay constant vs. the BEP ratio at 200°C (left)
and lattice spacing vs. the BEP ratio at 200, 210, and 240°C
(right). Thelines are meant to serve asguideto the eye only.

BEP ratio
0.1 0.2 0.3
T T T
35+
\\ AN
N _ Tai(b)
\ N
»n \ AN
- 25 N
~ SO
Teo
15+
1 1 1
0.2 0.7 1.4

Adjd, 1073

Fig. 2. The decay time constant vs. the lattice spacing
derived from Fig. 1.

tively, and B and B, are the scaling factors, which depend
on the excess As and, also, on Ad/d. The decay originat-
ing from the mismatch can be expressed as follows:

1 = 1 _|nlji|:|1'
T,(AdId)  T,(Adid) | CB(Ad/d)t ®
-1
= adig) ~SA/a).

Here, the factors are functions of A/d and, aso, of the
BEP ratio. In the case of stoichiometric LT GaAs
growth (A/d = 0), thereisno decay from mismatch. This
circumstance means that, for A/d = 0, the reciprocal
value of the decay time constant originates fully from
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high-temperature InGaAs growth. The cal cul ated data orig-
inate from LT GaAs growth.

the crystal growth phenomenon (t14(0) = 15(0) = Tgy);
that is, the value of 1/ty(0) is zero. The value of T,
remains constant. The other part of 1, Tg;, depends on
BEP ratio (or A/d). The entire 1 = 15(BEP) + 1.
Therefore, the second term in the 1/t (Ad/d) expres-
sion e(Ad/d) also has an independent and dependent
part on the BEPratio (or A/d). The equivalence between
the BEP ratio and A/d can occur only in the case of a
narrow range of growth parameters, where these ratios
are proportional with each other.

We have separated the supposed strain effect from
the growth phenomenon, which can be responsible for
the decay of the oscillations. In the case of InGaAs
growth, we have assumed that the influence of the
growth remains constant in the low In content region,
since one of the most important growth parameters, the
deposition temperature, remained the same during the
experiment. Under this supposition, we obtained good
correspondence between the theoretical critical layer
thickness and the threshold thickness, which is derived
from the 1), decay constant [12]. In the case of InGaAs,
In replaces Ga in the lattice. Both elements establish
similarly strong sp*-type bonding in the lattice because
of their similar valence structure. The situation in the
case of LT GaAs s quite different. The excess As that
replaces Ga in the lattice has different and weaker
bonding than an sp? hybrid, because its valence struc-
ture is different. This property locally modifies the
probability of chemisorption of As atoms and, there-
fore, the probability of the incorporation of further
excessAsatomsin the crystal aswell [14]. The concen-
tration of excess As can be determined from the rate of
chemisorbed As atoms. As atoms that are chemisorbed
on an arsenic-terminated GaAs(001) surface serve as
precursors of excess As, and, hence, the concentration

NEMCSICS

of excessAsdependsdirectly on the steady-state cover-
age of the chemisorbed As atoms [7]. The excess As
perturbs the bonding behavior in the crystal, that is, the
energy distribution along the surface. We formulate a
simple description for the change in the unperturbed
surface layer by layer. At the first step, the unperturbed

areaA* can bewritten asfollows: A7 =Ab—Aa, where

Aisthewhole area of the investigated surface. The fac-
tors b and a, which are less than one, give the parts of
surface that can be covered by chemisorbed As and that
can be incorporated by excess As, respectively. The

second step can be described as follows: A5 = (Ab —

Aa)b — Aa. We can obtain the nth layer by following up
the former given algorithm. The size of the perturbed
area also depends on the number of grown layers. This
dependence can be negligible if the number of layersis
not large [14]. Among the possible surface reconstruc-
tions of a GaAs(001) surface, the c(4 x 4) reconstruc-
tion occurs at low temperatures under high As fluxes
[15, 16]. The value of b can be estimated because the
maximum coverage of chemisorbed As atoms may be
0.75 monolayers, as in the case of this reconstruction.
The value of a can be estimated by the maximum
excessAscontent, whichis0.015[7]. It can be seen that
the factor b is larger than a; therefore, we can obtain,
after arranging the expression A* and disregarding
small terms, the following simple power function for
the nth step: A* = Ab". We assume that the intensity of

the RHEED is proportiona to the size of the unper-
turbed surface. A continuous description by replacing n
withrtyields|(t) = cA*(t) = cb"A, wherer isthe growth
rate, t is the growth time, and c is a constant character-
izing the diffraction power. This description can be
written in the following form: I(t) = cAexp(—t/tgy).
Here, 14, is the decay time constant originating from
the growth phenomena, which depends on the BEP
ratio: t1g; = —1rinb. The 14, and 15, dependences on b
areshowninFig. 2.

To justify our discussion, we can compare Ty
extracted from the oscillation decay occurring during
LT GaAs growth and the material-independent decay
constant, which originates from the mismatch. The
variation of 1y,(Ad/d) should be determined as follows:
Yty O Uty — Utgy — Utgg, Similarly to the method
described in [12]. The strain-dependent time constant
vs. the composition in the case of InGaAs is given in
[12]. The composition-independent variation of Ty, vs.
A/d can be derived from the above-mentioned depen-
dence with the aid of a modified form of Vegard's law
[17, 18]. The material-independent variation is shown
in Fig. 3, aong with the calculated 1y, data from LT
GaAs. The fitting parameter of b was determined with
the use of the least-squares method [14]. The unity of
the BEP ratio serves as areference point for the calcu-
lation of Ty,. In this calculation, we also took into con-
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sideration aBEPratio of 1.3. T, asdetermined from LT
growth correspondsto the cal culated dependence, but it
should be noted that the ratio of 1.3 is very difficult to
evaluate. We can establish that separation of the influ-
ences of growth and mismatch on the decay of the
RHEED oscillations can describe LT growth only in a
narrow range. The intensity oscillation at the BEP ratio
of 1.3 is very difficult to evaluate because of the very
small intensity. Thisdrastic intensity damage can result
not only from the mismatch in conjunction with the
reduction of the unperturbed area but also from a change
in the sticking coefficient of the deposited material.

3. CONCLUSIONS

LT GaAs growth is very complicated process. The
observed decay and absence of RHEED intensity oscil-
lations can originate from severa effects, e.g., change
in the sticking coefficients, change in the unperturbed
area, and change in strain. Here, it was found that sep-
aration of the influence of growth and strain on the
RHEED oscillation decay in the case of LT GaAs is
possible in anarrow region of the BEP ratio.
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Abstract—Results obtained in an experimental study of spontaneous emission from erbium ionsin a spectral
range corresponding to the lower photonic band edge of distributed Bragg reflectors (1D photonic crystals) are
presented. The photonic crystals were congtituted of alternating quarter-wave a-Si:H and a-SiO,:H layers grown
by PECVD. Erbium was introduced into the a-Si:H layers by magnetron sputtering of an erbium target in the
course of structure growth. The change observed in the intensity of spontaneous emission is due to the nonmono-
tonic behavior of the density of optical modes near the photonic band edge. © 2005 Pleiades Publishing, Inc.

Characteristics of spontaneous emission depend
both on the intrinsic properties of an emitting center
and on the properties of the ambient medium. Under a
weak interaction of an atom with an electromagnetic
field, the probability of a spontaneous radiative transi-
tion (W,) is proportional, according to the Fermi golden
rule, to the density p(w) of photonic states in the vicin-
ity of the transition [1]. Thus, modification of the den-
sity of modes, compared with the mode distribution in
free space, makes it possible to vary W, and, accord-
ingly, the intensity of spontaneous emission [2]. The
most suitable objects for implementing the idea put for-
ward in [2] are photonic crystals (PhCs), which are
structures with a periodic spatial modulation of the
dielectric constant with a period comparable with the
wavelength of light. Thisperiodicity givesrise, by anal-
ogy with the electronic band structure of atomic crys-
tals, to a photonic band structure. The existence of pho-
tonic bands makes it possible to control the interaction
of an emitting center placed within a PhC with an elec-
tromagnetic field and, thereby, to suppress or enhance
the emission [3, 4]. The possibility of a profound mod-
ification of the emission from PhCsindicates prospects
for the application of these materias, e.g., in modern
information transmission systems [5] and high-effi-
ciency thermophotovoltaic converters [6]. The most
interesting objectsfor studying the influence exerted by
PhC properties on the characteristics of spontaneous
emission are 3D structures [7-9]. It isin a PhC of this
kind that the complete photonic band gap can be
obtained and propagation of light in all directions can
be prohibited in a certain spectral range. At the same
time, it should be noted that specific features of the
interaction between radiative centers and the periodic
structure of aPhC can also be studied, both experimen-
tally and theoretically, by investigating one-dimen-

sional PhCs[10]. In the case of 1D PhCs, the fabrica-
tion technology is considerably simpler and more con-
trollable than in the 3D case.

A change in the emission intensity from a 1D PhC
(distributed Bragg reflectors (DBRS)) near the photonic
band edge has previously been observed in periodic
AIAS/AlGaAs structures with a GaAs emitting layer
[11], in liquid-crystal Bragg structures [12], and in
Bragg structures based on amorphous nitrides and sili-
con oxide [13-15]. The present communication reports
the experimental results obtained in astudy of the mod-
ification of spontaneous emission from erbium ions by
the nonmonotonic behavior of the density of photon
modes at the lower photonic band edge in 1D photonic
crystals in the form of DBRSs consisting of alternating
a-Si:H/a-SiO,:H layers. The choice of object for study
was governed by the following considerations, which
are important for technical applications. First, the fab-
rication technology of a-Si:H and a-SiO,:H films is
comparatively simple, compatiblewith the standard sil-
icon technology, and widely used in industry for the
manufacture of thin-film transistors and solar cells.
Second, the radiative transition of an erbium ion from
the first excited state to the ground state lies in the
1.5-um spectral range, coinciding with the transpar-
ency window in fiber-optic communication lines[16].

Samples of 1D photonic crystals (Fig. 1a) were
grown by RF glow-discharge decomposition of an
argon-silane mixture by a technique similar to that
described in [17-19]. Erbium ions were chosen as the
sources of spontaneous emission and introduced, in
contrast to [17-19], by magnetron sputtering of an
erbium target into a-Si:H layersin the course of growth
of aBragg structure. The target was placed in atechno-
logical reactor outside the zone of the RF glow dis-

1063-7826/05/3911-1356$26.00 © 2005 Pleiades Publishing, Inc.
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charge and had no effect on the electric field distribu-
tion in the discharge gap. The technique developed
made it possible to dope any a-Si:H layer with erbium
in the course of its growth. The central a-Si:H layers
were doped in the samples (see Fig. 1a), which made it
possible to increase the number of emitting centersin
the photonic crystal and, thereby, to raise the intensity
of the photoluminescence (PL) signal.

The DBR parameters were chosen so that the lower
photonic band edge was in the spectra range of the
radiative optical transition of an erbium ion from the
first excited state to the ground state (Ag, = 1535 nm).
For this purpose, the optical thicknesses of separate lay-
ers of the structure were preliminarily calculated using
elipsometrically measured refractive indices of a-SIO:H
(n, = 1.46) and a-Si:H (n, = 3.44) reference films.

In the course of growth of a Bragg structure, the
optical thicknesses of the constituent layers were mon-
itored in situ by the interference pattern that appeared
in the recording of the signal reflected from the surface
of agrowing film. It should be noted that, in the course
of successive deposition of DBR layers, the reflectance
in the spectral range corresponding to the formation of
the photonic band gap rapidly approaches 100% and
changesonly dlightly after deposition of the subsequent
layers. Therefore, to improve the accuracy of measure-
ment of the optical thicknesses, the signal was recorded
in a spectral range in which the reflectance varied
widely, outside the photonic band gap.

The growth of the structure was commenced with
thea-Si:H layer. At theinitial instant of time, the reflec-
tance was determined solely by the substrate (glass)
and had its smallest value. As the thickness d of the
a-Si:H film increased, the intensity of reflected light
became higher, reached a maximum at d = A/4n,,, and
then decreased. As the reflection signal passed through
a minimum, the gas flows were switched and an
a-SIOH filmwith arefractive index n, started to grow.
Then, the deposition cycle was repeated. The resulting
DBR samples comprised 13 alternating quarter-wave a-
Si:H and a-SIO:H layers. The optical thicknesses of
the structures were varied in the course of growth in a
prescribed way, which madeit possible to shift the edge
of the photonic band in a DBR with respect to Ag, both
to shorter and to longer wavelengths. The total thick-
ness of the structure (without the substrate) was 1.7 um.

The PL from the erbium ions was excited by a Kr
laser (A = 647.1 nm). The transmission and PL spectra
were recorded in the direction coinciding with the nor-
mal to the surface of a Bragg structure using an auto-
mated grating monochromator and a lock-in amplifier.
An InGaAs photodiode served as a photodetector. All
the measurements were made at room temperature.

The experimental transmission spectrum of one of
the structures obtained is shown in Fig. 1b. A wide
region of low transmission (850-1550 nm) can be seen,
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Fig. 1. () Schematic diagram of a 13-layered Bragg struc-
ture constituted of alternating a-Si:H and a-SiO,:H layers.
The three central a-Si:H layers of the structure are erbium-
doped. (b) Transmission spectrum of the structure shown in
Fig. 1a The arrow indicates the wavelength Ag, = 1535 nm,
which corresponds to radiative transition of erbium ions
from the first excited state to the ground state. The closed
circle denotes the edge interference peak.

which correspondsto the 1D photonic band gap, within
which the density of photon modesis close to zero and
the propagation of electromagnetic waves in the direc-
tion perpendicular to the surface of the Bragg structure
is suppressed. Outside this region (in bands of alowed
states), photons propagate freely and a complex inter-
ference pattern, determined by the finite thickness of
the Bragg structure, is observed in the spectrum.

In the ideal case of an infinite photonic crystal and
absence of dissipation, the frequency dependence of the
density of photon modes should exhibit asingularity at
the photonic band edge p(w) O dk/dw — o, where
k is the wave vector) [20]. In rea structures of finite
dimensions, the density of photon modes grows as the
frequency increasesin the spectral range corresponding
to the lower photonic band and reaches a maximum that
exceeds the corresponding value of p(w) in free space
[7, 11, 21]. However, in the region of the photonic band
gap, p(w) falls steeply. According to an inference from
the electromagnetic variational theorem [22], the
energy density of the electromagnetic field in photonic
crystals at frequencies corresponding to the lower pho-
tonic band is concentrated in regionswith ahigh refrac-
tive index, i.e., in the a-Si:H layers for the samples
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Fig. 2. PL spectra of 13-layered Bragg structures consti-
tuted of alternating a-Si:H and a-SiO,:H layers with three
erbium-doped central a-Si:H layers. The plotsdiffer inrela-
tion to the positions of the edge interference peak in the
transmission spectrum (see Fig. 1b) ((1) 1365, (2) 1410,
(3) 1495, (4) 1535, (5) 1555, and (6) 1595 nm). The emis-
sion spectrum of erbiumionsinasinglea-Si:H film (curve 7)
is shifted along the ordinate axis for clarity.

examined in this study. It follows from the aforesaid
that the influence exerted by the periodic structure of a
photonic crystal on the interaction of the emitting
erbium centerswith aelectromagnetic field in the struc-
tures under study should be more strongly pronounced
in the spectral range corresponding to the lower photo-
nic band edge.

All the subsequent measurements (Figs. 2—4) were
made in the spectral range corresponding to the lower
photonic band edge. As has aready been mentioned,
the samples studied had somewhat different layer thick-
nesses, which led to a spectral shift of the “edge” inter-
ference peak (denoted by acirclein Fig. 1b). Figure 2
shows the luminescence spectraof sx DBRs(curves 1-6)
exhibiting different positions of the edge interference
peak, measured under identical conditions of PL exci-
tation and recording of the PL signal. Curve 7 corre-
sponds to an inhomogeneously broadened emission
band of erbium ionsin a single a-Si:H film. It can be
seen from the figure that the distribution of the main
(with the highest intensities) peaks in the emission
spectraof the Bragg structures reproduces the profile of
the Er PL lineinasingle a-Si:H film.

Now, the influence exerted by the nonmonotonic
behavior of the density of photon modes near the pho-
tonic band edge on the intensity of emission from
erbium ions will be considered. Figure 3 shows the
transmission (Fig. 3a) and luminescence (Fig. 3b) spec-
tra of three Bragg structures with specially selected
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Fig. 3. Comparison of (&) transmission and (b) PL spectra
of three Bragg structures with different spectral positions of
the edge interference peak with respect to a wavelength
(Agr = 1535 nm) corresponding to the radiative transition of
erbium ions from the first excited state to the ground state.
The energy of the radiative transition (1) falls within the
range of allowed states of the lower photonic band far from
its edge, (2) lies near the edge of this band, and (3) falls
within the photonic band gap.

spectral positions of the edge interference peak in the
transmission spectrum with respect to the position of
the Ag, peak in asingle a-Si:H film. In structure no. 1,
the edgeinterference peak in the transmission spectrum
isshifted to shorter wavelengths with respect to A, and
the energy of the radiative transition falls within the
region of photon states of the lower photonic band,
where the mode density is markedly lower than that at
the edge of thisband [21]. In this case, Ag lies near the
second interference peak, which is characterized by a
higher transmittance than the edge interference peak in
the transmission spectrum. In structure no. 2, the edge
No. 11
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interference peak coincides with Ag,, and the energy of
theradiativetransition lies near the photonic band edge,
where the density of the photon modesis at its highest.
In structure no. 3, the edge interference peak lies at a
wavelength longer than Ag,, and the radiative transition
energy falls within the photonic band gap, in which the
density of photon statesis low.

Comparison of the transmission and PL spectrain
Fig. 3 showsthat the emission intensity is at its highest
when Ag, (curve 2, Fig. 3b) lies near the edge interfer-
ence peak in the transmission spectrum and markedly
decreases as this peak is shifted both to shorter (curve 1)
and to longer (curve 3) wavelengths with respect to Ag,.
It should be emphasized that the fall in PL intensity is
observed for Bragg structure no. 1 at the wavelength Ag,
(curve 1, Fig. 3b) despite the fact that the transmittance
in this region (curve 1, Fig. 3a) exceeds that in the
vicinity of the edge interference peak. This result indi-
cates that the experimentally observed increase
(decrease) in the PL intensity does not correlate with
periodic modulation of the transparency of the Bragg
structure[17, 23] but isaconsequence of the nonmono-
tonic variation of the density of optical modes in the
1D photonic crystal.

In order to evaluate the increase in the intensity of
the spontaneous emission from erbium ions near the
photonic band edge in DBRs, a reference sample was
grown. After the seventh (central) erbium-doped a-Si:H
layer was deposited, the surface of the structure was
partly screened (right-hand part of the structure shown
inFig. 4). Then, the growth process was continued until
13 layers had been grown (left-hand part of the struc-
ture in Fig. 4). The emission spectra of erbium ions
from the surface a-Si:H layer in a 7-layered structure
and from the central a-Si:H layer within the 13-layered
structure are shown in Fig. 4. Comparison of the spectra
suggeststhat the intensity of spontaneous emission from
erbium ions placed within a 1D photonic crysta
increases by nearly an order of magnitude in the spectral
range corresponding to the lower photonic band edge.

Thus, 1D photonic crystals were grown in the form
of Bragg structures constituted of alternating a-Si:H
and a-SiO,:H layers. Erbium ions, serving as a source
of spontaneous emission, were introduced into the cen-
tral a-Si:H layers in the course of their growth. The
transmission and PL spectra of the structures synthe-
sized were studied. It was experimentally shown that
the frequency shift of the photonic band edge with
respect to the spectral position of the radiative transi-
tion of an erbium ion makesit possibleto strongly mod-
ify the intensity of spontaneous emission from erbium
ions through a pronounced change in the density of
optical modes in a 1D photonic crystal. The spectral
range in which the emission enhancement was
observed corresponds to the standard spectral range
(1.5 um) of modern telecommunication technologies,
which gives grounds to believe that the Bragg struc-
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Fig. 4. Emission spectrum of erbium ions from (1) a quar-
ter-wave film on the surface of a 7-layered Bragg structure
(right-hand part of the structure shown in the figure) consti-
tuted of alternating a-Si:H and a-SiO,:H layersand (2) from
the central quarter-wave layer of a 13-layered Bragg struc-
ture (left-hand part of the structure shown in the figure).
Spectrum 2 was measured under conditions in which the
energy of the radiative transitions of erbium ions from the
first excited state to the ground state is close to the lower
photonic band edge.

tures obtained can be usedin, e.g., planar optical ampli-
fiers for information transmission systems.
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