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Abstract—The electrical conductivity and thermoelectric power of liquid tellurium with transition 3d metal
impurities were measured in a wide temperature range (from 1700 K to the crystallization temperature) under
argon pressure (up to 25 MPa). It is shown that Ti, V, Cr, and Mn impurities decrease the conductivity and
dlightly increase the thermoel ectric power, whereas Fe, Co, Ni, and Cu impurities increase the conductivity and
dlightly decrease the thermoelectric power. In the region above 1200 K, the thermoelectric power remains vir-
tually constant, whereas the conductivity decreases. The results obtained are interpreted in the context of the
model of s—d hybridization. To describe electron scattering in such systems, the Friedel—Anderson procedureis
used, based on the ideas about the existence of virtual bound states. © 2004 MAIK “ Nauka/Interperiodica” .

1. INTRODUCTION

Liquid tellurium occupies an intermediate position
between semiconductors and metals and, therefore,
understanding its propertiesisimportant for studying the
properties of melts, as is shown by the numerous publi-
cationsinthisfield over thelast few decades[1-8]. Stud-
ies dealing with the effect of transition elements on the
electronic properties of melts are much less numerous
[9-13], and they arerestricted to the temperature region
below 1200 K. At the present stage of the research, the
interpretation of the obtained results does not extend
beyond the effect of the change in the density of states
at the Fermi level if transition metalsare added to liquid
tellurium.

Several models of the electronic structure of liquid
tellurium were considered [14, 15] and were later inte-
grated into a single theory [16]. Using the structura
data obtained by the EXAFS method, the authors of
[16] performed Monte Carlo calculations and obtained
the energy distribution of the density of states N(E) of
conduction electronsin liquid tellurium. The density of
states has a shallow minimum (pseudogap), and the
Fermi level is shifted towards the valence band.

Since the value of the conductivity liesin the region
of the diffusive mechanism of charge transport, we may
use the formulas for the conductivity (o,) and the ther-
moel ectric power (S;) suggested by N.F. Mott [17],
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here, Ny(E;) isthe density of states at the Fermi level E;
for conduction electrons, L, is the electron mean free
path (on the order of interatomic spacing), T is temper-
ature, k, isthe Boltzmann constant, e is the elementary
charge, and mis the effective mass.

To describe s states of the impurity centers, we may
use the procedure based on the idea of virtual bound
states [18]. This procedure was developed for the
description of magnetic properties of impurity atoms;
however, it isalso important for understanding the el ec-
tron scattering processes. At the sametime, it isknown
that 3d impurities in a melt can also have a magnetic
moment. Then the virtual level is split, and we obtain a
two-level system with different occupancies of the lev-
els[19].

To simplify the discussion, we use the following
relation obtained in [10] for the change in density of
states at the Fermi level under the condition of fivefold

degeneracy:
5 dNo(E) . Nyt

c _
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where c is the concentration of the 3d impurity and Ny
isthe density of states for the d element.

The effect of s—d interaction can be interpreted as a
variation in the mean free path in expression (1) for the
conductivity. The mean free path may be written as

L™ L, Vit
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where L, isthe mean free path in pure Te, V;isthe elec-
tron velocity at the Fermi level, and 1y isthe relaxation
time for resonant s—d scattering. It was shown previ-
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Fig. 1. (1-5) Electrica conductivity ¢ and (1'-5') thermo-
electric power Sfor (1, 1) pure Te; (2, 2') Te+ Fe (2 at %);
(3, 3) Te+ Fe (4 a %); (4, 4) Te+ Ti (2 a %); and
(5,5) Te+Ti (4 a %).
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Fig. 2. (1-5) Electrica conductivity ¢ and (1'-5') thermo-
electric power Sfor (1, 1') pure Te; (2, 2') Te+ Co (2 a %);
(3,3)Te+Co (4 a %), (4, 4) Te+V (2 a %); and
(5,5)Te+V (4 a %).
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Fig. 3. (1-5) Electrica conductivity o and (1'-5') thermo-
electric power Sfor (1, 1') pure Te; (2, 2') Te+ Ni (2 at %);
(3, 3) Te + Ni (4 a %); (4, 4) Te + Cr (2 a %); and
(5,5) Te+ Cr (4 at %).

ously [10] that the relaxation time for resonant scatter-
ing can be written as

1 _ 20 . 2TINy
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Then, with allowance for (5), the effect of resonant
scattering in expressions (1) and (2) is expected to
decrease the conductivity and increase the thermoel ec-
tric power.

2. EXPERIMENTAL

We studied experimentally Te + Me (2 at %) and
Te+ Me (4 a %) (Me=Ti, V, Cr, Mn, Fe, Co, Ni, and
Cu) melts. In order to keep the chemical composition
constant and to prevent the evaporation of the volatile
components, all measurements were performed under
the condition of argon overpressure (up to 30 MPa). We
used three-zone two-radii cells (with different but com-
mensurate radii) made of boron nitride in the form of
vertical containers with an internal cavity. Such cells
must be used for the following reason. As arule, mea
surement cells are dielectric containers made of a
ceramic material, into which graphite probes are
embedded. In aimost all cases, the ceramic materia is
porous. Therefore, the melt isin contact with the wall
of the container and diffuses into it. The concentration
of the diffusing agent is highest at the “melt-wall”
interface and exponentially decreases into the depth of
the ceramics. Thus, in the bulk of the cell, adiffuse con-
ducting layer is formed, which to some extent shunts
the melt under study and produces uncontrollable
errorsin the conductivity measurements.

The formation of a conducting layer may be
described as an increase in the radius of the sample by
an effective value Ar. We may assume that Ar is the
thickness of an additional layer of the sample that
would produce the same shunting effect as that of the
real conducting layer. Thus, this approach alows us to
exclude analytically the error caused by the shunting
effect. This method is described in detail in [20]. Note
that the above shunting effect becomes significant for
prolonged high-temperature studies, and under certain
conditionsit can produce an error of 40%. The thermo-
electric power was measured by the standard method in
the presence of a vertical gradient of 2-3 K/cm. The
measurement error did not exceed 2% for the conduc-
tivity and 5% for the thermoel ectric power.

3. RESULTS AND DISCUSSION

The results of the measurements of the conductivity
and thermoelectric power of tellurium containing tran-
sition 3d metal impurities are shown in Figs. 1-4.
To understand better the results obtained, they are com-
pared with the results obtained previously for intrinsic
Te [5]. The experimental temperature dependences of
the conductivity agree well with the results of [9, 21],
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which were obtained in the interval from the melting
temperature (T,,,) to 1200 K. We could not find any sys-
tematic studies of the conductivity at higher tempera-
tures or any data on the thermoel ectric power. 1t should
be noted that the behavior of the conductivity for al the
studied melts correlates with the behavior of the con-
ductivity of pure tellurium. The introduction of Ti, V,
Cr, and Mn impurities reduces the conductivity, and a
higher impurity concentration results in a greater
decrease in the conductivity. The thermoel ectric power
of these meltsincreases only dightly, by ~(1-2) uVv/K.
The thermoelectric power is about 14-16 uV/K in the
entire investigated temperature range and shows adight
tendency to increase at high temperatures. After intro-
ducing the Fe, Co, Ni, and Cu impurities, the conductiv-
ity increases and the thermoelectric power decreases.
Therole of theimpurity isillustrated in Fig. 5.

It follows from Figs. 14 that the electrical conduc-
tivity of all melts behaves in virtually the same way,
apart from the absolute values. In the range from T, to
1000 K, the conductivity increases; in the range from
1000 to 1200 K, it is weakly temperature-dependent
and decreases with further heating. After melting, the
thermoelectric power dightly decreases in a narrow
temperature interval, remains positive in almost the
entire investigated temperature range, and shows a
weak tendency to increase. In [5], such a complicated
behavior of kinetic coefficients for pure Te was inter-
preted in the context of the modified Ziman theory. To
this end, the form factor of the temperature-dependent
pseudopotential wasintroduced, aswell asthe effective
radius of the Fermi sphere that increased with tempera-
ture. A similar interpretation was al so suggested in [4].
However, for our melts, the application of the Ziman
theory encounters certain difficulties caused by the
change in the mechanism of charge-carrier scattering.
We have aready noted that the introduction of transi-
tion-metal impurities should lead to a decrease in the
conductivity and, according to formulas (1) and (2), to
an increase the thermoel ectric power.

It can be seen from the experimental results
obtained that thisit not exactly so. For some melts, this
position istrue and for othersitisnot. In [10] the model
of liquid tellurium with transition-metal impurities was
considered; in this model, the positions of the energies
of impurity states relative to the Fermi level were
important. In Section 1, we discussed the relaxation
time in this model. Omitting the intermediate calcula-
tions, we cite the final result for the additional resis-
tance in the melts of thistype,

0 20ma D.nzTINd
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Here, k; isthe wave vector, a isthe interatomic spacing,
Ny is the density of states for pure tellurium, S, is the
thermoelectric power of pure tellurium, and N, is the

AR = cR,

(6)
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Fig. 4. (1-5) Electrica conductivity o and (1'-5') thermo-
electric power Sfor (1, 1') pureTe; (2, 2') Te+ Cu (2 a %);
(3,3) Te+ Cu (4 a %); (4, 4) Te + Mn (2 a %); and
(5,5) Te+ Mn (4 a %).
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Fig. 5. Effect of 3d elements on the conductivity of tellurium.

density of impurity states. The analysis shows that in
expression (6) the terms are not equally important. The
first term gives a positive oscillating component, and
the main contribution to the additional resistance comes
from the second term. The second term is controlled by
the rate of the variation in the density of states, i.e., by
the position of the impurity state E; with respect to the
Fermi level. In our opinion, this model satisfactorily
describes the behavior of the system; however, it
requires many specific assumptions.

We suggest proceeding from the assumption that
3d impurities in the melt can have a magnetic moment.
Therefore, the electrons at the Fermi level with differ-
ent spin directions are differently scattered by these
impurity centers. The scattering probability dependson
the spin direction of the scattered electron with respect
to the magnetic moment of the impurity atom. Then the
general form of the Friedel sum rule may be written as

Z=355@+0n, ™

where Z is the difference in the vaences between the
impurity atom and an atom of the matrix, | is the orbital
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quantum number, n, 5 isaphase shift, and G isthe spin
index, which can have two va ues. Such atwo-level mode
hasthree parameters[19]: thelevel width I, theleve split-
ting2U = g4 ; — &4 5, and thelevel position with respect
to the Fermi level &4 = (/2)(g4 5 + €4 _5) — E. For reso-
nant scattering, one phase shift is much greater than the
others and is equal to ny = Z1W10. Then we obtain the
following equation:

1 _ r I

< = arctansd+ e U
It follows from this equation that the system of virtual
levels of the impurity center isformed under the condi-
tions of strong interaction with conduction electrons.
Then we find that the conductivity o is given by

+ arctan

(8)

2 = cons[Sin’Ny(Ep) + SMNL(EQ]. (9

The dependence obtained is represented by a curve
with two peaks similar to that observed experimentally
(Fig. 5). However, such a dependence does not explain
deviations at ay/o > 1 and oy/0 < 1. We must find the
dependence of the virtual interaction parameters on
guantum numbers. Note that the exchange or correla-
tion repulsion of electrons with opposite spins occurs
only if these electrons occupy the same atomic d level
with energy €4 The Hartree—Fock approximation
allows us to understand the significance of exchange
terms. In our systems, the exchange integral | can
assume both positive and negative values [22]. Without
going into the details of the procedure, we write out the
final result for the conductivity of the systems with
impurities[23]:

oDcro[l—zll\lN(Ef)lnDRD (10)

EkaD}

Here, N(E;) isthe density of statesin the conduction band
at the Fermi level, N isthe number of atoms per unit vol-
ume, and D isacharacteristic energy. We clearly seethat
the change in the conductivity Ac = 0 — g, can be both
positive and negative (Fig. 5). According to formula (2),
the behavior of the thermoel ectric power correl ates com-
pletely with the results for the electrical conductivity.

The question of why the thermoelectric power
remains virtually unchanged with decreasing conduc-
tivity at temperatures higher than 1200 K remains open.
In (1) the only variables are the mean free path L and
the density of states N(E). It follows from structural
studies [24, 25] that L increases very slowly with tem-
perature. At temperatures higher than 1200 K, the den-
Sity of states decreases substantially. Therefore, the
product L[N(E)]?> and, accordingly, the conductivity
decrease. Formula (2) may be rewritten as

S =

rfk_iT[zﬁ A ME]

"3e |LAE N(E) dE
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Thefirst term in the bracketsin (11) is always posi-
tive and the second term is negative. Sincein the region
of the pseudogap the density of states depends on
energy approximately as E? and the corresponding
dependence of L is generally weaker, the resulting sign
of the thermoelectric power is positive, which agrees
with the experimental observations. Since the Fermi
level is shifted to the valence band [16], the expression
in the brackets in (11) varies with temperature only
dightly, and we therefore obtain virtually temperature-
independent thermoel ectric power.
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Abstract—Theresults of studying the most important energy-band parameters of anew quinary semiconductor
HgCdMnzZnTe solid solution arereported. It is shown that the parameters of HQCdM nZnTe can make this mate-
rial highly competitive with HgCdTe, which is the main material for infrared photoelectronics in the spectral
ranges 3-5 and 8-14 um. © 2004 MAIK “ Nauka/Interperiodica” .

1. INTRODUCTION

The compound HgCdTe remains today the main
material for infrared optoelectronics, owing to its
unique physical properties[1, 2]. By varying the com-
position of the solid solution, one can obtain HgCdTe
with a band gap in the range 0-1.6 eV. One extremely
important aspect of thiscompound isthe very small dif-
ference between the lattice constants of CdTe and
Cdy,HgosTe, which makes it possible to use these
materials to form epitaxial structures. The high mobil-
ity of charge carriers in HgCdTe makes it possible to
design devices with a very fast response [3].

The main drawback of HgCdTe is the weakness of
the Hg—Te chemical bond, which gives rise to a large
number of mercury vacancies and to difficulties in
ensuring the stable behavior of the surfaces and inter-
facesin the structures. These problems can certainly be
solved in part by using the existing technology; in this
case, however, the cost of the material obtained
increases severafold.

Thus, the search for ways to improve the stability
and homogeneity of HgCdTe crystals or the synthesis
of HgCdTe analogues with a higher quality and more
stable crystal lattice remains very important. This aim
can be attained by introducing elements with an ionic
radius smaller than that in HgCdTe into the solid solu-
tion, which would stabilize the Hg—Te crystal-lattice
bond. Specifically, Mn and Zn can play therole of such
isovalent elements; the ionic radii of Mn and Zn (1.39
and 1.3 A) are much smaller than that of Cd (1.56 A)
[4-6].

Taking into account all the above, we believe that
the quinary CdMnZn,Hg, _,_,_,Te (CdMnZnHgTe)
solid solution with a low content of both manganese
and zinc (1-7%) should be more advantageous than
HgCdTeinthat it has (i) ahigher tempora and thermal
stability, (ii) a higher structural quality, and (iii) better
properties of the surface and interfaces.

In this paper, we report features of the growth and
preparation of CdMnZnHgTe crystals and the results of
studying the energy-band parameters of thissolid solution.

2. PREPARATION OF CRYSTALS
AND DETAILS OF EXPERIMENTS

2.1. Preparation of Crystals

The CdMnzZnHgTe crystalswere grown by the mod-
ified floating-zone method from preliminarily synthe-
sized homogeneous polycrystalline ingots 15-20 mm
in diameter and 15-18 cmin length. In order to synthe-
size the solid solutions, we used the starting compo-
nents Cd, Te, Zn, and Hg with a purity of at least
99.9999%; the Mn component had a purity of 99.998%
and was additionally purified using double vacuum dis-
tillation.

The samples for studying the optical, electrical, and
mechanical properties were cut from wafers that had
thickness of 500-600 pm and were cut from the ingot
perpendicularly to the growth direction. The damaged
layer formed as a result of cutting and grinding was
removed by polishing with ASM 2/1 and ASM 1/0 dia-
mond pastes. Chemical-mechanical polishing was used
for final treatment of the surface [7]. All the crystals
grown had p-type conductivity.

2.2. Sudies of Microhardness

An increase in the microhardness may be a qualita-
tive indication that the Hg—Te bond becomes stronger
and the crystal lattice of the material is stabilized in the
presence of Mn and Zn. While no on questions the sta-
bilizing effect of Zn onthe crystal lattice of materials of
the HgCdTe type, there is no general agreement among
researchers as to the effect of manganese. Despite the-
oretical predictions of an increase in the Hg—Te bond
energy in the presence of Mn [8], no direct experimen-
tal evidence of this effect has been obtained so far.
Moreover, Grangler et al. [9], who studied the effect of
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Table 1. Microhardness of Hg, _,_,_,CdMn,Zn,Te crystals with different compositionsat T = 300 K

Composition of crystals > Composition of crystals 2
(Eg=0.15eV) H, kg/mm (E,=0.3eV) H, kg/mm
HgysCdp»Te 376+13 Hgy,CdysTe 473+ 16
Hgy g2Cdg 16MNg oo Te 41.0+14 Hgg 75Cdg 24MnNg g3 Te 50.1+1.6

manganese on the mechanical properties (including
microhardness) of wide-gap Cd,Mn, _,Tecrystals, con-
cluded that the crystal bonds were destabilized in 11-VI
crystalsin the presence of Mn?* ionswith a 10% content.

At the same time, an increase in microhardness was
observed in Cd,Mn, _,Te crystals with an Mn content
as high as 40% [10, 11].

In this context, we studied the microhardness of
CdMnZnHgTe crystals with different contents of man-
ganese and zinc and compared the results with those
obtained for HgCdTe and Hg, _,_,Cd,Mn,Te crystals
with approximately the same band gap. The studies
were performed at room temperature using the Vickers
method. The results averaged over 12-15 measure-
ments are listed in Table 1.

As can be seen from Table 1, the microhardness of
the crystal s studied increases as the content of both zinc
and manganese increases even if the mercury content
increases (from 80 to 84% in the case of E; = 0.15 eV
and from 70 to 76% in the case of E; = 0.3 eV). These
results clearly indicate that the crystal-lattice bonds in
mercury-containing materials of the HgCdTe type
become stronger in the presence of small amounts (up
to 5%) of both Zn and Mn.

a2, cm2 103

—o—]

41

| | | | | |
024 026 028 030 032 034

hv, eV
Fig. 1.  Optica-absorption  spectra of  three

HO; - - y - CdMnyZn, Te samples with (1) x = 0.215, y =
0.031, and z=0.02; (2) x = 0.212, y = 0.04, and z = 0.02;
and (3) x=0.178, y=0.02, and z= 0.01.

2.3. Determination of the Band Gap

The band gap of the crystals obtained was deter-
mined from the optical-absorption curves shown in
Fig. 1 and from the temperature dependences of the
Hall constant and electrical conductivity. The results
obtained using the different methods are in good agree-
ment with each other.

The band gaps determined using the above methods
for three samples (see Fig. 1) were equal to E;=0.291 eV
for sample 1, E; = 0.332 eV for sample 2, and E; =
0.257 eV for sample 3.

3. THEORETICAL CALCULATIONS

The main energy-band parameters of a quaternary
Hg, _x_yCdMn,Tesolid solution were calculated using
the method suggested in [12]. According to this
method, an arbitrary energy-band parameter of amulti-
component solid solution can be represented as a com-
bination of two of its constituents. For the quaternary
solid solution under consideration, any energy-band
parameter A can be expressed as

A(Hg;__,Cd,Mn,Te) = 0.5A(Hg,_,Cd,Te)
+0.5A(Hg,_,Mn,Te),

where u = 2x and w = 2y. According to this method, the
band gap of Hg, __,_,CdMn,Zn,Te was calculated as

Eq(H9; _«_y_,CdMn,Zn,Te)
= 0.5E4(Hg; _4_,,Cd,Mn,, Te) 2
+0.5E4(Hg; _«_»,Cd,Zn,,Te).

The values of the band gap calculated using for-
mula (2) were compared with experimental data at
room temperature. The results are listed in Table 2.

As can be seen, the suggested method for calculating
the energy-band parameters also ensures good agree-
ment with experiment for the quinary solid solution.

Calculating the energy from the bottom of the con-
duction band, we can use the Kane model [13] to obtain
the following expression for the electron concentration
in the conduction band:

(D

_ 2N, Z"2(1 + Z/0)Y3(1 + 22/ D) dz

n
Jmd 1+exp(z-n)

©)
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Here, N, isthe effective density of statesin the conduc-
tion band, ® = E/kg T isthe reduced band gap, and n =
F/kgT is the reduced Fermi energy. In this case, the
effective electron mass at the bottom of the conduction
band is given by

. E,+2A/377
me = my 1+ Egteg | @

Here, Ep = 2myP%/#? and istypically equal to 18-19 eV
in semiconductors of the HgCdTe type; A isthe magni-
tude of the spin—orbit splitting of the bands. As arule,
the values of A arein the range 0.95-1.08 eV [4, 13].
The hole concentration in the valence band was cal-
culated using the following conventional formula:

Ke T2
el e n+o). @

p = 4m e 0

Here, mpy, is the effective mass of heavy holes and
Fio(n + @) is the Fermi—Dirac integral. The values of
Ep, spin—orbit splitting A, and the effective mass of
heavy holes were assumed to be equal to E, = 18 eV,

A =1eV, and my, =0.55m, in the calculations.

The effective mass of electronsin CdMnZnHgTein
the case of complete degeneracy was calculated using
the formula[13]

2

*
0Me 07 = 395x102EYpP*
0 —mU 9 (6)

+8.27 x 10 °n”*1P?,

where P is the matrix element of the angular-momen-
tum operator and n; is the intrinsic concentration.
Since we assumed that E, = 18 eV, we have P = 8.28 x
108 eV cm. Thisvalue of P ensured the best agreement
between the results of calculations and experimental
data. Note that the values of P in the range from 8.2 x
10®t0 8.5 x 108 eV cm are characteristic of HgCdTe-
type semiconductors [4].

4. DISCUSSION

Theresults of calculating the concentration of intrinsic
charge carriers n, and the corresponding experimental data
(triangles, circles, and squares) are shown in Fig. 2. It can
be seen that theoretical curves arein good agreement with
experimenta valuesin theregion of intrinsic conductivity.
In our opinion, the Hg, _,_,_,CdMn,Zn,Te sample with
x=0.14,y=0.014,and z= 20.01is0 partlcular interest.
According to the concentration values and the shape of
the curve, the range of intrinsic conductivity extendsin
this sample to 100 K, which, in turn, indicates that the
defect concentration is low and, accordingly, that the
HgMnZnCdTe crystals obtained are of high quality.
The calculated n,(T) dependences for the other samples
studied also show good agreement with experiment;
however, the region of intrinsic conductivity can bedis-
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Table 2. Band gap of the Hg; _,_,_,Cd,Mn,Zn,Te crystals
under study at T = 300 K

Eg eV ev

Sample Composition theory elzzxgperl-
) 2 ment

1 x=0.215,y=0.031,z=0.02 | 0.301 | 0.291

2 [x=0.212,y=0.04,z=0.02 0.321 | 0.332

3 |x=0.178,y=0.02,z=0.01 0.260 | 0.257

tinguished in experimental curvesonly at T> 180K for
these samples.

For comparison, Fig. 2 also shows the temperature
dependences of the intrinsic-carrier concentrations for
Hg,sCdy » Te (curve A) and Hg, ,Cd, 5 Te (curve B); these
concentrations were calculated using an empirica for-
mula for the intrinsic-carrier concentration in HgCdTe
[14]. It can be seen that the Hg, _,_,_,CdMnZn,Te
sample with x = 0.14, y = 0.014, and z = 0.01 corre-
sponds in the intrinsic-carrier concentration to
HgosCdy,Te; however, this sample corresponds to
Hgo.517Cd, 153 T€ With respect to the band gap. Similarly,
Hg,_—y-LdMnZn,Te (x = 0.21, y = 0.025, and z =
0. 012) exhl bits almost the same carrier concentration as
Hgy,CdysTe and amost the same band gap as

Jo.72Cdp 2sTeE:

Thus, the intrinsic-carrier concentration in
HgCdMnZnTeis somewhat |ower than in HgCdTewith
an identical band gap.

In Fig. 3, weillustrate the behavior of the Fermi level
for the crystals studied. It can be seen that amost all these
crystals are not degenerate. The Hg, _,_,_ CdMnZn,Te
crystal with x = 0.14, y = 0.014, and z = 0.01 is an
exception; in this case, the Fermi level is within the
conduction band at T> 170 K. Such behavior should be

3

n;, cm-
1017§
106 F
1015
10142
1013;
102 & 1 x=0.140,y=0.014,z=0.010
101 £ 2 x=0.170,y=0.020, z=0.010
3 x=0.210,y=0.025,z=0.012
10k 4 4 x=0215,y=0.031,z=0.020
107 — :
100 150 200 250 300
T,K

Fig. 2. Temperature dependences of the intrinsic-carrier
concentration in the Hg; _,_,_,CdMnzZn,Te samples

with different compositions. The dash—dotted lines repre-
sent the results of calculations for (A) HgggCdg,Te and

(B) Hgg 7Cdg 3Te solid solutions.
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-18¢ 1 1 1 1 1
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Fig. 3. Temperature dependences of the reduced Fermi level
for the Hgy _y_y_ ,CdMnyZn,Te crystals under study.

expected since this HgCdMnZnTe crystal corresponds
(as was mentioned above) to Hg, _,Cd, Te (x = 0.183)
with respect to the band gap; asaresult, the temperature
dependence of the Fermi level should be similar for
both of these compounds.

Itisalso of interest to compare the effective electron
massesin HgCdMnZnTewith thosein HgCdTefor the
crystals with identical band gaps. In Table 3, we list
the results of calculations and (for comparison) exper-
imental data [15] at room temperature. It can be seen
from Table 3 that the effective electron masses in
HgCdMnZnTe are somewhat larger than in HgCdTe; as

GORBATYUK et al.

manganese and zinc content increases, the difference
between effective massesincreases. Thisfindingiscon-
sistent with the conclusion made by Nesmelova [16]
who compared the electron effective masses in the
HgMnTe and HgCdTe solid solutions. In Table 4, we
compare our results with those obtained in [16] a T =
300 K. It can be seen that the effective electron massesin
HgCdMnZnTe are somewhat (about 15%) smaller than
those in HgMnTe. The sgnificant discrepancy between
theory and experiment for the sampleswith E; = 0.054 eV
was also reported by Lowney et al. [14] (again, theoret-
ical results exceeded experimental data). Apparently,
the cause of this discrepancy is the fact that the theory
used is hardly applicable to the situation where the
value of E, approaches zero.

Thus, the introduction of manganese and zinc into a
HgCdTe solid solution leads not only to an increase in
microhardness of four- and five-component compounds
but also to a decrease in the intrinsic-carrier concentra
tion and an increase in the effective electron mass.

5. CONCLUSIONS
Thus, the following results were obtained in this

study.

(i) The modified floating-zone method was used to
grow single crystals of a new Hg,_,_,_,CdMnZn,Te
semiconductor solid solution with different Mn and Zn
contents.

(ii) The microhardness of the crystals obtained was
studied. It was shown that microhardness increases as

Table 3. Comparison of effective electron massesinthe Hg; _,_,_,Cd,MnZn,Te and Hg, _,Cd,Tecrystalsat T = 300 K

Composition of eV Carrier concen- mg/m, mym, my/m, HgCdTe compo-
HgCdMnZnTe crysta By tration N, cm3 | calculation (6) | theory [15] |experiment [15] sition [15]
x=0.14,y = 0.014, 0.131 2.4 x10'8 0.049 0.045 0.049 0.18
z=0.01
x=0.166, y = 0.02, 0.182 6.7 x 10Y/ 0.034 0.035 0.033 0.22
z=0.01
x=0.16,y=0.03, 0.223 2.8x10% 0.052 0.049 0.048 0.25
z=0.02

Note: The values of x for Cd,Hg; _Te solid solutions with almost the same values of Eg are given in the last column on the right.

Table 4. Comparison of effective electron massesinthe Hg; _,_,_,Cd,MnZn,Teand Hg, _,Mn,Tecrystalsat T = 300 K

Composition of E. eV Carrier concentra- my/my, my/m, my/my, HgMnTe com-
HgCdMnZnTe crystal 9 tionN, cm™ | calculation (6) | theory [16] |experiment [16]| position [16]
x=0.092, y=0.01, 0.054 1.5 x 10V 0.019 0.019 0.0162 0.06
z=0.01
x=0.14, y = 0.014, 0.131 6.0 x 1016 0.017 0.0194 - 0.09
z=0.01
x=0.16, y = 0.015, 0.158 5.5 x 107 0.031 0.0345 0.036 0.1
z=0.01

Note: The values of x for the Hg; _ ,Mn,Te solid solutions with almost the same values of E are given in the last column on the right.
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the content of Mn and Zn in the crystals increases,
which indicates that the crystal-lattice bonds in mer-
cury-containing materials of the HgCdTe type become
stronger if small amounts (up to 5-7%) of both Zn and
Mn are introduced.

(iii) Temperature dependences of the intrinsic-car-
rier concentration in Hg, _,_,_,CdMnZn,Te were cal-
culated. Good agreement between the results of calcu-
lations and experimental data is obtained in the region
of intrinsic conductivity. The theory used in calcula
tions is applicable to Hg, _,_,_,CdMnZn,Te com-
pounds withx < 0.3,y < 0.1, and z < 0.1 in the tem-
peraturerange 50 K = T < 300 K.

(iv) The effective masses of electrons in nondegen-
erate and degenerate materials were calculated. It was
shown that an increase in the content of manganese and
zinc in the solid solution leads to an increase in the
effective electron mass and to a decrease in the intrin-
sic-carrier concentration.
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Abstract—Stimulated emission of radiation from Cd,Hg, _, Te samples pumped by aNd: YAG laser at temper-
ature T = 77 K is obtained. Both spontaneous and stimulated emission is observed for the wavelengths A in the
range 3300—3600 nm. Experimental emission spectra are presented. The special features of the spectra and the
possible applications of the structures are discussed. © 2004 MAIK “ Nauka/Interperiodica” .

1. INTRODUCTION

There is currently great interest worldwide in the
fabrication of active emitting devices (lasers) and pho-
todetectors that operate in the middle and far infrared
(IR) ranges (A = 3-20 um). Mastering this wavelength
rangeis of interest, particularly for

(1) communication purposes, since this range
includesthe Earth’s atmospheric transparency windows
(3.54 um, 4.5-5 um, 8-14 um, and 16-23 pm);

(2) spectroscopy and environment monitoring, since
this range includes the frequencies of vibrational—ota-
tional transitions of many molecules.

Among the few active devices that can realy func-
tion within this region are semiconductor laser diodes
and quantum cascade lasers. Given the principle on
which they operate, both devices incorporate highly
inhomogeneous structures. These are p— junctions in
laser diodes and quantum superlattices with a fairly
large number (usually from one to severa tens) of
guantum-confinement layers in quantum cascade
lasers. This circumstance complicates the production of
the devices and increases their cost. Asiswell known,
the characteristic frequencies of radiative band-to-band
trangitions in films of narrow-gap semiconductors, for
example, CdHg, _,Te, can fal within the operation
range of quantum cascade lasers. Moreover, it is how
common practice to synthesize CdHgTe sampleswith a
stoichiometry such that the characteristic frequencies
of radiative band-to-band transitions (defined by the
band gap E;) comeright inthe middle IR region. CdHgTe
may be considered as a promising material as the
source of stimulated radiation since it is a direct-gap
semiconductor (direct radiative band-to-band transi-
tions are allowed). The carrier lifetime may be rather
long there (if the band gap is quite wide).

From this point of view, if CdHgTe-based lasers
were designed for afairly broad range of stoichiometric
compositions, they could compete with cascade lasers.
A single CdHgTefilm is much easier to handle than the
guantum superlattice of acascadelaser. A CdHgTefilm
itself represents a waveguide in view of the high per-
mittivity of the CdHgTe materia (15-20), which can be
conducive to the formation of cavity modes due to the
total internal reflection from the film boundaries. Fur-
thermore, in contrast to the structures of quantum cas-
cade lasers, there is no need to grow quantum-confine-
ment layers with the use of high-precision technology
here, since the typical thickness of CdHgTe films usu-
ally ranges from several to several tens of micrometers.
The technology of high-quality epitaxial CdHgTe films
has now been developed in detail due to the production
of IR photodetectors based on them. The main methods
currently used for growing CdHgTe films are liquid-
phase epitaxy, molecular-beam epitaxy, and metal—
organic chemical vapor deposition (MOCVD). As
experimental samples, we used structures grown at the
Institute of High-Purity Substances, Russian Academy
of Sciences, where an MOCVD method for growing
epitaxial CdHgTe layers with various stoichiometric
compositionsis being developed [1, 2].

Until now, there are only afew studies dedicated to
CdHgTe-based lasers, and most of the main questions
remain to be clarified (for example, how far isit possi-
ble to move towards longer wavelengths and higher
temperatures). For the first time, the spontaneous and
coherent emission of radiation from a CdHg,_,Te
crystal optically pumped by a GaAs diode laser was
observed in [3] (see aso [4, 5]). Stimulated radiation
was observed in the range A = 3.8-4.1 um at tempera-
ture T = 12 K, and spontaneous radiation was detected
up to 15 um.
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Hartman [6] reported on optically pumped lasers
operating in therange 1.25-2.97 um at the liquid-nitro-
gen temperature. Continuous-wave lasing at 2.79 pm
took place at 12 K. Stimulated emission was observed
for CdHgTe films with x = 0.5 at 2.13 um [7]. In this
case, the lasing threshold was ~10 kW/cm? at the lig-
uid-nitrogen temperature.

Mahavadi et al. [8] reported stimulated emission
from CdHgTe films with x = 0.46 grown on a semi-
insulating CdTe substrate and subjected to Nd:YAG-
laser pumping: generation at 2.42 pm had a power of
above 2.8 kW/cm? at 10 K.

As can be seen from the data presented above, the
longest wavelength of stimulated radiation at the lig-
uid-nitrogen temperature was 2.97 um. This circum-
stanceis conventionally associated with the fact that, at
narrower band gaps (for comparatively small x, x= 0.2
and smaller), the relative role of nonradiative transi-
tions attributed to Auger recombination increases (see
[9]), although apparently the lasing frequency may be
limited by nonradiative recombination via impurities.
Evidently, with higher-quality and purer samples, one
can hope to obtain a lasing effect for longer wave-
lengths as well. However, an important unsolved prob-
lem is the optimization of the thickness of the sample.
Our experimental data suggest that, in the CdHgTe
films under study, the emission of electromagnetic radi-
ation at lower frequencies can be obtained at consider-
ably higher temperatures than before.

2. RESULTS AND DISCUSSION

In this study, we measured the characteristics of
electromagnetic radiation obtained from epitaxial
Cd.Hg, _.Te layers pumped by a Nd:YAG laser (A =
1.064 um) at the liquid-nitrogen temperature. We used
the Cd,Hg;, _, Te samples with thicknesses from several
micrometers to several tens of micrometers on semi-
insulating GaAs substrates with ahigh-resistivity CdTe
buffer layer. The samples placed at a copper heat sink
were photoexcited on the side of the epitaxial layer.
A metal spherical mirror focused the radiation from the
edge of the epitaxial layer onto the entrance dit of acon-
ventional monochromator. The output signal was detected
by aphotodetector kept at theliquid-nitrogen temperature.
As a photodetector, we aso used Cd Hg; _, Te samples
with an appropriate stoichiometric composition. When
required, the scattered pump radiation was suppressed
by Ge filters placed in front of the photodetector. The
signal from the photodetector was applied to an oscillo-
scope synchronized with the Nd: YAG laser pulse.

Figure 1 shows one of the emission spectra (in the
form of the photodetector signal versusthe wavelength)
obtained for the Cd,Hg, _,Te (MST 638/1) sample with
x = 0.376 and thicknessh = 8.9 um at 77 K; the p-type
sample was grown on a (111)-oriented GaAs substrate.
The sample was shaped like an equilateral triangle with
sides of ~5 mm. For the optical pump intensity P <
4 kW/cm?, the spectrum is shaped like awide low ped-
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Fig. 1. Emission spectrum for the Cd,Hg, _,Te sample

(MST 638/1, x=0.376) at T = 77 K. The photodetector isthe
MST 641/1 sample, x = 0.272. Dashed and solid lines show

the spectraat the photoexcitation below (P < 4 kW/cmZ) and
above (P = 4 kW/cm?) the threshold, respectively.

estal, which is shown by the dashed linein Fig. 1. At
P = 4 kW/cn?, anarrow line appears against the ped-
estal background. It is reasonable to associate the ped-
estal with spontaneous radiation and the narrow line,
with stimulated radiation (superluminescence). Thus,
we observed that the emission spectrum narrowed
when the photoexcitation exceeded a certain threshold,
which in our case was P = 4 kW/cm?,

Thisvalue best agreeswith the result reported in[8],
where the stimulated radiation line corresponded to A =
2420 nm and had awidth that nearly coincideswith that
of the line shown in Fig. 1. It isimportant to note that
the measurements in [8] were carried out at T = 12 K,
while our experimentswere performedat T> 77 K. The
fact that a six- or sevenfold difference in temperature
has almost no effect on the line width (AA = 50-60 nm)
confirms the stimulated nature of this radiation.

In our experiments, various surface regions were
illuminated, rather than the entire surface of the sample
at once. Therefore, we actually measured the superlu-
minescence spectra from different illuminated areas of
the surface. The reliable observation of simulated radi-
ation (even in the absence of a cavity) is an indication
of the high gain in the system. This fact is consistent
with the theoretical estimate [10] that indicates that the
gain a can be as high as~10° cm™.

Figure 2 shows the emission spectra of various sam-
ples each fabricated from a Cd,Hg; _,Te film with x =
0.376, as well as the spectral lines obtained upon the
illumination of different parts of the same sample.
These spectral linesare seen to differ in their peak posi-
tion A5, aswell asin their width and shape. Thevalues
of A related to different areas differ by ~3.6%, which
suggests that the Cd,Hg;, _, Te film under study isinho-
mogeneous. the corresponding fluctuations of its com-
position (nonstoichiometry) should vary from 3 to 4%.
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Fig. 2. Emission spectra of different samples (MST 638/1,
x = 0.376) fabricated from the same Cd,Hg; _,Tefilm.

Signal, mV
500

400

300

200

100

1 1 ]
0 0.2 0.4 0.6 0.8 1.0
Intensity, arb. units

Fig. 3. Intensity of radiation at T = 77 K vs. the pump inten-
sity for the Cd,Hg; _,Te sample (MST 638/1, x = 0.376).

Another indication of the spatial inhomogeneity of the
film is the observed “improper” shape of the line (see,
e.g., the dashed spectrum in Fig. 2). The spread in the
conditions of photoexcitation (illumination of neigh-
boring dissimilar areas) results in the inhomogeneous
broadening of the superluminescence line.

Let us consider a simple estimation of the tempera-
ture dependence of the spontaneous spectrum line
width for aspatially homogeneous samplein the case of
an abrupt absorption edge. It is known (seg, e.g., [11]),
that the photoluminescence (spontaneous radiation)
intensity can be expressed as

D 1/2 Dﬁw—Edj
%(hw—Eg) exp - ko O
lp (Aw) O
p (A W) Eﬁt hw>E,
Epatﬁoo<Eg.

NOZDRIN et al.

We can use this expression to estimate the width of the
spontaneous-emission line width as

A(fiw) = (2-3)ksT. (1)

At the liquid-nitrogen temperature of our experiment,
this formulayields a line width (in temperature terms)
approximately equal to 160240 K.

Evidently, formula (1) gives the minimal value of
the spontaneous line width, since the possible heating
of the sample is disregarded. In our experiment (and
in[8]), the typical intensities were fairly high. Recall
that the lasing threshold was observed at the pumping
intensity P = 4 kW/cm?. Another possible cause of the
spontaneous line broadening isthe spatial inhomogene-
ity of the Cd,Hg, _,Te solid solution (and, hence, the
spatial inhomogeneity of the band gap).

In terms of temperature, the half-width (the width at
the peak’s half-height, 0.51,,,,,) of the spectral line and
the pedestal in Fig. 1 is~86 and ~400 K, respectively.
These estimates indicate that the line is two to three
times narrower than the value predicted for an “ideal”
photoluminescence line and, therefore, cannot repre-
sent spontaneous radiation. Furthermore, the spectral
width of the pedestal is larger than the “ideal” estima-
tion, so that the pedestal can be attributed to spontane-
ous radiation. Note once again that, in al the studies
available (see, e.g., [3, 6-8]), the spectrum appears just
like a narrow line of stimulated radiation against the
background of a broad pedestal governed by spontane-
ous radiation.

Figure 3 shows the emission intensity for the
Cd,Hg; _,Te sample (MST 638/1, x = 0.376) as mea-
sured at T =77 K by the detector with the band gap cor-
responding to the wavelength ~6 um versus the optical
pump intensity. It can be seen that the dependence is
nonlinear but has a fairly smooth appearance. Thus, in
order to find a clear manifestation of the lasing thresh-
old, one should analyze the corresponding spectral
dependences.

3. CONCLUSIONS

The width of the superluminescence spectrum
shown in Fig. 1 amost coincides with the value
reported in study [8]. However, in contrast to our
results, the emission in [8] was obtained at alower tem-
perature (T = 12 K) and corresponded to ashorter wave-
length (A ,x = 2420 nm). Melngailis and Strauss [3]
observed lines of stimulated emission in the region of
A =4100 nm but also at T = 12 K. Thus, in this paper,
we apparently report for the first time the observation of
stimulated emission from the Cd,Hg;, _, Te structures at
77 K in the wavelength range A = 3250-3450 nm. The
observation of stimulated emission at 77 K makes it
possible to state that these structures are promising in
the context of various applications. Note especially that
the observed variations of the superluminescence fre-
guency for different regions of the same sample can be
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used to detect stoichiometric nonuniformities. This
possibility isimportant for improving the technology of
Cd,Hg; _,Te structures. In turn, the better quality of
these structures will lead to a narrower spectrum of
stimulated radiation.
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Abstract—The dependence of the photoluminescence spectrum of electron—hole plasma in semi-insulating
undoped GaAs on the concentration of the background carbon impurity N¢ (3 x 10 cm3 < N < 4 x 106 cm™)
isstudied at 77 K. It is established that the density of the electron-hole plasma, whichisequal ton,_, = 1.1 x
10'® cm3 in crystals with the lowest impurity concentration at an excitation intensity of 6 x 10%? photons/(cm? s),
decreases considerably asthe value of N¢ increasesin the range mentioned above. A decreasein the density of the
electron-hole plasmawith increasing N is attributed to the effect of fluctuations in the carbon concentration N,

which giveriseto anonuniform distribution of interacting charge carriers and to localization of holesinthetails
of the density of states of the valence band. © 2004 MAIK “ Nauka/Interperiodica” .

The photoluminescence (PL) of electron-hole
plasma (EHP) and electron—hole drops in direct- and
indirect-gap semiconductors, respectively, has been
mainly studied in high-purity materials, so the condi-
tionsN<n,_,,and N <ng (N, n._;, and n, are the con-
centrations of the impurity, electron-hole pairs, and
excitons, respectively) at high excitation levels were
satisfied; as a result, collective interactions between
nonequilibrium charge carriers appeared [1-6].

Itisevident that anincreasein N should enhance the
screening effect of impurity atoms on the charge carri-
ers and weaken the interaction between the charge car-
riers. It seems likely that the magnitude of this effect
may depend on the electrical properties of the material,
the degree of compensation, and the distribution of the
impurity potential. However, the possible effect of
these factors on the EHP in direct-gap semiconductors
has been inadequately studied.

In this paper, we consider the dependence of the
EHP PL intensity in semi-insulating undoped GaAs
that includesimpurity-potential fluctuations on the con-
centration of the background carbon impurity N.. The
electrical characteristics of the samples under study and
the method for measuring the PL spectrawere reported
previously [7]. The excitation level J was changed from
3 x 10?1 to 6 x 10% photons/(cm? s) by varying the oper-
ation current of an Ar laser.

It was shown previoudly [7] that the edge-emission
band in the PL spectra of semi-insulating undoped
GaAs crystalsthat contain background carbon with the
concentration N and are subjected to a low-intensity
excitation (J < 3 x 10! photons/(cm? s)) is formed by
the band-to-band transitions of interacting charge carri-
ersat N < 1.4 x 106 cm3. At higher values of N, this
band is related to recombination of free electrons with

holes|ocalized at the tails of the density of states of the
valence band; these tails are caused by fluctuations in
the doping-impurity concentration.

As the excitation-intensity increased (J > 3 X
10% photons/(cm? s)), the spectrum of the edge-emis-
sion PL was modified. This modification is characteris-
tic of radiative recombination in the EHP: the band
peak (the energy corresponding to the peak hv = hv,)
shifted to longer wavelengths, and the band broadened
and changed shape. In addition, the short-wavelength
falloff of the PL intensity became less steep (Fig. 1),
which was indicative of recombination of hot charge
carriers whose temperature at the highest excitation
intensity was estimated from the slope of the short-
wavelength falloff and increased from 87 to 96 K as N
increased in the range 3 x 10" cm3 < N < 4 x 10'° e
under study.

The emission spectrum of some of the crystalsat the
highest excitation levels exhibited peaks (Fig. 1) that
were evidently caused by the initiation of stimulated
emission. The most substantial modification of the
spectrum occurred in the crystals with the smallest val-
ues of Nc. As the carbon concentration increases, the
spectrum modification is no longer observed at N =
2.8 x 10% cm3, asfollows from the extrapolation of the
Nc dependences of the peak energy hv,(Nc) and the
band width W(N) at various excitation levels (Fig. 2).

In Fig. 3, we show the dependence of the EHP den-
sity n._, at J = 6 x 10% photons/(cm? s) on the carbon
concentration estimated from the effective-potential
approximation using the formula[4]

' 3e? 1/3
E, = EQ—E(3T[2ne_h) ,
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Fig. 1. Excitation-level dependences of the edge-PL spectrafor GaAs crystals with different carbon concentrationsNg at T =77 K.
The excitation intensity was J = (1) 3 x 10? and (2) 6 x 10% photons/(cm? s). N¢ = (8) 3.5 x 105, (b) 9 x 10, and () 2.1 x 1016 cm™3,
The spectra were normalized to unity and were shifted arbitrarily along the vertical axis.

where E; is the band gap narrowed as a result of col-
lective electron-hole interaction, E is the unperturbed

band gap, € = 12 is the relative dielectric constant of
GaAs, and e is the elementary charge. When estimat-

ing, we assumed that E;J = hv,, and we decreased the
value of Eyat Nc = 1.4 x 10 cm2 by the depth of the

6 8 10 20
Nc, 105 ecm™

2 4

Fig. 2. Dependences of the (1-3) width W and (1'-3) the
pesk energy hv,, of the edge-PL spectrum on the carbon
concentration N¢ at different excitation intensitiesJ at T =
77K.J=(1 1) 3x 102, (2, 2) 2 x 10%, and (3, 3) 6 x
10% photons/(cm? ).

SEMICONDUCTORS Vol. 38

No. 12 2004

percolation level for electrons and holesy' = (2/3)y is
the depth of potential wells formed by fluctuations in
the carbon concentration).

As expected, the n,_,,(Nc) dependence shown in
Fig. 3 indicates that the EHP density decreases as N
increases; this decrease is larger than that of electron—
hole drops in Ge [8]. In our opinion, the main factor
causing the substantial decrease in the EHP density as
Nc increases is the presence of fluctuations in the dop-
ing-impurity concentration that give rise to a nonuni-
form distribution of interacting charge carriers. Local-
ization of holes within the tails of the density of states
of the valence band at N = 1.4 x 10 cm occurs in
times that are shorter than the lifetimes of nonequilib-
rium charge carrierst (according to our estimations, T <
1.3 x 10 sat the highest excitation intensity, which is

N, j, cm—

1016_

1015_

1014

1013_

2 4 6

L 1 L
8 10 20
Ng, 105 em™

Fig. 3. Density of the electron-hole plasma as a function of
the carbon concentration at the excitation intensity J = 6 x

10% photons/(cm? s) and T = 77 K.
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consistent with the values of T in semi-insulating
undoped GaAs, as reported previoudly [9]). Thislocal-
ization reduces the fraction of the charge carriers that
are involved in the formation of the electron—hole
plasma. The latter circumstance reduces the density of
the electron—hole plasma even further.

1

2.
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Abstract—Electrical and photoelectric properties of Al-n-Si—SnO,:Cu-Ag heterostructures are studied. It is
established that the charge transport in this structure is caused by double injection of charge carriersin the dif-
fusion approximation. A 35% increase in the photocurrent is observed after exposing the heterostructure to a
mixture of 1% of H,Swith N,. Theinitial values of the photocurrent are recovered if the heterostructureis sub-
sequently exposed to air. The rise and decay times of the photosignal are relatively short: 1 and 3 min, respec-

tively. © 2004 MAIK “ Nauka/Interperiodica” .

1. INTRODUCTION

Tin dioxide (SnO,) iswidely used in the production
of detectors of hydrogen sulfide H,S, methane CH,, and
a number of other gases; the electrical conductivity of
SnO, changes in the atmosphere of the above gaseous
compounds [1, 2]. One serious disadvantage of these
sensorsisthat it is necessary to heat the sensitive SnO,
layer to a temperature of 300—-400°C. In addition, the
selectivity of SnO,-based detectors does not always
meet present-day requirements.

In this context, we recently suggested a fundamen-
tally new method of H,S detection [3] that is based on
the variation in the photosensitivity of SnO,-based
structures exposed to H,S. The potential of this method
was illustrated for the first time with the example of
anisotype Al-p-Si—SnO,:Cu-Ag heterostructures [3].
In this paper, we report the results of studying the elec-
trical and photoelectric characteristics of Al-n-Si—
SnO,:Cu—-Ag isotype structures as applied to the prob-
lem of H,S detection.

The technology for fabricating structures with both
p-Si and n-Si is quite similar and was described in
detail in our previous publication [3]. Silicon with n-
type conductivity and a (100) crystallographic orienta-
tion was used as the substrate for the Al-n-Si—
SnO,:Cu—-Ag structures.

2. RESULTS AND DISCUSSION

We measured the current—voltage (I-V) characteris-
tics, spectral dependences of photovoltage, and the
dependences of photocurrent on the time the structure
was exposed to agaseous mixture of nitrogen and hydro-
gen sulfide for the samples of Al-n-Si—SnO,:Cu-Ag
heterostructures. The volume concentration of H,S

TDeceased.

amounted to 1%. All measurements were performed at
room temperature (20-25°C).

The energy-band diagram of the structure under
study isshownin Fig. 1.

2.1. Electrical Characteristics of Heterostructures

In Fig. 2 we show the dependence of the current J on
the forward bias U with the negative voltage applied to
n-Si; this dependence is characteristic of the samples
that were not exposed to hydrogen sulfide.

In the range of currents from 107 to 10 A, the
J(U) curve can be approximated by the expression

J = Joexp[qU/(vkT)] with v =10, Q)

where all designations are conventional. It follows
from (1) that the charge transport in the heterostructure
is not controlled either by the diffusion current in the
neutral base region (since in that case v = 1) or by the
generation—ecombination current in the space-charge
region (in that case, we should have v = 2). Therefore,
the charge transport should be controlled by one of the
types of double injection of charge carriers into the
space-charge region [4].

Fig. 1. Energy-band diagram of an Al-n-Si-SnO,:Cu-Ag
isotype heterostructure.

1063-7826/04/3812-1381$26.00 © 2004 MAIK “Nauka/ Interperiodica’
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Fig. 2. Current—voltage characteristic of the heterostructure
under forward bias before exposure to hydrogen sulfide.

Since the double injection corresponds to a power-
law dependence of the current on voltage in the drift
approximation, analytical expression (1) describes the
double injection in the diffusion approximation. Note
that v = cosh(w/L,), wherew and L, are the width of

the space-charge region and the ambipolar-diffusion
length, respectively.

The presence of a compensating Cu level can give
rise to the attachment of holes. It follows from an anal-
ysis of formula (1) that, at J/J <1 and J/J = 1 (here,
J,and J, are the hole and electron currents, respec-
tively), the effect of the hole attachment on the shape of
the -V characteristic isinsignificant since the electron
current flows predominantly through the isotype het-
erostructure under consideration.

When considering the plasmainjected into the semi-
conductor when the diffusion current is predominant,
we can write the following equation that expresses the
law of conservation for the number of particles[5]:

(2kT/q)d’n/dx® = (b + 1)b/(},T). 2

Here, b = p,/l, and all other designations are conven-
tiona. The solution of Eq. (2) indicates that the func-
tion n(x) falls off exponentially. It isimportant that the
charge carriers injected into the semiconductor are
expected to be concentrated in the region with a depth
on the order of L, = [(2KT/q)u,t/(b + 1)]¥2.

Our previous studies of the Al4p-Si—-SnO,:Cu-Ag
anisotype heterostructures [3] showed that the changes
in the 1-V characteristics observed after exposing the
samples to a gaseous mixture consisting of H,S (1%)
and N, were small compared to the changes in photo-
sensitivity. Similar results were obtained previously for
various structures that incorporated a palladium contact
and were exposed to hydrogen (see, for example, [6]).
Taking this circumstance into consideration, we did not

SLOBODCHIKOV et al.
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Fig. 3. Spectral photosensitivity of the heterostructure
(1) before and (2) after exposure to a gaseous mixture con-
sisting of 1% of H,S and N»,.

perform experiments to clarify the effect of H,S on the
electrical characteristics of Al-n-S—-SnO,:Cu-Ag iso-
type heterostructures.

2.2. Photoelectric Characteristics
of the Heterostructures

In Fig. 3 we show two spectra dependences of photo-
sensitivity measured before (curve 1) and after (curve 2)
exposing the structure to the 1%-H,S/N, mixture with
subsequent exposure to air. These dependences were
measured under conditions of open-circuit photovoltage.

The exposure to hydrogen sulfide givesriseto ashift
of the spectral photosensitivity curve to shorter wave-
lengths by 0.09 eV and |eads to an appreciableincrease
in the photovoltage. These results can be interpreted in
the following way.

Akimov et al. [7] studied the effect of hydrogen sul-
fide on the electrical conductivity of SnO, films doped
with copper. It was established that chemical reactions
that involve copper and sulfur proceeded both at the
surface and in the bulk of the SnO,:Cu layer exposed to
hydrogen sulfide. As a result, multicomponent chemi-
cal compounds were formed, whose composition was
not identified. We may assume that similar processes
occur in the case under consideration.

The space-charge region in n-Si contains a copper
impurity whose concentration decreases as the distance
from the heteroboundary increases (as the substrate is
approached). Therefore, compounds composed of sul-
fur and copper can appear in this region as a result of

SEMICONDUCTORS  Vol. 38
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exposure to hydrogen sulfide; these compounds are
expected to exhibit alarger gradient in their distribution
than that of the initial copper impurity. If these com-
pounds are neutral or exhibit alow activity with respect
to the capture of nonequilibrium charge carriers, the
recombination rate at the interface where the concentra-
tion of the sulfur—copper compounds is highest
decreases. In turn, this circumstance givesriseto a shift
of the spectral photovoltage curve to shorter wave-
lengths.

Apparently, the increase in the absolute value of
photovoltage observed experimentaly should be
related to the corresponding variation in the barrier
height at the n-Si—SnO,:Cu interface.

It is worth noting that similar spectral dependences
of photovoltage were observed previously for the Al—p-
Si—-Sn0,:Cu-Ag anisotype heterostructures [3]. An
important difference between those curves and the
curves obtained in this study is the following. Absolute
values of the photovoltage for anisotype heterostruc-
tureswere an order of magnitude smaller than those for
isotype heterostructures. This result indicates that the
contribution of the surface states to the recombination
processissmall in the case of an Al-n-Si—SnO,:Cu-Ag
heterostructure.

A diagram illustrating the variation in the photocur-
rent J,, inrelation to thetimetis shownin Fig. 4. This
time dependence was observed for an Al-n-Si—
SnO,:Cu-Ag heterostructure in a hydrogen sulfide
atmosphere (region |) and in air (region Il) and was
measured in the short-circuit mode. The Al-n-Si—
SnO,:Cu-Ag heterostructure was installed in a specia
gas-filled cell. Optical radiation wasintroduced into the
cell through a sapphire window. An incandescent lamp
with apower of 60 W, which was mounted at a distance
of 30 cm from the sample, served as the radiation
source.

The photocurrent started to increase as the
(1%-H,S)/N, gaseous mixture was introduced into the
cell. In about 1 min, the photosignal attained a steady-
state value and then remained unchanged. The increase
in the photocurrent amounted to ~35% with respect to
itsinitial value. After the hydrogen sulfide was pumped
out of the cell and atmospheric air was introduced, the
photocurrent recovered the value it had before the sam-
ple was exposed to the (1%-H,S)/N, mixture. The sig-
nal-relaxation time was 3—4 min. The above processes
were completely reproducible in the admission—
removal series for the H,S-containing mixture.

The above results differ not only quantitatively but
also qualitatively from the corresponding data obtained
previously for Al4p-Si—SnO,: Cu—Ag anisotype hetero-
structures [3]. For these heterostructures, a decrease in
the photocurrent as a result of exposure to hydrogen
sulfide was observed; the initial value of the photocur-
rent was recovered after subsequent exposure of the
heterostructure to air. The characteristic time constants
were equal to 10-20 min [3].
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Fig. 4. Kinetics of variationsin the photocurrent for the het-
erostructure illuminated using an incandescent lamp (region |,
in an atmosphere of (1% H,S)/N,; region 11, in air).

3. CONCLUSION

Thus, our experiments made it possible to study the
electrical and photoel ectric characteristics of Al-n-Si—
SnO,:Cu-Ag isotype heterostructures. We observed
and studied a variation in the photosensitivity of the
heterostructures under consideration as a result of
exposure to hydrogen sulfide. In this context, the fol-
lowing special features are important: a significant
increase in the photosignal amplitude, small time con-
stants, the reversibility of physical processes, and the
possibility of operating at room temperature. The
results obtained show that the heterostructures under
study might be promising as components for the fabri-
cation of H,S sensors.
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Abstract—Energies of band-to-band transitions with the involvement of the quantum-confinement subbands
are determined from the photoreflection spectra of the strained short-period GaAYGaA s, gPy4 superlattice.
Strains caused by the mismatch of the crystal lattice in the GaAs and GaAs, P 4 layers are calculated on the
basis of the observed shift of the fundamental-transition energy in GaAsy gPy 4. Positions of minibands in the
superlattice are simulated in relation to the potential jump at the heteroboundary; the Kronig—Penney model is
used in the cal culations. Comparison of the results of simulation with experimental data shows that the studied
superlatticeis of type | with weakly localized electrons and light holes. The potential jump at the heterobound-
ary in the conduction band amounts to AE/AE, = 0.15. © 2004 MAIK “ Nauka/Interperiodica” .

1. INTRODUCTION

An improvement in the technology of the produc-
tion of semiconductor heterostructures (HSs) has made
it possible to grow films with a thickness of several
nanometerswithout generating misfit dislocations. This
circumstance allows one to grow defect-free HSs based
on semiconductors with differing crystal-lattice param-
etersunder the condition that the thickness of the layers
does not exceed acertain critical value specified by the
lattice mismatch [1]. Semiconductor layersin such HSs
experience compressive and tensile strains, which leads
to an additional modification of the energy-band struc-
ture of the layers [2, 3]. Optical properties of superlat-
tices (SLs) with strained layers differ from those of so-
called matched SLs. The positions of the energy levels
in strained SL s are affected not only by the width of the
guantum wells and the thickness of barriers but also by
the strainsthat appear in the layers asaresult of the dif-
ference between the crystal -1 attice constants of contact-
ing materials. A variation in the composition of thewell
or barrier layersleads, on the one hand, to avariationin
the band gap and, on the other hand, to avariation in the
lattice constant and, consequently, to changes in the
valence and conduction bands. The character of these
variations depends on the sign of the strain.

Structures based on the GaAs/GaAs, _,P, hetero-
contact are an example of strained HSs. In the case of
strained HSs based on GaAsGaAs, _,P,, the GaAs lay-
ersexperience compressive strains, whereas GaAs, _, Py
layers experiencetensile strains[4]. Recent studies[4, 5]
showed that lasers that emit in the infrared and red
spectral regions and are based on GaAgGaAs,; _,Py
strained HSs have better characteristics than similar
devices fabricated on the basis of unstrained

GaAgAlL Gy _,As HSs; specifically, lasers based on
strained HSs have lower threshold currents and a higher
guantum yield.

Note that for strained HSs the question of the value
of the potential jump at the heteroboundary remains
open. According to theoretical concepts [6], the con-
duction band in [11-V compoundsisformed by theions
of Group Il elements; as aresult, in GaAgGaAs,; _, Py
SL swhere the composition of the Group-V ionsvaries,
the major potential jump is located in the valence band
(the so-called common-anion rule). However, it is
believed in the majority of publications (see, for exam-
ple, [7]) that up to 60% of the difference in the energies
of fundamental transitionsin GaAs and GaAs, _,P, (as
in the case of the GaAgAl,Ga, _,As HS) isrelated to
the conduction band.

In addition, the approximation according to which all
stresses are concentrated only inasingle layer (for exam-
ple, inthelayer that formsthe barrier inastrained HS) is
often used [4, 5, 8]. In the latter studies, experimental
data were used to derive the dependence of the magni-
tude of the valence-band splitting in the barrier of the
GaAs/GaAs, _,P, HS on the phosphorus concentration.
However, this approximation can be used only if the
thicknesses of the layers that form the HS barrier are
much smaller than the quantum-well width.

Goryaet al. [9] calculated the energy-band diagram
of the GaAg/GaAs, _,P, SL on the assumption that the
potential jump in the conduction band is much smaller
than the potential jump in the valence band. The authors
of [9] consider that the bottom of the conduction band
inthelayers of the GaAswell and GaAs, _,P, barrier in
the heterostructure are separated from the vacuum level
by electron affinity, which is generaly valid only for
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intrinsic semiconductors at T = 0 K; this leads to the
conclusion that the SL under consideration isof typell.

In this paper, we report the results of using photore-
flection spectroscopy to study the energies of band-to-
band transitions in an SL based on GaAsdGaAs, _,P..
We calculate the interband-transition energiesin the SL
in the context of the Kronig—Penney periodic-potential
model taking into account (i) the difference between
the effective masses in the well and the barrier and
(ii) the strains. In contrast to [4, 5, 8], we take into
account that the energy-band structure of both the
GaAs well and the GaAs, _,P, barrier is modified as a
result of strains. Based on the obtained data of photore-
flection spectroscopy, we calculate the potential jump
a the GaAgGaAs, _,P, heteroboundary taking into
account both the strains in the SL layers and the com-
mon-anion rule.

2. EXPERIMENTAL

The sample under study was grown by liquid-phase
epitaxy on a GaAs substrate with the (100) orientation
and consisted of 20 aternating layers of GaAs and
GaAs, _,P, with identical thickness (7 nm). The phos-
phorus concentration in the barriers amounted to ~40%.

The photoreflection spectra were measured using
the setup shown in Fig. 1. The emission of spectro-
scopic lamp 1 with a power of 30 W was resolved into
a spectrum using the first monochromator of an MDR-6
system 2 and was then directed to sample 3. The emis-
sion of a He-Ne laser 4 with a power of 1 mW was
simultaneoudly directed onto the sample; this emission
was modulated using a chopper 5. The modulation fre-
guency was 370 Hz. Reflected radiation was directed
onto the second monochromator in the MDR-6 system 2
equipped with an additional entrance dlit. The light
from the exit dit of the second monochromator was
directed onto an FDK-263 silicon photodiode 6; the
signal from the latter was amplified using a preliminary
low-noise photoamplifier. The signal was then fed to
the synchronous detector 7 of a Unipan-232B selective
nanovoltmeter. The signal from photodiode 8 was
applied to the reference-voltage input of the synchro-
nous detector; the modulated radiation of laser 4 was
directed onto this photodiode. Thus, the voltage at the
output of the synchronous detector was proportional to
the variation in the reflection coefficient R of sample 3
at the modulation frequency. A variation in the position
of gratings in monochromator 2 and measurements of
the photoreflection signal were performed using a
microprocessor-based interface that was software-con-
trolled by personal computer 9.

The spectral width of the spread function of the
monochromator amounted to 1 meV. The photoreflec-
tion spectrawere measured at room temperature.
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Fig. 1. Block diagram of experimental setup for measuring the
photoreflection spectra. (1) Spectroscopic lamp, (2) MDR-6
double monochromator, (3) sample, (4) HeNe laser,
(5) chopper, (6) photodetector with a low-noise amplifier,
(7) Unipan-232B sd ective nanovoltmeter, (8) photodetector of
the reference signdl, (9) computer with an interface module.

AR/R, arb. units

1.3 14 15 16 17 18

1 ]
1.9 20
E, eV
Fig. 2. Photoreflection spectrum of the GaAsGaAsy gP 4

superlattice. Arrows indicate the observed transition ener-
giesin the superlattice.

3. RESULTS AND DISCUSSION
3.1. Positions of the Spectral Lines

The photoreflection spectrum of a GaAgGaAs,; _ Py
SL isshown in Fig. 2. The following lines are observed
in the spectrum: aline peaked at 1.41 eV and caused by
the presence of the GaAs subdtrate, a line peaked at
1.78 eV and related to the absorption edge of GaAs, _,P,,
and a series of lines in the energy range from 1.53 to
1.78 eV that are caused by transitions between the SL
minibands of the conduction and valence bands.

We determined the spectral-line positions by approx-
imating the experimental data by the sum of the Aspnes
expressions[10, 11] for the so-called low-field case,

AFR(E) = Re[A€¥(E-E +T)™, (1)
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Fig. 3. Energy-band diagram of the quantum well for () matched and (b, ¢) mismatched heterocombinations with allowance for
splitting of the valence band into the subbands of (b) heavy and (c) light holes. In a mismatched heterocombination, the crystal-

|attice constant of the well exceeds that of the barrier.

where A and ¢ are the amplitude and phase factors,
respectively; E isthe probing-radiation energy; E; isthe
position of a spectral feature; I is a phenomenological
broadening parameter; and m is the parameter con-
trolled by the type of critical point and by the order of
the derivative of the permittivity €(E) with respect to
energy. We used m=2[12].

As aresult of the approximation of the spectrum by
the sum of the Aspnes expressions, we determined the
positions of the spectral lines as 1.411, 1.551, 1.587,
1.699, and 1.772 eV. Thefirst and last lines are related
to fundamental transitions in the GaAs substrate and
the GaAs, _,P, barrier.

Let us compare the obtained value of the band gap in
the barrier with published data. The fundamental-transi-
tion energy in the unstrained GaAs, _,P, layer is deter-
mined using the following expression suggested in [13]:

E,(GaAs,_,P) = 142+ 1.12x+021x°. (2

Asaresult, wefind that the band gap E; = 1.902 eV for
X = 0.4, whereas the fundamental-transition energy
determined by us (1.772 eV) is considerably lower. This
discrepancy may be related to the presence of strains
caused by the mismatch between the crysta-lattice con-
stants of the GaAswell and the GaAs, _,P, barrier.

3.2. Srain-Induced Variations
in the Energy-Band Structure

Asiswell known [14], the presence of strains leads
to a variation in the SL energy-band structure. For
GaAg/GaAs, _,P, SLsgrown along the [100] direction,
the layers of the GaAs well experience both uniform
and uniaxial compression. Uniform compression leads
to an increase in the band gap owing mainly to a shift
of the conduction band. Uniaxial compression removes
the valence-band degeneracy at the I point; as aresult,

an energy gap appears between the subbands of the
heavy and light holes.

The strain-induced shifts of the conduction band &E,
and also of the subbands of the heavy holes 8E,,, and
light holes dE,, in the valence band at the center of the
Brillouin zone are determined from the expressions [ 7]

OE, = 2a.e(Cyy —Cypp)/Cyy, ©)

5E, = E,+ %AO—%ES—%(AS+2AES+ 9E), (5)
where

€ = (a;—ay)/ay, (6)

Ey = 2a,8(Cy —Cp)/Cyy, ()

Es = be(Cyy +2Cy,)/Cyy. 8

Here, e isthestraininthelayer; a. and a, are the hydro-
static deformation potentials for the conduction and
valence bands, respectively; b isthe potential of uniax-
ia strains; C; and C,, are the elastic constants; a; and
a, are the crystal-lattice constants of the well and bar-
rier layers, respectively; and A, is the spin—orbit split-
ting of a subband in the valence band. As a result of
strains in the GaAg/GaAs, _,P, SL, the bottom of the
GaAs conduction band is shifted by dE_, and increases
the band gap in the well, whereas the bottom of the con-
duction band in GaAs, _,P, is shifted by d0E, in the
opposite direction. The resulting variations in the con-
duction-band positions of GaAs and GaAs, _,P, cause
the depth of the quantum-well for electronsto decrease.

In Fig. 3 we show the energy-band diagrams of the
guantum wells formed by (a) a matched heterocombi-
nation and (b, ¢) mismatched heterocombinations for
which the quantum-well region experiences compres-
sive strains and the barrier region experiences tensile
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strains. The designations used in Fig. 3 (0E., OE, 1,
OE,; and 0E,, OE,,, AE,,,) are the shifts of the well
and barrier bands as a result of strains; these shifts
were calculated using formulas (3)—(5) with the indi-
ces 1 and 2 denoting the layers of the GaAs well and
the GaAs, _,P, barrier, respectively.

Uniaxial stresses |ead to the removal of degeneracy
and to the appearance of an energy gap between the
subbands of the heavy and light holes at the center of
the Brillouin zone of the valence band. For example, the
top of the heavy-hole subband of the valence band in
the layer of the GaAs well is insignificantly shifted so
that the band gap decreases, whereas the corresponding
band in GaAs,_,P, shifts in the opposite direction
(Fig. 3). The opposite situation is observed for the sub-
band of light holes. Thus, the resulting variationsin the
subbands of the GaAs and GaAs, _,P, valence bands
lead to an increase in the depth of the quantum well for
heavy holes and to a decrease in that for light holes. As
a result of the strain-induced variations in the band
structure, the energies of transitions between the bot-
tom of the conduction band and the top of the heavy-
hole subband in the valence band and between the bot-
tom of the conduction band and the top of the light-hole
subband in the valence band increase in the well region
and decrease in the barrier region in comparison with
unstrained structures. Thus, in thevicinity of the funda
mental absorption edge in strained semiconductor lay-
ers, one observes two energy gaps related to transitions
from the conduction band to the subbands of the heavy

holes Eg (c-vh) and light holes Ej'(c-vl) in the
valence band. The energies of these transitions can be
determined from the following expressions:

Eg (c-vh) = Eg™ + 8E_+ 8E,, (9)

Eg (c-vl) = E;™ + 8E_ + 8E,,. (10)

Here, E;™" isthe band gap for the unstrained material.

Thus, a decrease in the GaAs,_,P, band gap is
caused by strains in the SL layers. The constants
required for calculation of the energy-band structure
using expressions (3)—5) were reported previously
[7, 15]. For the phosphorus content claimed by the
manufacturer (40%), the strain-induced band gaps are
1.524 and 1.785 eV for the edge transitions between the
conduction band and the heavy-hole subband in the
valence band of GaAs and GaAsygP, 4, respectively;
these energies are equal to 1.603 and 1.683 eV for sim-
ilar transitions involving the light-hole subband in the
valence band. We determined the phosphorus content x
using the position of the spectral line (Fig. 2) related to
the fundamental transition in the barrier. This content
amounted to (39 = 3)%, which is in good agreement
with the data of the manufacturer.
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3.3. The Effects of Spatial Quantization

A seriesof linesin the photoreflection spectrumin the
range from 1.53 to 1.78 eV (Fig. 2) is related to transi-
tions between the spatial-quantization subbands of the
conduction and valence bands in the GaAgGaAs, _ P,
SL. Since the observed spectral features are fairly nar-
row (when the spectrum is approximated using the
least-squares method, the phenomenological broaden-
ing parameter in expression (1) is no larger than
20 meV), we believe that these features are caused by
transitions between the conduction-band minibands
and the heavy-hole subband in the valence band [6].

We now calculate the energies of the band-to-band
transitions in the SL. The behavior of a particle is
described in terms of the Kronig—Penney model for an
infinite periodic rectangular SL potentia [6, 16]. The
position and width of the minibands are determined
from the following transcendental equation based on
the method of the envelope wave function:

2 2
—kzz_flsinh(kzdz)dn(kldl) + cosh(k,d,) cos(k,d,)
kK2 (1)
= cos(k,d,).
Here,
15
ki = £2miE, (12)
k, = %«/Zmﬁ(U -B), (13)

where m; and m; are the effective masses of charge
carriersinthe SL well and barrier, respectively; U isthe
potential-well depth governed by the potential jump at
the heteroboundary; d, and d, are the well and barrier
width, respectively; and E is the particle energy. The
wave vector k; is defined within the first Brillouin mini-
zone as

—-1/d, <k, < 17d,. (14
Thus, the range of the energies allowed in the SL
can be determined from the relation

2 2

—k
1< -2 gnh(k,d,)sin(k,d
k;ki ( 2 2) ( 1 1) (15)

+ cosh(k,d,) cos(k,d;) < 1.

The effective mass of charge carriersin the GaAs; _,P,
barrier depends on the ternary-compound composition

as 7]

m./m, = 0.067 + 0.103x,
my/my, = 0.62 +0.17X,
my/my = 0074 + 0.066x.

(16)
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Fig. 4. Dependences of positions of the minibands in a
GaAgGaAsP superlattice on the potentia jump in the con-
duction band. The minibands of the conduction band are
plotted in the positive half-plane, while the heavy-hole sub-
bands are plotted in the negative half-plane. 1e, 2e, 1h, 2h,
3h, and 4h denote the energies of minibands for electrons (€)
and holes (h).

Here, mis the free-electron mass; m,, m,,, and my, are
the effective masses of el ectronsin the conduction band
and of the heavy and light holes in the valence band,
respectively; and x is the phosphorus fraction in the ter-
nary compound.

The nonparabolicity of the dispersion relation in the
GaAs conduction band was taken into account in calcu-
lations by introducing the following energy dependence
of the electron effective mass (as suggested in [17]):

m.(E
m(E) _ 0.0665 + 0.0436E + 0.0236E% — O.147E3.(1

Here, my(E) is the effective mass of charge carriersin
the conduction band and E is the energy expressed in
electronvolts. We introduced relation (17) into expres-
sions (12), (13), and (16) when calculating the energy
levelsin the quantum well of the conduction band.

In order to determine the miniband edgesusing rela-
tion (15), we compiled a program in the MathCad soft-
ware package for mathematical simulation. It was
found that the width of minibands is no larger than
5meV for the studied sample, with well and barrier
widths of 7 nm; this miniband width gives rise to well-
defined features in the photoreflection spectrum (Fig. 2).

AVAKYANTS et al.

c-vh

The energies of the interband transitions E;
ES"' in the strained SL are defined by the following

ivj
expressions:

and

E" = EJ'(c-vh) + Ef + E]", (18)

E" = Ej(c—vl)+Ef +E/. (19)

Here, E; isthe position of the ith miniband in the con-
duction band, EJ-Vh isthe position of the jth miniband of

heavy holesin the valence band, and E}/' isthe position
the jth miniband of light holesin the valence band.

The positions of minibandsin the SL are controlled
not only by their geometric parameters but also by the
depth of the quantum well for electrons and holes U.
Until now, there is no generally accepted method for
determining the value of the potential jump at the het-
eroboundary. On the one hand, the conduction bandsin
the SL should be spaced from the vacuum level by an
energy equal to the electron affinity; this circumstance
rigidly fixesthe depth of quantum wellsfor the valence
and conduction bands. However, this inference holds
only for intrinsic semiconductors at T = 0 K. On the
other hand, there is the mnemonic common-anion rule.
Itiswell known that the conduction band of 111-V com-
pounds is formed by Group-I11 ions (in the case under
consideration, by Gaions). Therefore, the largest vari-
ations in the potential are concerned with the valence
band in GaAs/GaAs,_,Z, heterostructures where As
ions in the ternary compound are replaced by the ions
of an element Z that form the valence band. At the same
time, the bands in the heterostructures are arranged with
respect to the Fermi level so that the Fermi level is com-
mon to all layers. The presence of charge carriers has a
significant effect on the position of the Fermi level [18].

In order to determine the potential jump at the het-
eroboundary in GaAs/GaAs, P, 4, we simulated the
energy-band structure of an SL with a different distri-
bution of the potential jump between the subband of
heavy holes in the valence band and the conduction
band. In the course of simulation with a step of 5%,
from 10 to 90% of the energy difference of fundamental
transitions in GaAs and GaAsygP,, fell within the
potential jump in the conduction band; the opposite was
true for the valence band.

As a result, we constructed a diagram (Fig. 4) in
which the fraction of the band offsets that falls within
the conduction band is plotted along the horizontal axis
and the energy of minibandsin the valence band isplot-
ted on the vertical axisin the negative region, whilethat
in the conduction is plotted on the vertical axisin its
positive region. Thus, in order to determine the energy
of the band-to-band transition, we should find the
energy gap between the minibands in the valence band
and those in the conduction band for a specific band off-
set at the heteroboundary and then add the strain-
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induced band gap of GaAs (9) to the value obtained.
The best agreement between experimental and theoret-
ical dataisattainedif 15% of the difference between the
energies of fundamental transitionsin the well and bar-
rier falls within the conduction band. In the case under
consideration, the depth of the well for the conduction
band is 39 meV; this depth is 222 and 41 meV for the
subbands of the heavy and light holes in the valence
band, respectively. It followsfrom the above that the SL
studied is a type-l SL [6] with weakly localized elec-
trons and light holes.

Taking into account the determined potential jump,
we suggest the following identification of the lines
observed in the photoreflection spectrum: the line at
1.551 eV isattributed to the 1e-1h transition; theline at
1.587 eV, to the 1e-2h transition; and the line at
1.699 eV, to the 1le4htransition. It isimportant that the
difference between the theoretical and experimental
data does not exceed the error in the determination of
the positions of spectral lines. The top of the single
miniband in the subband of heavy holes is 16 meV
away from the top of the valence band, and the energy
of the single possible band-to-band transition 1le-1l is
1.636 eV (whichisindicated by an asterisk in Fig. 2).

4. CONCLUSION

Photoreflection spectroscopy is used to study the
energies of band-to-band transitions in a superlattice
(SL) based on the GaAsdGaA s, P, 4 heterostructure at
room temperature.

In order to determine the magnitude of the potential
jump at the heteroboundary, we simulated the structure
of the SL minibands using the Kronig—Penney model
for periodic potential and taking into account the strain-
induced changes in the energy-band structure of the
GaAswell and GaA s, gP, 4 barrier. Wefind that the best
agreement between experimental and theoretical datais
attained if 15% of the difference in the energies of fun-
damental transitions in GaAs,sP,, and GaAs is con-
cerned with the conduction band (AE/AE, = 0.15); this
conclusion is consistent with the common-anion rule.
We identified the lines observed in the photoreflection
spectrum taking into account the determined potential
jump at the heteroboundary in the conduction band.
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Itis shown that the lines correspond to band-to-band
transitions involving minibands in the superlattice.
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Abstract—The effect of pulsed electromagnetic radiation with a leading-edge duration of 1.4 x 10° sand a
total pulse duration of ~11.5 x 1079 s, arepetition rate of 10 kHz, and various pulse energies (<2.4 x 10 J) on
Al/SIO,/Si structures is studied. Capacitance-voltage characteristics of such structures were measured before,
during, and after exposure to ultrashort pulses. Changes dependent on the pulse energy caused by insulator
polarization and atransformation of the nonequilibrium defect structure of theinterface with the semiconductor
as aresult of the irradiation were found, as well asirreversible changes associated with a breakdown observed
after the radiation was switched off. © 2004 MAIK “ Nauka/Interperiodica” .

1. INTRODUCTION

Current progress in devices for generating electro-
magnetic radiation (EMR) makesit possibleto produce
video pulses with a high peak power with nanosecond
and picosecond duration [1-3], comparable to the char-
acteristic response times of insulator, semiconductor,
and metal materials that compose the material basis of
modern radio-€lectronic devices.

The fundamental processes of nonsteady nonlinear
energy cornversion of high-power ultrashort pulses
(USPs) of electromagnetic radiation to the response
energy of semiconducting and insulating materials rad-
ically and conceptually differ from their well-studied
interaction with harmonic or pulsed EMR of long dura-
tion, in which casetransient processes are insignificant.

Difficulties in constructing mathematical tools to
adequately describe the interaction between USPs and
various materials and structures result in the fact that
experimental studies arethe main priority at the current
stage of development of research in thisfield.

In the vast majority of modern devices of semicon-
ductor microelectronics, an active functioning regionis
a very thin semiconductor layer, surface region, or
interface of two media. Metal—insulator—semiconduc-
tor (MIS) structures are convenient test objects for the
control of technological processes and can also be used
to identify mechanisms of electronic processesin semi-
conductor and insulator surface layers subject to vari-
ous external effects[4].

Many studies of the effect of ultrahigh-frequency
(microwave) radiation (both continuous and pulsed of
various durations) on materials and device structures
have been carried out [5-11]. It was shown that changes
in the parameters of the objects under study subjected
to an impact exposure to EMR can be both transient,

i.e., observed during exposure or immediately after its
termination, and steady, observed for along time after
termination of exposure. The following results of the
studies of the effect of microwaves on MIS structures
were obtained [5-11].

(i) The strongest effects are characteristic of impact
fields with the largest gradients.

(i) Degradation, polarization, and ionization effects
in impact fields manifest themselves at significantly
lower energiesthan in steady fields.

(iii) Inhomogeneous semiconductor structures with
internal electric fields and interfaces incorporating
insulator and metal regions arethe least stableto irradi-
ation.

The prime abjective of this study was to detect the
changes in capacitance-voltage (C-V) characteristics
of test AI/SiO,/Si MIS structures caused by exposureto
USPs of EMR.

2. EXPERIMENTAL

Structures grown on KEF-4.5 crystalline [100Csili-
con (n-Si:P, p = 4.5 Q cm) with athermal oxide 125 nm
thick and control aluminum electrodes (gates) 0.8 mm
in diameter deposited by vacuum condensation were
used as test structures. High-frequency C-V character-
isticswere measured at afrequency of 1 MHz and atest
signal amplitude of 25 mV using an E7-12 meter. A bias
applied to the structure was controlled in the range from
—-15 to +15 V using a GPC-3030DQ power supply.
Since USPs of EMR can significantly affect the opera-
tion of the measuring device, the test structures were
placed into a matched broadband coaxial load, which
decreased the signal at peripheral devicesto 60 dB. The
internal volume of the coaxial load was filled with a
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USPG

Fig. 1. Schematic diagram of the setup for measuring the
C-V characteristicsof MIS structuresin thefield of the USP
generator (USPG); PSU isthe power supply unit.

X

Fig. 2. Oscilloscope trace of the USPG bipolar pulse with
an energy of 2.4 x 1074 J. Thex and y axis scales are 5 ns and
1V per division, respectively; the attenuation factor is 800.

special adsorber, which allowed us, in combination
with positional windows arranged along the load, to
place an object into fieldswith various energies. Figure 1
shows the schematic diagram for measuring the C-V
characteristics of MIS structures in the field of USPs
with various amplitudes and energies, depending on
window index 1-5. In these experiments, we used a
USP generator (see Fig. 2) that produced bipolar pulses
with leading and trailing edge durations of 1.4 x 10°
and 3.2 x 107 s, respectively; apolarity switching time
of 2.8 x 10° s; and a repetition rate of 10 kHz. The
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Fig. 3. Capacitance-voltage characteristics of the MIS
structure (a) before and (b) during exposure to USP with
energy E=1.3x 107°J.
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pulse energy at the generator output was 2.4 x 102 J. In
the first window of the matched coaxial 1oad, the pulse
energy was 2.5 x 107 J.

3. RESULTS AND DISCUSSION

Measurements of the C-V characteristics of MIS
structures makes it possible to assess the quality of the
insulating layer and its interface with the semiconduc-
tor, including the value and sign of the effective charge,
the surface-state density, and the existence of leakage
currents [12], i.e., the parameters controlling the oper-
ation of field-effect transistors and integrated circuits
based on them.

Figure 3 shows the typical C-V characteristics of
MIS structures, measured before and during exposure
to EMR USPs with energy E = 1.3 x 10 J. Figure 4
shows the C-V characteristics of the identical test MIS
structure, measured at various energies of EMR USPs.
As can be seen in Figs. 3 and 4, the structure capaci-
tanceincreases during exposure to USPs over the entire
measurement range; however, this increase depends on
the sign and magnitude of the applied bias. An almost
parallel increase in the capacitance is observed in the
region enriched with majority carriers (positivebias), in
which casethe MI S structure capacitanceis equal to the
insulator capacitance. An increase in the capacitance
with the C-V characteristic slope is observed in the
regions of small and negative biases. In this case, the
largest relative change in the capacitance is observed at
abiasof 1.5-2V. Anincrease in the USP energy results
in anonparallel increase in the capacitance of the struc-
ture over the entire bias range (Fig. 4). After exposure
to USPs of such energies, the C-V characteristic of the
MIS structure under study almost coincides with the
initial characteristic (Fig. 4).

To analyze the effect of EMR USPs on MIS struc-
tures, some electrical parameters were calculated using
conventional processing of C-V characteristics[12, 13].

C,pF
400}

350
300+
250t
200t
150+
100
50r
O 1 1 1 1 1 1 1 1

OQAR

IS

Uu,v

Fig. 4. Capacitance-voltage characteristics of the MIS
structures (a) before, (b) after, and (c—€) during exposure to
USP with energies of (c) 1.2 x 107, (d) 1.3 x 10™°, and
(6) 25 % 107°J.
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Fig. 5. Spectral surface-state density D¢ of the MIS struc-
ture at the Si-SIO, interface (a) under irradiation and
(b) without irradiation; Eg isthe Fermi level.

For theinitial structure beforeits exposureto USPs,
the following parameters were determined:

(i) donor impurity concentration Ny = 10'° cm=3;
(ii) gate insulator thickness d,, = 125 nm;
(i) flat-band voltage Vg = 0.7 V;

(iv) effective surface charge Q% =1.5x 108 C/cm?;
and

(v) effective surface-state density N% = 10 cmrs,

During exposure to USPs with E = 1.3 x 10° J
(Fig. 3), the same structure has the parameters:

Ve =1V,
Q% =3.5x10® C/cm?; and
NZ =22 x 10" cm.

In this case, the charge of surface statesis positive,
since the C-V characteristic shiftsto negative voltages.

Figure 5 shows the change in the spectral density
(Dg) of surface states at the S—SiO, interface. It follows
from Fig. 5 that the energy density of surface states
increases approximately tenfold under irradiation.

We stress that thisinterpretation of the changein the
C-V characteristics under exposure to EMR USPs fol-
lows from the conventional method for processing C-V
characteristics and is only one possible interpretation.
The changes observed can also be explained within the
model of random fluctuations of the surface electro-
static potential Y, of the semiconductor [14, 15]. An
increase in the amplitude of fluctuations and their vari-
ance under exposure to USPs seems quite reasonable
and conforms well to the experimentally observed
extension of the C(V) curve along the voltage axis.

The most unclear phenomenon is the significant
increase (~40%) in the highest capacitance of the struc-
ture, observed under exposure to USPswith energy E =
1.3 x 107 Junder conditions of enrichment with major-
ity carriers, since, in this case, the total structure capac-

TEREKHOV et al.

itance is specified only by the geometric capacitance of
the insulating layer,

C — sOsOX
ox '
dox

The observed change in C, corresponds to an
increase in the SIO, relative permittivity from 3.9 to
~5.6. Thisincrease is presumably caused by the rather
strong polarization of silicon and oxygen atoms under
exposure to USPs of a fairly large amplitude, which
increases €,. As the USP energy and amplitude
decrease, the C,, increase becomes noticeably smaller
(Fig. 4). At apulse energy of 1.3 x 1078 J, the additive
component to C,, amounts to 5-7%. The rather heavy
dependence of the change in the insulator capacitance
of the M1S structure on the UPS amplitude may suggest
that the polarization factor significantly contributes to
this change.

As the UPS amplitude and energy increase to E =
2.5 x 107 J, the effects of through insulator breakdown
become observable, which manifests itself in the C,,
falloff with increasing bias to the MIS structure. As the
USP energy increases approximately tenfold to ~2.4 x
107, irreversible changesin the C-V characteristics of
the MIS structures can be observed. We carried out
these experimentsin a stripe load without adsorber [16].
Figure 6a shows the C-V characteristics of the MIS
structures, in which leakage currents of both mgjority
and minority carriers manifest themselves after expo-
sure to high-energy EMR USPs for 10 min. Figure 6b
illustratesthe rare case of degradation of the MIS struc-
ture under exposure to USPs with the same energy of
~2.4 x 10 J. Here, irradiation for 2 min in addition to
the initiation of leakage currents of minority carriers
results in the rather distinct peak in the experimental
C-V characteristic of the MIS structure. This peak indi-
catesthat alocal level of fast surface states (which have
time to respond at the frequency of capacitance mea-
surements, 1 MHz) is formed at the Si-SiO, interface
under exposure to USPs. After calculating a theoretical
C-V characteristic of a corresponding ideal MIS struc-
ture and calibrating it over the surface potential Y5, we
estimated the position of this level [12, 13] as ~0.3 eV
above the top of the valence band. The concentration of
local centers at this level immediately after exposure
to EMR USPswas 3 x 10* cm~3, After the termination
of irradiation, the observed capacitance peak decreases
for about an hour, after which the C-V characteristic
in this voltage range becomes identical to that shown
inFig. 6a

Thus, the insulator capacitance in MIS structures
increases under exposure to EMR USPs. This increase
depends on the USP energy, and when the energy is suf-
ficiently high (>2.5 x 10 J), athrough insul ator break-
down ispossible. Moreover, asignificant increasein the
surface-state density is observed, and the conductivity
conversion point shiftsin the boundary region.

SEMICONDUCTORS  Vol. 38
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Fig. 6. Capacitance-voltage characteristics of MIS struc-
tures before and after exposure to EMR USPs with an
energy of 2.4 x 10744, (a): (1) beforeirradiation, (2) imme-
diately after 10-minirradiation, and (3) one day after irradi-
ation. (b): (1, 3) thesameasin () and (2) immediately after
2-min irradiation (manifestation of the local level of fast
surface states at the Si—-SiO, interface immediately after
exposure to USPs).

4. CONCLUSIONS

The study of changes in the C-V characteristics of
MIS structures exposed to ultrashort pulses (USPs) of
electromagnetic radiation shows that

(i) the increase in the insulator capacitance in MIS
structures depends on the USP energy;

(if) under exposure to USPs with an energy of
~10-°J, the energy surface-state density at the semicon-
ductor—insulator interface increases tenfold; and

(iii) asthe USP energy increases to 10 J, athrough
insulator breakdown in MIS structuresis possible.
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10.

11

12.

13.

14.

15.

16.

REFERENCES

S. N. Rukin, Prib. Tekh. Eksp., No. 4, 5 (1999) [Instrum.
Exp. Tech. 42, 439 (1999)].

A. S. Karaush and R. V. Potemkin, Elektron. Prom-<t.,
No. 1, 93 (1998).

V. G. Shpak, M. |. Yalandin, N. S. Ginzburg, et al., Dokl.
Akad. Nauk 365, 50 (1999) [Dokl. Phys. 44, 143
(1999)].

Properties of Metal-Insulator—Semiconductor Struc-
tures, Ed. by A. V. Rzhanov (Nauka, Moscow, 1976) [in
Russian].

B. A. Stryukov and S. I. Lenchuk, Radiotekh. Elektron.
(Moscow) 45, 887 (2000) [J. Commun. Technol. Elec-
tron. 45, 808 (2000)].

D. A. Usanov, A. V. Skripa’, and N. V. Ugryumova,
Pis ma zZh. Tekh. Fiz. 25 (1), 42 (1999) [Tech. Phys.
Lett. 25, 17 (1999)].

D. A. Usanov, S. B. Venig, and V. E. Orlov, Pis' ma Zh.
Tekh. Fiz. 25 (2), 39 (1999) [Tech. Phys. Lett. 25, 58
(1999)].

D. A. Usanov, A. V. Skripal’, N. V. Ugryumova, et al.,
Fiz. Tekh. Poluprovodn. (St. Petersburg) 34, 567 (2000)
[Semiconductors 34, 550 (2000)].

D.A. Usanov, A. V. Skripal’, and N. V. Ugryumova, Fiz.
Tekh. Poluprovodn. (St. Petersburg) 32, 1399 (1998)
[Semiconductors 32, 1248 (1998)].

A. A. Belyaev, A. E. Belyaev, A. A. Ermolovich, et al.,
Zh. Tekh. Fiz. 68 (12), 49 (1998) [Tech. Phys. 43, 1445
(1998)].

V. V. Antipin, V. A. Godovitsyn, D. V. Gromov, €t al.,
Zarubezh. Elektron. Tekh., No. 1, 37 (1995).

S. Sze, Physics of Semiconductor Devices, 2nd ed.
(Wiley, New York, 1981; Mir, Moscow, 1984), Vol. 1.

E. N. Bormontov, Physics and Metrology of MIS Struc-
tures (Voronezh. Gos. Univ., Voronezh, 1997) [in Rus-
sian].

E. H. Nicollian and A. Goetzberger, Bell Syst. Tech. J.
46, 1055 (1967).

E. N. Bormontov and S. V. Lukin, in Proceedings of
5th Conf. on Smulation of Devices Technol ogies (Obninsk,
Russia, 1996), p. 35.

V. A. Terekhov, E. A. Tutov, A. N. Man'ko, and E. P Do-
mashevskaya, Kondens. Sredy Mezhfaz. Granitsy 3 (1),
86 (2001).

Tranglated by A. Kazantsev



Semiconductors, Vol. 38, No. 12, 2004, pp. 1394-1399. Translated from Fizika i Tekhnika Poluprovodnikoy, Vol. 38, No. 12, 2004, pp. 1439-1444.

Original Russian Text Copyright © 2004 by Antonova, Popov, Polyakov, Rukovishnikov.

SEMICONDUCTOR STRUCTURES, INTERFACES,
AND SURFACES

Trapswith Near-Midgap Energies at the Bonded S/SO,
| nterfacein Silicon-on-lnsulator Structures

[.V.Antonova*”®, V. P. Popov*, V. |. Polyakov**, and A. |. Rukovishnikov**

* | nstitute of Semiconductor Physics, Sberian Division, Russian Academy of Sciences,
pr. Akademika Lavrent’ eva 13, Novosibirsk, 630090 Russia
e-mail: antonova@isp.nsc.ru

** | nstitute of Radio Engineering and Electronics, Russian Academy of Sciences,
Mokhovaya ul. 11, Moscow, 103907 Russia

Submitted April 26, 2004; accepted for publication May 11, 2004

Abstract—Capture centers (traps) are studied in silicon-on-insulator (SOI) structures obtained by bonding and
hydrogen-induced stratification. These centers are located at the Si/SIO, interface and in the bulk of the split-off
Si layer. The parameters of the centers were determined using charge deep-level transient spectroscopy (Q-DLTS)
with scanning over the rate window at fixed temperatures. Such a method allows one to study the traps near the
Si midgap at temperatures near 295 K. It is shown that the density of traps with a continuous energy spectrum,
which arelocated at the bonded Si/SiO, interface, decreases by more than four orders of magnitude at the mid-
gap compared with the peak density observed at the activation energy E, = 0.2-0.3 eV. The capture centers are
also found in the split-off Si layer of the fabricated SOI structures. Their activation energy at room temperature
is E, = 0.53 eV, the capture cross section is 1071 cm?, and the concentration is (0.7-1.7) x 103 cm™3. It is
assumed that these capture centers are related to deep bulk levels induced by electrically active impurities
(defects) in the split-off Si layer close to the SI/SIO, interface. © 2004 MAIK “ Nauka/Interperiodica” .

1. INTRODUCTION

In addition to epitaxy, the main procedure that is
currently used for fabrication of various multilayer
structures is material bonding technology [1]. Bonding
is currently the simplest and cheapest method for fabri-
cating various heterostructures based on different mate-
rials including submicrometer Si layers in silicon-on-
insulator (SOI) structures. This method is especialy
attractive from the standpoint of applications. If the
SOl structures are fabricated using bonding technology,
the bonded SI/SIO, interface is sometimes located in
the immediate proximity of the operational layer of the
SOI structures, specifically, between the split-off S
layer and the insulator [2, 3]. The energy spectrum of
states was studied for the upper half of the band gap for
abonded Si/SiO, interface [4, 5]. It was shown that the
trap energies are mainly concentrated in therange E, =
0.17-0.37 eV calculated from the bottom of the con-
duction band. Moreover, this range narrows as the dop-
ing level of the split-off Si level increases [5]. For the
classical Si/SiO, interface fabricated by thermal oxida-
tion, the density of states (DoS) for the trap energy

spectra sometimes has amaximum D™ in this energy
range, especially for Si (111) [6]. Usualy, the ratio
Di*/D{° < 3, where D;° isthe DoSat the Si midgap.
In the case of a bonded Si/SiO, interface, the carrier

capture cross sections of the traps are relatively small
(o0 = 10%-10"*° cm?). Therefore, when using the con-

ventional DLTS procedure with temperature scanning
at fixed values of the rate window, it was possible to
study capture centers only up to the maximum energy
E, = 0.4 eV, and no information was obtained for the
spectrum of states closer to the Si midgap. In this study,
we used the Q-DLTS method with scanning over therate
window [7, 8] and an ASEC-03 measuring system [9].
This alowed us to significantly expand the measured
spectral range and to study the traps with activation ener-
giescloseto the S midgap in the SOI structures.

2. EXPERIMENTAL

The SOI structures studied had a 0.48-um-thick
split-off n-Si layer and a buried 0.4-pum-thick SiO,
insulator layer. The charge carrier (electron) concentra
tions in the split-off Si layer and in the n-Si substrate
were 3 x 10%° and 4 x 10 cm3, respectively. To fabri-
cate the measurement mesas with Al contacts on the Si
layer and on the substrate, we formed islands of the
split-off Si layer lying on the oxide. The Q-DLTS stud-
ies were carried out using a multifunctional ASEC-03
measuring system with automated measurement of
the rate window in the range from 2 x 10 to 10 s.
The Q-DLTS spectraAQ(t,), where T, = (t, —t,)/In(t,/ty)
isthe rate window and t; and t, are the times measured
from the beginning of the relaxation, were determined
in two modes. In mode 1, a bias voltage, which pro-
duced the maximum depletion of the split-off Si layer,
was applied to the structure. Then the filling voltage

1063-7826/04/3812-1394$26.00 © 2004 MAIK “Nauka/ Interperiodica’



TRAPS WITH NEAR-MIDGAP ENERGIES AT THE BONDED Si/SiO, INTERFACE

Capacitance, pF

40 T=220K

35

30

25

20

15 1 1 1 1 1 1 1 1 1 1

-10-8 -6 -4-20 2 4 6 8 10
Bias, V

Fig. 1. Capacitance-voltage characteristic of the silicon-on-
insulator structure measured at T = 220 K and frequency of
the probe signal f = 500 Hz.

pulse was applied, whose amplitude completely removed
the space charge. This produced recharging of the largest
possible number of traps located in the split-off layer and
a the S/SO, interface. In this case, the Q-DLTS spec-
trum was measured after the end of the pulse during
carrier escape from the levels. This is the standard
mode of DLTS measurements. In mode 2, the forward
bias voltage applied to the structure removed the band
bending and the space charge region in the split-off S
layer. Under such a bias, the traps were filled. Then a
voltage pulse was applied that depleted the split-off Si
layer. The quantity AQ(t,,) was measured at the end of
the pulse, when the carriers were captured by the traps,
rather than during the release of carriers asin mode 1.
In describing the results of the measurements, we refer
to the voltage pulse used for recharging the traps as the
filling pulse, irrespective of its polarity and measure-
ment mode.

AQ, pC
14 -

(a)

12+

10+

1395

3. RESULTS

Figure 1 shows atypical capacitance-voltage (C-V)
characteristic at 220 K and at a frequency of the probe
signal of 500 kHz. The capacitance for negative bias
voltages applied to the split-off Si layer side corre-
sponds to the enrichment of the band-bending region at
the SIO,/n-Si interfacein the split-off Si layer and to the
depletionin the n-Si substrate (a space-chargeregionis
formed in the substrate). For a positive bias at the struc-
ture, the substrate is in the accumulation state, whereas
the space charge region is formed in the split-off Si
layer. This alowed us to use positive voltages from the
range of the observed capacitance variation for the
study of capture centers in the split-off Si layer and
traps at the Si/SIO, interface.

Figure 2 shows the Q-DLTS spectra measured at
200, 220, and 240 K for measurement modes 1 and 2
for alarge filling-pulse amplitude (>5 V). The decrease
in the measurement temperature corresponds to the
shift of the probed energy region in the Si band gap
toward the conduction band. It should be noted that the
spectra recorded in modes 1 and 2 significantly differ,
although the bias voltages U applied to the structure
and filling-pulse amplitudes AU are similar,

U, = U,+AU,, AU, = -AU,, U, = U, +AU,;

here, indices 1 and 2 denote the measurement mode.
Such a choice of voltages alowed us to test the same
regions and levels using both measurement modes. The
Q-DLTS spectra show the existence of a continuous
energy spectrum of electrically active traps. Such a
spectrum is characteristic of surface or interface states.
Similarly to [4, 5], we attribute this spectrum to
recharging of traps at the Si/SiO, interface. In mode 2
measurement of the Q-DLTS spectra, the A peak is
clearly recorded (Fig. 2b). Thelocation of the A peak is

(b)

log(T,,,, Hs)

Fig. 2. Q-DLTS spectra measured at temperatures T = (1) 240, (2) 220, and (3) 200 K and the filling-pulse duration T = 10° ps.
Measurement modes: (a) 1 and (b) 2. (a): (1)) U=10V,AU=-9V; (2 U =8V, AU=-10V; (b): () U=1V,AU=9V; (2) U =
-2V, AU =10V; (3) U=3V, AU =-7V. U isthe constant bias voltage, and AU is the filling-pulse amplitude.
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AQ/AQR™, arb. units
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Fig. 3. () Q-DLTS spectrafor measurement mode 2 at T = 220 K and the filling-pulse duration T = (1) 10, (2) 30, (3) 107, (4) 3%
102, (5) 10%, and (6) 5 x 10° ps. (b) The experimental dependence (dots) of the normalized amplitude of the peak A (AQA/AQR)
as afunction of the filling-pulse duration T and the result of the calculation (solid line) by formula (1) in arbitrary units.

amost independent of the charging-pulse amplitude
and continuousillumination of the split-off layer with a
photon energy higher than the Si band gap. This obser-
vation indicates that this peak is caused by recharging
the capture centers localized in the bulk of the split-off
S layer. These centers have a discrete activation
energy. For relatively low bias voltages and filling-
pulse amplitudes, the Q-DLTS spectra measured in
mode 1 became identical to the spectra recorded in
mode 2; i.e, the A peak appeared in the spectra. The
observed variation in the spectra can be associated with
the strong effect of the trap charge at the Si/SIO, inter-
face on the filling of the capture centers A (this charge
is accumulated at high bias voltages).

The Q-DLTS spectra measured in mode 2 at 220 K
for different filling-pulse durations T are shown in
Fig. 3a The filling-pulse amplitude U was 10 V, and the
bias voltage AU was —2 V. The bias voltage was not
changed during the measurement of the spectra. Figure 3a
showsthat, at T = 5 ms, the amplitude of the A peak and
the spectrum in the regions formed by the recharging of
the traps at the SiI/SIO, interface are saturated. Figure 3b
shows the experimental T dependence of the normal-

ized amplitude of the A peak (AQJ/AQL™) and the
result of the calculation (solid line) by formula
AQn
AQR™

T

=1-¢™, 1)

where e, is the emission rate from the level and AQx™

is the maximum amplitude of the A peak, which is
attained as the filling-pulse duration 1 increases. The
experimental data agree well with the calculation. The
dependences of the amplitude of the A peak on the fill-
ing-pulse duration were aso measured at 200 and
240 K and used to calculate e, at these temperatures.

Similar measurements of the Q-DLTS spectra for
different filling-pulse durations T were carried out in
mode 1 using relatively low reverse-bias voltages and
filling-pulse amplitudes. For this measurement mode,
the T dependence of the normalized amplitude of the
A peak is described adequately by the expression

AQA - 1_e—CnT, (2)
AQR™

where ¢, = v{nho, isthe capture rate for the level, 0, is
the capture cross section, and v+ and n are the thermal
velocity and carrier concentration, respectively. The
performed estimations showed that ¢, = e,. The table
givesthe determined rates of carrier capture and escape
from the level, the capture cross sections, and the acti-
vation energies of the centersforming the peak A in the
Q-DLTS spectra. The concentration of the capture cen-
tersAis (0.7-1.7) x 10%3 cm 3.

Similar analysis of the dependence of the recharging
of the traps on the filling-pul se duration T was also car-
ried out for capture centers with a continuous energy

SEMICONDUCTORS Vol. 38 No. 12 2004
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spectrum. These centersare located at the Si/SiO, inter-
face. Figure 4 showsthe experimental T dependences of
AQJ/AQL™ , where AQ. is the magnitude of the charge
that recharges the traps with a continuous energy spec-
trum at a fixed value of the rate window T1,,, = 20 ys;
AQE™ is the maximum value of the charge, which is

attained as T increases; and the solid line represents the
result of the calculation (similar to the above estima
tions for the capture centers A) by the formula

AQc
AQE™
According to this calculation, the rate of emission from

the trapsis e, = 2 x 10% s at 220 K. Figure 4 shows
that, for the Q-DLTS spectrameasured in mode 1, the T

dependence of AQJ/AQE™ isdifferent from the similar
dependence for the centers A.

—e,T

=1-e

©)

To calculate the energy spectrum of the DoS of the
traps D;; at the Si/SIO, interface of the SOI structure,
we used the method suggested in [10]. The activation
energy of the capture centers that make the main contri-
bution to the DLTS signal at a given temperature T and
arate window T, was described by the expression E, =
|Ec — E| = kTIn(aov;N.,,), where N, is the DoS in the
conduction band, E. is the energy of the bottom of the
conduction band, and E isthe energy location of thetrap.

AQ/AQP™, arb. units
10 -

102 10° 10* 10° 10° 107
T, Us

Fig. 4. Experimenta dependences of AQC/AQEW on the

filling-pulse duration t for measurement modes 1 (points 1
alU=8V,AU=-10V)and 2 (points2a U =-2V, AU =
10V); T =220 K. AQc is the magnitude of the charge con-
tributing to the recharging of trapswith a continuous energy

spectrum at a fixed rate window 1, = 20 ps, and Aanx is

the maximum value of the charge attained as T increases.
The solid line represents the result of the calculation by for-
mula (3) (in arbitrary units).
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Parameters of capture centers A
En eV
TK| e,s* Cp ST O, CM?
mode 1 | mode 2

240 8x10%| 7x10° | 052 | 053 |11x107%
220| 8x10°| 8x10° | 0.49 045 |1.1x107%°
200 |25%x10% | 4x10° | 043 0.38 |33x10%

Note: c,and e, aretheratesof carrier capture and emission for the
centers, Ep is the activation energy, and o, is the capture
cross section for centers A.

Figure 5 shows the trap energy distributions, which
were determined from the Q-DLTS spectrarecorded in
the two measurement modes. For cal culations, we used
avalue of the capture cross section of 1078 cm?, which
was determined in [5]. Processing the Q-DLTS spectra
measured in mode 2, we subtracted the peak A from the
total spectrum when we calculated the trap spectrum at
the Si/SIO, interface.

Figure 6 shows the results of the calculation of the
energy spectrum (the trap DoS) for the structure stud-
ied; these results were obtained for activation energies
up to ~0.4 eV from the temperature-scan DLTS spectra
[5] and for higher activation energies from our DLTS
spectrarecorded by scanning over the rate window. Our
method for calculating the spectrum of states wasiden-
tical to that used in [5]. We can see that the spectra sup-
plement each other well.

We also measured the kinetics of photovoltage
V(t) of an SOI structure under high-intensity pulsed
illumination using whitelight (the split-off Si layer was
illuminated). The measurementswere carried out under

D;,cm2eV-!
1011 ~
T=220K
= Capture
1010k o Emission

100

108 A A A

0.35 040  0.45 0.50  0.55
E-—E,eV

Fig. 5. Energy spectrum of the density of states of the D;;
traps at the SiI/SIO, interface of the SOI structure. The spec-
trum is derived from the Q-DLTS spectra measured for car-
rier emission from the traps (mode 1) and for their charging
(mode 2) at T =220 K. E¢ — E = E, isthe activation energy.
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D;,,cm™2 eV~
T=240K
11L
10 = T scan [5]
0T, scan
1010 -
]09 -
108 L
]07 -
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0 0.1 0.2 0.3 0.4 0.5 0.6
Ec—E, eV

Fig. 6. Combined energy spectrum (trap density of states) at
the SI/SIO; interface and in the split-off Si layer for the SOI
structure from [5] and from our results for the measurement
temperature 240 K.

open-circuit conditions and showed the presence of two
fast components of different signs. We attributed these
components to the separation of nonegquilibrium carri-
ers in the band-bending region (in the potentia barri-
ers) at the boundary with SiO, in the substrate and in
the split-off Si layer. The magnitude of these barrier
photovoltages increased with temperature at constant
illumination intensity. In addition, two slow compo-
nents with different signswere clearly seen in the mea-
sured photoresponse. These components are most prob-
ably due to the contribution of surface trapping of
excess carriers at the Si/SIO, interface to the measured
photovoltage signal. For samples without a split-off S
layer, the photoresponse included only two compo-
nents, specifically, afast and aslow component with the
same sign. By the sign of the slow component, we can
conclude that this component isrelated to the capture of
nonequilibrium holes by traps at the Si/SiO, interface.

4. DISCUSSION

The analysis of the experimental data showed that
the rates of carrier capture and escape for the traps
forming the A peak (these rates were determined from
the dependences of the Q-DLTS spectra on the filling
pulse duration) are ailmost the same. However, in the
case of measurement of the Q-DLTS spectrain mode 1
at large values of the constant bias voltages and filling-
pulse amplitudes, thefilling of the A centers with carri-
ers significantly decreased. At the same time, the larg-
est number of traps with continuous energy spectrum,
which are located at the Si/SIO, interface, were
recharged under these conditions. This alows us to
assume that the capture centers A are located at the
interface, and the charge at the traps of the Si/SIO,
interface affects the number of carriers captured at the
A centers.

ANTONOVA et al.

The second specific feature of the A centers is the
dependence of the energy level on temperature and
measurement mode (see table). Note also that in each
case the A peak in the DLTS spectra virtually corre-
spondsto the centers with fixed val ues of the activation
energy and the capture cross section. The most proba-
ble explanation of the variation in the activation energy
as a function of temperature and measurement mode
relies on the assumption that the measured energy is
determined by the effective height of the potentia bar-
riers for carrier capture and emission. If an accumula-
tion voltage pulseis applied, the majority carriers (elec-
trons) captured by the centers overcome the barrier
when these carriers are in the conduction band. In con-
trast, the emission proceeds from the level in the band
gap, and the effective height of the potential barrier for
carriersis larger for their emission. This reasoning can
explain the high activation energy determined during
the measurement of the Q-DLTS spectra in mode 1.
However, the effective height of the potential barrier is
specified by the temperature-dependent parameters of
traps at the Si/SIO, interface, by their occupancy (the
position of the Fermi level at the Si/SiO, interface), and
by the characteristics of the localized charge in the
oxide. As aresult, the effective height of the potential
barrier for carriers increases with temperature both for
their capture and emission (see table).

It follows from Figs. 4 and 5 that the use of large
amplitudes of the reverse bias, which induces the space
charge region in the split-off Si layer, leadsto aconsid-
erable increase in the charge at the traps of the Si/SIO,
interface. A possible reason for this effect is the charg-
ing of slow states at the interface during the reverse
bias. This charging gives rise to depletion for majority
carriers (electrons) in the boundary region and the
accumulation mode for holes. In this case, the positive
charge must be trapped, which naturally changes the
kinetics of trap filling with electrons. Thisconclusionis
also confirmed by the results of the study of the photo-
voltage kinetics under intense pulsed illumination. The
photoresponse caused by the generation of nonequilib-
rium carriersin the split-off Si layer can be clearly sep-
arated into two components. These are the barrier pho-
tovoltage and photovoltage of surface trapping that is
associated with the capture of excess holes by the traps
at the SI/SIO, interface.

Figure 6 shows that the DoS for traps with energies
close to the midgap significantly decreases compared
with the DoS at the peak of the distribution at energies
of 0.25-0.35 eV. Theratio of DoS at the peak and at the
Si midgap for the fabricated SOI structures was found

tobe D*/D{® =3 x 104, which indicates a substantial
gualitative and quantitative difference between the
energy distribution of the traps at the bonded Si/SiO,

interface and that at the interface formed by thermal
oxidation of silicon.
SEMICONDUCTORS  Vol. 38
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5. CONCLUSIONS

We studied the capture centers at the boundary and
in the bulk of the split-off Si layer in silicon-on-insula-
tor (SOI) structures. The measurements performed
showed that the trap density at the Si midgap of the fab-
ricated SOI structures is more than four orders of mag-
nitude lower compared with the trap density at the peak
of the distribution (E, = 0.25-0.35 eV). This finding
indicates that the energy structure of the traps at the
bonded Si/SIO, interface differs radically from that for
the interface produced by thermal oxidation of silicon.
In the split-off Si layer, we also found and studied cap-
ture centers with an activation energy of 0.53 eV at
room temperature, a capture cross section of 107%° cn??,
and a concentration of (0.7-1.7) x 10 cm3. These
deep centers are electrically active point defects or
impurities localized at the bonding interface of SOI
structures.

ACKNOWLEDGMENTS

This study was supported in part by the International
Scientific Research Center, project no. 2503.

We thank M.S. Kagan and L.L. Golik for helpful
discussions.

SEMICONDUCTORS Vol. 38 No. 12 2004

10.

1399

REFERENCES

Abstracts of VII International Symposium on Semicon-
ductor Wafer Bonding Science, Technology and Applica-
tions, 2003, Ed. by S. Bengtsson and C. E. Hant (Elec-
trochemical Society, Pennington, N.J., 2004).

V. P. Popov, I. V. Antonova, V. F. Stas’, and L. V. Mironova,
RF Patent No. 2 164 719 (1999).

Y. Cho and N. W. Cheung, Appl. Phys. Lett. 83, 3827
(2003).

I. V. Antonova, O. V. Naumova, J. Stano, et al., Appl.
Phys. Lett. 79, 4539 (2001).

I. V. Antonova, J. Stano, D. V. Nikolaev, et al., Fiz. Tekh.
Poluprovodn. (St. Petersburg) 35, 948 (2001) [ Semicon-
ductors 35, 912 (2001)].

N. M. Johnson, D. K. Biegesisen, M. D. Moyer, and
S. T. Chang, Appl. Phys. Lett. 43, 563 (1983).

V. |. Polyakov, P. I. Petrov, O. N. Ermakova, et al., Fiz.
Tekh. Poluprovodn. (Leningrad) 23, 125 (1989) [Sov.
Phys. Semicond. 23, 76 (1989)].

V. |. Polyakov, N. M. Rossukanyi, A. I. Rukovishnikov,
et al., J. Appl. Phys. 84, 2882 (1998); V. |. Polyakov,
A. I. Rukovishnikov, N. M. Rossukanyi, and B. Druz, in
MRS Book Electrically Based Microstructural Charac-
terization (2000), Vol. 699, p. 219.

K. Hofmann and M. Schulz, J. Electrochem. Soc. 132,
2201 (1985).

D. Vuillaume and J. C. Bourgoin, Surf. Sci. 162, 680
(1985).

Trandated by N. Korovin



Semiconductors, Vol. 38, No. 12, 2004, pp. 1400-1401. Trandlated from Fizika i Tekhnika Poluprovodnikoy, Vol. 38, No. 12, 2004, pp. 1445-1446.

Original Russian Text Copyright © 2004 by Azarov.

SEMICONDUCTOR STRUCTURES, INTERFACES,
AND SURFACES

Kinetics of the Growth of an Amorphous L ayer at the Surface
of Silicon Bombar ded with Fast Heavy lonsat L ow Temperatures

A.Yu. Azarov
S. Petersburg Sate Polytechnical University, Politekhnicheskaya ul. 29, &. Petersburg, 195251 Russia

e-mail: alazar @hotbox.ru
Submitted May 17, 2004; accepted for publication May 24, 2004

Abstract—The accumulation of defectsin the surface region of Si bombarded with 0.5-MeV Bi ions at atem-
perature of —196°C is considered. It is shown that the buildup of disorder in the surface region as the ion dose
increases manifestsitself in the planar growth of an amorphous layer starting from the Si—SiO, interface, and
this growth sets in after a threshold implantation dose is attained. The results obtained can be described ade-
quately in the context of amodel based on the migration of maobile point defects generated by fast ions to the
surface, subseguent processes of segregation of these defects at the interphase boundary, and the presence of
saturable sinksin theinitial samples. © 2004 MAIK “ Nauka/lnterperiodica” .

Bombardment with high-energy (-1 MeV) ions
makes it possible to modify the properties of a solid to
a considerable depth [1, 2]. lon bombardment inevita-
bly generates radiation defects; therefore, it is neces-
sary to understand the processes of accumulation of
these defects in order to optimize the technology. Pre-
viously [3], Rutherford backscattering in combination
with channeling was used to study defect production
during irradiation of Si with 0.5-MeV Bi ions. It was
shown that a surface peak of defects is observed at the
liquid-nitrogen temperature, in addition to the bulk
peak whose origin and growth kinetics were considered
in detail previoudly. Typically, such a surface peak of
defectsis observed after irradiation of Si with light ions
at room temperature [4, 5] and correspondsto athin and
completely amorphized layer [6]. It is worth noting
that, due to the small thickness of thislayer and the low
resolution of Rutherford backscattering/channeling, the
surface peak is not rectangular and its height is below
the level that corresponds to a completely disordered
sample. This circumstance is clearly illustrated in
Fig. 1, in which the sguares show an example of the
depth distribution of the relative defect concentration
for the ion dose @ = 1.8 x 10! cm?; this distribution
was calculated on the basis of the experimental spec-
trum using one of the widely used agorithms [7]. In
order to estimate the thickness of the surface amor-
phous layer, we replaced the depth distribution profile
of defects with a model function that was rectangular
and had aheight corresponding to compl ete disordering
and awidth h; the latter was assumed to be equal to the
thickness of the surface amorphous layer and was
determined by comparing the actual spectrum with the
result of convolution of the model function with the
instrument-related functions. The instrument (spread)
function was taken as a Gaussian function with the rms
deviation determined from the slope of the surface edge

of the spectrum for the compl etely amorphized sample.
The result of this simulation is shown in Fig. 1 for the
case of irradiation with ® = 1.8 x 10** cm of ions; the
solid line represents the model function, and the dashed
line represents the result of convolution of the latter
with the spread function. Finally, the thickness related
to the presence of the natural SiO, surface oxide was
subtracted from the value of h obtained as a result of
simulation. The h(®) dependence obtained in this way
is represented by squaresin Fig. 2. It can be seen that
the value of h increases with ®; a rapid increase in
hsets in after a certain threshold dose of ions is
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of T T T —
. 0.8F
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2
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& .
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260 265 270 275 280 285 290 295
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Fig. 1. Dependence of the relative defect concentration in
the surface region on depth (channel number) for the case of
irradiation of S (100) at —196°C with Bi ions with an
energy of 0.5 MeV and adose of 1.8 x 1012 cm2. Squares
correspond to experimental data, the solid line represents
the model function, and the dashed line represents the result
of convolution of the model function with the instrument
(spread) function.
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Fig. 2. Dependence of the thickness of the amorphous layer
at the surface of Si (100) on the ion dose; the sample was
irradiated at —196°C with 0.5-MeV Bi ions. Squares corre-
spond to experimental data and the solid line represents the
results of calculations.

attained. Previously, we suggested a model that
described the kinetics of the growth of an amorphous
layer in the course of irradiation of Si with light low-
energy ions at room temperature [8]. It was assumed
that the growth of the amorphous layer started from the
interphase Si—SiO, boundary and then continued owing
to the migration of mobile point radiation defects and
their segregation at the interface between the amor-
phous layer and the crystal; it was al so assumed that the
threshold dose was governed by the concentration of
saturable sinksthat were initially present in the sample.
Theresult of calculations performed on the basis of the
above model for the diffusion length Ly = 9 nm, which

SEMICONDUCTORS Vol. 38 No. 12 2004
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is an adjustable parameter in this model, is represented
by the solid linein Fig. 2. Note that Ly =9 nmisclose
to the values of the diffusion length obtained in [6] for
processes that occurred at room temperature. This cir-
cumstance may be related to the fact that a decreasein
the diffusion coefficient for mobile point defects (it was
shown in [9] that a decrease in temperature from 20 to
—196°C reduces the diffusion coefficient by at least one
and two orders of magnitude for interstitial atoms and
vacancies, respectively) is compensated by an increase
in the lifetimes of the corresponding defects.

The author thanksA.I. Titov and S.O. Kucheyev for
helpful discussions.
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Abstract—Glasses containing nanoparticles of semiconductor CulnSey, Tey(; ) compounds (0 < x < 1) were
fabricated by high-temperature melting of the mixtures of the glass-forming components and the corresponding
compounds. Particles of average size 15-30 nm, whose characteristics were similar for compounds with different x,
were formed. Optical absorption of the glasses near the fundamental absorption edge in the near-infrared and
visible regions of the spectrum was studied, as well as the effect of additional heat treatment of glasses on
their optical properties. The nature of the observed changes in the spectra with varying compound composi-
tion (the [Se]/[Te] ratio) was related to the possible transformations of the crystalline structure of nanoparticles.

© 2004 MAIK * Nauka/Interperiodica” .

1. INTRODUCTION

The formation of a semiconductor nanocrystalline
phasein adielectric matrix and the control of properties
of this phase constitute important problemsin the tech-
nology of preparation of nanostructured materials. The
increased interest in such structures is related to the
nontrivial size-dependent physical properties that
determine the scientific and applied importance of
these structures [1-3]. The effect of quantum confine-
ment on the optical properties of semiconductor mate-
rials and glasses containing nanoparticles has been
studied mainly for binary compounds [4-9]: sulfides
and selenides of cadmium, lead, and zinc. Complex
semiconductor compounds, in particular, ternary com-
pounds of the I-11-V1, class (where usually | = Cu and
Ag; Il =Al, Ga, and In; and VI are chalcogene atoms),
have a wider variety of properties and can also be
obtained as nanoparticles in various media [10-14].
Compounds of the IH11-V1, classcrystalizemainly ina
tetragonal lattice of the chalcopyrite type, in contrast to
binary compounds, for which such alatticeispracticaly
never encountered. Transition metal atoms (Cu, Ag) also
contribute to the electronic structure of the semicon-
ductor and give rise to rather complicated dependences
of optical properties on qualitative and quantitative
composition, the degree of ordering of atoms in the
crystalline lattice, the presence of defects, and the par-
ticlesize[15, 16].

We have previously shown that it is possible to
obtain CulnS,, CulnSe,, and CulnTe, compoundsin the
form of small-size particles in glasses [10-12]. The
conditions of synthesis, structure, and linear and non-
linear optical properties of nanoparticles of CulnS, and

CuInS,,Se,; ) solid solutions for a limited range of
[S/[Se] ratios (x = 0.5-0.7) have been studied. The
results of these studies allowed us to establish that
CulnS, nanoparticlesin asilicate glass matrix can have
acubic (rather than chalcopyrite) crystal lattice, which
is not characteristic of the bulk material. This circum-
stance may be a consequence of disorder in copper and
indium atomic sitesin the cation sublattice. The dimen-
sionality effect can facilitate the manifestation of disor-
der [17], and a mechanically strong glass matrix can
effectively stabilize metastable nanophases. This fact
leads to observable anomaliesin the size dependence of
optical properties of the nanoparticles.

Copper—indium tellurides and solid solutions based
on them in the form of nanoparticles were studied to a
much lesser degree. The compound CulnTe, has a
lower melting point (1060 K) compared to CulnS,
(1330 K) and CulnSe, (1260 K) [15, 16, 18]; the tem-
perature of phase transition corresponding to the
change in the crystal lattice from macroscopic
(poly)crystalline chal copyrite to zinc blende is equal to
940K, and theband gapisE;=0.8-1.1€V [16, 19, 20].
At the same time, the quantum confinement effect for
thismaterial can be more pronounced, since the exciton
Bohr radii in tellurides usually exceed those in sulfides
and selenides. Nanoparticles of solid solutions of the
CulnTe,—CulnSe, system have also been inadequately
studied and are an object of the present study. The aim
of this paper is to determine the conditions for the for-
mation of CulnSe,,Te,; _, nanoparticles (0 < x< 1) in
asilicate glass matrix and to study their optical proper-
tiesand structural state.

1063-7826/04/3812-1402$26.00 © 2004 MAIK “Nauka/ Interperiodica’
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2. EXPERIMENTAL

Glasses containing CulnSe,Tey; _y hanoparticles
were obtained by direct synthesis from the mixtures of
oxides that form the glass matrix, with the addition of
preliminarily prepared semiconductor compounds.
This method has been previously used successfully to
prepare glasses containing particles of other com-
pounds of the CulnS,Sey;_, type [11, 21]. As a
matrix, we used the glasses of the SiIO,~Ca0O-Na,O
system, which do not crystallize after repeated heat
treatment and are stable to atmospheric effects. Previ-
ously, we optimized the composition of the glass
matrix, improved its technical parameters, and man-
aged to lower the synthesis temperature by introducing
three alkaline components, Na,O, K0, and Li,0, inthe
ratio 1 : 1 : 1. To synthesize the glasses containing
nanoparticles of semiconductor compounds, we used
CulnSe,, CulnTe,, and solid solutions CulnSe,,Tey; )
in a ready fine-dispersed form and synthesized t§1em
from elementsin a one-zone vertical furnace at temper-
atures 1050-1300 K with subsequent homogenizing
annealing for 150-240 h [22]. The crystal structure (of
the chal copyrite type) of the synthesized semiconduc-
tors was identified by X-ray analysis. In this study, the
content of the semiconductor introduced into the glass
matrix wastaken to be constant (0.75 wt %), sinceit has
been previously shown [23] that, for this content,
glasses with rather high optical density are obtained,
and if the content isincreased to 1.0 wt % or more, the
semiconductor cannot aways be completely dissolved
in glass without loss of uniformity. To prevent the oxi-
dation of semiconductors in the charge, we introduced
an additional 2.0 wt % of activated coal. The glasses
containing the chosen semiconductors were obtained
under regeneration conditions in an open gas furnace at
atemperature of (1620 + 20) K keeping the glass at the
highest temperature for 1 h. After the synthesis, the
meltswere rapidly cooled and annealed in amuffle fur-
nace at a temperature of 693 K with subsequent slow
cooling to room temperature. Additional heat treatment
of glasses was performed at temperatures in the range
500-600°C by keeping them in amuffle furnacefor 6 h
(above 600°C, the glasses begin to be deformed due to
softening).

The size of the formed nanoparticles and their loca-
tion in glass were determined by transmission electron
microscopy (TEM) using a UEMB-100LM electron
microscope. We used “ carbon replicas with extraction”
taken from the surface of freshly etched glass samples,
on which the carbon film with a thickness of 10-20 nm
was sputtered. Absorption spectra were recorded on
polished plane-parallel samplesusing a UV 5270 Beck-
man and a CARY 17D spectrophotometer.

3. RESULTS AND DISCUSSION

The glasses containing semiconductor particles,
immediately after fabrication and melt cooling, possessed
SEMICONDUCTORS  Vol. 38
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a characteristic coloring and remained transparent
(aglass matrix without a semiconductor is colorless).
The presence of the coloring gives grounds to believe
that a crystalline phase responsible for the characteris-
tic absorption of light is formed at this stage. The
CulnSe, and CulnTe, compounds have melting temper-
atures exceeding the glass transition temperatures of
the matrix (see above); they melt practically without
decomposition and can be separated from the melt dur-
ing cooling as ultradisperse particles uniformly distrib-
uted in the bulk. The process of nanoparticle formation
is affected by the matrix composition, in particular, by
the nature of cations that are included in the structural
glass network and polarize the atoms of the elements
that form the particles in the glass matrix [24]. The
regions enriched with alkali ions are the probable local -
ization sites of nanoparticlesin the glass. The composi-
tion of the matrices containing three alkali oxides takes
into account the effect of these factors and, therefore,
creates favorable conditions for the nucleation and
growth of the crystalline phase of semiconductor com-
pounds.

Assumptions concerning the nature of the coloring
of the glasses under study are confirmed by electron
microscopy and optical studies. The TEM data (Fig. 1)
unambiguoudly indicate that, in the bulk of the matrix,
particles are formed that differ considerably from the
matrix in their transparency to the electron beam. In
addition, in the microphotographs of the glasses under
study, liquation cavities, where the particles are
located, are clearly seen against the background of the
matrix profile. The particles have a shape that is almost
spherical and are mainly isolated; however, in some
cases, there are aggregates and chains. The average size
of the particles is in the range of 15-30 nm, and this
value depends only dlightly on the composition of the
solid solution. On the whole, asimilar character of par-
ticle distribution and localization was also observed in
glasses with CulnS,,Sey(; _ ) [23] and CdSe,Te, _, [29]
nanoparticles obtained by the same method. Hence, itis
the method of semiconductor nanophase formation
rather than its chemical nature that is of primary impor-
tance for the dimensional and morphological character-
istics of particlesin glasses of thistype.

Asaresult of additional heat treatment of glasses at
temperatures of 550 and 600°C (for 6 h), the particle
size somewhat increases, athough their concentration
remains virtually unchanged (Fig. 1). This fact indi-
cates that no new particles appear after the secondary
heat treatment of glasses, and their slight growth when
heated is a common phenomenon for nanophases of
various kinds.

We can understand these results concerning the state
of nanoparticlesin the glasses under study if we assume
that these nanoparticles are formed during phase
decomposition of the supersaturated solution (of the
semiconductor in glass) and that the process is of the
recondensation type [26]. During rapid cooling



1404 BODNAR’ et al.

Fig. 1. Microphotographs of the particles formed in the glasses under study: (a—) CulnSe,, (df) CulnSejTeyg,
(g-i) CulnSey gTey 4, (7-) CulnTe,. (8, d, g, j) without additional heat treatment; the others after heat trestment (for 6 h) at temper-
atures (b, e, h, k) 550°C and (¢, f, i, I) 600°C. Magnification: 26000.
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(quenching) of the melts, nucleation and growth of
crystals of the semiconductor phase occur simulta-
neousy and continuously, resulting in an abrupt
decrease in supersaturation of the melt, since the total
concentration of the semiconductor is rather low and
the viscosity high. As a result, a depletion region is
formed around a growing nucleus; in this region, the
probability of creating new nuclei is reduced, and the
growth process stops. Hence, the particles that appear
only reach certain sizes. The absence of very small par-
ticles (<10 nm) in the microphotographs indicates that
the growth of larger particles occurs at the expense of
the dissol ution of fine particles, which is quite probable
at high temperatures. After additional heat treatment
following the complete cooling of the glass, new parti-
clesare no longer formed, since at the primary stage of
the synthesis, most of the semiconductor isalready pre-
cipitated as a separate phase. The resulting concentra-
tion of the particles therefore virtually coincides with
their initial concentration, and it is quite possible they
will grow dlightly, since ion transport at such tempera-
tures can produce additional particle growth at the
expense of the neighboring particles. Thus, on the
whole, the process of formation of CulnSe,Te, _y
nanoparticles in silicate glasses may be conceived as
the melting and dissolution of the crystalline compound
in the matrix at high temperatures with subsequent
stages of nucleation and growth as the melt cools. The
possibility of obtaining very small particles using this
method (without any additional growth-limiting proce-
dures) isrestricted, because at high temperaturesand in
the molten glass matrix, the particle growth rate is
rather high and the particle size is controlled only by
the concentration of the semiconductor introduced into
the matrix.

Absorption spectra of a series of glasses immedi-
ately after founding are shown in Fig. 2a(transmittance
inthe near-infrared (IR) region for samples 2 mm thick)
and in Fig. 3a (optical density in the visible range for
samples 0.2 mm thick). These separate representations
of the spectra for the two wavelength regions is used
because optical absorption for the same sample thick-
ness may differ severalfold. The transmission spectrum
curves in the region of the fundamental edge for the
wavelengths 0.6-1.6 um are relatively steep, and the
transmittance gradually increases with wavelength.
No pronounced peaks are observed in the spectra,
except for the composition with x = 0.5 (CulnSeTe,
Fig. 2a, curve 3). Thismeans that, for all compositions
except the one above, the band structure of the semi-
conductor does not significantly change. The anomaly
for CulnSeTe at 0.9-1.0 um mentioned above means
that, for this composition, there is an anomaly in the
change in the semiconductor band structure. Indeed,
such an anomaly is known for the x dependence of the
band gap E, of bulk CulnSe,Te,; _y [27]: for x = 0.5,
the band gap is narrowest and is equal to E; = 0.86 eV.

The spectra for the glasses with nanoparticles of
CulnSe, and of a solid solution with an excess of sele-
SEMICONDUCTORS  Vol. 38

No. 12 2004

1405

Transmittance, %

70 (a)
601 1
501

40+ 5 2

30
20

1 I
2000 2500
Wavelength, nm

1 1
500 1000 1500

Fig. 2. Transmission spectraof glasssamplesof thickness2 mm
containing (1) CulnSe,, (2) CulnSe; 4Tey g, (3) CulnSeTe,
(4) CulnSey gTe 4, and (5) CulnTe, nanoparticles; (a) with-
out additional heat treatment and after heat treatment (for 6 h)
at temperatures (b) 500, (c) 550, and (d) 600°C.

nium (x = 0.7) virtually coincide and are shifted to
longer wavelengths compared to the other spectra
(Fig. 2). As one passes to solid solutions with a larger
tellurium content, the spectrum is dightly shifted to
higher photon energies, whereas the change in E; when
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Fig. 3. Absorption spectra of glass samples of thickness
0.2mm containing (1) CulnSe,, (2) CulnSe;4Teys,

(3) CulnSeTe, (4) CulnSeygTey 4, and (5) CulnTe, nano-

particles, (a) without additional heat treatment and after
heat treatment (for 6 h) at temperatures of (b) 500, (c) 550,
and (d) 600°C.

passing from selenides to tellurides is not monotonic
for these compounds, and the minimum mentioned
above lies at x = 0.5. Such a difference between the
spectra of nanoparticles of selenide and selenium-
enriched solid solutions, on the one hand, and the spec-
traof telluride and solid solutions with atellurium con-
tent of 50% or more, on the other, can be related to the
difference in the crystal lattice of the nanoparticles for
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these two types of compositions. The chalcopyrite-type
lattice, which is most typical of these compoundsin the
crystalline state [15, 16], can be transformed into the
cubic lattice of the zinc blende type for Te-containing
particles; this circumstance gives rise to a nonmono-
tonic variation in the properties with x. The possibility
that alattice of zinc blende type exists for CulnTe, and
CulnSe, was mentioned in [28-30].

Inthevisibleregion of the spectruminthe curvesfor
optical density for glasses with CulnSe, nanoparticles
(Fig. 3), awide band is observed in the range of 500—
700 nm with a poorly pronounced peak at 560-570 nm.
For nanoparticles of solid solutions containing tellu-
rium (except for the composition with x = 0.5) and
CulnTe,, this band and the peak are more pronounced.
The presence of the same peak near 560 nm in samples
of different stoichiometric composition may indicate
that the presence of tellurium in the composition is
responsible for the appearance of this peak; again, the
CulnSeTe composition (with x = 0.5) is anomal ous.

Additional heat treatment of glasses with ternary
CulnSe, and CulnTe, compounds does not significantly
change the shape of the spectral curvein the IR region
(Fig. 2). Only after heat treatment of the samples with
CulnSe, particles at 500°C the spectrum shifted to
shorter wavelengths, and an additional structure near
0.9 pum appears. For samples with CulnTe,, heat treat-
ment in the temperature range 500-600°C shifts the
spectral curve to longer wavelengths without changing
its shape. The variation in the spectra in the visible
region after heat treatment is more pronounced (Fig. 3):
for CulnSe,, a sharp absorption peak appears at
~560 nm and the spectrum is dlightly shifted to higher
energies. Theintensity of the peak in the spectra of the
samples with CulnTe, after heat treatment remains
unchanged and the peak is dlightly shifted to higher
energies.

In the systems containing solid solutions with an
excess of selenium and an excess of tellurium (Fig. 2),
heat treatment produces a significant shift of the spec-
trum in the IR region and it becomes complicated: an
additional structure appears in the region 0.8-0.9 pm
after heat treatment at 550°C (x = 0.7) and at 500°C
(x = 0.3). These changes are consistent with the optical -
density curves (Figs. 3b, 3c): the maximum intensity in
the region of ~560 nm is reduced. Heat treatment of
glasses with CulnSeTe nanoparticles (i.e., with x = 0.5)
produces a significant change in the shape of the trans-
mission spectrum (Fig. 2): at 500°C, it has a steplike
shape and a peak in the region of 0.9-1.0 um, and at
higher temperatures, this structure becomes more dif-
fuse. In the absorption spectra in the visible region
(Fig. 3) for these samples after heat treatment, an absorp-
tion peak at 560-570 nhm appears, whereas for glasses
with nanoparticles of other compositions, similar peaks
are also observed before additional heat treatment.

The peaks appearing in the visible spectral region
may be attributed to the exciton 1s-1stransition charac-
No. 12
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teristic of nanoparticles with a confinement effect [3];
then the shift of the peak may be related to the change
in the particle size stimulated by the effect of tempera-
ture on glasses. Such a shift is rather significant for
small-size particles (of a few nm), and in the glasses
under study, the particles formed have a larger size, so
the shift of the exciton peak must be small. At the same
time, the position of this peak indicates that, for these
glasses with CulnSe,Tey;_,) hanoparticles, a pro-
nounced quantum confinement effect occurs producing
a high-energy shift (up to 1 eV with respect to the
absorption edge of the bulk crystal). In addition to size,
other particle characteristics can contribute to a possi-
ble explanation of the above shift: the presence of
defects due to deviations from stoichiometry of the
crystal during the synthesis of glasses at high tempera-
tures, and the crystal structure, which for CulnSe, par-
ticles before heat treatment differs from the structure of
solid solutions and CulnTe, and does not provide con-
ditions for the formation of the excitonic absorption
peak. Thus, the zinc blende structure, which is assumed
here for CulnTe, nanoparticles, results in a more pro-
nounced quantum-confinement effect, because at
higher symmetry, some energy levels can be degenerate
and thusincrease E, compared to the bulk semiconduc-
tor with a chalcopyrite lattice of tetragonal symmetry
[15, 16]. Hence, the spectra of samples with CulnTe,
particles contain only the contribution from the zinc
blende component and are only dightly changed by
heat treatment. Significant changesin the spectra occur
during the transformation of the crystal lattice stimu-
lated by heating the glass.

Apparently, the crystal structure of CulnSe, nano-
particles must be classified as a chal copyrite tetragonal
lattice. The absence or weak manifestation of an exci-
tonic peak in the optical-density curvesfor the samples
before heat treatment may be explained by the imper-
fection of the nanoparticles produced and their thermo-
dynamic instability. A mixed structure that has chal-
copyrite and zinc blende (sphalerite) components
seems to be characteristic of the nanoparticles of solid
solutions. In the CulnSe,~CulnTe, phase diagram in
theinterval 950-1070 K, there is atwo-phaseregionin
which two separate phases with chalcopyrite (c) and
sphalerite (s) crystal structures coexist (Fig. 4) [22].
The possibility of the coexistence of two nanophases
with different crystal structures was suggested, e.g., for
ZrO, particles[31]. In our case, this assumption can be
justified by the fact that crystal lattices of the chal copy-
rite and zinc blende types are not very different; to be
more exact, chalcopyrite consists of two zinc blende
parts, in which the sites of Cu and In atoms are inter-
changed.

A particular case of the CulnSeTe solid solution
deserves a specia discussion; in the phase diagram,
there are no special features corresponding to it but it
has a number of anomalous physical properties in the
system of CulnSe,, Te, _, solid solutions [27, 32]. In
Fig. 3 the absorption spectra of glasses with CulnSeTe
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Fig. 4. Phase diagram of the CulnSe,~CulnTe, system [22].
L corresponds to the liquid phase.

particles feature no peaks before the second heat treat-
ment (Fig. 3a, curve 3), and, for the samples after heat
treatment at 500-550°C, the peaks appear but are less
pronounced (Figs. 3b, 3c) compared to solid solutions
of other compositions; however, at 600°C, a peak is
clearly seen (Fig. 3d). In this case, the most significant
changes are observed in the transmission spectra of
glasseswith particlesaswell (Fig. 2d, curve 3). We may
assume that this solid solution composition corre-
sponds to the highest disorder, since neither the
CulnSe, nor the CulnTe, lattice is preferentia if the
numbers of selenium and tellurium atoms are equal .

As the particle size decreases, the difference in the
energies of the crystal lattices can increase due to the
contribution of surface energy, and the two-phase state
may appear thermodynamically favorable for some
solid solution compositions; this results in the appear-
ance of the peaks in excitonic absorption in the zinc
blende phase. At the same time, heat treatment facili-
tatesthe phase separation and | eads to a complication of
the spectra both in the visible and in the IR regions, a
shift of the position of the absorption edge, and the evo-
lution of the excitonic peaks. The assumptions about
the contributions of different phases can be justified
after studying the phase composition of glasses with
nanoparticles at various x at different stages of heat
treatment.

4. CONCLUSIONS

We studied the process of formation of nanoparti-
cles of compounds with the genera formula
CulnSe,Tey; _y (0<x< 1) inaglassmatrix by directly
introducing the corresponding synthesized crystalline
semiconductors into the glass charge; we also studied
the effect of secondary heat trestment of glasses on
their structure and optical properties. We can formulate
the main results of the study as follows.
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(1) Electron microscopy study allowed usto establish
that the semiconductor phasein the cooled glass consists
of nanoparticles with an average size of 15-30 nm. The
mechanism of particle formation is probably related to
the decomposition of the supersaturated solution of the
semiconductor in glass; it has a universal character for
the method of glass preparation used and is similar to
that for glasses with CulnS,,Sey ;) (0< x< 1) [11] and
CdSe,Te;_, (0 £ x< 1) nanoparticles[25].

(ii) The optical properties of glasses containing
CulnSe,, Tey; _, Nanoparticles depend in acomplicated
manner on the fSe]/[Te] ratio in the compound intro-
duced, and the anomaly in the properties related to the
corresponding anomaly for macroscopic CulnSeTe is
observed for the [Se]/[Te] = 1 ratio (x = 0.5).

(iii) The effect of secondary heat treatment is not
identical for glasses with nanoparticles that have different
[Se]/[Te] ratios and manifestsitself in the position of both
thefundamental absorption edgein the near-IR region and
the excitonic peaks in the region of 550-580 nm. The
greatest changes occur for the compounds containing
both selenium and tellurium (intermediate composi-
tions, 0.3 < x< 0.7); this behavior isrelated to changes
in the nanoparticle crystalline | attice between the chal-
copyrite and zinc blende types (the latter is, presum-
ably, stabilized during rapid cooling of glasses for par-
ticles enriched with tellurium).
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Abstract—The spectrum of equilibrium intersubband absorption has been studied in selectively doped
asymmetrical double tunnel-coupled quantum wells designed for research into the modulation of IR light in
alongitudinal electric field. The comparison of calculated and experimental spectraat different temperatures
is carried out. In calculations, the influence of the space charge on the energy spectra of electrons and the
difference in the electron effective mass in different subbands are taken into account. The data obtained on
the intersubband absorption spectra in equilibrium conditions and under electron excitation by high-power
picosecond pulses of light in the mid-IR range allow us to refine the energy spectrum of electrons in the
actual structure. © 2004 MAIK “ Nauka/Interperiodica” .

1. INTRODUCTION

The current interest in optical intersubband electron
transitions in quantum wells (QW) is related to the
advent of new QW-based optoelectronic devicesfor the
mid-IR range: unipolar noninjection lasers, photodetec-
tors, and modulators of IR light. Asymmetrical tunnel-
coupled QWs (ATCQW) offer new possibilities for the
design of devices. For example, ATCQWSs are used as
an activeregion in quantum-cascade lasers[ 1], fountain
lasers with intraband optical pumping [2], and high
speed modulators of IR light [3, 4].

The ATCQWs studied in this paper (Fig. 1) are
designed for research into the modulation of IR light in
a strong longitudinal electric field. When electrons are
heated by the longitudina field, they are redistributed
in real space: the tunneling of hot electrons from sub-
band el of the narrow well to the wide well, with the
filling of subband €2, is possible. Owing to the increase
in electron density in subband e2 of the wide well, the
light absorption coefficient for intersubband transitions
€2 —»= e3 must increase.

As the first stage in this study, we investigate the
spectra of intersubband light absorption in selectively
doped ATCQWS, which alows us to determine the
energy spectrum of electrons.

2. OBJECT OF STUDY

The absorption was studied in a structure containing
150 pairs of ATCQWSs. The structure was MBE-grown
on a semi-insulating GaAs substrate. QW pairs were

separated by Alg 4,GayssAS barriers, which were not
transparent for tunneling. The central part of barriers
was selectively doped with Si, so that the surface den-
sity of electronsin QWswas n, = 3 x 10'* cm2. One of
the tunnel-coupled QWs was formed by a 5-nm-thick
GaAs layer; the other, by a7.5-nm-thick Al 06Gay 0.AS
layer; the thickness of the tunnel-transparent
Al 5Gays5AS barrier between the wells was 2.5 nm
(Fig. 1).

The energy spectrum and wave functions of elec-
trons taking into account the space charge were
obtained by self-consistent solution of the Poisson and
Schrodinger equations. According to our calculations,
five energy levels exist in the system of tunnel-coupled
QWs. Levels el and e4 are associated with the narrow
QW, e2 and e3 with the wide one. Therefore, the elec-

Fig. 1. Profile of potential, energy levels ei, and smooth
envelopes of the electron wave functions on levels in an
ATCQW.

1063-7826/04/3812-1409$26.00 © 2004 MAIK “Nauka/ Interperiodica’
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Fig. 2. Experimental absorption spectra and changes in
absorption with high-power intersubband excitation of a
structure with multiple ATCQWSs (MQW). Inset: the config-
uration of the experiment to study the absorption of polar-
ized light. (a) Equilibrium absorption spectraal at different
temperatures: solid line, 14 K; dashed line, 80 K; dotted line,
300 K. (b) Points: the change in absorption -AaL under
intersubband excitation at the frequency of the long-wave-
length peak of the equilibrium absorption at T= 80 K; solid
line, the equilibrium absorption spectrum al at the same
temperature.

tron wave function in subband el is almost completely
localized within the narrow well, whereas the electron
wave function in subband e2 islocalized mainly within
the wide well (Fig. 1). Thisimpliesthat, under equilib-
rium conditions, the majority of electrons are concen-
trated in the narrow QW. The level €5 is a bound state
of the QW in awidebarrier, which arisesdueto the dis-
tortion of the potential of the structure by the space
charge.

At the temperature T = 80 K, the calculated energy
levels (reckoned from the chemical potential level) are
€, = -5.65 meV, €, = 5.13 meV, €é; = 138.95 meV,
€, =236.59 meV, and €5 = 265.23 meV. The values of

ZEROVA et al.

the matrix elements of the z coordinate, z; =
[[WT (22Wi(2)dz, which describe the probabilities of

intersubband optical transitionsei — ¢ (where ;(2)
and (;(2) are the smooth envelopes of the €l ectron wave
functions in the initial and fina states), are z; =
0.165 nm, z,; = 212 nm, 7, = 1.26 nm, and z, =
0.52 nm. The maximum contribution to the intersub-
band absorption is made by the transitions between the
levels associated with one and the same QW, whose
wave functions overlap considerably. Thisisthe source
of the large difference between the values of z; for dif-
ferent pairs of levels: z; > 7,3, 214 > 7).

3. EXPERIMENTAL INVESTIGATION
OF THE INTERSUBBAND ABSORPTION OF LIGHT

Figure 2a shows the experimentally obtained equi-
librium absorption spectra a(Zw)L (w is the frequency
of light, L the effective optical path, a the absorption
coefficient) in the structure under study for different
temperatures. The absorption of light in p-polarization
was measured using a Fourier spectrometer; the exper-
imental configuration is shown in the inset to Fig. 2a.
The spectra comprise two absorption bands. The spec-
tral position of these bands alows us to attribute the
long-wavelengthbandtoel — e3and €2 — e3tran-
sitions, and the short-wavelength oneto el — e4 and
€2 — ed. Peaks related to transitions from levels el
and e2 are not resolved in the spectra.

Note that, in analyzing the absorption spectrum, it
was hecessary to correct the initially calculated QW
parameters, because they did not correspond to the
experimental absorption spectrum. Specifically, the
analysis of the experimental spectrum shows that the
energy spacing A, between levels el and €2 is signifi-
cantly less than the prescribed value of 24 meV. We
believe that the real parameters of the grown QWs dif-
fer from the calculated ones. The parameters listed
above are the corrected values.

The energy A, was refined by analyzing the change
(decrease) in absorption, —-Aa(fw)L, a high-power
intersubband excitation of electrons at 80 K (Fig. 2b).
The experiments were performed using pump-and-
probe spectroscopy with a picosecond time resolution.
A high-power pumping pulse with an energy corre-
sponding to the long-wavel ength peak of the equilibrium
absorption (125 meV) excited carriers from level €2
(and, to alesser extent, from el) to level €3. The change
in absorption was measured at different instants of
time, using a weak probe pulse whose frequency was
tuned within the absorption bands. In this situation, a
decrease in absorption was observed in the range of
both long- and short-wavel ength peaks; the latter corre-
spondsto transitionsto level e4. Furthermore, the spec-
trum exhibited a range with a peak at 102 meV, where
the nonequilibrium absorption was stronger than the
equilibrium one.

SEMICONDUCTORS  Vol. 38
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The energy of 102 meV correspondsto €3 — e4
transitions with the frequency As,/#. Thisfact allowsus
to suggest that the absorption at this frequency is pho-
toinduced and is related to the transition of photoex-
cited electrons from level €3 to level e4. Based on the
relation between the values of optical matrix elements
Z3 > 715and 7, > 7,4, We can assume that the frequency
of the long-wavelength peak in equilibrium absorption
corresponds to the frequency of the €2 —~ €3 transi-
tion (i.e., equals A,/f), and the frequency of the short-
wavelength peak corresponds to the el — e4 transi-
tion (i.e., equals A,,/#). From the known energies Ay,
A3, and Az, We can calculate the distance between the
first and second levels: Ay, = Ay — DAgy — Ay = 237 —
125-102 = 10 meV.

The vaue Ay, = (10 = 1) meV, determined at 80 K,
agreeswell with the other specific features of the exper-
imental equilibrium absorption spectrum. Specifically,
for this value of A, and the broadening of the absorp-
tion band ~10 meV, the absorption peaks related to the
el — ed4 and e2 — e4 transitions are not resolved
spectrally, though the matrix elements for these transi-
tions differ only by afactor of 2.

When we selected the QW parameters at which
A, = 10 meV, we increased the thickness of the tunnel-
transparent barrier by 0.5 nm, decreased the width of
thewide QW by 0.8 nm, and also decreased theinitially
prescribed Al content in the wide QW from 10 to 6%.

When varying the position of the bottom of the wide
well, we paid attention to the behavior of the optical
matrix elements. It turned out that, at a certain compo-
sition of the material of the wide QW, the matrix ele-
ment z,; for the el — €3 transition can be zero. In our
structure, the matrix element z,5 is indeed very small,
because the long-wavelength peak does not split into
two peaks for theel —= €3 and €2 — e3 transitions
even at low temperatures.

4. CALCULATION OF EQUILIBRIUM
ABSORPTION SPECTRA AT DIFFERENT
TEMPERATURES

The absorption coefficient a;(Aw) for z-polarized
light of frequency wfor the electron transition from the
states of subband ei to those of subband g can befound
in the 1st approximation of the perturbation theory, as
wasdonein [5]:

_41P€
% (i) = cSL. /e, wme
2 1
xS 3 edi [WT (2P (D)2 @
k, k

x[fi(€) - f;(€)10[€; - ¢ -hw],
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wherek; and k; are 2D wave vectors of electronsin sub-
bands el and g (k = [ki|, k = |k;|); the Kronecker & sym-
bol reflects the conservation law for the wave vector
ki = k; =k; U;(2) and ;(2) are the smooth envelopes of
the electron wave functions in the initial and final
dtates, f,(€;) and f;(€;), the Fermi distribution functions
of electrons in subbands e and €; €, the high-fre-
guency dielectric constant of GaAs (assuming that the
refractive indices for the well and barrier materials are
similar); c, the velocity of light in free space; e, theele-
mentary charge; e,, the zcomponent of the polarization
vector e,; S, the area of the structure; my, the free elec-
tron mass, m, m, and €;, €;, the effective masses and
energies of electrons in the initial and final states; €
and %oj, the bottom energies of subbands ei and gj; and
P, ., the zcomponent of the momentum operator, whose
matrix element can be expressed viathe dipole moment of
the transition: (P,);; = iwymyz;. Substituting thisinto (1)
and replacing the summation over k by integration, we
obtain the interband absorption coefficient

2 2
a;(ho) = are’e cos’6Z;
cSL, /e, 3
2S

whereoq = (€, —¢))/h isthe frequency of the intersub-
band transition e —~ g, which generally depends on
k (k = |k]), and 8 is the angle between the polarization
vector and the z axis.

The spectral broadening of the absorption peak for
the intersubband transition ei — €j can be taken into
account, for example, by using the Lorentzian func-
tion [6]. Severa researchers (see, e.g., [7]) have pro-
posed using, instead of the Lorentzian function, some
other functions with a faster decay, because they allow
one to describe the experimental data better. We calcu-
lated the absorption spectrum with the broadening
taken into account in two ways, using either a Lorentz-
ian function or a Gaussian function. If the broadening
is taken into account, the possible variation of the tran-
sition frequency 7ic; is taken into account phenomeno-
logically. If the broadenmg istaken into account in the
Lorentzian form,

a;;(fiw)
, ) (4)
I ajj(ho){ (M/mM)/[T7 + (hw—-fwy;)]} dhw;

ho;

J’ {(CTITE+ (how—fiw))’]} dhow,

fi 0
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where aj;(7.wy) is described by Eq. (3) with the substi-
tution 7w — 7iwy; and 2I7; isthe FWHM of the absorp-
tionlinefor theei — g transitions. If the broaden ng
is considered in the Gaussian form,
G
a/mn) J’ a;j(hoy;) exp(-{(iw—7wy)/T | ) dhw;
ﬁ(’o\i

(unr) | exp(— (hw—fi,)IT] %) dho;

fiay;

Note that different broadening parameters I'; and I,
correspond to electron transitions from subbands el
and e2. As electrons in subbands el and €2 are mainly
localized in QWs of different width and the collision
broadening, which makes the main contribution to the
spectral broadening of the absorption line, depends on
the QW width, the values of I'; and ', may differ. The
dependence of broadening on the QW width is defined
mainly by the rate of the electron scattering on the
irregularities of the QW boundaries, and it can be quite
strong.

The absorption coefficient spectrum is obtained by
the summation of the absorption spectra (4) or (5) for
separate transitions:

a(hw) = 3 (ho). (6)
i j

Changes in temperature cause a modification of the
electron energy spectrum and wave functions, due to
the changed impact of the space charge. Astemperature
increases, the electron filling increases in subband €2,
and its wave function is localized mainly in the wide
QW. Therefore, at the transition from the first to the
second subband, electrons are simultaneously redistrib-
uted in real space. Thisleads to a more uniform distri-
bution of electrons between the wells, and, subse-
quently, to areduction in the effect of the space charge.
Asaresult, levels e2 and €3, which are associated with
the wide QW, are shifted relative to levels €l and e4,
which are associated with the narrow QW. Thus, when
temperature changes, e€lectrons are redistributed
between the levels in accordance with the distribution
function taking into account the change in the energy
spacing between the levels. The modification of the
energy spectrum results in a modification of the matrix
elements z;.

Figures 3a—3d show temperature dependences of the
energy spacing between the two lowest levels A,
matrix elements z;, chemical potential, and electron
densitieson levels el and e2. These dependences deter-
mine the behavior of the absorption coefficient with
temperature. It can be seen that, as temperature
increasesfrom 14 to 300 K, the energy A, increases by
about 2.5 meV, and the matrix elements z; change only
dlightly. The most significant isthe temperature depen-
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dence of z;5 and z,,, which are determined by the wave
functions of levels associated with different wells. The
electron density on thetwo lowest levelsn; (i = 1, 2) can
be found using the Fermi distribution function (here,
the electron energy € is reckoned from the bottom of
subband el):

m, .0 % Ee(T)
nJ(T) = — /| exp———=——=+1[d€¢
(M = e e +1
_ mkgT €e(T)
= ?ln%h exp T
m, .0 €-¢x(T) .10 ™
n(T) = %[ %”[ex'“—kg " 1}9%
AlZ

_ MmyKgT €r(T) —0,(T)
" In%H exp koT i

where €.(T) is the chemical potential at the tempera-
ture T and kg is the Boltzmann constant. The energy
é(T) can befound from the equation which is obtained
when (7) is substituted into the condition ng = n; + n,.
The total number of electrons in an ATCQW, n,, is
determined mainly by the sum of electron densities on
levelsel and €2, because the upper levels e3 and e4 are
not filled under equilibrium conditions, n;= 0 (j = 3, 4).

Temperature dependences of the parameters I, and
I, are defined by the mechanisms of electron scattering
in QWs. At different temperatures, different scattering
mechanisms can dominate. For example, at low tem-
peratures, the broadening is mainly defined by the rate
of scattering on theirregularities of the QW boundaries
and by the processes of optical phonon emission. At
high temperatures, along with these processes, asignif-
icant contribution is made by the absorption of optical
phonons. We determined I ; and I, asfitting parameters
by comparing the theoretically calculated spectrum
with that obtained experimentally.

At first, we consider the situation with equal elec-
tron effective massesin different subbands: m = my=m.

Then iy = €y — €4 = Ajj, where A = const(K) isthe
energy spacing between levelsel and EJ at k=0. There-
fore, the dependence on Kk is present in (3) only in the
distribution functions, and the integration over k yields
the difference between the electron densities in sub-

bandsei and g:

J-(22:)2 i(€)—f(€)ldk = S(n—n)). (8

In this case, taking into account the temperature depen-
dence, the relation (3) for the coefficient of intersub-
band absorption in transition e — ¢ takes the form

K,,(T)z”(T)

a;(hw, T) = n(T)o[hw—4;(T)], (9)

SEMICONDUCTORS Vol. 38 No. 12 2004
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Fig. 3. Temperature dependences of the quantities defining the intersubband absorption in ATCQWS. (a) Energy spacing between
the lowest subbands, Ay; (b) optical matrix elements, z;; (c) chemical potential, ‘é; (d) distribution of electronsbetween the lowest

subbands (densities ny, ny).

where thefilling of upper levelsisneglected: n; =0 (j =
3, 4); the coefficients K;;(T) contain frequency-indepen-
dent terms:

41C€’A5(T)
X Je.Lh

The Lorentzian or Gaussian broadening can be taken
into consideration by substituting (9) into (4) or (5),
respectively.

Figure 4 shows the comparison of spectra calculated
for the Lorentzian or Gaussian broadening of peaks
with the experimental absorption spectrumat T=14K.
For clarity, in thisfigure we superposed the positions of
calculated and experimental spectra, whereas the real
calculated spectra are slightly blue-shifted in respect to
the experimental absorption spectrum. At T = 14 K, the
long- and short-wavelength peaks are shifted by 6 and
3 meV, respectively. Thisdiscrepancy may berelated to
the effect of depolarization and exchange interaction,
which were disregarded in our model, on the position of
energy levels. As can be seen in Fig. 4, the agreement
between the calculated and experimental spectrum is
better in the calculation using the Gaussian broadening
than in the Lorentzian one.

Kij(T) = (10)

SEMICONDUCTORS Vol. 38 No. 12 2004

However, at higher temperatures good agreement
with the experimental spectrum is not obtained.
Assuming that thisis due to the enhanced effect of the
nonparabolicity of the energy subbands at el evated tem-
peratures, we took into account in further calculations
the difference between the electron effective massesin
different subbands, m # m, in terms of the Ekenberg
model [8]. In doing so, we also assumed that the disper-
sion rel ations within the subbands remain parabolic but
differ in the longitudinal effective masses of electrons
near k = 0, whereas the transverse effective masses
remain unchanged:

m

= m[1+(2a+B)é; . (11)

1]
Here, m = 0.0665my, is the electron effective mass in
GaAs, and a = 0.64 (eV)* and B = 0.7 (eV)™ are
parameters[8]. Therelation (11) isafair approximation
for a QW width of ~5 nm, and it is independent of the
boundary conditions. For T = 80 K, the masses deter-
mined from (11) are m; = 0.0665m,, m, = 0.0796m,
m; = 0.0975m,, and m, = 0.1106m,. Now we use the
inequality m # my inthe dispersionrelations. Weintro-
duce the reduced mass my, which is determined by the
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Fig. 4. Equilibrium absorption spectrum a T = 14 K (non-
parabalicity is disregarded). Dashed line, calculation with
Lorentzian broadening; dotted line, Gaussian broadening;
solid line, experiment.

masses in both subbands, and the corresponding
energy €
o memo g A%
m; = mm, ' € = 2m,” (12)
Then, thetransition frequency fiw; = €, —€; = A — %ij
startsto depend on k, and the & function in (3) takesthe
form §[A; — €;; —hw]. In this case, an analytical inte-

gration over k in (3) with the use of the d function is
possible:

a, (he) = K.,(T)zzm
(13)
2m(T) O [ﬁ"i'(T)[Ai'(T)—ﬁw] F(T)D
e eae

The Lorentzian and Gaussian broadening can be taken
into account by substituting (13) into (4) or (5), respec-
tively.

The summation of the obtained absorption coeffi-
cients for separate transitions a; i (hwy), in accordance
with (6), yields the absorption coefficient spectrum
aji(fwy;) taking into account the nonparabolicity of the
energy subbands. Figure 5 shows the contribution of
separate transitions to the long- and short-wavelength
absorption peaks. In accordance with the relation
between the matrix elements, z,; > 7,5, the long-wave-
length peak is defined mainly by the electrons from the
second level. The transitions from the first level make a
significant contribution only at low temperatures, when
virtually al electrons are localized on this level
(Fig. 53). In contrast, the short-wavelength peak is
defined mainly by the electrons from the first level,
because z,, > z,,. Therefore, the contribution of €2 —~ e4

oL
0.8

T=14K (@)

0.6

04r

0.2r

0

1 1 1 1 )
110 120 130 140 150 160
151

1.0}

0.5

1 1 1 1 1
180 200 220 240 260
fw, eV

Fig. 5. Contribution of separate electron transitions to the
equilibrium absorption spectrum. (a) Long-wavelength
peak, T = 14 K; (b) short-wavelength peak, T = 300 K.
Dashed and dotted lines, calculations for electron transi-
tions from the first and second levels, respectively; solid
line, total contribution to absorption. The calculations were
performed taking into account the nonparabolicity and
Gaussian broadening.
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Fig. 6. Equilibrium absorption spectrum calculated taking
into account the Gaussian broadening and the nonparabolic-
ity effect. Temperature: solid line, 14 K; dashed line, 80 K;
dotted line, 300 K.

transitions is noticeable only at high temperatures,
when thefilling of the second level islarge (Fig. 5b).

Figure 6 shows the calculated spectra of the inter-
subband absorption coefficient for three temperatures,
for the case of m # my. They agree well with the exper-
imental equilibrium spectra (see Fig. 2a). The spectra
consist of two absorption bands at frequencies close to
thoseof theel, e2 — e3 and el, e2 —» e4 transitions.
As temperature increases, the absorption increases in
the first and decreases in the second peak. Since two
transitions contribute to each peak, the absorption is
mainly defined by the filling of that level for which the
probability of optical transition is the highest.

The temperature dependence of the width of the
absorption peaksisrelated to two factors. First, the spe-
cific times of the principal scattering mechanisms,
which define the broadening, can depend on tempera-
ture. The best-fit values of ', and I, are about 7 and
5.6 meV, respectively. Their relative values correlate
with the known dependences of the probability of scat-
tering on the interface irregularities as functions of the
QW width [9]. The variation in these values with tem-
perature was found to be negligible, which may be
attributed to the enhancement of some scattering mech-
anisms simultaneously with the depression of other
ones. Second, two transitions with different frequencies
contribute to the width of each peak (see Figs. 5a, 5b).

For example, the long-wavelength peak at T = 14 K
israther wide. This can be explained by the fact that at
low temperatures the contributions of el — €3 and
€2 — €3 transitions to the total absorption peak are
virtually comparable, and the total width of the absorp-
tion band is defined by the widths of two partially over-
lapped peaks. As temperature increases, the electron
density on the second level increases, and, since |z4]* >
2,5/, the contribution of €2 — €3 transitions to the
absorption band of the first peak sharply increases and
becomes dominant and, consequently, definesitswidth.
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As temperature increases, both peaks demonstrate the
rise of along-wavelength shoulder, which arisesduetothe
nonparabalicity of the quantum-confinement subbands.

In addition, astemperature increases, the red shift of
the absorption peaksis observed. When the temperature
increases from 14 to 300 K, the long-wavelength peak
shifts by 3 meV, and the short-wavelength one by
5 meV. These shifts are well described in terms of the
proposed model, with the account for nonparabolicity
of subbands and using the Gaussian function.

5. CONCLUSION

The spacing between the energy levelsin ATCQWs
was determined from the analysis of intersubband
absorption spectra. The most important result is that
obtained in determining the energy spacing between the
lowest subbands in an ATCQW, A, = (10 £ 1) meV.
This distance defines the redistribution of electrons in
real space, which gives rise to the modulation of mid-
IR light in the longitudinal electric field.

The smulated theoretical spectra of intersubband
absorption of light by electrons in ATCQWSs under equi-
librium conditions at different temperatures agree well
with the experimental data. Magnitudes and widths of the
absorption pesaks at different temperatures are accounted
for by the corresponding values of the electron dendity at
lower levels and the values of optical matrix e ements of
intersubband transitions. The asymmetry and temperature
shift of the spectral peaks are related to the nonparabolic-
ity of the quantum-confinement subbands.
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Abstract—Results obtained in a study of electron micrographs of cobalt-doped amorphous hydrogenated car-
bon are presented. The micrographs were obtained by transmission electron microscopy, including high-reso-
[ution electron microscopy. Layers of amorphous carbon were grown by magnetron cosputtering of a graphite
and a cobalt target in an atmosphere of argon—hydrogen plasma. It is shown that nanosize crystalline clusters
are formed in the process. The influence exerted by 1-h thermal annealing at 800°C in an atmosphere of argon
on the size distribution of nanoclusters was studied. It is shown that the distribution function is described by a
Gaussian curve that is peaked at ~7 nm for as-grown samples and is strongly broadened upon annealing, with
the peak position shifted to larger sizes and the curve exhibiting deviations from the Gaussian shape. A charac-
teristic structure, attributed to nanosize carbon capsules that envelop the clusters, is seen at cluster boundaries
in the high-resolution mode. © 2004 MAIK “ Nauka/Interperiodica” .

1. INTRODUCTION

Hydrogenated amorphous carbon (a-C:H) is of par-
ticular interest because of the unique ability of carbon
atomsto form various chemical bonding configurations
by passing from one state of sp-hybridization to
another. These properties of a-C:H may turn out to be
useful in solving the problem of encapsulating metallic
nanoclusters into solid media. The importance of this
problem is well illustrated by nanostructures based on
magnetic metals [1]. In this case, the encapsulation can
exert a double influence by protecting the nanoclusters
from the aggressive action of the ambient and by weak-
ening the exchange interaction between neighboring
particles, which opens up prospects for using nanocom-
posites as ultrahigh-density magnetic recording media.
The fact that a-C:H can protect well a metal surface
from degradation in corrosive media has been illus-
trated for such a corrosion-sensitive material asAg[2].

a-C:H films grown by magnetron cosputtering of
carbon and a metal contain nanosize metallic clusters
[3]. These clusters appear via self-organization in the
course of film growth. The cluster size distribution func-
tion reflects the basic features of the nucleation and
growth of the clusters[4]. In the present study, the distri-
bution functions were determined by anayzing electron
micrographs of cobalt-doped a-C:H, i.e., a-C:H(Co).
The micrographs were obtained by means of transmis-
sion electron microscopy (TEM) [5]. An a-C:H(Co)
film was used for analysis. The film thickness did not
exceed 250 nm. The modification of the distribution
function in postgrowth treatment was studied upon iso-
thermal annealing of the film in an atmosphere of argon
at 800°C for 1 h. According to the data furnished by the

Rutherford backscattering method, the concentration of
cobalt in the film increases substantialy, which is an
indication of rapid evaporation of the amorphous car-
bon matrix. The content of cobalt in the film, found by
means of the Rutherford backscattering technique, was
~18 at % for the as-grown film. Upon annedling, the
content of cobalt becomes as high as 80 at %, and the
film thickness decreases nearly twofold.

2. CLUSTER SIZE DISTRIBUTION FUNCTION
AND THE EFFECT OF ANNEALING
ON THE FILM STRUCTURE

Figures 1 and 2 show typical TEM micrographs of a
film of cobalt-doped amorphous carbon before and
after annealing. Figure 3 shows a micrograph of clus-

Fig. 1. Electron micrograph of an a-C:H(Co) film; fragment

dimensions, 0.3 x 0.5 um?; the dark inclusions are nanosize
clusters.
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ters upon annealing, which was obtained in the high-res-
olution mode. The dark inclusions are identified as nano-
size clusters of cobalt. A clearly pronounced regular
structure can be seen within the clusters, which probably
indicates that the clusters are crystalline (Fig. 3).

Because the optical contrast between the dark inclu-
sions and the light background is weak and the cluster
boundaries are not clearly pronounced, the image pro-
cessing is a nontrivial task. In regions with better pro-
nounced clusters, the images were filtered using a
method similar to that described in [6]. This made it
possible to diminish the background intensity and to
reveal more clearly dense objects in the image. Then,
the positions of clusters were determined automatically
and verified visually. The processing was performed in
the dark-field mode with light cluster images, and for
this the micrograph in Fig. 1 wasinverted. In the calcu-
lation, the cluster image was defined as a compact area
in the micrograph, whose intensity was at least 50%
higher than the background averaged over a square
exceeding in sizethelargest cluster image by afactor of
2-3. The size of this square was determined by visual
estimation before the automatic processing. The con-
tour along which the intensity decreased to a preset
value (asarule, 80% of the maximum) was taken asthe
cluster image boundary. By varying this parameter, the
accuracy of the method could be determined, which was
very important for constructing the distribution function.
The doubled root-mean-square distance from the geo-
metric center of a cluster image to the envelope of its
boundary contour was taken as the cluster diameter.

In regions with less clearly pronounced cluster
images, the cluster boundaries were a so determined by
means of expert estimation. In this case, two measure-
ments were made: the linear dimensions of the cluster
images were determined along two mutually perpen-
dicular lines passing through the center of mass of a
cluster image and then averaged. A comparison of the
results of the automatic and manual analyses ruled out
the inaccuracy associated with the increased sensitivity
of the method used in this study to larger or smaller
cluster images and further decreased the error in mea-
suring the cluster image diameter. Thiserror was~1 nm
for unannealed films and ~3 nm for those subjected to
annealing (because of the considerably greater size of
cluster imagesin the latter case). The distribution func-
tion was defined as the probability density of finding a
cluster of a specified size, with the unit cluster repre-
sented by a Gaussian curve with a peak position corre-
sponding to the measured cluster diameter and half-
width equal to the error of the method. The sought distri-
bution function was found by summing up the probability
density functions over al cluster images, with the average
number of cluster images in the micrograph being ana-
lyzed equal to about 200. The distribution functions con-
structed in this way were normdized such that the area
under a curve was equal to unity (probability density per
cluster). Thisis necessary for comparing the distribution
functions obtained for different micrographs.
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Fig. 2. Electron micrograph of an annealed a-C:H(Co) film;
fragment dimensions, 0.3 x 0.5 pmz; thedark inclusionsare
nanosize clusters.

Fig. 3. Large-scale micrograph of an annealed a-C:H(Co)
film; the arrows show atomic planes (1) within and (2) out-
side acluster.

This technique for obtaining distribution functions
is considerably more reliable than the method of histo-
gram drawing frequently used for this purpose, because
it is free of the arbitrariness associated with the choice
of the width and position of columnsin a histogram.

The distribution functions obtained by processing
the micrographs in Figs. 1-3 are shown in Fig. 4. The
function exhibits a clearly pronounced maximum at a
cluster size of ~7 nm. After the annealing, the cluster
size increases and the distribution function itself is
strongly broadened. The corresponding curve is mark-
edly non-Gaussian in shape.

A bent layered structure can be seen at cluster
boundaries (Fig. 3), with an interplanar spacing of
~3 A, which corresponds to that in graphite and onion-
like modifications of carbon [7]. The presence of char-
acteristic structures in the micrographs may be due to
the formation of nanosize carbon capsules that envelop
crystalline clusters.

Now the distribution functions will be analyzed in
terms of atheory that assumes the formation of a new
phase [8]. According to this theory, the distribution
functions should be described quite well in the initial
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Fig. 4. Sizedistributions of cobalt clusters: solid line, before
annealing; long-dashed line, after annealing. Short-dashed
and dotted lines represent the decomposition of the distribu-
tion function for an annealed sample into two Gaussian
curves.

stages of formation of the crystalline phase by anormal
distribution law. To verify this hypothesis, the experi-
mental pointsfor as-grown sampleswere approximated
with anormal distribution law in the form of

— A _ (X_Xc)2
y‘wm—zexp{z " }

Here, the parameters w, x., and A are the half-width of
the Gaussian curve, the most probable cluster size, and
the amplitude, respectively. Before annealing, the
parameters w and x. are equal to 4.7 and 6.9 nm,
respectively. With these parameters, the normal distri-
bution law describes the experimental data for unan-
nealed samples rather well.

After annealing, the distribution function is largely
non-Gaussian in shape. However, it can be well approx-
imated with the sum of two Gaussian functions with
maxima at around 12 and 26 nm. The reasons why two
different sets of clusters are presumably formed in this
case remain unclear. It follows from Fig. 4 that the set
of coarser clusters contains a larger part of the total
cobalt. The parameters w and X, for this set are 19 and
26 nm, respectively.

The results obtained are in a good agreement with
the data of [5], where similar cobalt-containing films
were studied by means of EXAFS. It was noted in [5]
that the main contribution to the EXAFS spectrum of an
unannealed film comes from the C—Co bond, which
indicates that cobalt carbide is present in the layers
studied. After annealing, the spectra point to the over-
whelming predominance of Co—Co bonds. The Co-Co

IVANOV-OMSKITI er al.

pair-interaction energy is lower than the C—Co pair-
interaction energy, and the average cluster sizeis equal
to the ratio between the specific surface and volume
energies of cluster formation [8]. Therefore, if it is
assumed that, in both cases, compounds of cobalt and
carbon are present on the cluster surface, the most prob-
able size of cobalt clusters in annealed samples should
exceed the average cluster size before annealing. This
is the behavior observed in the experiments performed
in the present study.

3. CONCLUSIONS

(1) Crystalline clustersareformed in films grown by
magnetron cosputtering of a cobalt and a graphite tar-
get. These clusters are several nanometersin size.

(2) Thermal annealing leadsto asignificant increase
in the size of clusters and to a change in their size dis-
tribution function. The distribution function for
annealed samplesisdescribed well by aGaussian curve
on the assumption that two sets of clusters exist with
different parameters.

(3) A characteristic layered structure is seen at
boundaries between clusters 1520 nm in size. This
structure can be attributed to the formation of nanosize
carbon capsules that envelop the crystalline clusters.
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Abstract—Light-emitting diodes (LEDs) were fabricated on the basis of GalnAsSh alloys grown from lead-
containing solution—melts. Electroluminescence characteristics and their current and temperature dependences
were studied. The external photon yield at room temperature was 1.6 and 0.11% for LEDs with emission wave-
lengths A = 2.3 and 2.44 pm, respectively. For LEDs with emission wavelength A = 2.3 um, the average emis-
sion power P = 0.94 mW was attained in the quasi-continuous mode at room temperature. In the pulsed mode,
the peak radiation power was P = 126 mW at a current of 3 A, a pulse duration of 0.125 ps, and a frequency

of 512 Hz. © 2004 MAIK “ Nauka/Interperiodica” .

1. INTRODUCTION

The spectral range 1.8-4.0 um is of considerable
interest for laser ranging and location systems [1],
radio-frequency atmospheric wireless communications
[2], and for medicine and environmental monitoring
[3,4]. GaSb-based GalnAsSb solid solutions are
widely used in optoelectronic devices for this spectral
range. High-efficiency light-emitting diodes (LEDS)
based on such solid solutions, which completely over-
lap with the range 1.6-2.4 um, were reported [4].
Increasing the operational wavelength of LEDs based
on GalnAsSb solid solutions now remains the most
important problem.

We studied the properties of GalnAsSb alloys
grown from lead-containing solution—melts previously
[5-7]. The use of lead alowed us to grow
Ga, _,In,AsSb, _, solid solutions that were |attice-
matdhed to'the Cash (100) substrate at T = 560°C.
Here, x = 0.14-0.27, y = 0.12-0.22, and the band gap
E,=0.59-0.49eV at T = 300 K. For alimiting compo-
sition with the In content in the solid phase x = 0.27, we
managed to obtain an epitaxial layer 1.5 um thick. For
all samples, we failed to detect Pb using qualitative
X-ray spectral microanalysis. We studied the galvano-
magnetic properties of undoped [6], Te-doped [7], and
Ge-doped GalnAsSb solid solutions grown from lead-
containing solution—melts. We showed that these solid
solutions are promising for the development of opto-
electronic devices for the spectral range 1.8-3.0 um.

In this study, we report the fabrication of LED2.3
and LED2.44 LEDs with the wavelength of the peak in
the emission spectrum A = 2.3 and 2.44 pm. These
LEDs are based on GalnAsSh solid solutions grown
from lead-containing solution—melts.

2. PROCEDURE FOR FABRICATING
AND STUDYING LIGHT-EMITTING DIODE
HETEROSTRUCTURES

The LED heterostructures were grown by liquid-
phase epitaxy on n- and n-GaSh (100) substrates. An
epitaxial GaSb layer 2.5 um thick was used as a wide-
gap emitter. The energy diagram of the LED hetero-
structures is shown in Fig. 1a. We calculated equilib-
rium molar fractions of components in the liquid and
solid phases for the Pb—InAs-InSbh-GaAs-GaSb sys-

(a)
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[ A . .
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Fig. 1. (a) Energy diagram of the light-emitting diode struc-
tures; (b) light-emitting diode design.
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Fig. 2. Current—voltage characteristic of the LED2.3 light-
emitting diodeat T =300 K, off-duty factor Q = 2.0, and fre-
quency f =512 Hz.

tem at a specified temperature (560°C) and supercool-
ing (AT = 3 K). For this purpose, we used the Excess
Functions-Linear Combinations of Chemical Poten-
tials method [8, 9]. The charge components for the
Ga, _,In,AsSb, _, epitaxial layers were In of purity
99.999 wt %, Sb of purity 99.999 wt %, Pb of purity
99.9999 wt %, and the binary compounds GaSh and
InAs. According to the X-ray diffraction data, the rela-
tive lattice mismatch between the layer and the GaSb
substrate (Aa/a) was no larger than 1.0 x 103,

The LEDs based on GaSh/Gal nAsSh/GaSh hetero-
structures, which were fabricated using the standard
lithography technique, were mesa structures of diame-
ter 300 um. The structures had a continuous contact
(Fig. 1b) on the GaSh substrate side and a point contact
of diameter 100 um on the wide-gap GaSb layer side.
Nonrectifying contacts to n- and p-type conductivity
materials were formed by vacuum deposition. For this
purpose, Cr/Au + Te/Au and Cr/Au + Ge/Au systems
were used, respectively. The chips 500 x 500 um? in
size were mounted on standard TO-18 headers.

The spectral characteristics of the LEDs were stud-
ied using an automated installation based on a DK-480
monochromator (CVI Laser Corp., United States) and
an InSb photodiode (Judson Technologies) cooled with
liquid nitrogen. The photodetector signal was pro-
cessed using the synchronous detection method with an
SR 810 selective amplifier (SRS Inc., United States).
The measurementswere carried out at temperatures T =
300 and 77 K. The LEDs were supplied with a pulsed
current; the duration and repetition frequency of pulses
were variable.

To study the temperature dependences of electrolu-
minescence characteristics, the LED chips were
mounted onto the Peltier thermoel ectric cooler located
on the TO-5 header.

ASTAKHOVA et al.

The external emission quantum yield (Neg) was
determined from the current dependence of the optical
emission power using the formula
eP 0
e 100%, Q)
where P is the integrated emission power, | is the cur-
rent, A is the wavelength, e is the elementary charge,
his Planck’s constant, and c is the speed of light.

The spatial distribution of emission intensity of the
LEDs was studied using an installation in which the
sample was rotated around the axis lying in the p—n
junction plane. The polar patterns were recorded for
two directions of the axis of rotation, namely, parallel
to the side opposite facets of the chip and at an angle of
45° to them. The chips were mounted on the TO-18
headers with a flat stage. The measurements were car-
ried out at room temperature. Rectangular current
pulses with off-duty factor Q = 2 and repetition fre-
quency f = 523 Hz were supplied to the LED. As a
detector, we used an uncooled PbSe photoresistor with
aphotosensitive element area of 1 x 4 mm?, which was
installed at 0.05 m from the LED.

Next = A

3. LIGHT-EMITTING DIODES WITH EMISSION
WAVELENGTH A = 2.3 pm

A Gag7olNg 1Ay 16508, SOlid  solution (E; =
0.534eV a T = 300 K) 2 um thick was used as the
active layer of the LED structure. The highest effi-
ciency of radiative recombination was attained for
L EDswith an undoped active region and Hall hole con-
centrationp =3 x 10®¥ cm=2 at T =300 K (p = 4.6 x
10 cm3 at T = 77 K). The GaSb emitter layer was Te-
doped to the electron concentration n = (1-4) x
108 cm2at T =300 K.

The current—voltage (I-V) characteristics of the
LEDsat T=300K areshowninFig. 2. The cutoff volt-
age for the forward portion of the I-V characteristic is
0.4V, and the calculated seriesresistanceis 2.5 Q.

The spectral characteristics at T = 300 and 77 K,
which were recorded on supplying the LEDs with a
pulsed current with off-duty factor Q = 2 (meander) and
frequency f = 512 Hz, are shown in Fig. 3.

Figure 3 showsthat the emission spectraat T= 300K
include a single band with awavelength corresponding
to the intensity peak, A = 2.29 um (the photon energy
hv = 0.541 eV) for current | = 100 mA. As the current
increasesto | = 220 mA, the peak of the emission spec-
trum shifts to longer wavelengths by AN = 0.02 um.
This shift is accompanied by a variation in the full-
width at half-maximum (FWHM) of the emission band
from 0.20 to 0.23 um. These data indicate that the cur-
rent-induced heating of the structure affects electrolu-
minescence characteristics only slightly.

On cooling to T = 77 K, the peak of the emission
spectrum shifts by AA = 0.24 um to shorter wavelengths,
and the wavelength is A = 2.05 um (hv = 0.605 eV),
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which corresponds to the band gap of the active region
Eq(77 K) = 0.608 eV. As the current increases from 50
t0 200 mA, the spectral pesk position remains unchanged.
The FWHM for acurrent of 200 mA is0.1 um.

The temperature coefficient of variation in the spec-
tral peak wavelength is ANAT = 1.5 nm/K, which is
consistent with the temperature coefficient of the band
gap variation. The emission intensity decreases by a
factor of e asthetemperatureincreases by 110°Cinthe
temperature range 0-120°C.

The directivity diagram of the LED emission
(Fig. 4) shows that the intensity is peaked at angles of
deviation from the normal to the plane of the outer face
facet 8 = 6, = +31°. At average angles of deviationin
the plane parallel to side facets, the peak intensity of
emission is lower than in the plane including the diag-
onal of the epitaxia layer of the LED chip. For this
design, the LED emits through both the face facet and
the side facets of the crystal. The emission intensity at
the diagram center is mainly governed by the emission
escape through the face facet of the crystal normally to
the p—n junction plane. Let us denote this plane as Pp.
At nonzero angles, the emission through side facets is
added to the emission through the face facet. When the
axis of revolution lying in the p—njunction planeis par-
allel to two opposite side facets and normal to two other
facets, the escape of emission only through one side
facet is added. When the axis of revolution is directed
at an angle of 45° to the side facets, the escape of emis-
sion from two side facetsis added. Therefore, the emis-
sion intensity is higher in the diagonal direction. The
analysis of the shape of the directivity diagram shows
that the distribution of emission through each facet is
close to a cosine distribution. This finding allows us to
determine the effective emission intensity normally to

the side facet: P = PytanB,,,, . The emission intensity

at an angle of deviation from the normal to the face
facet of 6 = 90° is lower than P, mainly because of the
restricted header area reflecting the emission. Because
the front facet emits into the half-space, while the side
facet emits only into the quarter-space, the total inten-
sity Ps is proportional to (P + 2P)). The LEDs under
consideration with 8, = £31° emit through the four
side facets at a 20% higher intensity than through the
face facet.

Figure 5 shows the current dependence of the inte-
grated optical power of the LED. In a quasi-continuous
mode (Q = 2) (see Fig. 5, inset), the highest power P =
0.94 mW isattained at acurrent of | =220 mA. For cur-
rents| <50 mA, the P(I) dependence is superlinear. In
the current range 50200 mA,, the dependence isalmost
linear, which indicates that the heating of the active
regions of the LEDs by the current isinsignificant. The
extrapolation of alinear portion of the P(l) dependence
to the zero value of power yieldsthe cutoff current |, =
20 mA. For currents | > 200 mA, the measurements
were carried out in the pulsed mode with pulse duration
T =0.125, 2, or 32 uys. The P(I) dependence is almost
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Fig. 3. Electroluminescence spectra of the LED2.3 light-
emitting diodes. (1-4) T = 300 K, pumping current: (1) 50,
(2) 100, (3) 150, and (4) 220 mA; (5-8) T = 77 K, pumping
current: (5) 50, (6) 100, (7) 150, and (8) 200 mA.
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Fig. 4. Directivity diagram of emission of the LED2.3 light-
emitting diodes in the plane norma to the p—n junction
plane: (1) planeisparalel to sidefacets of the light-emitting
diode; (2) plane includes the diagonal of the light-emitting
diode chip in the p—n junction plane.

linearuptol =25A a1=0.125and 2 yusandupto | =
1A at t = 32 ps. The dependence then becomes sublin-
ear for all 1. One can see that a decrease in the pulse
duration lengthens the straight-line portion of the P(l)
dependence. The highest peak power of emission P =
126 mW is attained at | = 3 A, pulse duration T =
0.125 s, and frequency f =512 Hz.

The external quantum yield of emission for the
LEDs studied at room temperature is ne, = 1.6% at a
current | = 220 mA. The differential external photon
yield is highest at a current of | =100 mA and is equal
10 Ny = 2%.
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Fig. 6. Current—voltage characteristic of the LED2.44 light-
emitting diode at T = 300 K, off-duty factor Q = 2, and fre-
quency f =512 Hz.

4. LIGHT-EMITTING DIODES WITH EMISSION
WAVELENGTH A = 2.44 pm

We used the  1.2-pym-thick  Te-doped
Gay 751 Ng 25A Sy.22Sb 75 SOlid solution (E, = 0.506 eV
at T = 300 K) with electron concentration n = 3 x
108 cm~2 as the active layer of the LED structure. As
the wide-gap emitter, we used the Ge-doped GaSb epi-
taxial layer with hole concentration p = 5 x 10'8 cm=3,

TheLED I-V characteristic shownin Fig. 6 isof the
diode type with a cutoff voltage of 0.4V (at T = 300 K)
and a seriesresistance of 1.7 Q with aforward bias.

The spectral characteristics of the LED emission
with apulsed current with off-duty factor Q = 2 (mean-
der) and repetition ratef =512 Hzat T=300 and 77 K

ASTAKHOVA et al.
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Fig. 7. Electroluminescence spectra of the LED2.44 light-
emitting diodes. (1-3) T =300 K, pumping current: (1) 100,
(2) 150, and (3) 220 mA; (4-6) T = 77 K, pumping current:
(4) 100, (5) 150, and (6) 200 MA.

are shown in Fig. 7. Figure 7 shows that the electrolu-
minescence spectrum at T = 300 K is peaked at the
wavelength A = 2.44 um, which corresponds to hv =
0.508 eV. Thisvalue is somewhat larger than the calcu-
lated band gap of the materia of the active region, E; =
0.506 eV. The peak hasan FWHM of ~0.26 um at acur-
rent of | =100 mA.

Asthecurrent isvaried from 50 to 200 mA, the posi-
tion of the spectral peak of the LED emission remains
unchanged. In this case, the FWHM aso remains
unchanged, which indicates that the heating of the
structure under flowing current isinsignificant at alow
excitation level. The observed valley in the electrolumi-
nescence spectrum of the LED at A = 2.42 umiscaused
by the specific features of the spectral characteristic of
the diffraction grating used (300 grooves/mm). In addi-
tion, intense absorption lines of water and carbon diox-
ide are present in the wavelength range 2.60-2.72 pm.

At T = 77 K, the peak wavelength of the emission
spectrum decreases with increasing current from A =
2.18 um (hv = 0.569 eV) at current | =50 mA to A =
2.14 um (hv = 0.579 V) at current | = 200 mA. In this
case, the FWHM of the spectral band also increases
from ~0.14 to 0.20 um. An increase in the peak photon
energy of the LED electroluminescence spectrum and
the spectral-band broadening indicates a high excita-
tion level of the activeregionat T =77 K.

In the pulsed supply mode (1 =2 s, f =512 Hz), the
wavelength of the emission-band peak decreases from
A =241 pm (hv = 0515 eV) to A = 239 um (hv =
0.519 eV) as the current is varied from 0.5to 3.0A. In
this case, the FWHM of the spectral band increasesfrom
0.28t0 0.36 um. Thisincreaseisattributed to thefact that
the excitation level a room temperatureis also high.
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Fig. 8. Directivity diagram of emission of the LED2.44
light-emitting diodesin the plane normal to the p—njunction
plane: (1) planeisparalel to sidefacets of the light-emitting
diode; (2) plane includes the diagonal of the light-emitting
diode chip in the p—n junction plane.

The directivity diagram of this LED is shown in
Fig. 8. We can see that the emission intensity has low
peaks at angles of deviation 6,,,, = +40° in the plane
paralel to two opposite side facets and 6, = +45° in
the plane located at an angle of 45° to them. The ratio
of intensities of light emitted through the four side fac-
ets and the face facet, which is found from the peak

angle, is 2tanB,,, = 2tan40° = 1.68. Thus, the inten-

sity of light emitted through the side facets is 68%
higher than that emitted through the face facet.

Inaquasi-continuous mode (Q =2, Fig. 9, inset), the
current dependence of the LED emission power is super-
linear up to | = 50 mA and further increases linearly up
to | =200 mA. In the pulsed mode (Fig. 9), the depen-
dence P(l) a1 =2 pusiscloseto linear upto | = 1 A.
In the current range 1-3 A, the dependence is weakly
sublinear. For the pulse duration T = 32 s, the sublin-
earity is clearly pronounced apparently due to the heat-
ing of the active region during the pul se passage.

The highest average optical power is 62 uW at cur-
rent | =218 mA. In this case, the external photon yield
at room temperature equals Ne; = 0.11%. The highest
differential external photon yield ng = 0.17% corre-
spondsto a current of 600 mA.

The highest peak emission power in the pulsed
mode P = 2 mW was attained at current | = 3 A, pulse
duration T = 2 ps, and frequency f = 512 Hz.

5. RESULTS AND DISCUSSION

The emission spectra of the LEDs with an emission
wavelength of 2.3 um have the main features of band-
to-band radiative recombination. These features are the
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Fig. 9. Current dependence of the peak optical power of the
LED2.44 light-emitting diode at frequency f = 512 Hz and
pulse duration T = (1) 2 and (2) 32 ps. Inset: current depen-
dence of the average optical power of the light-emitting
diode for off-duty factor Q = 2 and frequency f = 512 Hz.

following. (i) The peak photon energy slightly exceeds
(~kgT) the band gap of the narrow-gap layer. (ii) The
spectral peak energy isindependent of current at small
currents, which corresponds to a low excitation level.
However, this energy slightly increases with current at
large currents, when a high excitation level is attained.
(iii) The width of the spectral emission band is
(1.5-2)kgT, and this magnitude slightly increases with
current at high excitation levels. We may conclude that
the radiative recombination is caused by electron injec-
tion into the narrow-gap p-type layer and by electron—
hole recombination in this layer due to band-to-band
electron transitions.

The superlinearity of the current dependence of the
emission power at | <20 mA is most probably associ-
ated with deep levels of nonradiative recombination in
the narrow-gap layer; theselevelsare also present in the
GaSb layers. For currents exceeding the cutoff current
(It = 20 MA), the levels are saturated, and the corre-
sponding current remains equal to the cutoff current.
The ohmic leakage currents estimated from the reverse
portion of the |-V characteristic are an order of magni-
tude smaller.

Thus, for currents exceeding the cutoff current, the
predominant recombination mechanism is the band-to-
band recombination. This may be not only radiative
recombination, since the differential internal photon
yield in the region of large currentsis equal to the pho-
ton yield for band-to-band transitions.

When estimating the internal quantumyield, wewill
assume that emission is generated in the narrow-gap
layer, where reemission is possible. The volume of the
narrow-gap layer is only 0.28% of the total volume of
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the structure, while the coefficient of photoinactive
absorption ay is on average ~10 cmrL. Therefore, only
the photons with energy exceeding the band gap of the
narrow-gap material by 45 meV or morewill be mainly
absorbed during photoactive band-to-band transitions.
Thefraction of these short-wavel ength photonsis 1/4 of
al initially emitted photons. In the LEDs under study,
there are factors that give rise to emission nondirectiv-
ity. These factors are the surface roughness of the sub-
strate and the steps at the side surface of the mesas,
which scatter the emission during reflection. Therefore,
formula (4) from [10] isapplicable in this case. Thisfor-
mularelates the external photon yield n, to the internal
guantum yield of long-wavel ength photons n, and short-
wavelength photons n, as well as to the coefficients of
photoinactive absorption ay and effective absorption
caused by the escape of emission fromthecrystal a,. The
latter can be found from formula (6) [10]:

=S
© Vn(n+1)2’

where Sisthe area of afree light-emitting surface, V is
the crystal volume, and n is the refractive index.

Let us expand the formulafor ne, relativeto n;:
~ i ad]—l -1
0= (ke gd | 3

wherek =ngn;.
Inour case, k=1/3, a,=1.48cm™, and oy =10 cm™.

For Ne: = 1.6%, wefind n, = 12%, n, = 4%, and the
total internal photonyield n;; = n, + N = 16%.

To determine the emission quantum yield for the
band-to-band emission, let us use the differential exter-
nal photon yield ne = 2% instead of N N this case,
the internal quantum yield of long-wavelength photons
Nig = 15%, of the short-wavelength photons ng = 5%,
and the total quantum yield for the band-to-band emis-
sion ng = 20%. It then follows that 80% of band-to-
band transitions are nonradiative. Since the values of
the band gap and the spin—orbit splitting energy are
almost the same, the Auger process is most probablein
the p-type material due to electron transfer from the
conduction band into the valence band and hole transfer
from the valence band to the spin—orbit split-off band
(the CHHS process). The rate of this process depends
on the excitation level in almost the same way as the
rate of radiative recombination. This fact explains the
linearity of the current dependence of the emission
intensity.

The emission spectra of the LEDs with peak wave-
length A = 2.44 um exhibit the same indications of
band-to-band recombination as the spectra of LEDs
with A = 2.3 um. However, the width of the spectral
emission band for these LEDs is 2kgT at | < 200 mA,
and it increases noticeably at large currents, attaining

a

)
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3KksT at current | = 3 A. This behavior is caused by the
electron conduction in the active narrow-gap region, in
which the electrons are degenerate even for small cur-
rents due to the small effective mass of these electrons.
The degree of degeneracy increases with current due to
the small thickness of the narrow-gap region. The peak
energy of the spectral band dlightly increases with cur-
rent as one would expect for a case of band-to-band
recombination for alow excitation level. For the impu-
rity recombination, the peak energy is independent of
current, and this mechanism can be disregarded. In the
case of considerable involvement of band “tails’ or in
the case of diagonal tunneling, the peak energy of the
spectral band should increase more sharply for small
currentsthan for large ones. Since we observe areverse
pattern, these recombination mechanisms may also be
considered insignificant. Thus, we may conclude that
the emission is caused by band-to-band recombination.

Most of the emission is apparently adsorbed in the
active region, since the width of the emission spectral
band is less than the theoretically calculated one at a
specified level of electron degeneracy by a factor of 3.
Thefraction of long-wavelength photonsin the primary
emission is ~20%, which corresponds to the value k =

ndn, =4

The magnitudes of internal photon yield determined
by formula (2) at k = 4, a, = 1.48 cm™, ay = 20 cm™,
and ng = 0.11% are n, = 1.52%, n, = 6%, and n;,; =
7.5%. By substituting the differential external photon
yield Ng = 0.17% for ne, wefind ng = 2.2%, ng = 9%,
and ng = 11.2%. Thus, about 90% of the band-to-band
recombination is nonradiative. In this case, CHCC
Auger recombination is most probable. This recombi-
nation is characteristic of n-type semiconductors. In
this process, one eectron from the conduction band
transfersto the valence band, while the second electron
participatesin theintraband transition. Thus, the almost
linear current dependence of the emission power is
retained.

6. CONCLUSIONS

Thelight-emitting diodes (L EDs) with spectral peak
wavelengths A = 2.3 and 2.44 um werefabricated on the
basis of GalnAsSb solid solutions grown from lead-
containing solution—melts. The external photon yield at
room temperature was 1.6 and 0.11%, respectively.
These LEDs may find wide application in systems for
environmental monitoring and medical diagnostics.
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Abstract—L uminescence properties of thin-film cylindrical ZnO microcavities 1.8 um in diameter obtained
by electron-beam lithography and reactive ion etching were studied. Narrow luminescence peaks were detected
in the excitonic and green spectral regions of zinc oxide and were attributed to spatial quantization of photon
wave functions. It was found that stimulated ultraviolet luminescence arises with coupled photon modes of
microcavities as optical pump power increases. © 2004 MAIK “ Nauka/Interperiodica’ .

1. INTRODUCTION

Recently, the wide-gap semiconductor ZnO (band
gap E, = 3.37 eV) has been intensively studied due to
the prospects for developing short-wavelength semi-
conductor laser diodes based onit. Dueto the high exci-
ton binding energy (60 meV) in zinc oxide, it became
possible to attain stimulated luminescence in bulk sin-
gle crystals[1, 2] and epitaxial films [3, 4] not only at
cryogenic temperatures, but also at room temperature.
Depending on the crystal structure and defect composi-
tion in zinc oxide films, recombination emission of
excitons ariseswith aphoton energy of 3.28 eV (at tem-
perature T = 300 K) or green luminescence with a peak
at 2.3 eV, caused by intrinsic defects (oxygen vacan-
cies). The high crystalline quality of ZnO epitaxia
films resultsin the fact that the luminescence spectrum
only contains an excitonic peak up to 550 K [3].

We obtained laser radiation with a wavelength of
397 nm in [5] using polycrystalline nonepitaxial ZnO
films produced by magnetron-sputtering deposition
onto oxidized silicon substrates. Stimulated room-tem-
perature luminescence was observed in the range of
electron—hole plasma recombination under optical
excitation by a pulsed nitrogen laser. In this case, the
threshold pump power was rather high, 6 MW/cm?.
Such alargevalueis caused not only by thefact that the
filmis polycrystalline, but also by the absence of feed-
back along the film for stimulated light photons. The
Fabry—Perot cavity exists with total internal reflection
at the upper and lower faces of the film and single-pass
lasing in the horizontal plane. To decrease the lasing
threshold, it is advisable to fabricate cavities with mir-
rors on the lateral faces of the structure, which requires
flat cleaved surfaces of optical quality.

However, there is an aternative technological
method for fabricating cavities with a high quality fac-
tor for semiconductor lasers used in this study. The
point here is that a multiple-pass pulsed lasing mode
can develop only in micrometer-size cavities due to the

short lifetime (10 ps) of excited excitonic states of a
semiconductor medium. Recently [6, 7], it was sug-
gested that coupled or weakly coupled quantum modes
of three-dimensional (3D) photon dots be used to attain
lasing in semiconductor lasers. In that case, a semicon-
ductor shaped like a parallelepiped, cylinder, or sphere
with size on the order of the wavelength of light that is
placed into atransparent medium with asmaller refrac-
tive index has several coupled states, i.e., emitted light
modes. The mode lifetime control s the quality factor of
the microcavity and optical pump threshold for stimu-
lated emission.

In this study, we consider the effect of spatial quan-
tization of photon wave functions in cylindrical ZnO
microcavities 1.8 um in diameter on the spectral shape
of excitonic and green luminescencelines, aswell ason
the initiation of stimulated emission during optical
pulsed excitation.

2. EXPERIMENTAL

We used zinc oxide films 0.25 um thick deposited
by magnetron sputtering on oxidized silicon substrates.
Thethermal oxidethicknesswas 0.27 um. Immediately
after magnetron-sputtering deposition, the zinc oxide
films had an amorphous structure and exhibited no
luminescence. However, as a result of annealing in an
oxygen atmosphere at 700°C for a few minutes, the
films crystallized with the formation of crystaline
grains with average sizes of ~0.3-0.5 um. The film sur-
face remained optically smooth with an average rough-
ness of ~10 nm. An excitonic peak with a maximum at
3.28 eV was predominant in the luminescence spec-
trum of anneal ed films at room temperature. Lasingwas
observed when pumping by a pulsed nitrogen laser was
used at athreshold pump power of 6 MW/cm? [5].

Thin-film cylindrical ZnO microcavities 1.8 pm in
diameter were obtained by electron-beam lithography
and reactive ion etching in argon plasma using prelim-
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inarily annealed Si-SiO,—ZnO structures. An alumi-
num mask used during ion etching was then removed
using adiluted alkali solution. lon etching made it pos-
sible to obtain vertical walls of cylindrical microcavi-
ties arranged as a chain with a distance between nearby
cylindersof 10 um (seeFigs. 1, 2). A film areaof ~4 mnv?
was intentionally not subjected to lithography; it
remained as an isand and was treated in the same way
as cylindrical microcavities. This was done to deter-
mine the influence of size effects on luminescence
spectra, rather than the influence of changes caused by
plasma or electrochemical treatment. Thus, linear
arrays of cylindrical photon dots 1.8 um in diameter
were produced. Figures 1 and 2 show the electron-
microscopy images of a single microcavity (side view,
1.8 um in diameter) and an array of 11 microcavities
(top view 1). A set of arrays of identical microcavities
was formed to increase the intensity of the lumines-
cence signa in optical measurements.

The luminescence spectra were measured under
excitation by an ILGI-505 pulsed nitrogen laser with a
wavelength of 337.1 nm, apulse duration of 9 ns, and a
peak power of 1.5 kW. The laser beam was focused
onto aspot 0.5 mm in diameter, which provided an opti-
cal excitation density as high as |, = 0.4 MW/cm?. The
photoluminescence (PL) spectra of microcavities of
various diameters were studied at room temperature
and various pump powers, | = 0.1l, 0.15l, 0.5l,,
0.75l,, and 1l,,. To thisend, alight absorber with a pre-
set transmittance was placed between the sample and
the laser. The excitation light of the laser was incident
on the microcavity normally to its surface. Lumines-
cence was measured at an angle of 45°, which
decreased the contribution of reflected laser light.
Luminescence was measured using an MDR-23
monochromator, an FEU-106 photomultiplier, and a
Unipan-237 variable-signal amplifier connected to a
computer. The spectral resolution was no worse than
0.2 nmin all the experiments.

3. RESULTS AND DISCUSSION

Figure 3 shows the PL spectra of cylindrical ZnO
microcavities 1.8 pum in diameter (curve 1) and the
island film (curve 2) for the lowest power | = 0.1l of
excitation radiation. It isworth noting that both spectra
contain a green-emission band peaked at about 2.2 eV
and caused by oxygen vacanciesin zinc oxide[8]. Exci-
tonic luminescence is almost absent at low-intensity
pumping. We note that the intensity of green PL of
microcavities (curve 1) is somewhat higher than that of
the idand film (curve 2) and has a pronounced fine
structure with two peaks at 2.03 and 2.22 eV, aswell as
two shoulders on the short-wavelength side at energies
of 243 and 2.61 eV.

Astheexcitation-radiation intensity increasesto |, =
0.4 MW/cn?? (Fig. 4), excitonic luminescence with a
peak in the violet spectral region at 3.28 €V begins to
prevail in the PL spectra. In this case, the shape and
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tilt ~ 54 deg

Fig. 1. Electron-microscopy image of the cylindrical ZnO
microcavity 1.8 umin diameter, obtained at an angle of 45°.

Fig. 2. Electron-microscopy image (top view) of an array of
ZnO microcavities 1.8 um in diameter (top view).
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Fig. 3. Photoluminescence spectra excited using a nitrogen
laser with power density | = 0.1l of (1) the linear array of
microcavities 1.8 um in diameter and (2) the ZnO film
grown on oxidized silicon; T= 300K, 15=0.4 MW/cm?.



1428

Intensity, arb. units
400

300

200 -

100 -

0 I 1
2.8 3.0 3.2 34
Energy, eV

Fig. 4. Photoluminescence spectra (excited by the nitrogen
laser with power density | = Ig) of (1) the linear array of
microcavities 1.8 um in diameter and (2) the ZnO film
grown on oxidized silicon; T=300K, I5=0.4 MW/cm?,

intensity of green-emission bands is amost unchanged
(Fig. 5). In contrast to the island ZnO film (Fig. 4,
curve 2), the spectra of excitonic PL of microcavities
(curve 1) are significantly narrower and have a fine
structure, which is caused by coupled and weakly cou-
pled modes of 3D photon dots with peak positions at
3.26, 3.31, 3.35, and 3.38 eV. Uncoupled modes in fact
represent interference of outgoing light at microcavity
lateral faces, while coupled photon states should be
completely localized inside it. However, due to scatter-
ing at polycrystal boundaries inside the film, even cou-
pled electromagnetic oscillations sooner or later leave
the film and contribute to the PL signal. Therefore, the
microcavities under consideration, like any laser cavi-
ties, exhibit a finite quality factor that controls the
width of the emission line. We can seein Fig. 4 that the
FWHM of the line corresponding to the single most
intense mode (with a peak at 3.31 eV) of the cavity
1.8 um in diameter (curve 1) is ~25 meV in the case
under consideration. Is this quality factor sufficiently
large for the generation of lasing pumped by pulses of
the nitrogen laser?

Figure 5 shows the dependence of the intensity of
the brightest mode at 3.31 eV in the excitonic spectral
region of thismicrocavity on the power density of exci-
tation radiation of the nitrogen laser. We note the almost
linear dependencefor theisland ZnO film (curve 2). For
microcavities 1.8 um in diameter (curve 1), the lumi-
nescence intensity evidently increases nonlinearly,
which suggests that stimulated luminescence arises if
the power density of laser excitation is higher than
0.2 MW/cm?. Thisisin agreement with the dependence
of the intensity of green-emission bands of the micro-
cavities and ZnO film on the pump power (Fig. 5,
curves 3, 4). The point here is that the green PL inten-
sity of the film dightly increases, while that of cavities
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Fig. 5. Dependences of the intensity of the mode with the
highest intensity in the excitonic region of (1) microcavities
1.8 umindiameter and (2) ZnO film, aswell asin the green
region of (3) microcavities and (4) ZnO film, on the power
density of the excitation laser radiation; T = 300 K.

even dlightly decreases with the excitation-radiation
power. This observation confirms that lasing arises in
the excitonic spectral region of microcavities. In this
case, the excitonic line becomes narrower in compari-
son with the film spectrum, which is especially distinct
in the long-wavelength spectral region, where phonon
replicas of the excitonic line are observed.

The use of coupled modes of small microcavities
reduces the threshold powers of optical pumping
needed for lasing. Specifically, the use of cylinderswith
diameters from 1 to 3 um makes it possible to obtain
ZnO microcavities (using the technology under discus-
sion) with the highest quality factor for generating vio-
let radiation with a peak at 3.31 eV (Fig. 4, curve 1).
Note that the dependence of the intensity of excitonic
luminescence of simple ZnO films used to obtain
microcavities, which we studied in [5], waslinear up to
apower of 6 MW/cm?,

4. CONCLUSIONS

Thus, optical cylindrical microcavities 1.8 pm in
diameter were obtained by electron-beam lithography
and ion etching on the S—Si0O,~ZnO structure with a
thin zinc oxide film (0.25 pm). The mode structure of
photoluminescence spectra was experimentally
detected in the excitonic and green spectral regions of
ZnO microcylinders.

The study of photoluminescence spectra of micro-
cavitiesinrelation to the optical pump intensity showed
stimulated emission in the excitonic region of zinc
oxide at an excitation-power density higher than
0.2 MW/cm?. Note also that stimulated emission of the
ZnO film itself required an excitation density of
6 MW/cm?[5].
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Hence, the use of three-dimensional cavities with
cylinders 1.8 umin diameter allowsthe pump threshold
to be decreased more than tenfold compared with the
one-dimensional Si-SiO,~ZnO cavity structure of the
Fabry—Perot type.
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Abstract—Internal optical loss in separate-confinement laser heterostructures with an ultrawide (>1 pm)
waveguide has been studied theoretically and experimentaly. It is found that an asymmetric position of the
active region in an ultrawide waveguide reduces the optical confinement factor for higher-order modes and
raises the threshold electron density for these modes by 10-20%. It is shown that broadening the waveguide to
above 1 um resultsin areduction of theinternal optical loss only in asymmetric separate-confinement laser het-
erostructures. The calculated internal optical loss reaches ~0.2 cmt (for A = 1.08 um) in an asymmetric
waveguide 4 pm thick. The minimum internal optical loss has a fundamental limitation, which is determined
by the loss from scattering on free carriers at the transparency carrier density in the active region. An internal
optical loss of 0.34 cm™ was attained in asymmetric separate-confinement laser heterostructures with an ultra-
wide (1.7 um) waveguide, produced by MOCVD. Lasing in the fundamental transverse mode has been obtained
owing to the significant difference in the threshold densities for the fundamental mode and higher-order modes.
The record-breaking CW output optical power of 16 W and wallplug efficiency of 72% is obtained in 100-um
aperturelaserswith a Fabry—Perot cavity length of ~3 mm on the basis of the heterostructures produced. © 2004

MAIK “ Nauka/Interperiodica” .

1. INTRODUCTION

This paper continues a series of publications on
studies aimed at developing and producing high-power
semiconductor lasers [1-9]. Success in attaining record
high power of optical emission isrelated to the optimi-
zation of the parameters of laser heterostructures, such
as the threshold current density, threshold gain, differ-
ential quantum efficiency, internal optical loss, seria
resistance, and temperature stability [1-10]. It was
established that the principal factor that defines the
power of optical emission of a semiconductor laser is
the reduction of internal optical loss, and this can be
attained by increasing the thickness of the waveguide
layer. A detailed study and determination of parameters
of a symmetric laser heterostructure characterized by
low internal optical 1oss were reported in our previous
publication [9]. A natural limitation on the thickness of
a symmetric waveguide is imposed by the threshold
conditionsfor higher-order waveguide modes[11]. The
generation of higher-order modes deteriorates the far-
field pattern in the plane normal to the p—n junction. At
the same time, several attempts have been made to
maintain lasing in only one fundamenta transverse
mode in lasers with a waveguide as thick as severa
micrometers [12—17]. The best results, where the angle
of divergence of emission was reduced to 10°, were
obtained using the effect of mode leakage from the
waveguide of the laser heterostructure [16, 17]. How-
ever, this approach, like other cases we are aware of,

resulted in an increase in internal loss and a reduction
in the optical power [12-17].

In [8] we demonstrated the first successful applica-
tion of an ultrawide asymmetric waveguide, with the
goal of simultaneously reducing both the internal opti-
cal loss and emission divergencein the plane normal to
the p—n junction. The enlargement of the waveguide
thicknessto 4 um allowed usto reducetheinternal opti-
cal loss to 0.7 cm™ and the emission divergence to
16°-18° without significant loss of the maximum emis-
sion power, whichwas 8.6 W [8].

In this paper, we present theoretical and experimen-
tal studies of internal optical loss in separate-confine-
ment quantum-well (SC QW) laser heterostructures
with an asymmetric position of the active region in an
ultrawide waveguide. The influence of the asymmetric
position of the active region in an ultrawide waveguide
on the suppression of higher-order modes is discussed.
Semiconductor lasers based on optimized MOCVD-
grown heterostructures have been fabricated, and their
properties are studied. Record-breaking values of inter-
nal optical loss of 0.34 cm™, output optical power of
16 W, and awallplug efficiency of 72% are obtained.

2. EXPERIMENTAL LASER STRUCTURES

All the theoretical and experimental studies were
performed for SC QW laser heterostructures with a
symmetric or asymmetric position of the active region
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in the waveguide. Experimental laser heterostructures
based on INGaAs/GaAs/AlGaAs solid solutions were
grown by MOCVD in an Emcore GS-3100 setup.
Depending on the material of the emitter layers, two
series of structures were considered; their band struc-
tureis shown Fig. 1. Structures of series 1 consisted of
two wide-gap emittersAl,Ga, _ ,Aswithx=0.6,aGaAs
waveguide layer, and an InGaAs QW 90 A thick. In
structures of series 2, another composition of solid
solution, Al 3sGay -AS, was used in the emitters.

The two series differed only in the difference of the
refractive indices between the emitter and waveguide
layers (the waveguide efficiency). Multimode lasers
with 100-um-wide contacts and an emission wave-
length of ~1um were fabricated from the laser hetero-
structures.

3. MAIN DEFINITIONS

Optical loss in alaser heterostructure is constituted
by the loss related to the emergence of emission from
the cavity, d.,, and the loss related to the processes
within the laser heterostructure, a;,.. The internal opti-
cal lossisrelated mainly to the scattering of photons on
free carriersand layer inhomogeneities, as. The general
relation for the internal loss by optical scattering, a;;,
in alaser heterostructure has the form

aint = ermaj"'as, (1)

where I, isthe optical confinement factor for mode m
inthelayer j; a;, thelossrelated to scattering of light on
freecarriersinthejthlayer; and ag, lossrelated to inho-
mogeneities. The modern technology of laser hetero-
structures alows the production of homogeneous epi-
taxial layers, so that ag becomes negligible. We there-
fore assume below that the internal optical loss is
defined only by photon scattering on free carriers. In
this study, we analyze separate-confinement double
QW laser heterostructures of classical design (Fig. 1).
In this case, the relation for internal optical loss (1)
takes the form

Oy = Ogw +0g + 0y, 2

where aqy, d¢ , and ay are the internal optical lossin
the active region, emitters, and the waveguide, respec-
tively.

Asshown in our earlier study [9], the mgjor portion
of lossin lasers with wide awaveguide (up to 1 um) is
related to the absorption in the active region and in the
emitter layers. To reduce the internal optical loss, two
approaches are possible. Thefirst way isto enhance the
change in the refractive index across the interface
between the emitter and the waveguide. The second
way is to enlarge the thickness of the waveguide layer
[9]. Inthefirst case, the possibilities are limited by the
semiconductor materials currently available; in the sec-
ond, by the condition that higher-order modes appear.
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Fig. 1. Upper edge of the band gap in separate-confinement
laser heterostructures with the waveguide layer width D and
band gap E\év . Band gaps: Eng , for the emitter in series 1

CL2

structures, Eg , for the emitter in series 2 structures.

4. SELECTION OF HIGHER-ORDER MODES
IN MULTIMODE ULTRAWIDE WAVEGUIDES

The fulfillment of threshold conditions for higher-
order modes along with the principal mode is an inevi-
table consequence of enlarging the waveguide thick-
nessin adouble laser heterostructure [18]. To select the
higher-order modes, three methods are known. Thefirst
is to enhance the absorption loss for higher-order
modes in heavily doped emitter layers[11]. In the sec-
ond method, the higher-order modes are selected by
using the specific configuration that provides the leak-
age of these modes from the main waveguide [16]. In
the third method, the higher-order modes are selected
using the difference in the losses related to the emer-
gence of emission from the cavity through the face of
the mirror with an antireflection coating. This is per-
formed by making the angle between the planes of the
cavity mirror and the waveguide other than normal
[19]. In this case, the output loss for higher-order
modes in the plane normal to the p—n junction is higher
than the loss for the fundamental mode. The methods
listed above are related to the increase in total optical
loss in the laser, which is not consistent with the con-
cept we are developing of high-power semiconductor
lasers.

The lasing threshold condition can be presented in
the form

M ow9(Nows Pow) = Aine + Ay 3

where g(Now, Pow) is the materia gain in the active
medium; Ny, and pqy, the threshold densities of elec-
tronsand holesinthe activeregion; and I o\, the optical
confinement factor of the activeregion. Notethat, in the
heterostructures under study, the threshold densities of
electrons and holes do not coincide; this is related to
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Fig. 2. External optical 10ss 0y Vs. the waveguide thick-

ness D for laser diodes with cavity length L = 4 mm, fabri-
cated from series 2 heterostructures with Alg 3Gag 7As

emitters. Mode numbers: (1) zeroth, (2) 1t, (3) 2nd, (4) 3rd,
(5) 4th, (6) 5th, and (7) 6th.

electron emission from the QW in the active region,
which is not deep enough [1, 9].

As follows from the lasing threshold condition (3),
the fulfillment of the threshold conditions can be con-
trolled by varying the threshold carrier density, the opti-
cal confinement factor for the corresponding mode, or
the balance in total optical 1oss between the fundamen-
tal mode and higher-order modes. The expression for
9(Nows Pow), Which relates the material gain in the
active region with the free carrier density in the QW,
was obtained experimentally in [20]; using thisrelation
and Eq. (3), we can represent the threshold densities of
electrons and holes as

D2[aint(nQW) + aext]D

Now = No€X , 4

ow 0 p% M owdo % (4)
[(P[a;, + O

Pow = Po€XP[t [ t(l-pQW) t]D, ©)
g aw% 0

where n, and p, are the transparency densities for elec-
trons and holes, and g, is the gain. The coefficients n,,
Po, and g, were determined experimentally. They charac-
terize the properties of the active region and do not depend
on the specific design of alaser heterostructure [20].

The calculation of threshold densities (4), (5) for the
fundamental mode and higher-order modes as func-
tions of the waveguide thickness includes the calcula-
tion of external optical loss, in which it is necessary to
take into consideration that the reflectivities for differ-
ent modes are different and depend on the thickness of
the waveguide [19]. The reflectivity in a dielectric
waveguide has been studied in detail by several authors
[19, 21-25]. In our calculations, we used the simplest
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Fig. 3. Threshold electron density ngyy Vvs. the waveguide
thickness D for symmetric laser heterostructures of series 2
with Al 3Gag 7As emitters, with cavity length L = 4 mm.
Mode numbers: (1) zeroth, (2) 2nd, (3) 4th, and (4) 6th.

model based on the calculation of the average reflectiv-
ity in a dielectric waveguide. The average reflectivity
was obtained as a sum of reflectivities in different lay-
ersof aheterostructure, taken in proportion to their vol-
umes. Figure 2 shows dependences of externa optical
lossfor different modes as functions of the thickness of
the laser waveguide. The calculated results agree well
with the data from [19, 21-25].

The calculated dependences of the external optical
loss on the waveguide thickness and the relations (3)—(5)
were used for the analysis of the dependence of the
threshold carrier density in the active region on the
waveguide thickness for the fundamental and higher-
order modes. In this procedure, the internal optical 1oss
Qinl(Now) for the fundamental and higher-order modes
were calculated using the method derived in our earlier
study [9]. A detailed discussion and calculation of the
internal optical loss for higher-order modes in separate
layers of laser heterostructures is presented below. In
our calculation of internal optical loss and threshold
densities, we chose the length of 4 mm for the Fabry—
Perot cavity in the laser diode. For this cavity length,
the saturation of gain in its dependence on the density
9(Now: Pow) is negligible [20].

Figure 3 shows the data calculated for a symmetric
laser heterostructure of series 2 with a waveguide of
lower efficiency (with the emitters made of Al ;Ga,;AS
solid solution). The bal ance between the threshold den-
sities for fundamental and higher-order modes depends
on severa parameters. Specificaly, it depends on the
waveguide efficiency An and the emission wavelength A,
which define the reflectivity and its dependence on the
waveguide thickness and on the length of the Fabry—
Perot cavity L, which, in turn, defines the ratio between
the external and internal optical loss. In our case, for
thick waveguide layers and long (L > 4 mm) Fabry—
Perot cavities, the difference between the threshold
density for the fundamental mode and that for higher-
order modesdid not exceed 1.8-6.4%. Such asmall dif-
ference between the threshold densities for the funda
mental and higher-order modes leads to simultaneous
fulfillment of the threshold conditions for al modesin
alaser diode. We believe that this fact can be attributed
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Fig. 4. Distribution of the intensity of the electromagnetic
field in alaser heterostructure of series 2 with Al 3Gag 7As
emitters, with waveguidethicknessD = 1.7 um. Mode num-
bers: (1) zeroth, (2) 1st, and (3) 2nd. (4) Energy diagram of
the upper edge of the band gap in (a) symmetric and
(b) asymmetric laser heterostructure of series 2.
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Fig. 5. Optical confinement factor of the activeregion, I ows
as a function of the position of the active region in the
waveguide, k. Mode numbers: (1) zeroth, (2) 1st, and
(3) 2nd. The calculations were performed for alaser hetero-
structure of series 2, with Alg3Gag7As emitters and
waveguide thickness D = 1.7 um. Arrows indicate the posi-
tions of the active region with Ty o/l qw N = max, where
N is the mode number.

to fluctuations of carrier density within a QW and to a
certain increase in the threshold density above the las-
ing threshold.

As stated earlier, several transverse modes exist in
symmetric ultrawide waveguides. For example, wewill
now consider aheterostructure of series 2 (Al ;Ga,/AS
emitters) with awaveguide thickness of 1.7 um. Inthis
case, the wave equation has three solutions, with the
corresponding three stable configurations of the field
(Fig. 4). In this laser heterostructure, the difference
between the optical confinement factors of the active
region (Iqw n» Where N is the mode number) for the
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Fig. 6. Dependences on the waveguide thickness D for laser
heterostructures of series 2 with Alg3Gag7AS emitters:

(1) optimal shift of the active region relative to the
waveguide center, k; (2) the ratio Moy o/l qw N Arrows
indicate the thickness corresponding to the onset of thefirst,
second, and third modes.

fundamental and higher-order modes is small. At the
sametime, the optical confinement factors of the active
region are different for different modes, depending on
the position of the active region within the waveguide
(Fig. 5). At some specific positions of the active region
within the waveguide, the optical confinement factor
for the fundamental mode is higher than for higher-
order modes (Fig. 5). If theratio 'y o provides a suf-
ficient difference between the threshold densities for
the fundamental and higher-order modes, the threshold
conditions for mode N will not be fulfilled. Our calcu-
lations allowed usto determine the manner in which the
waveguide layer thickness affects the optimal position
of the active region. The shift of the active region in
respect to the waveguide center, which corresponds to
the optima position, steadily increases as the
waveguide thicknessincreases (Fig. 6). However, when
the waveguide thickness passes through the range in
which a new higher-order mode arises, a sharp dip is
observed in the dependence presented in Fig. 6. Figure
6 also shows the dependence Mgy oM ow n fOr the opti-
mal active region position as a ?uﬁction of the
waveguide thickness. The increase in the waveguide
thicknessisfollowed by a decrease in selectivity. Espe-
cially sharp drops are observed when new higher-order
modes appear.

In order to estimate the efficiency of selection of
higher-order modes in asymmetric separate-confine-
ment laser heterostructures, we have determined the
threshold densities for al the modes existing in a mul-
timode waveguide. The calculation was performed for
symmetric and asymmetric structures with waveguide
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Fig. 7. Threshold electron density in the QW, Nows as a
function of the mode number N for structures of series 2
with Alg3Gag7As emitters. The cavity length in laser
diodesL =4 mm. Thewaveguidethickness, D: (1, 3) 1.7 um
and (2, 4) 2.8 um. The position of the activeregion: (3, 4) in
the center of the waveguide and (1, 2) shifted to the optimal
position.

thicknesses of 1.7 and 2.8 um (Fig. 7). It was assumed
that the active region is shifted into one of its optimal
positions (Figs. 5, 6). In an asymmetric structure, the
threshold density for a higher-order mode exceeds the
threshold density for the fundamental mode (N = 0) at
worst by 19.4 and 8.5% for laser heterostructures with
a waveguide thickness of 1.7 and 2.8 um, respectively
(Fig. 7). According to the experimental data, thisexcess
issufficient for the selection of higher-order modes, the
confirmation of which will be presented below. At the
same time, in a symmetric structure the difference in
the threshold densities for the fundamental and higher-
order modes does not exceed 5% (Fig. 7).

5. INTERNAL OPTICAL LOSS BY SCATTERING
IN THE ACTIVE REGION

The internal optical loss by scattering in the active
region is usualy presented in the form [18]

Aow = Fow(OnNgw + TpPow)- (6)

For agiven material of the active region, with the cross
sections g, and g, for hole and electron scattering,
respectively, the magnitude of o, depends on the opti-
cal confinement factor of the active region, 'y, and on
the free carrier densities, g,y and poy. To reduce oy,
it is necessary that I oy, Now, and poyw have the lowest
possible values.

Now we discuss the influence of the parameters of a
laser heterostructure on the magnitudes of these vari-
ables. Figure 8 showsT oy, in symmetric structuresas a
function of the waveguide thickness D for fundamental
modes in structures with emitters made of Al Ga, /AS
and Al 3Ga, ;Assolid solutions (curves 1 and 2, respec-
tively). The corresponding energy diagrams are shown
in Fig. 1. The difference between the values of Iy is
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Fig. 8. Optical confinement factor of the activeregion, 'y &s
afunction of the waveguide thickness D. (1) Zeroth mode in
symmetric structures of series 1, with AlggGag 4AS emitters.
For symmetric structures of series 2, with Al 3Gag 7As emit-
ters, mode numbers: (2) zeroth, (3) 2nd, (4) 4th, and (5) 6th.

observed only in the vicinity of their peaks. As the
waveguide thickness increases, I'qy for fundamental
modesin both structures becomesvirtually equal. Thus,
the increase in the waveguide efficiency does not lead
toasignificant increaseinT oy for structureswith ultra-
wide waveguide layers.

Figure 8 aso shows the optical confinement factor
of the active region for higher-order modes in symmet-
ric structures with Al,;Ga,;As emitters (curves 3-5).
Thevaluesof ', \ for even higher-order modes virtu-
aly coincide with I',, o for the fundamental mode.
Therefore, the principal contribution to the balance of
gain between the fundamental mode and even higher-
order modesis made by theinternal optical lossin emit-
ter layers and external loss at the exit.

The increase in the waveguide thickness results in
the reduction of the optical confinement factor for the
fundamental mode, as well as for higher-order modes
(Fig. 8). However, the optical confinement factor and
thefreecarrier density inaQW arerelated by thelasing
threshold condition (3). Thisimpliesthat, in a semicon-
ductor laser with fixed internal and external optical
loss, simultaneous reduction of the free carrier density
and the optical confinement factor in the active region
isimpossible. However, in [20] we presented an exper-
imental dependence of the materia gain g(Now, Pow)
for the QW used as an active region in this study and a
logarithmic approximation to this dependence. At a
high density of free carriers, the material gain demon-
strates a specific range of saturation. Therefore, the
main specific feature of dependences (4) and (5) isthat
when the inequality

MowGo = O + Qg (7)

isfulfilled, the variation of I" oy haslittle or no effect on
the free carrier density in the active region. To maintain
SEMICONDUCTORS  Vol. 38
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Fig. 9. The optical confinement factor of the p-type emitter,
IcL_p asfunction of thewaveguide thicknessD. (1) Zeroth

mode in structures of series 1, with Al gGag 4AS emitters.
Mode numbers for structures of series 2, with Alg 3Gag 7As
emitters: (2) zeroth, (3) 2nd, (4) 4th, and (5) 6th.

the validity of (3), it is clear that the reduction of Iy,
must be compensated for by ahigh material gaing. The
increase in the material gain for the given composition
of the active region can be reached only by increasing
the free carrier density. However, due to the superlin-
earity of dependence g(Now: Pow), theinitial increasein
densities ngy and poy isinsignificant. In other words,
when the mequallty (7) is valid, the increase in the
waveguide thickness, which reduces ows Makesit pos-
sible to reduce aq,. Therefore, the Wldenlng of the
waveguide isthe most effective way to reduce the inter-
nal optical loss by scattering on free carriers in the
active region.

6. INTERNAL OPTICAL LOSS BY SCATTERING
IN THE WAVEGUIDE AND EMITTERS

The total optical loss by scattering in the emitters
(CL) can be presented in the form

GCL = rCL nonnCL n+ rCL po pCL _p? (8)

where o, and o, are the cross sections of scattering for
electrons and hoI& McLnand ey, the optical con-
finement factors of n- and p-type emltters and N ,,
and pc_p, carrier densitiesin n- and p-type emitters.

Figure 9 shows the calculated optical confinement
factors of the p-type emitter, ', ,, for different modes
at different waveguide thicknesses D for the structures
under study (seeFig. 1). In contrast to the active region,
inemitter layersthe difference between the optical con-
finement factors for the fundamental mode and higher-
order modesis significant; thisfactor must be taken into
account in the discussion of the gain balance and
threshold densities for different modes in an ultrawide
waveguide.
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Fig. 10. Optical confinement factor of the waveguide, 'y,
asafunction of thewaveguidethicknessD. (1) Zeroth mode
in structures of series 1, with Al Gag 4AS emitters. Mode
numbers for structures of series 2, with Alg 3Gag 7As emit-
ters: (2) zeroth, (3) 2nd, (4) 4th, and (5) 6th.

The waveguide efficiency has a strong effect on
ML namely, the difference between the values of
I p for structures with different waveguide efficiency
increases when the waveguide layer thickness D
increases (Fig. 9, curves 1 and 2). With similar condi-
tions of doping, thelossin emitters, a¢, , will be higher
in structureswith alower change in the refractive index
acrosstheinterface between the waveguide and emitter.
Despite this factor, the widening of the waveguide
alows the reduction of ', , to afraction of one per-
cent in both types of structures (Fig. 9), when the depth
of penetration of the field of a mode into emitters is
reduced to fractions of a micrometer. In contrast to the
activeregion, thefree carrier density in emittersis deter-
mined by the technology of the laser heterostructure
growth, so the density can be varied over awide range.
Therefore, the optimization of the density profile of car-
ries in emitter layers can be an effective method for the
reduction of a¢, . Thus, the use of ultrawide waveguides
and optimized profiles of emitter doping makes it possi-
ble to minimize the a_ contribution to the total optical
loss, regardless of the waveguide efficiency.

The internal optical loss in the waveguide layersis
calculated as

ay = Fw(o,ny +0,pw), 9)

where [\, and ny, py are, respectively, the confinement
factor and the electron and hole densities in the
waveguide. Figure 10 shows the calculated optical con-
finement factor of the waveguide, 'y, for different
modes as functions of the waveguide thickness D for
the structures under study (Fig. 1). For both types of
laser heterostructures with an ultrawide (over 1 um)
waveguide, Iy, is virtually independent of the
waveguide thickness and efficiency, except in the
ranges where new maodes appear (Fig. 10). Therefore,
the only way to reduce a, is to reduce the concentra-
tion of uncontrolled impuritiesin the waveguide layers.
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Fig. 11. Internal optical lossin two emitter layers, ac, asa
function of the waveguide thickness, D. (1) Zeroth modein
symmetric structures of series 1, with Alg ¢Gag 4AS emit-
ters. Mode numbers for symmetric structures of series 2,
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Fig. 12. Total optical loss a;, as a function of the

waveguide thickness D for symmetric laser heterostructures
of series 2, with Alg3Gag7As emitters. Mode numbers:
(2) zeroth, (2) 2nd, (3) 4th, and (4) 6th. (5) Internal optical
loss in the active region, agw, for the zeroth mode in the
same structure. Points are the total optical 0ss a;,; for the

zeroth mode in heterostructures with an asymmetric posi-
tion of the active region.

7. CALCULATION OF TOTAL INTERNAL
OPTICAL LOSS

In the previous sections, we analyzed the depen-
dences of the main components of internal optical loss
on the parameters of a separate-confinement laser het-
erostructure. Below, we are going to perform a quanti-
tative analysis of total optical loss a;,,; for two series of
symmetric and asymmetric laser heterostructures. To
calculate the internal optical loss, it is necessary to
know the optical confinement factorsfor modesin each
layer of the structure, the absorption cross sections for
electrons and holes, and the free carrier densities. The

SLIPCHENKO et al.

calculated dependences of the optical confinement fac-
torsfor both series of structures were already shown in
Figs. 8-10. In the calculations, we used the following
values of the scattering cross section for electrons and
holes: 0, = 3 x 1078 cm? and 0, = 7 x 10718 cm? [26].
We aso used the free carrier densities in the hetero-
structure layers, with the parameters preset by the tech-
nology. The electron and hole densitiesin n- and p-type
emittersweren=10"®cm=3andp=3.5x 10®¥ cm™=. The
waveguide layers were regarded as undoped, with a
residual impurity concentration of 3 x 10> cm=.

For both types of heterostructures, theinternal optical
lossin the waveguide layers was calculated from (9); the
value obtained was about 0.03 cm?, with the wave-
length thickness varying from 1 to 4 um. In the calcu-
lation of the internal optical loss in two emitter layers
in the structures under study, we used the relation (8).
The obtained dependences are shown in Fig. 11.

The internal optical loss in the active region, dqy,
was calculated using the relation (6). The density of
free carriers in the active region was determined from
(4), (5). Since the threshold density is determined not
only by the internal loss but also by the loss related to
the emergence of emission from the cavity [see (3)], a
constant cavity length of L = 4 mm was assumed. Fig-
ure 3 shows the threshold density of electrons in the
active region for a symmetric structure (Fig. 1) as a
function of the waveguide thickness. In the calculation
of the threshold density of free carriers in the active
region, the electron emission from the QW was taken
into account using the technique proposed in [27].
Therefore, inthe calculation of aq,, the density of elec-
trons localized in the Coulomb QW was taken into
account. Based on these calculations, we obtained oy
as functions of the waveguide thickness in symmetric
laser heterostructures (Fig. 12, curve 5). Figure 12 also
showsthe dependencesof total internal lossinasymmet-
ric separate-confinement structure on the waveguide
thickness. Points indicate the total internal optical loss
for the fundamental mode in asymmetric structures
with waveguide thicknesses of 1.7 and 2.8 um. For
these thicknesses, the total internal optical loss in an
asymmetric structure virtually coincides with the loss
for the fundamental mode in a symmetric structure. At
a waveguide thickness over 1 um, the principal contri-
bution to thetotal lossis made by theinternal lossin the
activeregion, 0oy, becausethelossissmall in the emit-
ters and negligible in the waveguide. In fact, aqy
definestheinternal optical lossq;,; in laser heterostruc-
tures with an ultrawide waveguide. When the
waveguide thickness exceeds 3 um, increasing it fur-
ther does not change I'qy (Fig. 8). The lower limit of
the threshold carrier density in a QW is determined by
the transparency densities for electrons and holes, ny
and p,, which are defined by the properties of the mate-
rial of the active region. The difference between the
threshold density and the transparency density depends
on the total optical loss, as well as on the behavior of
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9(Now: Pow)- The values of ny and p, for the QW usedin
the active region in this study were experimentaly
determined in [20]. The greatest fraction of the thresh-
old density in the dependences we obtained (Fig. 3) is
the transparency density. Therefore, the calculated min-
imum internal optical loss is, in fact, the lower funda-
mental limit for laser heterostructures with an active
region consisting of InGaAs QWSs with an emission
wavelength of about 1 um.

8. CHOICE OF PARAMETERS
FOR THE OPTIMAL HETEROSTRUCTURE
AND EXPERIMENTAL LASERS
WITH A WIDE STRIPE CONTACT

Separate-confinement laser heterostructures with
the design devised in the process of modeling were
grown by MOCVD. As shown above, the shift of the
active region in respect to the center of the waveguide
opens the way for an efficient suppression of lasing at
higher-order modes. However, the suppression effi-
ciency decreases as the waveguide thickness increases.
Therefore, we chose an asymmetric laser structure with
a 1.7-um-thick waveguide as the basic structure. The
experimental heterostructure consisted of the following
epitaxial layers: heavily doped n-Aly;Gay,As (n =
108 cm3) and p-Aly3Gag/As (p = 3.5 x 10 cmd)
emitters (Si and Mg were used as donor and acceptor
impurities, respectively), and a nominaly undoped
GaAs waveguide. The active region was a single
strained InGaAs QW 90 A thick. The composition of
the solid solution of the QW corresponded to a elec-
troluminescence wavelength of 1.05 um.

Standard postgrowth treatment [28, 29] was used for
the fabrication of mesa-stripe lasers with a stripe width
of 100 um and different lengths of the Fabry—Perot cav-
ity, L =154 mm.

Light—current characteristics in the CW mode were
measured for all the fabricated devices, at a heat sink
temperature of 20°C. Based on the data obtained, the
dependence of theinverse external differential quantum
efficiency on the cavity length was plotted (Fig. 13).
The linear approximation to the dependence obtained
allowed us to determine the internal quantum yield of
the stimulated emission and the internal optical loss,
which were n; = 99% and a; = 0.34 cm™, respectively.
The ultralow internal optical loss achieved in this het-
erostructure design opens the way for the fabrication of
laser diodes with ultralong cavities, without a notice-
able decrease in the externa differential quantum effi-
ciency. The enlargement of the cavity length makes it
possible to use higher driving currents and, respec-
tively, to significantly increase the emission power,
while retaining the high efficiency of the electric-to-
optical energy corversion.

Figure 14 shows the typical dependence of the emis-
sion power and wall plug efficiency onthe driving current
SEMICONDUCTORS  Vol. 38
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Fig. 13. Inverse externa differential quantum efficiency
1/nq as afunction of the cavity length L in an asymmetric
laser heterostructure with waveguide thickness D = 1.7 um
and Al 3Gag 7As emitters. Solid line: approximation to the
experimental data.
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Fig. 14. Light—current characteristic and wallplug effi-
ciency as functions of the driving current for a laser diode
with cavity length L = 3040 um, the stripe width 100 pm,
and with high-reflection (95%) and antireflection (5%)
coatings on the cavity faces. CW mode, temperature 20°C.

for alaser diode with the cavity length L = 3040 um and
antireflection and high-reflection insulator coatings
deposited on the cavity faces, with power reflection
coefficients of 5 and 95%. The output CW power was
16 W and the wallplug efficiency reached 72% at a sta-
ble heat sink temperature of 20°C. This value of the
CW power is the highest obtained for semiconductor
lasers [30].

Figure 15 shows typical far-field emission patterns
inthe plane normal to the p—n junction for different val-
ues of the driving current in laser diodes. It can be seen
that the value of @ and the shape of thelineremain vir-
tually unchanged when the driving current increases.
Such a stable behavior of the far-field emission pattern
indicates that the emission of the laser diode in the
plane normal to the p—n junction is single-mode.
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Fig. 15. Far-field emission pattern in the plane normal to the
p—n junction, as a function of the angle ©, for driving cur-
rent (1) 0.4, (2) 5, and (3) 10A. FWHM of the pattern, ©p:
(2) 30, (2) 33, and (3) 31 deg.

9. CONCLUSION

We conclude that progress in the design of high-
power semiconductor lasers is possible with the use of
asymmetric SC QW heterostructures. In symmetric
separate-confinement heterostructures, the enlargement
of thewaveguide width above 1 um givesriseto higher-
order modes. This is related to the fact that, in multi-
mode lasing, the difference between the threshold den-
sities for the fundamental mode and higher-order
modes does not exceed 5%. When higher-order modes
arise, theinternal optical loss strongly increases due to
the strong penetration of these modes into the doped
emitters. In asymmetric SC QW heterostructureswith a
waveguide width above 1 um, higher-order modes can
be suppressed, because the difference between the
threshold densities for these modes and the fundamen-
tal mode is sufficiently large. It is shown that a differ-
ence of ~20% in the threshold densities for the funda-
mental and higher-order modesis sufficient for the sup-
pression of higher-order modes. The internal optical
loss in an asymmetric waveguide is defined by the loss
by scattering on free carriers only for the fundamental
mode. The lower fundamental limit to the internal opti-
cal lossistheinternal optical loss by scattering on free
carriers at the transparency density. The calculated
internal optical loss in an ultrawide asymmetric
waveguide for real structures approaches the funda-
mental limit. In MOCV D-fabricated laser heterostruc-
tures with a 1.7-um-wide asymmetric waveguide, an
internal optical loss of 0.34 cm* was obtained, which
coincides with the calculated value. The fundamental
limit to the internal optical loss for a similar structure
with D > 4 umis 0.2 cm™. As the waveguide thickness
increases, the internal optical loss tends to its funda
mental limit.

In lasers with a 100-pum aperture and alength of the
Fabry—Perot cavity of ~3 mm, we obtained a record

SLIPCHENKO et al.

high CW emission power of 16 W in the fundamental
transverse mode and awallplug efficiency of 72%.
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