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Galvanomagnetic phenomena and photoconductivity in broken-gap type-II GaInAsSb/p-InAs
heterojunctions with different levels of doping of the solid solution with donor~Te! or acceptor
~Zn! impurities have been investigated. It has been determined that in such structures an
electronic channel, which determines the galvanomagnetic effects in a wide range of doping levels,
is present at the heterojunction. A sharp decrease of the Hall mobility was observed in the
experimental heterostructures with a high level of doping of the epitaxial layer with an acceptor
impurity. The observed effect is due to exhaustion of the electronic channel as a result of
carrier localization in potential wells at the heterojunction. ©1997 American Institute of Physics.
@S1063-7826~97!00108-7#

Quaternary solid solutions in the system Ga–In–As–Sb
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are of great interest for optoelectronic devices~lasers and
photodiodes4,5! in the spectral range 2–5mm, which is im-
portant for problems of gas analysis and environmen
protection.6 The present work is a continuation of our seri
of investigations of the electric and photoelectric propert
of the solid solutions GaInAsSb and heterojunctions ba
on epitaxial layers lattice-matched to GaSb and In
substrates.7,8

We observed a high carrier mobilitymH565000
cm2/~V•s! at T577 K ~Ref. 9! in the isotypic isolated het
erostructuresp-Ga0.83In0.17As0.22Sb0.78/p-InAs with undoped
layers of the solid solution, and we determined that an e
tronic channel exists at the heterojunction on the narrow-
material side.10 In Ref. 11 we determined the band diagra
of a p-Ga0.83In0.17As0.22Sb0.78/p-InAs heterojunction and
showed that such a heterojunction is a broken-gap typ
heterojunction.

The parameters of the self-consistent quantum we
which are formed at the heterojunction in broken-gap type
heterojunctions, and the properties of the electronic chan
should depend to a large degree on the doping level o
constituent semiconductors. For this reason, we consider
important to study the effect of doping of the wide-gap so
solution p-Ga0.83In0.17As0.22Sb0.78/p-InAs (Eg5630 meV at
T577 K! with donor ~Te! and acceptor~Zn! impurities on
the magnetotransport and optical properties of isola
GaInAsSb/p-InAs heterostructures with a solid solution
the p as well asn type.

The solid-solution layers were grown on semi-insulati
p-InAs ~100! substrates (p51016 cm23, s50.1 V21

•cm21 at T577 K! by liquid-phase epitaxy. To grow th
epitaxial layers, a fluxed solution was prepared from p
components In~99.99999%! and Sb~99.9999%! and from un-
doped weighed portions of GaSb and InAs with carrier d
sity p5531016 cm23 and n5231016 cm23, respectively.
To dope the epitaxial layers with acceptor impurities, z
was added to the fluxed solution in quantities up to 0
at. %, and tellurium in the form of the compoundn-GaSb:Te
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0.001 at. % and in pure form above 0.001 at.% was use
the donor impurity.

The epitaxial layers ranged in thickness from 1.8 to 2
mm. The mismatch with the substrate was equal
Da/a,1431024 at T5300 K. Rectangular samples for in
vestigating the galvanomagnetic effects were cut from
epitaxial structures. Six indium contacts~two current and
four potential! were deposited on the surface of the Ga
AsSb epitaxial layers. In:Te alloy contacts were deposited
the n-type solid-solution layers and In:Zn contacts were d
posited on thep-type layers. A compensation probe meth
was used to measure the voltage dropVs on the potential
probes and the Hall emfVH in the temperature rang
T5772200 K in magnetic fields up to 16 kOe with a curre
I ,100 mA ~in the region where Ohm’s law holds! flowing
through the sample. The electrical conductivitysh and the
Hall coefficient RH per unit area and the Hall mobility
mH5RHsh were calculated from these data. Investigatio
of the photoconductivity were conducted on an IKS-12 sp
trometer using NaCl and LiF prisms and a synchrono
detection system. A constant electric field with a voltage
exceeding 510 V/cm was applied along the heterojuncti
The signal obtained in a light-modulated flux from a glob
was recorded.

The main parameters of the experimental samples
presented in Table I. The sign of the Hall voltage for
experimental samples always indicated electronic conduc
ity, irrespective of the type and quantity of dopant introduc
into the melt with Te and Zn concentrations up to 0.01 at.
and 0.008 at. %, respectively. At the same time, the sign
the current carriers according to the thermo-emf measu
with a thermal probe on the solid-solution side indicated h
conductivity in all samples except the strongly tellurium
doped samples~samples 3 and 7!. This result attests to the
fact that the conductivity of the GaInAsSb/p-InAs hetero-
structures with different levels of doping of the solid solutio
with donor and acceptor impurities, just as in heterostr
tures with an undoped solid solution, is determined mai
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TABLE I.
Sample No.

Impurity introduced Sign of current carriers RH, 106 cm2/C mH, 103 cm2/~V•s!

Type of
impurity

Concentration,
at. %

According to thermo-
emf in the solid solution

According to Hall
emf in the structure H5kOe H510 kOe H52 kOe H510 kOe

1 – – p n 4.5 4.3 65.0 64.0
2 Te 131024 p n 4.45 3.85 57.4 55.0
3 Te 231024 p n 4.0 3.35 52.8 44.8
4 Te 431024 p n 4.1 3.0 46.6 34.5
5 Te 131023 p n 3.25 1.6 45.0 18.6
6 Te 5.831023 n n 0.19 0.1 11.4 6.2
7 Te 1.231022 n n 0.1 0.05 11.8 5.6
8 Zn 331023 p n 4.9 3.35 49.0 33.3
9 Zn 431023 p n 2.7 2.4 24.4 19.8

10 Zn 831023 p n 0.27 0.03 2.1 0.21
by the conductivity of the electronic channel on the
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As one can see in Fig. 2, the mobility in GaInAsSb/p-
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heterojunction.10 The Hall mobility, observed in heterostruc
tures with solid-solution layers lightly doped with donor~Te
,0.001 at. %! and acceptor~Zn ,0.004 at.%! impurities
~samples 2–5, 8, and 9 in Table I!, remain just as high as in
heterostructures with undoped solid-solution layers~sample
1!. A decrease of the mobility was observed with high
levels of Te and Zn doping of the solid solution. The ener
structures of the systems GaInAsSb/p-InAs for lightly and
strongly tellurium- and zinc-doped solid solutions are sho
schematically in Fig. 1.

Figures 2a and 2b~solid lines! display the dependence o
the Hall mobility on the amount of impurity introduced int
the melt for GaInAsSb/p-InAs heterostructures. The mobilit
remains nearly constant for heterostructures with ligh
doped solid-solution layers~Te,0.001%, Zn,0.004 at. %!.
For a substantial level of tellurium doping of the solid so
tion ~Te .0.001 at. %!, the absolute value of the Hall mo
bility decreases by a factor of 4–5 tomH510000 cm2/
~V•s! at H52 kOe. A sharp drop in the Hall mobility is
observed with heavy doping with zinc~Zn .0.004 at. %!:
The Hall mobility drops by more than an order of magnitu
~to 2000 cm2/V/s atH52 kOe!, as compared with its value
in heterostructures with undoped solid-solution layers. T
figure also shows~dashed lines! for comparison the mobility
versus the impurity density for solid solutions with the sa
composition but grown on GaSb substrates. A step
type-II junction, whose boundary does not contain an el
tronic channel, is observed in such structures.12 The mea-
sured mobility for such heterostructures characterizes
properties of the epitaxial layer of the GaInAsSb solid so
tion. The initial undoped samples of the solid solution Ga
AsSb possessedp-type conductivity with hole density
p51016 cm23and mobilitymH52000 cm2/~V•s!. Tellurium
doping of the solid solution resulted in overcompensation
the acceptors, and for Te concentration.0.001 at. % the
material becamen-type with mobility mH5400025000
cm2/~V•s!. When the solid solution was doped with zinc, t
acceptor concentration increased and the mobility droppe
a result of an increase in the scattering by impurity ions, a
at high zinc concentrations~Zn .0.004 at. %! the mobility
remained constant@mH5200 cm2/~V•s!#, indicating that the
hole gas is degenerate.13
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InAs heterostructures starts to decrease at locations whe
transition ton-type conductivity is observed in the Te-dope
solid solution~the Fermi level lies in the conduction band!,
and in the case of Zn doping this occurs at locations wh
the hole gas becomes degenerate~the Fermi level lies in the
valence band!.

In GaInAsSb/p-InAs heterostructures with a heavil
doped solid solution, the mobility and Hall coefficient we

FIG. 1. Energy diagrams of a Ga0.83In0.17As0.22Sb0.78/p-InAs structure for
solid solutions: a — Undoped, b — heavily doped with zinc, c — heavily
doped with tellurium.
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FIG. 2. Electron and hole Hall mobilitiesmH
(n) and mH

(p) , respectively, versus the doping level of the solid solution: a — with tellurium, b — with zinc,
T577 K. Solid lines — GaInAsSb/p-InAs, dashed lines — GaInAsSb.
found to depend strongly on the magnetic field intensity; the
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values of the mobilitymH'5000 cm2/~V•s! become compa-
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th
ar-
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In-
dependence is different for Te- and Zn-doped samples~see
Table I!. Figure 3 shows the values of the Hall coefficie
RH as a function of the magnetic field intensityH in the
GaInAsSb/p-InAs structures with different levels of dopin
of the solid solution. In samples with undoped and ligh
Te- and Zn- doped solid-solution layers~samples 1–3 and 8!
the Hall coefficient remains nearly constant as the magn
field intensity increases. In the case of strong doping with
~samples 6 and 7! the Hall coefficient for low values ofH
decreases with increasing magnetic field, and forH.5 kOe
it no longer depends on the magnetic field intensity. T
t

ic
e

e

rable to the mobility of the epitaxial layer of the solid sol
tion ~see Fig. 3a!. This attests to the fact that in samples wi
a heavily Te-doped epitaxial layer two types of current c
riers are involved in conduction — high-mobility electron
in the channel@mH

(n).10000 cm2/~V•s!#, which is mani-
fested in weak magnetic fields, and electrons with a low
mobility @mH

(n)'5000 cm2/~V•s!# in the epitaxial layer of the
solid solution.

In the case of a heavily zinc-doped solid solution Ga
AsSb ~Zn concentration.0.005 at. %, sample 10! the de-
r-
in
FIG. 3. Hall coefficientRH as a function
of the magnetic field intensityH for
samples doped with tellurium~a! and
zinc ~b!. The numbers on the curves co
respond to the numbers of the samples
Table I.
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crease inRH is so large that the sign of the Hall coefficie
was found to change for certain values of the magnetic fi
(H'15 kOe). This field dependence ofRH in the entire
doping interval of the solid-solution layers is also charact
istic of the simultaneous participation in the conductivity
the heterostructure of two types of current carriers, wh
differ not only in mobility but also in sign. The hole-typ
conductivity is due, in our opinion, not to a strong increase
the conductivity of the epitaxial layer, where the mobility
very low @200 cm/~V•s!#, but rather to a decrease in th
mobility in the electronic channel. Apparently, the drop
the mobility in the case of strong zinc doping could be due
the depletion of the electronic channel as a result of the
calization of mobile carriers in the wells of the potential w
at the heterojunction.14

The presence of an electronic channel at the broken-
heterojunction and of two types of electrons with differe
mobilities in GaInAsSb/p-InAs structures should also b
manifested in the photoelectric properties. Figure 4 sho
the spectral dependences of the photoconducti
Ds5 f (hn) at T577 K for two samples which differs in the
tellurium-doping level of the solid solution. Aa one can s
from Fig. 4, the photoresponse pattern depends strongly
the doping level. For light tellurium doping of the GaInAsS
epitaxial layer~sample 3! we observe, together with a pos
tive photoconductivity, the appearance of a negative pho
conductivity forhn.0.66 eV. As the tellurium-doping leve
increases to 0.005 at. %~sample 6!, only positive photocon-
ductivity is observed. The dropoff of the long-waveleng
edge in all cases corresponds to a photon energy equal t
band gap in InAs atT577 K (hn (1/2)max50.4020.41 eV!.
The obtained spectral dependences of the photoconduct
reflect the contribution of the high-conductivity electron
channel at the heterojunction to the total signal. When a c
tal absorbs photons with energyhn.Ec2EF , whereEc is

FIG. 4. Spectral dependences of the photoconductivity in GaInAsSb/p-InAs
structures with a different level of tellurium doping of the solid solutio
The numbers on the curves correspond to the numbers of the samp
Table I.
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solid solution andEF is the Fermi level, electrons are excite
from the electronic channel and are transferred into the w
gap layer, where their mobility is much lower. As a result
electron transfer into the wide-gap GaInAsSb semicondu
layer, the conductivity of the layer increases and the to
photoconductivity is determined by the expression

Ds52em fnf1em2d~Dnf1Dn2d!,

wherem2d and m f are the electron mobility in the channe
and in the GaInAsSb layer,Dn2d is the illumination-induced
change in the electron density in the channel, andDnf is the
change occurring in the electron density in the wide g
layer of the solid solution for photon energyhn correspond-
ing to interband transitions in the wide gap GaInAsSb lay
Depending on the ratios of the contributions from both ter
in this expression, either an increase or a decrease in
photoconductivity signal, right up to the appearance of ne
tive photoconductivity~NPC!, can be observed. Since NP
is observed in sample 3 in the entire experimental spec
interval hn.0.66 eV, it can be assumed that recombinat
processes in the electronic channel make the determi
contribution to the photoconductivity of the sample. We no
that NPC due to the presence of two types of electrons w
different mobility has been observed before in GaAlAs/Ga
heterojunctions.15 The results obtained from an investigatio
of the photoelectric properties of broken-gap GaInAsSb/In
heterojunctions supplement the data from galvanomagn
investigations and are in agreement with our notion tha
high-mobility electronic channel strongly affects the prop
ties of the experimental heterostructures.

In summary, our investigation of electronic transport
GaInAsSb/p-InAs heterostructures has established that wh
wide-gap GaInAsSb solid solutions are grown onp-InAs
substrates, an electronic channel is formed at the heteroj
tion and the channel remains in a wide range of levels
doping of the epitaxial layer with both donor~Te! and accep-
tor ~Zn! impurities. It was shown that in an isolate
Ga0.83In0.17As0.22Sb0.78/p-InAs heterostructure with a high
level of doping of the solid solution with a donor impurity
the galvanomagnetic effects are due to the total contribu
of the electronic channel at the heterojunction and epita
layer. The sharp mobility drop occurring with heavy dopin
of a quaternary solid solution with an acceptor impurity
due to the depletion of the electronic channel at the he
oboundary as a result of carrier localization in the poten
wells at the heteroboundary and the mutual compensa
effect of electrons and holes in the heterojunction itself.

We thank A. M. Monakhov for helpful discussions an
valuable remarks. This work was supported, in part, by
Russian Fund for Fundamental Research under grant 96
17841a.
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of
beams
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The morphological characteristics of an ensemble of nanosize objects InGaAs/GaAs on the
singular and vicinal GaAs~100! surfaces have been investigated by means of scanning tunneling
microscopy. Different modifications of molecular-beam epitaxy were used to produce the
nanostructures. It was determined that both the growth kinetics and a deliberate disorientation of
the surface strongly affect surface morphology. ©1997 American Institute of Physics.
@S1063-7826~97!00208-1#
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The study of self-organization is one of the main dire
tions in modern fundamental and applied surface phys
For example, nanostructure formation as a result of s
organization of semiconductor surfaces is now under ac
investigation.1–5 Self-organization of nanostructures o
semiconductor surfaces during heteroepitaxial growth
lattice-mismatched systems is due to the relaxation of ela
stresses in the volume and on the surface. Quantum dots
quantum wires, in which charge-carrier motion is limited
three or two directions, exhibit unique optical properties6,7

and they open up ways to develop a new generation of
toelectronic devices.8,9 The observation of ultranarrow
cathodoluminescence lines indicates unequivocally an e
tronic density of states with a delta-function-like spectrum6

The progress made in the theory of nanostruct
formation,10,11 the observation of ordering of quantum-si
formations on surfaces in the InGaAs/GaAs system12,13 and
the possibility of ‘‘adjusting,’’ by varying the technologica
conditions of growth~substrate temperature, growth rate, a
flux ratio! in the molecular-beam epitaxy~MBE! method10,14

the characteristic dimensions of nanostructures as well as
disorientation of the substrate surface,8,15,16promise produc-
tion of quantum-size structures with prescribed geome
properties. An additional parameter that can be used to c
trol nanostructure sizes is variation of the growth mod
~submonolayer MBE and atomic-layerwise MBE! for grow-
ing layers that undergo a phase transition during Strons
Krastanov growth. In the present study we investigated
scanning tunneling microscopy~STM! the morphological
characteristics of an ensemble of InGaAs/GaAs quan
dots, obtained on singular and vicinal GaAs~100! surfaces by
different modifications of the MBE method.

1. EXPERIMENT

Growth experiments were conducted on GaAs~100! sub-
strates~singular samples! and GaAs~100! substrates, whose
surface was disoriented by 3° and 7° in the@011# direction
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pregrowth chemical preparation of the plate surfaces is
scribed in Ref. 17 . To investigate the effect of substr
disorientation on surface morphology we glued the singu
and vicinal samples, with the aid of indium, on the sam
molybdenum holder in a manner so as to reduce to a m
mum the nonuniformity of the temperature field of the hea
that heats the sample and the flux gradients at the surfa

After the oxide layer was removed in the growth cha
ber at substrate temperatureTs56102630 °C in an As4
flow, a 0.25-mm-thick GaAs buffer layer was grown by th
standard molecular-beam epitaxy method while maintain
the (234) surface reconstruction andTs5550 °C. The
buffer layer was doped with beryllium to a density;1016

cm3 so as to make sure that the tunneling current is trapp
Then the surface was investigated by scanning tunneling
croscopy.

After a buffer layer was grown, the temperature of t
sample in the arsenic flow was decreased toTs5470 °C@the
moment at which the (234) surface reconstruction wa
changed toc(434)#. The arsenic pressure in the grow
chamber with the arsenic shutter open was maintained c
stant at a level of 431026 Pa in all experiments.

The InxGa12xAs layers were grown in submonolayer e
itaxial growth regimes. The time dependences of the po
tions of the shutters of the In, Ga, and As molecular sour
are shown schematically in Fig. 1. The following grow
modes were used: submonolayer MBE~SMBE!18 ~Fig. 1a
for InAs and Fig. 1b for InxGa12xAs!, submonolayer
migration-stimulated epitaxy~SMSE!19 ~Fig. 1c for InAs and
Fig. 1d for InxGa12xAs!, atomic-layerwise MBE
~ALMBE !20 ~Fig. 1e!, and~or! combinations of these modes
In each case three monolayers~MLs! of either indium ars-
enide or the solid solution InxGa12xAs were deposited. After
completion of growth, the heater heating the sample w
immediately removed from the sample-holder zone.

The state of the surface was monitoredin situ by
RHEED. The RHEED system included a high-sensitiv
video camera, a VCR for recording the dynamics of t

768768-05$10.00 © 1997 American Institute of Physics
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RHEED patterns during growth, a computer for process
the recorded information, and an interface for coupling

FIG. 1. Time dependences of the shutter positions for SMBE InAs~a! and
InGaAs ~b!, SMSE InAs ~c! and InGaAs~d! and ALMBE ~e!. Shading
corresponds to an open-shutter state and no shading corresponds to a c
shutter state.
TABLE I. List of experimental samples and their tec
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making it possible to analyze the RHEED patterns
real-time.21 The GaAs and InAs growth rates were gauged
measuring the oscillations of the intensity of the mirror r
flection in the RHEED pattern. The GaAs and InAs grow
rates in the course of the experiments were constant
equal to 0.5 and 0.1 monolayers per second, respectivel

The surface morphology of the samples was investiga
ex situwith a scanning tunneling microscope; the measu
ment procedures and conditions are described in Refs
and 16 . Reproducible and stable STM images were
tained from different sections of the experimental samp
To conduct prolonged STM measurements, the samples w
placed in vacuum oil to protect the surface from oxidation
air. Such shielding made it possible to obtain reproduci
STM images in the course of one month after the samp
were removed from the vacuum chamber.

2. RESULTS AND DISCUSSION

The experimental samples, enumerated according
their technological parameters and their basic geome
characteristics, are presented in Table I.

The STM images for samples 1 and
~InxGa12xAs, SMBE and SMSE technologies! are shown in
Figs. 2a and 2b, respectively. One can see from the fig
that different growth methods yield qualitatively differe
surface morphology. Both relatively large (;15 nm! and
small (;6 nm! quantum dots, which are not clearly sep
rated~i.e., the islands are partially merged!, are observed in
the case of SMBE. In the case of SMSE growth the quant
dots are separated laterally, they are characterized by a
surface density, and their size dispersion is relatively sm

Figure 3 shows STM images for samples 3–5, resp
tively ~InAs, SMSE growth!. As the RHEED data show, as
result of the large lattice mismatch, quantum dots in our c
form with a thinner deposited layer than for samples 1 and
The presence of well-separated, isotropically-arranged qu
tum dots is characteristic of the singular surface~Fig. 3a!.
Predominantly isotropic distribution is also characteristic
the vicinal surfaces, but as the disorientation angle increa
their density increases, while the lateral dimensions rem
the same or decrease~Fig. 3b and 3c!.

Previous investigations showed that growth kinetics,
cluding that at the initial stage, strongly influences surfa

sed-

hnological parameters and geometric characteristics.
769rlin et al.
Sample No. Growth mode Vicinality
Lateral

dimensions, nm
Surface density,

cm22 Composition

1 SMBE No 6–15 – In0.66Ga0.33As
2 SMSE No 10 1.531011 In0.66Ga0.33As
3 SMSE No 18 1.131011 InAs
4 SMSE 3° 19 0.731011 InAs
5 SMSE 7° 10 1.331011 InAs
6 MBE1SMBE No – – InAs
7 MBE1SMBE 3° – – InAs
8 MBE1SMBE 7° 14 1.431011 InAs
9 ALMBE1SMBE 3° – – InAs

10 ALMBE1SMBE 7° – – InAs
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morphology. To investigate the effect of the growth mod
on the surface morphology, we varied the growth proced
at the initial stage, i.e., during the formation of the first 1
InAs monolayers. The traditional MBE and atomic-layerwi
MBE were used. The remaining 1.5 monolayers were dep
ited with the SMBE mode. Figure 4 shows the STM imag
for samples 6–8, respectively. For the singular and sligh
disoriented sample, a mesoscopic structure with a low d
sity of quantum dots is observed on the surface. As the
orientation angle increases, an ensemble of quantum
arranged in a primitive two-dimensional lattice with vecto
along the@001# and @010# directions is formed. When the
ALMBE method is used at the initial stage, merging of qua
tum dots into conglomerates is observed on the vici
samples~Figs. 5a and 5b, samples 9 and 10, respective!,
regardless of the degree of surface disorientation.

Our results attest to a strong effect of growth kinet
and surface disorientation on the morphology of InGaA
GaAs ~100! layers. Previous results concerning the dep
dence of the structural and optical properties of quantu
well structures in the MBE method on the pressure of
group-V component14 confirm that the growth kinetics influ

FIG. 2. STM images of sections of a surface after deposition of th
In0.66Ga0.33As monolayers on GaAs~100! by SMBE ~a! and SMSE~b!. The
scanning area is 400 nm3 400 nm for both cases. The edges of the imag
are parallel to the@011# and @01̄1# directions.
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ences the resulting surface morphology. According to
data, SMSE methods give an ensemble of quantum dots
a higher density and a smaller lateral-size dispersion t
with other technologies. This effect can apparently be
plained by a more rapid accumulation of stress in the hete

e

s

FIG. 3. STM images of sections of a surface after deposition of three I
monolayers on GaAs~100! during SMSE. a — Singular surface, b — 3°
disorientation, c — 7° disorientation. The scan area is 600 nm3 600 nm for
all cases. The edges of the images are parallel to the@011# and@01̄1# direc-
tions.
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structure, sufficient for the layer to break up into thre
dimensional formations under the action of elastic stres
This in turn accounts for the fact that the thickness of
pseudomorphic layer is less than the thickness obtained
other methods of simultaneous deposition of group-V a

FIG. 4. STM images of sections of a surface after deposition of three I
monolayers on GaAs~100! by MBE 1 SMBE. a — Singular surface,
b — 3° disorientation, c — 7° disorientation. The scan area is 900 nm3
900 nm for all cases. The edges of the images are parallel to the@011# and
@01̄1# directions.
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-
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e
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-III elements. The effect of the vicinality of the surface o
the morphology of the nanostructures is attributable to
additional mechanism of relaxation of elastic stresses a
result of the presence of a collection of monomolecular st
on the surface. In individual cases, their high density c
result in a qualitative change in the surface morphology
compared with a singular or slightly disoriented surface,
pecially in the case of a ‘‘thicker’’ pseudomorphous lay
~Fig. 4a–4c!.

In summary, we have investigated some submonola
technological methods for producing self-organized e
sembles of quantum dots in the heteroepitaxial sys
InGaAs/GaAs. Our results show unequivocally that the
netic parameters influence the structural properties
quantum-well formations. The disorientation of the surfa
also influences the surface morphology, which changes
growth mechanisms in certain cases.

This work was supported, in part, by the Russian Fu
for Fundamental Research under grant No. 95-02-0508
the INTAS fund under Grant No. 94-1028, and the Scient
Program ‘‘Physics of solid-state nanostructures.’’

s

FIG. 5. STM images of sections of a surface after deposition of three I
monolayers on GaAs~100! by ALMBE 1 SMBE. a — 3° disorientation, b
— 7° disorientation. The scan area is 900 nm3 900 nm for all cases. The
edges of the images are parallel to the@011# and @01̄1# directions.
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4R. Nözel, N. N. Ledentsov, L. Da¨weritz, M. Hohenstein, and K. Ploog K
Phys. Rev. Lett.67, 3812~1991!.

5J. Tersoff and R. M. Tromp, Phys. Rev. Lett.70, 2782~1993!.
6M. Grundmann, J. Christen, N. N. Ledentsov, J. Bo¨hrer, D. Bimberg, S. S.
Ruvimov, P. Werner, U. Richter, U. Go¨sele, J. Heydenriech, M. V. Usti
nov, A. Yu. Egorov, A. E. Zhukov, P. S. Kop’ev, and Zh. I. Alferov, Phy
Rev. Lett.74, 4043~1995!.

7R. Leon and S. Fafard, D. Leonard, J. I. Merz, P. M. Petroff. Phys. Re
50, 11 687~1994!.

8N. Kirstaedter, N. N. Ledentsov, M. Grundmann, D. Bimberg, V. M
Ustinov, S. S. Ruvimov, M. V. Maximov, P. S. Kop’ev, Zh. I. Alferov
U. Richter, P. Werner, U. Go¨sele, and J. Heydenreich, Electron. Lett.30,
1416 ~1994!.

9D. S. I. Mui, D. Leonard, L. A. Coldren, and P. M. Petroff, Appl. Phy
Lett. 66, 1620~1995!.

10V. A. Shchukin, N. N. Ledentsov, P. S. Kop’ev, and D. Bimberg, Ph
Rev. Lett.75, 2968~1995!.

11C. Priester and M. Lanoo, Phys. Rev. Lett.75, 93 ~1995!.
12N. N. Ledentsov, M. Grundmann, N. Kirstaedter, J. Christen, R. He
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Two sources of excitation of photoluminescence of porous silicon

of
N. E. Korsunskaya, T. V. Torchinskaya,a) B. R. Dzhumaev, L. Yu. Khomenkova,
and B. M. Bulakh

Institute of Semiconductor Physics National Academy of Sciences, 252650 Kiev, Ukraine
~Submitted August 7, 1996; accepted for publication November 14, 1996!
Fiz. Tekh. Poluprovodn.31, 908–911~August 1997!

The change occurring in the photoluminescence spectra and the photoluminescence excitation
spectra during aging of porous-silicon samples in air and in vacuum has been investigated.
It was found that the character of the photoluminescence changes occurring during aging depends
on the wavelength of the exciting light: In the case of excitation in the visible-range band of
the luminescence excitation spectrum (lexc.490 nm! the photoluminescence decreases and in the
case of excitation in the ultraviolet band it predominantly increases. It is shown that the two
bands of the luminescence excitation spectrum~visible and ultraviolet! correspond to two different
objects on the surface of the porous layer. ©1997 American Institute of Physics.
@S1063-7826~97!00308-6#

It is well known1 that the photoluminescence~PL! inten- were employed did not appreciably influence the rate
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sity and spectrum of as-grown samples of porous silicon~PS!
change in time~aging process!. Investigation of this proces
evidently can yield useful information about an, as yet, u
resolved question concerning the nature of the luminesce
of porous silicon.

There are a number of studies on aging processes.1–4 In
these studies, the PL intensity~W!, as a rule, was observed t
decrease. This decrease was attributed either to the de
tion of hydrogen5 or SiH, SiH2, and SiH3 complexes1,6,7or to
oxidation.8 It was explained by two factors. One factor is a
increase in the density of fast recombination centers~dan-
gling silicon bonds!, which form on desorption,7 and the sec-
ond factor is destruction of the luminescing material on
surface of silicon filaments, whose components are the
orbing complexes.6 It has also been reported that the P
intensity increases with time.9,10

In the present paper we show that the character of
change occurring in the PL intensity during aging depe
on the wavelength of the exciting light. On the basis of
investigation of the PL spectra, the luminescence excita
spectra~LES!, and the changes occurring in the spectra wh
the PS samples are exposed to air or held in vacuum
concluded that there exist two different objects with whi
the excitation of the PL of porous silicon is associated.

1. RESULTS

The experimental samples were prepared by anodic e
ing of p-Si plates (r55210 V•cm) in an alcohol solution
of HF with current densities (I etc) of 50 and 200 mA/cm2.
The process of aging of the samples prepared in iden
etch regimes was conducted at room temperature either i
or in vacuum (1028 Torr!. The PL was excited by light from
a xenon lamp through a MDR-23 monochromator or lig
from a nitrogen laser (lexc5337 nm).

The typical PL spectra of as-grown samples measu
with excitation by light from the xenon lamp (lexc5490 nm!
and by light from the nitrogen laser, are shown in Fig. 1. W
note that the intensities of the nitrogen-laser radiation wh
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change of the PL intensity. As one can see from the figu
the position of the PL-band maximum lies in the range 65
720 nm and, as a rule, the position in the case of excita
by light from the lamp is different from the position in th
case of laser excitation.

The luminescence excitation spectra~LES! consist of
two components — a visible component, which consists of
structural maximum in the region 400–550 nm, whose po
tion can vary somewhat from sample to sample, and an
traviolet ~UV! component, which is represented by a sect
of increasing intensity in the region 400–350 nm~Fig. 2!.
The position of the PL-band maximum depends on the wa
length of the exciting light. As the latter wavelength d
creases, the PL-band maxima shifts to shorter waveleng
in agreement with the data in Fig. 1.

It should be noted that the PL-intensity ratio betwe
UV and visible range excitation can vary from sample
sample, and that it depends on the conditions under wh
they are obtained. For example, for an etch currentI etc520
mA/cm2 there is virtually no excitation of visible-range PL

The LES undergo transformation during aging: For s
ficiently long aging times, the intensity of the visible ban
~primarily its long-wavelength wing! decreases substantiall
and the intensity of the ultraviolet wing increases~Fig. 2!.
Accordingly, the PL intensity decreases during aging in
case of long-wavelength excitation (lexc.490 nm! and it
varies nonmonotonically for excitation at shorter wav
lengths: The decreasing intensity is followed by its increa
~Fig. 3!. Figure 4 shows curves of the relative changes in
PL intensity@(Wn2W0)/W0# versus the wavelength of th
exciting light at different stages of the aging process. E
dently, the amplitude of the decrease in the PL intensity
first increases with increasing wavelength of the excit
light and then stops changing~for lexc.490 nm!. This is
most clearly seen at the initial stage of aging, when the
intensity predominantly decreases. The amplitude of the
crease in the PL intensity increases aslexc shifts in the short-
wavelength direction. Forlexc5337 nm the decrease in th
PL intensity is, as a rule, very small. In a sample with

773773-04$10.00 © 1997 American Institute of Physics
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FIG. 1. PL spectra of PS samples stored in air~a! and in vacuum~b!. The
spectra were measured immediately after preparation~1 and2!, 7 days later
~3 and4!, and 10 days later~3* and4* ). The luminescence was excited wit
radiation withlexc5490 nm~curves2, 4 and4* ) andlexc5337 nm~curves
1, 3, and3* ) (I etc550 mA/cm2).

FIG. 2. Luminescence excitation spectra of a PS sample immediately
preparation~1! and 7 days laters~2! (I etc550 mA/cm2).

774 Semiconductors 31 (8), August 1997
visible-range SEL band (I etc5200 mA/cm2), only an in-
crease in the PL intensity is observed~Fig. 3!.

As the PL intensity increases in the case of visible-ran
excitation, the position of the band maximum generally sh
to shorter wavelengths~Fig. 1!. The UV-excited PL band
becomes narrower as a result of a decrease in the intensi
the long-wavelength wing. As the PL intensity increases,
position of the band for UV-range excitation shifts very litt
in the long-wavelength direction, so that with time the po
tions of the PL-band maxima with visible- and UV-rang
excitations come closer to each other.

When the samples are stored in vacuum, the PL inten
was observed to decrease, but not increase~Fig. 1b!.

If a sample is exposed to air after being stored
vacuum, the PL intensity remains nearly constant in the c
of excitation by light withlexc.490 nm and increases wit
time in the case of UV-range excitation.

2. DISCUSSION

As follows from the data presented above, only a d
crease of the PL intensity is observed in the case of exc
tion by light with lexc.490 nm. At the same time, in
samples where only UV excitation is present, the PL inte
sity only increases. This enables us to conclude that the d
of the PL intensity corresponds to a visible SEL band and
increase corresponds to an ultraviolet band. The nonmo

ter

FIG. 3. PL intensity versus aging time in air for samples prepared un
different conditions:1, 2 — I etc550 mA/cm2; 1 — lexc5490 nm,2 —
lexc5337 nm,3 — I etc5200 mA/cm2, lexc5337 nm.
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tonic character of the changes in the regionlexc,490 nm is
explained by overlapping of these bands. As one can
from the dependence of the magnitude of the relat
changes in the PL intensity on the wavelength of the excit
light ~Fig. 4!, the amplitude of the drop in the PL intensity
the regionlexc.490 nm does not change. Therefore, it c
be assumed that in this region there is no overlapping of
UV and visible SEL bands.

Some conclusions about the nature of the increase
decrease of the PL intensity can be drawn from a compar
of the character of the changes in the PL intensity in air a
in vacuum.

The absence of an increase in the PL intensity in the c
of excitation by UV light in vacuum and the large increase
the PL intensity in air before and after the samples are sto
in vacuum show that this growth is due to an oxidation p
cess. The fact that the quantity of oxide increases du
aging is also confirmed by the results of secondary-ion m
spectrometry~SIMS!,11 which likewise shows that the oxide
just as the luminescence, is localized predominantly in a
gion of thickness;500 nm near the surface of the poro
layer. When this layer is removed by an argon beam,
intensity of the UV-excited PL decreases substantially,11 and
the PL intensity increases when the sample is subseque
held in air.

The decrease in the PL intensity can be attributed
desorption, as is ordinarily assumed.1,5,6 This assumption is
in agreement with the corresponding changes occurring
the PL intensity when as-grown samples are stored in air

FIG. 4. Relative changes (Wn2W0)/W0 in the PL intensity versus wave
length of the exciting light at different stages of the etching process:1 —
Dt57 days,2 — Dt540 days,3 — Dt560 days (I etc550 mA/cm2).
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increase in intensity when the samples are exposed to
after being held in vacuum. Therefore, two different pr
cesses, which influence the PL intensity, occur simu
neously during aging — desorption and oxidation.

The data presented above also attest to the fact tha
two SEL bands of porous silicon are associated with t
different objects. Indeed, the desorption process results
decrease of intensity or vanishing of the visible SEL ba
which is then not restored with time. At the same time, w
UV excitation, the PL intensity changes very little with d
sorption and then increases with time in air. The differe
temporal behavior of the PL intensity in the case of visib
and UV-range excitations signifies that the decrease in
PL intensity cannot be explained solely by an increase in
concentration of dangling silicon bonds, as is ordinar
assumed.7 This process is apparently also associated with
vanishing of absorption centers, which give rise to the visi
SEL band of the PL-exciting light. The fact that visible
range excitation is not restored after desorption or aging
the surface layer of PS by an argon-ion beam suggests
the object with which the visible-range SEL band is asso
ated is a component of the etchant or a reaction product.
object responsible for the UV excitation of the PL of PS
apparently an oxide.

As the PL intensity decreases, the density of lumin
cence centers can, in principle, decrease as well. The de
dence of the position of the PL-band maximum on the wa
length of the exciting light attests to its nonelementa
nature; this is confirmed by data from Refs. 12 and
Therefore, it is logical to assume that the PL is due to
superposition of two bands, one of which is excited in t
visible-range SEL band and the other in the ultraviolet ba
In this case the dependence of the position of the PL-b
maximum onlexc, just as the nonmonotonic dependence
the PL intensity on the aging time, can be explained by ov
lapping of the SEL bands. Therefore, it is possible that e
object is associated with its own luminescence band. T
result is also in agreement with the narrowing of the I
excited PL band in the process of aging; this can be
plained by the decrease in the contribution of the band
cited by the visible light.

It follows, however, that a number of factors suggest t
the superposition of these two bands is not the only rea
for the displacement of the PL maximum during aging. I
deed, a displacement of the PL maximum also occu
though it is smaller, when there is no overlapping of the S
bands~for example, in the absence of a visible-range exc
tion band!. This shift could be due, for example, to
desorption-induced change in the electric field at the surfa
The data in Refs. 14 and 15 , where a displacement of
PL-band maximum to shorter wavelengths was obser
when a negative potential was applied to the sample, atte
this possibility.

Further investigations are required in order to determ
finally the nature of the desorbing object and its role in
processes.

In closing, we wish to make one additional remark co
cerning the difference in the excitation spectra of the PL t

775Korsunskaya et al.



was observed in different studies.6,16–21The results presented
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S. K. Deb, Appl. Phys. Lett.62, 1152~1993!.
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above explain this difference, since the form of the SEL w
found to depend on the sample preparation technology
on the time elapsed after sample preparation~Fig. 2!.
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Luminescence properties of InAs/GaAs quantum dots prepared by submonolayer

ats
migration-stimulated epitaxy
G. É. Tsyrlin and V. N. Petrov

Institute of Analytical Instrument Building, Russian Academy of Sciences, 198103 St. Petersburg, Russia
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The results of an investigation of the luminescence properties of an ensemble of InAs quantum
dots, obtained by submonolayer migration-stimulated epitaxy on singular and vicinal
GaAs~100! surfaces, are reported. The largest width at half-height of the photoluminescence line
is observed in samples with a 3° disorientation, indicating that the size-variance of the
quantum dots is largest in this case. Quasiequilibrium quantum dots are formed either with a
long sample holding time in an arsenic flow or with a larger quantity of deposited
indium. © 1997 American Institute of Physics.@S1063-7826~97!00408-0#
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Self-organization effects on a semiconductor surfa
which lead to the spontaneous formation of an ensembl
ordered nanosize islands, are being actively investigated
damentally and from the point of view of application. It h
been shown theoretically that the use of quantum-well str
tures, in which the motion of charge carriers is limited in tw
~quantum wires! and three~quantum dots! directions, greatly
improves the performance of semiconductor devices.1 In the
case of an InAs/GaAs semiconductor system, an array
quantum dots can be obtained when indium arsenide de
ited on the gallium arsenide substrate directly dur
molecular-beam epitaxy ~MBE! reaches a critica
thickness.2–7 This effect is explained by the relaxation o
elastic stresses which arise during growth in a latti
mismatched heteroepitaxial system in accordance with
Stronski–Krastanov mechanism. A semiconductor la
whose active region includes an array of InGaAs/GaAs qu
tum dots obtained by submonolayer MBE~SMBE!, has re-
cently been constructed.

It is known that both the growth kinetics and surfa
vicinality influence the structural properties of an ensem
of quantum dots.9–12 It has been shown that quantum do
with a lateral-size variance of 10% can be obtained by s
monolayer migration-stimulated epitaxy~SMSE!.13 This pa-
per reports the results of an experimental study of the lu
nescence properties of an ensemble of quantum
obtained on singular and vicinal GaAs~100! surfaces by
SMSE.

2. EXPERIMENT

The growth experiments were performed in an E´ P1203
MBE system on singular semi-insulating GaAs~100! sub-
strates and on the same substrates disoriented by 3° and
the@011# direction. Three samples~singular and two vicinal!,
chemically treated by the method described in Ref. 14 , w
glued with the aid of indium on the same molybdenu
holder in a manner so as to reduce to a minimum the n
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the sample and the flux gradients at the surface. After t
oxide layer was removed, a 300-nm-thick GaAs buffer laye
with Ts5630 °C was grown in an As flow in the growth
chamber. In our case this temperature corresponds to
moment of the transition from (234) to (331) surface re-

FIG. 1. Photoluminescence spectra for SMSE-grown InAs quantum do
The nominal thickness is two monolayers and the holding time betwe
cycles is 2 s.1 — Singular sample;2 — sample disoriented by 3°;3 —
sample disoriented by 7°.
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construction and was chosen so as to improve the electrical
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and optical parameters of the layers.After the buffer layer,
a superlattice consisting of five pairs of GaA
Al0.25Ga0.75As ~20 Å/20 Å! layers was grown so as to pre
vent the diffusion and drift of nonequilibrium carriers int
the semi-insulating substrate with a high density of deep
purities~Cr!. Next, a 70-Å-thick GaAs layer was grown an
the temperature of the sample in the arsenic flux was lowe
to Ts5470 °C @the moment of the transition from (234) to
(232) surface recombination#. The active layer was grown
by submonolayer migration-stimulated epitaxy, in which i
dium was deposited~in the absence of an arsenic flow! in the
amount required for a 0.5 monolayer of InAs. It was held
an arsenic flow for 2–30 s~the timet). The total nominal
InAs thickness was equal to two or three monolayers~four or
six deposition cycles!. After growth of the active layer was
completed, a 70-Å-thick GaAs layer was grown at the sa
temperature. Next, the substrate temperatureTs was set to
630 °C and a 70-Å-thick GaAs layer was grown. A superl
tice consisting of five pairs of GaAs/Al0.25Ga0.75As ~20 Å/20
Å! layers was then grown so as to prevent any effect fr
surface recombination. During the growth of the superl
tices, after each GaAs layer, the sample surface was he
an As flow for 20 s. The arsenic pressure in the grow
chamber was maintained constant at 431026 Pa in all ex-
periments. The values of the precalibrated Ga, Al, and

FIG. 2. Photoluminescence spectra for SMSE-grown InAs quantum d
The nominal thickness is two monolayers and the holding time betw
cycles is 30 s.1 — Singular sample;2 — sample disoriented by 3°;3 —
sample disoriented by 7°.
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rates would correspond to 0.53, 0.68, and 0.1 monolayer
The growth rates were measured with a system for observ
oscillations of the RHEED mirror reflection16 with a primary
beam energy of 12.5 keV, which corresponded to the an
Bragg diffraction condition.

The photoluminescence~PL! spectra were excited with
an argon laser. The excitation density was equal to
W/cm2. The observation temperature was equal to 77 K.

3. RESULTS

The PL spectra from structures with a nominal InA
thickness of two monolayers and a holding time of 2 s in
arsenic flow are shown in Fig. 1. In the case of a singul
sample the spectrum contains two peaks, which we attrib
to the nonequilibrium sizes of the quantum formations at th
initial stage of formation of elastically strained islands. Th
effect is not observed in the case of disoriented sampl
where monatomic steps on the substrate surface addition
influence the quantum-dot formation process. As the diso
entation angle increases, the PL line shifts into the sho
wavelength region~1.32 and 1.36 eV, respectively! with the
radiation intensity remaining virtually unchanged. The tot
width at half-maximum of the PL line decreases from 100

s.
n
FIG. 3. Photoluminescence spectra for SMSE-grown InAs quantum do
The nominal thickness is three monolayers and the holding time betwe
cycles is 2 s.1 — Singular sample;2 — sample disoriented by 3°;3 —
sample disoriented by 7°.
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60 meV for 3° a

TABLE I.

,

Sample No.

InAs layer
thickness, ML t, s

Disorientation,
deg 5

Position of the PL peak
from quantum dots, eV

PL-line width at
half-maximum, meV

PL intensity
arb. units

1 2 2 0 – 76 0.29
2 2 2 3 1.323 101 0.10
3 2 2 7 1.362 63 0.09
4 2 30 0 1.329 69 0.94
5 2 30 3 1.298 128 0.29
6 2 30 7 1.349 62 1
7 3 2 0 1.305 83 0.48
8 3 2 3 1.291 108 0.56
9 3 2 7 1.344 54 0.51
nd 7°, respectively. The last two facts show
th

ld
m
a

ia
1.
p
P

of
o
lf
re
a
he
n

en
in
re

sti
al
a
i

ie
ir
g

o
al

se

E
o
a

he
di
st
o

tained either with a long sample holding time in an arsenic
a
m-
b-
ller
-
s,
izes
by
se
d
c-
ble

d
e
r-

nd
4-a,
ific

ux,

s.

ev.

s.

itz,
r,
,

in-

itz,
,
v,
te

.
,

that for a strongly disoriented sample the dimensions and
size-variance decrease.

The PL spectra of samples whose surfaces were he
an arsenic flow for a longer time and which have the sa
amount of deposited indium are presented in Fig. 2. For
samples, the photoluminescence intensity is substant
higher~by a factor of 3–10! than the data presented in Fig.
This indicates that the density of quantum dots is shar
higher in this case. For all positions of the maxima of the
lines, a shift is observed into the low-energy region~in the
range from 1.30 to 1.35 eV!; this corresponds to the case
an increase in the characteristic sizes of the quantum d
The character of the change in the total width at ha
maximum, depending on the vicinality of the substrate,
mains the same as in the preceding case: The smallest ch
~60 meV! corresponds to a disorientation by 70°, while t
largest value~128 meV! is observed with a disorientatio
of 3°.

The effect of disorientation of the substrate on the int
sity, shape, and position of the maximum of the PL line
the case of quantum dots formed by the deposition of th
InAs monolayers is demonstrated in Fig. 3. A characteri
feature of these spectra is that the PL intensity is practic
the same and quite high for both singular and vicin
samples. The largest width at half-maximum of the PL line
observed, as before, for samples with a 3° surface disor
tation. The positions of the maxima of the PL lines are v
tually identical to the positions for samples with an avera
thickness equal to two InAs monolayers andt530 s. This
apparently indicates that the SMSE-grown quantum d
possess quasiequilibrium dimensions in this case. This is
confirmed by our scanning tunneling microscopy~STM! in-
vestigations of similar unburied structures,12,17where the lat-
eral dimensions of SMSE-grown quantum dots in the ca
of deposition of two (t530 s! and three (t52 s) InAs/GaAs
monolayers were virtually identical~10–20 nm, depending
on the disorientation!.

The optical characteristics of the investigation of SMS
grown quantum dots are presented in Table I. The main c
clusions that can be drawn from an analysis of the results
as follows. First, the largest width at half-maximum of t
PL line is observed in samples disoriented by 3°; this in
cates that the size-variance of the quantum dots is large
this case. Second, quasiequilibrium quantum dots are
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flow or with a large amount of deposited indium. Third,
short-wavelength shift of the photoluminescence line co
pared with samples obtained by MBE and SMBE is o
served. This shows that the SMSE method gives sma
quantum dots.10 The PL-line width at half-maximum is usu
ally smaller for SMSE than for SMBE or, in other word
less than the deviation from the average quantum-dot s
for the technology under study. This is also confirmed
comparing the profile analysis of STM images for the
methods.11–13Therefore, submonolayer migration-stimulate
epitaxy technology holds promise for producing optoele
tronic devices whose active region consists of an ensem
of quantum dots.
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Hall effect in quasi-two-dimensional superlattices in nonquantizing magnetic and strong

electric fields

G. M. Shmelev, É. M. Épshte n, and I. I. Maglevanny 

Volgograd State Pedagogical University, 400013 Volgograd, Russia
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The transverse electric fieldEy arising in quasi-two-dimensional superlattices~SLs! in a strong
pulling electric fieldEx and a weak magnetic field oriented in a direction perpendicular
to the plane of the SL (H i Z) is calculated. In the case where the electronic energy spectrum is
nonadditive, the fieldEy includes the Hall factor and the spontaneous transverse electric
field that exists withoutH. The fieldEy is a multivalued and sign-variable function ofEx . The
asymptotically stable branches of the functionEy are determined. The~kinetic! ‘‘potential,’’
whose minimum corresponds to a stationary state of the nonequilibrium electron gas, is used.
© 1997 American Institute of Physics.@S1063-7826~97!00508-5#

In this paper we report the results of a calculation of thenonadditive nonparabolic dispersion law~2! and open in the
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Hall field as a function of the strong pulling electric field
quasi-two-dimensional superlattices~2-SLs!. Superlattices of
this kind are fabricated on the basis of size-quantiz
Al xGa12xAs layers with an energy miniband bounded in tw
directions and fixed energy in a direction perpendicular
the layers:1

«~p!5«02
1

2
DS cos

p1d0

\
1cos

p2d0

\ D , ~1!

where 2D is the width of the miniband,p1 and p2 are the
Cartesian components of the quasimomentump of the
charge carrier, andd0 is the period of the SL. In application
to the spectrum~1!, the characteristic features of the Ha
effect, which are discussed below, are related primarily
the choice of the direction of the pulling field relative to th
principal axes of the 2-SL: We assume that it makes an a
of 45° with one of the axes. Correspondingly, we orient
X axis along the pulling field. The spectrum~1! then be-
comes nonadditive in this coordinate system:

«~p!5«02D cos
pxd

\
cos

pyd

\
, ~2!

whered5d0A2. Of course, a spectrum of the type~2! is also
possible in the principal axes, for example, in crystals wit
volume-centered cubic lattice.2 In this case the second term
in Eq. ~2! contains an additional factor cos(pzd/\), which for
the field geometry chosen here is not important for the
fects of interest to us. Zeolite-based three-dimensional c
ter SLs also belong to this class of crystals.3 Of course, this
list of materials with the electronic spectrum~1! @or ~2!# is
not limited to the examples presented above.

We note that galvanomagnetic phenomena in a o
dimensional SL have been studied by many authors~see Ref.
4 and the references cited there!. The Hall effect in a 1-SL in
a strong electric field was investigated directly in Refs
and 6.

In Ref. 7 it is shown that in the absence of a magne
field, the spontaneous appearance of a transverse~relative to
the pulling fieldEx) voltage is possible in a conductor with
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transverse direction. This effect is an example of a noneq
librium second-order phase transition, in which the tra
verse voltage plays the role of the order parameter and
pulling field is a controlling parameter. The existence o
transverse EMF withH50 evidently should also affect th
magnitude of the transverse field in the presence of a m
netic field (H i Z), and since we are concerned with nonli
ear effects, it is generally impossible to separate a ‘‘pur
Hall effect in this case. A similar situation occurs in mult
valley semiconductors under conditions of a multiple-valu
Sasaki effect.8 Therefore, speaking about the Hall field, w
have in mind the transverse field which includes both fact
indicated above.

To calculate the current densityj0 produced by charge
carriers with the dispersion law~2!, we restrict the analysis
to the quasiclassical and one-band approximations:D@t21

\; eEdandeEd!«g , where«g is the band gap, andt is the
mean free time of the electrons. We assume that the m
netic field is nonquantizing,\vc[ueHDd2/c\u!T (T is the
temperature in energy units!, and that it is weak,vct!1.

To solve the problem posed above, it is convenient
write the required equation of motion of a charge in dime
sionless variables. We thus make the substitutionspd/\→p,
Eetd/\→E, vct→vc , andt/t→t. In the new notation we
have

dp

dt
5E1@v~p!,vc#, ~vciH!, ~3!

where v51/D ]«/]p is the dimensionless velocity of th
charge.

To calculate the current we employ Boltzmann’s equ
tion with the collision integral in thet5const approxima-
tion. The general formula obtained for the current dens
using the solution of this equation has the form~see, for
example, Ref. 4!

j5E
0

`

v~p~ t !!e2tdt, ~p~0!50!. ~4!
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Herej5j0\/(enDd) is the dimensionless current density and
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n is the carrier density in the layer. In the linear approxim
tion in vc , we have the following expression from Eqs.~3!
and ~2!:

Px5Ext2
vc

2 H cos~Ex1Ey!t21

Ex1Ey
1

cos~Ey2Ex!t21

Ey2Ex
J .

~5!

Substituting expression~5! into Eq. ~4! we find

j x5 j x
~0!1

vcEy

Ex
22Ey

2H 112~Ex
21Ey

2!

~114Ex
2!~114Ey

2!
2

j y
~0!

Ey
J , ~6!

j x
~0!5

Ex~11Ex
22Ey

2!

~11Ex
21Ey

2!224Ex
2Ey

2
. ~7!

The expressionspy , j y , and j y
(0) have the form~5!–~7!

with the substitutionsy↔x andvc→2vc . We underscore
that the expressions found forj x and j y in the linear approxi-
mation in the magnetic field are exact in the electric field

For a fixed pulling fieldEx , which we assume to be th
case below, the transverse fieldEy is determined by the
boundary conditions.

1. SHORT-CIRCUITED HALL CONTACTS (CORBINO DISK)

In this caseEy50, and we find from Eqs.~6! and ~7!

j x5
Ex

11Ex
2

, ~8!

j y5vcEx

2Ex
221

~11Ex
2!~114Ex

2!
. ~9!

Equation~8! has the same form as the formula for the curr
density flowing along the axis of a 1-SL.1,4 The function
j y(Ex) is nonmonotonic and sign-variable~the sign change
occurs atEx51/A2). As should happen in this case, f
Ex!1 the expressions~8! and ~9! pass into the correspond
ing expressions for a parabolic spectrum:j x5Ex and
j y52vcj x .

2. SAMPLE (PLATE) OPEN IN THE Y DIRECTION

In this case we have the condition

j y50, ~10!

which is an equation for the transverse fieldEy5Ey(Ex).
For vc50 the solutions of Eq.~10! have the form

Ey50, ~11!

Ey56AEx
221, ~ uExu.1!, ~12!

and the solution~11! with uExu,1 and solution~12! with
uExu.1 are stable with respect to fluctuations of the fie
Ey . Therefore, foruExu.1 a transverse field appears in th
sample in one of two mutually opposite directions. T
choice of direction is determined by a random fluctuation
an initial inhomogeneity. In this case, a nonequilibrium~ki-
netic! second-order phase transition, mentioned above,
curs at the bifurcation pointuExu51. The appearance of th
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transverse field~12! is the simplest example of self
organization in a nonequilibrium quasi-two-dimension
electron gas.

Forvc Þ 0 Eq.~10! becomes much more complex, tran
forming into an equation of degree 7 inEy . Since it is im-
possible to find exact real solutions analytically, this equ
tion was solved numerically. The computational resu
obtained withvc50.1 andvc50 are presented in Fig. 1.

The regionEx,1 is worth noting. Here, on the on
hand, we haveEy50 in the absence of a magnetic field an
on the other, the Hall effect does not usually manifest its
~the fieldEy has a maximum and changes sign!. For Ex.1
the situation is close to a ‘‘seed situation.’’ This is entire
natural, since the magnetic field is assumed to be w
(vc!1) and the corrections due to the magnetic field
small. Nonetheless, the magnetic field plays a fundame
role: It washes out the phase transition and forces the sys
to choose between equally probable~for vc50) states~12!
~forced bifurcation!.

To investigate the stability of the solutionsEy found, we
start from the condition~see, for example, Ref. 9!

d jy

dEy
.0, ~Ex5 fix! ~13!

whose satisfaction means that near the stable stationary
ues ofEy determined by the condition~10!, a small fluctua-
tion of the transverse field asymptotically approaches ze
The asymptotically stable states determined with the aid
the criterion~13! are shown in Fig. 1~solid lines!. It follows
from Fig. 1 that forEx.1.065 the Hall field has two stabl
values ~bistability! for fixed Ex . ~The possibility that the
Hall field ‘‘switches’’ with a change in sign in a 1-SL wa
noted in Ref. 5!. Figure 2 shows the I–V characteristic ca
culated from Eqs.~6! and ~7! and the values found forEy

~for vc50.1).

FIG. 1. Transverse fieldEy versus the pulling fieldEx . The solid and
dashed lines represent stable states withvc50.1 andvc50, respectively.
Dotted lines — unstable states.
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It is convenient to investigate stability by the meth
proposed in Ref. 7. This method can be described as follo
The function

F~Ey!5E
0

Ey
j y~Ey8!dEy81 const, ~Ex5 fix! ~14!

is studied. With the aid of this function the conditions~10!
and ~13! can be written in the form

dF

dEy
50,

d2F

dEy
2
.0. ~15!

Equations~15!, which express the conditions for a min
mum of the functionF, mean that in the present nonequili
rium situation this function reaches a minimum in the s
tionary state under study. Consequently, the functionF can
be viewed as an analog of the thermodynamic potential
equilibrium systems. This analogy makes it possible to
vestigate the stability of the solutions of Eq.~10! by the
standard Landau method employed in the theory of equ
rium phase transitions. This approach not only confirms
results obtained with the aid of Eq.~13!, but also makes it
possible to easily find the absolute minimum among lo
minima. The result of the integration in Eq.~14! ~with const
5 0! is illustrated in Fig. 3 forvc50.1 near the pointEx51.
It follows from this figure that the minimum of the potenti
F on the lower stable branch~Fig. 1! is less than the mini-

FIG. 2. Current-voltage characteristic forvc50 ~dashed line! andvc50.1
~solid line!. The dotted line corresponds to an unstable stateEy ~see Fig. 1!
with vc50.1.
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mum of the potential on the upper stable branch. ForEx@1
the difference between the indicated minima approac
zero. The dotted curve in Fig. 3 shows the potentialF for
Exc51.065 ~see also Fig. 1! ~at the corresponding poin
Eyc50.45 we haved2F/dEy

250).
The characteristic features of the Hall effect which we

found above are ultimately associated with the limited n
ture, the nonlinearity, and primarily the nonadditivity of th
energy spectrum~2!. For additivity of the spectrum~1! ~the
X andY axes are directed along the principal axes of the S!
we obtain in the linear approximation invc : a! j y52vcj x

and b! Ey5vcj x , wherej x is determined by Eq.~8! with the
substitutiond→d0. The lack of uniqueness and the change
sign of the Hall field do not arise.

The numerical estimates of the effects considered h
reduce to estimates of the measurement units forE, j , and
vc , the latter depending on the SL parametersn, d, D,andt
~the values of the corresponding quantities for a 1-SL c
serve as a reference point1,4!.

We are grateful to O. V. Yaltychenko for assistance
the numerical calculations.
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Nonstationary thermoelectric power in multilayered structures with p – n junctions
V. N. Agarev
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It is shown that the nonstationary thermoelectric power with characteristic rise and fall times of
the order of seconds in multilayered structures withp–n junctions can be several orders of
magnitude greater than the stationary thermoelectric power in a homogeneous semiconductor. This
effect can be observed in polycrystalline films and artificially produced multilayer structures
with p–n junctions and thin layers. It can be used to produce ultrasensitive temperature sensors.
© 1997 American Institute of Physics.@S1063-7826~97!00608-X#

Multilayered structures withp–n junctions ~MSs!,
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whose number of layers is on the order of 10cm , are
convenient models of polycrystalline films which exhibit a
anomalous photovoltage~APV!.1–3 In addition, MSs are also
of interest for producing new semiconductor devices.

The memory effect specific to MSs, which was studi
by Stafeev in Ref. 4, consists of the fact that after a h
voltage on the MS is switched off and the structure is sh
circuited, the charge on the barrier capacitances of thep–n
junctions is redistributed in a manner so that allp–n junc-
tions are oppositely connected. Further relaxation of
charge on the barrier capacitances proceeds under the a
of thermally generated currents over times much longer t
the lifetime of the minority charge carriers. If the currents
the neighboringp–n junctions are different~for example,
under nonuniform illumination, as in the case of the AP
effect in films!, then a nonstationary voltage, arises on
MS. The maximum value of this voltage can exceedmw,5,6

where 2m is the number of layers in the MS, andw is the
contact potential difference between thep andn regions.

In the present paper we shall examine the nonstation
voltage arising in a MS with precharged barrier capacitan
of p–n junctions with a constant temperature gradient acr
the layers~i.e., along the MS!.

Let the MS consist of 2mp and n layers whose dimen
sions are much smaller than the diffusion length of the
nority charge carriers. If the MS is produced on the basis
wide-gap semiconductors, then the thermally generated
rents in thep–n junctions will be higher than the thermall
generated currents in the quasineutral regions.

The charge relaxation occurring on thej th p–n junction
as a result of thermal current generation in the space ch
layer is

dQi

dt
52

qn0~L~U ! j2L0!

t0
52

n0

Nt0
~2Q22Q0!, ~1!

where Na5Nd5N is the impurity density in thep and n
regions,n0 andt0 are the density and lifetime of the charg
carriers in the semiconductor itself,L(U) j and Qj are the
thickness and charge in thep–n junction at zero voltage
Q05qNL0 is the stationary charge of the ionized impurity
the p or n region, andq is the electron charge.

Solving Eq.~1!, we obtain
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j S 2 D w S 2 D S t j
D 2

~2!

The relaxation time of the charge on thej th p–n junction is

t j5
t0N

2n0
5

~tnP01tpNc!N

2n0
2

, ~3!

wheretn andtp are the electron and hole lifetimes, respe
tively, andPv andNc are the density of states in the valen
and conduction bands, scaled to the recombination le
When a temperature gradient is present along the MS,
relaxation times on thej th and (j 11)st p–n junctions will
be different. According to Eq.~2!, the total thermal voltage
on the MS, disregarding the edge effects, is

DU~ t !5m~U j2U j 11!5mwF2Q~0!

Q0
21G2FexpS 2

2t

t j
D

2expS 2
2t

t j 11
D G12mwF2Q~0!

Q0
21G

3FexpS 2
t

t j
D2expS 2

t

t j 11
D G . ~4!

If the temperature gradient along the MS is small, th
Dt5t j2t j 11!t j5t and the total thermal voltage on th
MS will be

DU~ t !5mw
2t

t

Dt

t H F2Q~0!

Q0
21G2

expS 2
2t

tt
D

1F2Q~0!

Q0
21GexpS 2

t

t j
D J . ~5!

If the charge stored in the barrier capacitances is m
greater than the equilibrium charge, (2Q(0)/Q0)@1, then
DU(t) reaches a maximum attmax.t/2:

DUmax.mw
Dt

t S 2Q~0!

Q0
D 2 1

e
. ~6!

According to Eq.~3!, for small temperature gradients w
obtain

Dt5
DT

2mTS 2
Eg2DE

kT D t, ~7!
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In summary, a nonstationary thermoelectric power,
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of
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tive
the MS, and DE is the energy difference between th
conduction-band bottom and the recombination level
tpNc@tnPv , or the energy difference between the recom
nation level and the valence-band top if the opposite rela
holds.

We obtain the maximum value of the differential the
moelectric power by substituting the expression~7! into Eq.
~6!

DUmax

DT
.F S k

qDDF

kT G H qw

DFS 2
Eg2DE

kT D S 2Q~0!

Q0
D 2 1

2e J ,

~8!

where DF is the distance from the Fermi level to th
conduction-band bottom in at-nondegenerate semiconduct
or from the Fermi level to the valence-band top for ap-type
semiconductor. The first term in brackets in expression~8! is
the thermoelectric power in a nondegenerate semicondu
Let us estimate the second term in the braces in expres
~8!. For qw.10DF, Eq2DE.20kT, and @2Q(0)/Q0#2

.30, which is the scale factor in the braces in Eq.~8!, is of
the order of 103. The characteristic rise time of the therm
electric power att051027 s andN5107n0 is tmax.1/2 s.
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which is several orders of magnitude greater than the stat
ary thermoelectric power in a homogeneous semicondu
and with characteristic rise and fall times of the order
seconds, can be observed in MS with precharged barrier
pacitances of thep–n junctions. This effect can be observe
in polycrystalline APV films and artificially produced MS
with thin layers, and it can be used to produce ultrasensi
temperature sensors.
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Si/Si12xGex epitaxial layers and superlattices. Growth and structural characteristics

the
F. F. Sizov, V. P. Klad’ko, S. V. Plyatsko, and A. P. Shevlyakov

Institute of Semiconductor Physics, Ukrainian National Academy of Sciences, 262650 Kiev, Ukraine

Yu. N. Kozyrev and V. M. Ogenko

Institute of Surface Chemistry, National Ukrainian Academy of Sciences, Kiev, Ukraine
~Submitted April 3, 1996; accepted for publication December 25, 1996!
Fiz. Tekh. Poluprovodn.31, 922–925~August 1997!

Si, Ge, and Si12xGex epitaxial layers and Si/Si12xGex superlattices have been obtained on~100!
and ~111! silicon substrates by molecular-beam epitaxy. The growth processes and the
structural characteristics and chemical composition of the structures were studied by x-ray
diffraction and Auger spectroscopy. It is shown that under the experimental conditions for
obtaining Si/Si12xGex superlattices structurally perfect, strained superlattices with satellites
up to 65 orders can be obtained. ©1997 American Institute of Physics.
@S1063-7826~97!00708-4#
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layers make it possible to monitor growth processes at
atomic level. Structures~heterojunctions, quantum wells, su
perlattices! with controllable characteristics for micro- an
optoelectronics can be produced by combining differ
types of semiconductors and epitaxial layers of differ
thickness. The most thoroughly studied structures to date
those based on group-III and group-V semiconductors,
most important of which crystallize in the zinc blende stru
ture. In some cases, lattice-matched components can be
sen for the structures; this makes it possible to achieve c
trolled heteroepitaxy and to obtain high-quality structur
However, the most important structures for applications
still structures based on elementary semiconductors, e
cially Si — the principal material of semiconductor electro
ics.

The properties of bulk Si12xGex crystals have been in
vestigated for many years~see, for example, Ref. 1!. De-
pending on the chemical composition, the band gap in th
compounds can range from 1.1 to 0.7 eV and, for exam
Si12xGex-based photodetectors can operate in the spe
range 0.5–1.8mm, so that they can be used in fiber-op
communication lines. However, the large lattice misma
(Da54.2% atT5300 K! in the case where Si12xGex layers
are grown in silicon substrates results in a high mismat
dislocation density at the interface.

Progress in the development and investigation
strained quantum-well structures and heterostructures b
on silicon~see, for example, Refs. 2 and 3! promises devel-
opment of fundamentally new devices for micro- and op
electronics in the system Si/Si12xGex .4,5

In the present study we investigated the structural ch
acteristics of Si, Ge, and Si12xGex layers and superlattices i
the Si/Si12xGex system, prepared by molecular beam epita
~MBE! on ~100! and ~111! silicon substrates.

One of the main problems in growing perfect quantu
well structures and heterostructures based on Si and Ge
assure layerwise two-dimensional stepped growth at r
tively low epitaxy temperatures (T<550 °C) while avoiding
three-dimensional growth with a high germanium conten
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Si12xGex layers is disrupted and a high defect density ari
in them.

In the heteroepitaxy of lattice-mismatched semicond
tors, there exist critical thicknesses of epitaxial layers up
which the lattice mismatch is compensated for by stresse
the layers. In the case at hand, this results in a tetrag
distortion of the unit cell. The typical values of the critic
thicknesses for Si12xGex layers on substrates with growt
temperaturesT.500 °C are 1000 Å for layers with
Da51% (;20% Ge! and only 10 Å forDa54.2% ~pure
germanium!. When the critical thicknesses are exceeded,
laxation of mechanical stresses occurs in the layers and
match dislocations are formed.

Epitaxial layers of Si and Si12xGex were grown on~100!
and ~111! substrates by molecular-beam epitaxy in a Katu
system with substrate temperaturesT54002830 °C in
vacuum with a residual pressure not exceeding 531028 Pa.
A high-energy electron diffractometer built into the grow
chamber made it possible to monitor within 3 Å the thick-
ness of the layers being grown and the degree of their st
tural perfection according to the rearrangements of the st
ture of the growth surface directly during the growth proce

The pre-epitaxial preparation of the silicon substra
consisted in chemical etching away of the natural oxide a
depositing a;1-mm-thick passivating oxide film with the
aim of later removing the film in a controllable manner in t
growth chamber. During the heating of the silicon substra
in the growth chamber up to a temperatureT.850 °C with
residual vapor pressure<1027 Pa, the interaction of the
weak Si vapor flow (FSi.1015 cm2/s! with the surface of the
substrates according to the reaction

SiO21Si→SiO↑ ~1!

produced in a time of 2–5 min an oxygen-free, atomica
clean surface and resulted in the appearance of clear re
tions of 737 and 231 structures for~111! and~100! orien-
tations, respectively.

The minimum temperature at which epitaxial grow
of the Si buffer layers could be achieved was equal

786786-03$10.00 © 1997 American Institute of Physics
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FIG. 1. a — Oscillations of the centra
HEED reflection at time t during
growth of Si epitaxial films~top! and
the change occurring in the oscillation
when the Ge source~bottom, arrow!
for growing Si12xGex epitaxial layers
is switched on b — distribution of the
chemical composition in the plane of
Si12xGex epitaxial layer with thickness
d.1 mm, obtained by molecular-
beam epitaxy on a Si~100! plate. The
values ofx are indicated.
;400 °C with a growth rate of 1.021.5 Å/s. The oscillations
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of the central HEED reflection~see Fig. 1a!, according to
which the epitaxial growth rate was determined, remain
distinct and stable, indicating that the growth of the epitax
layers was a two-dimensional process.

The conditions for obtaining epitaxial Ge and Si12xGex

layers on Si~111! substrates were investigated. Specifica
the optimal growth parameters of epitaxial germanium fil
on silicon substrates with surface restructurin
(737)→(535)→(238)→(131) were determined and
studied in the temperature rangeT53502650 °C. The epi-
taxial Si12xGex layers ranged in thickness from 50 Å to
mm and in Ge contentx.0.0720.70. The growth conditions
made it possible to obtain Si12xGex epitaxial layers on Si
substrates, 60–76 mm in diameter, with a relative comp
tion uniformity of 61%.

Figure 1b shows the distribution of the Ge content
Si12xGex epitaxial layers for the regimes prescribed for o
taining layers withx.0.35. It is obvious that the uniformity
of the Ge distribution is relatively high, and that the comp
sition matches well the prescribed growth conditions. Fig
2 shows diffraction-reflection curves for Si/Si12xGex hetero-
systems with different chemical compositions of the epitax
layers.

The composition of the Si12xGex epitaxial layers was
monitored according to the angular separationDu between
the positions of the peaks in the x-ray diffraction reflecti
pattern assuming that Vegard’s law holds@Vegard’s law
holds well in Si12xGex ~the lattice constants area55.431 Å
for Si and a55.657 Å for Ge atT5300 K!#, taking into
account the corrections for the degree of relaxation of
strained layers. The error in measuringDu is 619 ~irrespec-
tive of the composition!. This makes it possible to determin
the composition of the layers with an absolute accuracy
60.3%. The elastic stresses existing in heterojunctions
fect the determination of the chemical composition of t
layers. However, as a result of the relatively large radii
curvature of the silicon plates with epitaxial layers, in det
mining the composition of the layers the corrections made
as to take into account the relaxation of the mechan
stresses in the heterostructure are small.

The intensity of the diffraction reflection peaks from th
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Si/Si12xGex superlattices is a fraction of a percent of th
intensity of the reflection peak from the silicon substra
However, these peaks are still intense enough to determ
the thickness of the epitaxial layers with a relative accura
of 63%.

The profiles of the chemical composition distribution
the heterostructures and Si/Si12xGex superlattices were also
investigated by layerwise analysis in a 09 IOS-005 Aug
spectrometer. The surface of the samples was etched
argon ions at a constant rate in the energy range 2.0–3.5
and with ion-beam current densities 180–350mA/cm2 and
ion-beam diameter;0.75 mm. The intensity~numberN of
electrons! of the Ge Auger peak~energyE51146.8 eV! was
measured continuously. The typical dependence of
change in the intensity of the Ge Auger peak over the de
of the sample~the accumulation timeta with a constant etch
rate is proportional to the distance from the sample surfa!
is shown in Fig. 3. As one can see from Fig. 3, the perio
icity and thickness of the separate Si and Si12xGex layers
~70-Å SiGe and 90-Å Si! hold up quite well. The Ge mola

FIG. 2. Diffraction reflection curves for Si12xGex heterostructures on S
~100! substrates.x: 1 — 0.39,2 — 0.44. The intensityI scale is logarithmic.
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x-ray
ion
fraction in the Si12xGex layers, determined according to th
ratio of the Ge and Si Auger peak intensities for heterostr
tures and Si/Si12xGex superlattices, correspond satisfactor
to the prescribed regimes of experimental growth of
structures.

The structural characteristics of the Si a
Si12xGex buffer layers, as well as the periodic Si12xGex

structures with periodd51002300 Å were investigated by
the x-ray diffraction method in a DRON-3 diffractomet
with a double-crystal scheme in the (n,2n) geometry with a
Si ~100!, ~111! monochromator and a CuKa1 radiation line
(l51.54051 Å). The x-ray diffraction method makes it po
sible to determine at the same time the stress distribution
chemical composition, and the period of the superlattic
The mechanical stresses arising as a result of the lattice
match between the buffer layer and the substrate and
tween the buffer layer and the superlattice results in bend
of the silicon plates; this bending can be determined acc
ing to the change in the angular position of the main diffra
tion peak. The average curvature of the silicon plates w
the Si12yGey (y.0.5x) buffer layers was equalR21

.0.2 m21.
The periodd of the Si12xGex superlattices was deter

mined according to the angular separationD(2u) between
the satellites in the x-ray diffraction spectra

d5
l

D~2u!
cosus

21 , ~2!

whereus is the Bragg angle of reflection from the substra
During the growth of Si12xGex superlattices the condi

tion for pseudomorphic growth of the epitaxial layers w
satisfied~strained superlattices!, and satellites up to65 or-
ders were observed in the x-ray diffraction reflection spec
The presence of numerous, regularly spaced, and w
defined x-ray satellites attests to the structural perfection

FIG. 3. Variation in the intensity of the Ge Auger peakE51146.8 eV with
layerwise etching of the surface of a strained Si12xGex superlattice by Ar
ions. The ion energy is 2.8 keV, the current is 250mA/cm2, and the ion
beam diameter is 0.75mm. The period of the superlattice is 160 Å. Inset: G
Auger peak.
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the superlattices6 — the existence of sharp boundaries b
tween the layers, uniformity of their chemical compositio
etc.

The typical x-ray diffraction pattern of a five-perio
Si12xGex superlattice (x.0.35, periodd.181 Å, SiGe layer
thickness 72 Å, Si thickness 109 Å! on a silicon~111! sub-
strate with a 0.2-mm-thick Si buffer layer is shown in Fig. 4
The main~wide at the base! peak atu514°138 is due to the
~111! reflection from the silicon substrate and is a referen
reflection in the present case. The intensity of the diffract
reflection peaks from the Si/Si12xGex superlattice equals
fractions of a percent of the intensity of the reflection pe
from the silicon substrate. Several relatively wide but we
separated negative (2 i ) and positive (1 j ) satellites, which
attest to the good uniformity of the layers over thickness, c
be seen in Fig. 4.

The free-carrier density in the Si, Ge, and Si12xGex ep-
itaxial layers was equal to 101521017 cm23. To control the
electrical characteristics of the layers of the superlattices,
Si layers were doped with boron with a resulting density
101721019 cm23.

In summary, our investigations of the growth of Si, G
and Si12xGex layers and our study of their structural chara
teristics have shown that structurally perfect heterostructu
and Si/Si12xGex superlattices with a large area and pr
scribed chemical composition can be obtained.

1S. C. Jain, J. R. Willis, and R. Bullough, Adv. Phys.39, 127 ~1990!.
2G. Abstreiter, ‘‘Engineering the future of electronics,’’ Physics Worl
1992, p. 36.

3F. F. Sizov, inInfrared Photon Detectors, edited by A. Rogalski, SPIE
Optical Engineering Press, Bellingham, Washington, 1995, p. 561.

4R. A. Metzger, Compound Semicond.1, N 3, 21 ~1995!.
5K. Eberl, W. Wegscheider, and G. Abstreiter, J. Cryst. Growth111, 882
~1991!.

6B. M. Clemens and J. G. Gay, Phys. Rev. B35, 9337~1987!.

Translated by M. E. Alferieff

FIG. 4. X-Ray diffraction intensity versus diffraction angle for a five-perio
Si12xGex superlattice on a Si~111! substrate with a 0.2-mm-thick Si buffer
layer. Measurement conditions: CuKa1 radiation line with wavelength
l51.54051 Å, Si~100! monochromator,~400! reflection. Superlattice pa-
rameters: period 181 Å, SiGe layer thickness 72 Å, Si layer thickness 10
The peaks of the negative (2 i ) and positive (1 j ) satellites for the super-
lattice are numbered. The dashed line represents the oscillations of the
diffraction of the satellites which are masked by the intense diffract
reflection peak from the silicon substrate.
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Simple method for reconstructing the doping fine structure in semiconductors from

s-
C2V measurements in an electrolytic cell

V. I. Shashkin, I. R. Karetnikova, A. V. Murel’, I. M. Nefedov, and I. A. Shereshevski 

Institute of Microstructure Physics, Russian Academy of Sciences, 603600 Nizhni� Novgorod, Russia
~Submitted August 13, 1996; accepted for publication December 25, 1996!
Fiz. Tekh. Poluprovodn.31, 926–930~August 1997!

A simple method is proposed for reconstructing the doping fine structure in semiconductors from
capacitance-versus-voltage measurements with electrochemical etching. The method makes
it possible to determine the doping profile directly from the semiconductor surface and provides
resolution on scales of less than the Debye screening length. Numerical calculations
confirm that the doping profile in semiconductors can be reconstructed with a resolution of
several nanometers. ©1997 American Institute of Physics.@S1063-7826~97!00808-9#
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A method based on measurements of the capacita
versus-voltage (C2V) characteristics with a reverse bias a
plied to a Schottky barrier is widely used to determine
dopant concentration profile of semiconductor structures.1 In
the mid-1970s it was suggested that a barrier contact
semiconductor sample with an electrolyte be used for
purpose~instead of depositing metal or mercury contacts!.2

The possibility of performing consecutively a measurem
of the concentration and very precise electrolytic etching o
sample in an electrolytic cell made it possible in practice
remove the limit on the doping profiling depth. Thus, inve
tigators were equipped with a convenient and effici
method for reconstructing a profile during electrochemi
etching~ECP method!.3 While ECP method retains the fun
damental principles ofC2V measurements, it also inheri
the drawbacks:1,4 1! It is impossible to obtain information
about the impurity distribution in the initial-depletion regio
near the surface and 2! there are errors and limits on th
resolution of the fine structure of the doping profile on sca
comparable to the Debye screening length. Both drawba
arise from the fact that the analysis is performed on the b
of classical formulas which are obtained in the comple
depletion approximation. The concentration is determine
the boundary of the depletion region, where the approxim
tion is very crude. A clear formulation of the problem of th
accuracy of the doping profiling was given a long time ag5

and the problem was subsequently discussed repeatedly~see,
for example, Refs. 1 and 4!. However, practical schemes fo
reconstructing sharp doping profiles on the basis ofC2V
data have only recently been proposed.6–8 These schemes ar
based on an iterative determination of the doping profile i
given class of functions by numerically minimizing the di
crepancy between the measured and computedC2V curves.
Such information is obviously very important for the inve
tigation of diverse semiconductor multilayer microstructur

In the present paper we propose a simple method
reconstructing the doping fine structure in semiconductors
the basis of electrochemicalC2V measurements durin
electrochemical etching. The method provides a resolutio
less than the Debye screening length and it reconstructs
doping profile in the region of initial depletion near the su
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cussed. Numerical modeling of experiments on ECP of
semiconductor structures shows that the doping profile
be reconstructed with nanometer resolution.

2. FORMULATION OF THE DIRECT PROBLEM FOR
CALCULATING THE CAPACITANCE

Let us assume that an electrolyte is brought into con
with the flat surface of an-type semiconductor possessing
nonuniform impurity distributionN(x) near the surface. Fo
a given biasV the current through the contact is weak; th
corresponds to constant positions of the Fermi quasilevel
the semiconductor (EFS) and electrolyte (EFE).9 The prob-
lem is assumed to be one-dimensional. For simplicity, let
assume that the impurities in the semiconductor are c
pletely ionized, that there are no deep levels, that the con
bution of the minority carriers is small, that the electro
satisfy Boltzmann’s statistics, and that the voltage drop
the electrolyte can be ignored.

The electrostatic potentialc(x) satisfies the Poisson
equation

]2c

]x2
5

4pe

«
@N0 exp~ec/kT!2N~x!#, x>xe ~1!

with the standard boundary conditions

c~xe!52V2
F2E0

e
, c~`!50, ~2!

which are elucidated by the band scheme of the electroly
semiconductor contact shown in Fig. 1. HereF is the Gal-
vani potential, andEc(x) denotes the position of the
conduction-band bottom

Ec~x!5E02ec~x!, E052kTln~N0 /Nc!, ~3!

whereNc is the effective density of states in the conducti
band. The notation has been introduced for the position
the etch front —xe and for the boundary of the depletio
region —xd .

In writing the relations~1!–~3! it is actually assumed
that at somex0 the semiconductor becomes uniform, i.e., t
density of the dopant remains constant,

789789-04$10.00 © 1997 American Institute of Physics
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N~x!5N0 , x>x0 . ~4!

As noted in Ref. 10 , this assumption often corresponds
the real situation for an epitaxial structure grown on a se
conductor substrate or it can be justified by the fact t
doping nonuniformities which are located sufficiently f
away cannot greatly influence the space charge in the de
tion region.

For a prescribed profileN(x) the problem~1! and~2! has
a solution that determines the integral characteristics —
charge per unit area

Q~xe ,V!52
«

4p

]c

4p
ux5xe

5eE
xe

`

@N~x!2N0 exp~ec/kT!#dx ~5!

and the specific capacitance

C~xe ,V!5
]Q

]V
, ~6!

which are functions of the two independent variablesxe and
V.

3. APPROXIMATION OF COMPLETE DEPLETION OF THE
NONUNIFORM-DOPING REGION

The complete-depletion approximation is based on
introduction of a sharp hypothetical boundaryxd which sepa-
rates a regionx,xd which is completely depleted of major
ity carriers from the neutral regionx>xd ~see, for example
Ref. 1!. It is obvious that the complete-depletion approxim
tion can be satisfactory if the nonuniformly doped part of t
structure becomes depleted in the range of voltagesV and
etch stepsxe of interest, i.e.,

xd~xe ,V!.x0 . ~7!

Then the solution of the problem is obvious

Q~xe ,V!5eE
xe

xd
N~x!dx, ~8!

c~xd!2c~xe!5V1
F2E0

e
5

4pe

« E
xe

xd
~x2xe!N~x!dx,

~9!

FIG. 1. Band diagram of electrolyte–semiconductor contact withV Þ 0.
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c(xd)50 is admissible in Ref. 9 . Let the variablesxe andV
be independent. Let us differentiate the expressions~8! and
~9!

1

e
dQ5N~xd!

]xd

]V
dV1FN~xd!

]xd

]xe
2N~xe!Gdxe , ~10!

«

4pe
5N~xd!~xd2xe!

]xd

]V
dV

1FN~xd!~xd2xe!
]xd

]xe
2

1

e
QGdxe . ~11!

Using expression~6!, we obtain the standardC2V profiling
formulas1,4

C5eN~xd!
]xd

]V
5

«

4p~xd2xe!
~12!

and

xd5xe1
«

4pC
, N~xd!5

8p

«eF]~1/C2!

]V G21

, ~13!

which determine in parametric form the doping profile on t
basis of the measured dependenceC(xe ,V). It is obvious
that on the strength of the assumption~7! the calculations
based on Eq.~13! give the trivial resultN(xd)5N0.

4. SIMPLE METHOD FOR RECONSTRUCTING THE DOPING
PROFILE

Expressions forN(xe) andQ, which are more importan
for the discussion below, follow from Eqs.~10! and ~11!:

N~xe!5
1

eS 4p

«
QC2

]Q

]xe
D , ~14!

Q~xe ,V!5F11
«

4p

]~1/C!

]xe
GF]~1/C!

]V G21

. ~15!

The relations presented above are the solution of the inv
problem and make it possible to determine on the basis of
measured voltage dependences of the capacitanceC(xe ,V)
the dopant concentration profile at each etch step, star
directly from the semiconductor surface.

Other methods of finding the concentration profi
which could be convenient from the experimental standpo
follow from Eqs.~10! and~11!. For example, measuremen
can be performed with the position of the boundary of t
depletion region held constant for several etching steps.
ting dxd50 in Eqs.~10! and ~11!, we find

N~xe!5
«

4pe

d2V

dxe
2

~16!

provided that

xe1
«

4pC~xe ,V!
5const. ~17!

In this case the doping profile is reconstructed as follow
Voltage incrementsDV satisfying the condition~17! are se-

790Shashkin et al.
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ferentiation scheme is used to calculateN(xe) from Eq.~16!.
The main difference between the standard appro

based on Eq.~13! and the proposed approach based on E
~14! and ~16! for reconstructing the doping profile is that
the latter case the change in the capacitance characterist
the semiconductor is attributed to the charge present in
surface layer and is removed by electrolytic etching. The
fore the characteristic features of the distribution of mob
charge carriers at the depletion boundary do not greatly
fluence the accuracy and resolution of the doping profili
For this reason, resolution limits on scales of the Deb
screening length, which are inherent in the standard
proach, do not arise in the calculations based on Eqs.~14!
and ~16!.5 It is obvious that the validity of the expression
~16! and~17! can be substantiated if the assumptions of S
3 are not made. Indeed, Eq.~16! is the Poisson equation~1!
written for the surface part of the structure, whe
2c@kT/e and the contribution of mobile charge carrie
can be neglected. The condition~17! gives the change in the
applied voltage~2! on etch stepsxe andxe8 that maintains a
constant potential corresponding to the exact equation~1! in
the bulk of the semiconductor,c(xe ,V,x)5c(xe8 ,V8,x) for
x.xe8.xe . Solving Poisson’s equation in the interv
(xe ,xe8), it is easy to establish the required relation betwe
the capacitances:

1

C~xe8 ,V8!
5

1

C~xe ,V!
2

«

4p~xe82xe!
, ~18!

which is equivalent to Eq.~17!. Therefore, in contrast to th
approach based on Eq.~14!, the only condition on the appli
cability of Eq. ~16! for doping profiling is the requiremen
that the depletion must be strong near the surface of
semiconductor:2c@kT/e.

5. RESULTS OF NUMERICAL MODELING

To assess the possiblity of reconstructing doping profi
on the basis of Eqs.~14! and~16!, numerical modeling of the
ECP process was performed for different profilesN(x). To
find the voltage dependence of the capacitance at each
step, be solved numerically the direct boundary value pr
lem ~1! and~2!, which was reduced to a Cauchy problem
the method described in detail in Ref. 10. Furthermore
avoid errors arising from the numerical differentiation in c
culating the capacitance~6!, we differentiated with respect to
V the Poisson equation and the boundary conditions.
system of two second-order equations obtained was so
by the fourth-order Runge–Kutta method with automatic
lection of the step size. The functionC(xe ,V) calculated in
this manner was used to reconstruct the doping profile in
variant A — according to Eq.~14! and in the variantB —
according to Eq.~16!, interpolatingC as a function ofV in
order to find the required incrementsDV.

Piecewise constant profilesN(x) were chosen as tes
profiles. The typical parameters for the ECP method w
used in the modeling:4,11 etch step is 1 nm,F2E051.7 eV,
and voltage range is from 0 to 0.2 V.
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The form ofN(x) and the computational results are pr
sented in Figs. 2 and 3. The dashed line shows the in
profile and the dotted line shows the doping profile obtain
with the standard approach~13!. The position of the bound-
ary of the depleted region, which is reached at the first e
stepxe50, is marked in the figures. For the doping profi
shown in Fig. 2, the nonuniform part of the structure is in
tially depleted. It is evident from the figures that to with
the etch step the profiles computed in the variantsA andB
are identical to the given variant. The additional peaks
Figs. 2a and 3a are related to the numerical-differentiat
errors, which were found to be greatest near the jumps
N(x). For the structure shown in Fig. 3 with wider regions
constant density, the condition~7! breaks down; nonetheless
both profiling variants again give good agreement with
initial profile. In general, when the condition~7! is violated,
the calculations in variantA lead to appreciable errors. I
this case the standard calculation represented by the do
Fig. 3 essentially does not show the structure of the impu
distribution.

The numerical calculations performed for different p
rameters of the problem show that the main difficulty
using the proposed Eqs.~15! and ~16! arises due to the ne
cessity of calculating high-order derivatives. This impos
stringent requirements on the accuracy of the initial da
Specifically, to use Eq.~15! the value of the capacitanc
must be known with a higher degree of accuracy than w
Eq. ~16! is used. On the other hand, Eq.~16! requires
C2V curves in a wider and more thoroughly computed vo
age range.

FIG. 2. Results of a numerical calculation of the doping profile~solid line!
in the variantsA ~a! andB ~b!, as well as calculations on the basis of th
standard equation~13! ~dotted line!. Dashed line — given profile.
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6. CONCLUSIONS

A simple method has been proposed for reconstruc
the doping fine structure by electrochemicalC2V profiling.
The method makes it possible to reconstruct the doping
file directly from the semiconductor surface with a high sp
tial resolution on scales less than the Debye screening len

FIG. 3. Same as Fig. 2 but for a structure with wider regions of cons
density.
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step, which can be equal to several nanometers.The pro-
posed approach can obviously be extended for analysi
more complicated semiconductor structures~for example,
anisotropic structures, structures with degenerate statis
and others!.

This method has the drawback that numerical differe
tiation of the experimental data is required. This impos
stringent requirements on the accuracy of measurements
requires that the known experimental errors in the ECP p
cedure be reduced to a minimum.4 The method can be imple
mented on the basis of known electrochemical profilome
schemes, for example, profilometers based on an autom
digital system, as described in Ref. 11. The results of
profiling of real semiconductor structures will be publishe

This work was sponsored by the Russian Fund for F
damental Research under Project No. 95-02-05870a.

1E. H. Rhoderick and R. H. Williams,Metal-Semiconductor Contacts
~1988!.

2M. M. Faktor, T. Ambridge, and E. G. Bremner,Apparatus and Method
for Measuring Carrier Concentration in Semiconductor Materials, U. K.
Patent Specification No. 1482929~1975!.

3M. M. Faktor, T. Ambridge, C. R. Elliot, and J. C. Regnault,Current
Topics in Material Science,edited by E. Kuldis, 1980, Vol. 6, p. 1.

4P. Blood, Semicond. Sci. Technol.1, 7 ~1986!.
5W. C. Johnson and P. T. Panousis, IEEE Trans. Electron. Dev.ED-18,
965 ~1971!.

6G. J. L. Ouwerling, Solid–State Electron.33, 757 ~1990!.
7K. Iniewski and C. A. T. Salama, Solid–State Electron.34, 309 ~1991!.
8M. F. Kokorev, N. A. Maleev, V. M. Ustinov, A. Yu. Egorov, and A. F
Zhukov, in Abstracts of Reports at the Intern. Symp. on Nanostructur
Physics and Technology,St. Petersburg, 1996, p. 161.

9V. A. Myamlin and Yu. V. Pleskov,Electrochemistry of Semiconductor
@in Russian#, Nauka, Moscow, 1965.

10L. H. Holway, IEEE Trans. Electron. Dev.ED-37, 1104~1990!.
11I. V. Irin and A. V. Murel’, Prib. Tekh. Éksp., No. 6, 150~1993!.
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Effect of pulsed laser irradiation on the optical characteristics and photoconductivity

re-
of the solid solutions CdHgTe
L. A. Golovan’, P. K. Kashkarov, and V. Yu. Timoshenkoa)

M. V. Lomonosov Moscow State University, 119899 Moscow, Russia

V. M. Lakeenkov

State Scientific-Research Institute of Rare Metals, Moscow, Russia
~Submitted September 23, 1996; accepted for publication December 25, 1996!
Fiz. Tekh. Poluprovodn.31, 931–935~August 1997!

The melting threshold of Cd0.2Hg0.8Te has been determined by numerical modeling of the
irradiation of the material with nanosecond ruby-laser radiation pulses:Wn540250 mJ/cm2 with
initial crystal temperatureT05100 K andWm530240 mJ/cm2 at T05300 K. Laser-
induced modification of the surface of the sample under irradiation with energy densityW,Wm

was found; it was manifested as a quenching of the stationary photoconductivity and an
increase in the reflection coefficient. For laser irradiation withW above the melting threshold,
the reflection coefficient increases further in the region up toW*100 mJ/cm2 and
decreases forW.110 mJ/cm2. For above-threshold irradiation, the photoconductivity signal was
found to decrease monotonically with increasing energy density in the laser pulse; this can
be explained by defect formation caused by laser-induced variation of the composition in the
surface region. ©1997 American Institute of Physics.@S1063-7826~97!00908-3#

The solid solutions CdxHg12xTe find application in ~PC! signal was observed. In Ref. 8, in contrast, it was
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modern optoelectronics and are widely used in the fabr
tion of infrared radiation detectors. It is important to devel
new methods of directed modification of the electrical a
optical properties of this compound. They include pulsed
ser irradiation~PLI!, which is distinguished by the local na
ture and short duration of the action on a semiconduct1

Auger spectroscopy,2,3 Rutherford backscattering,3–5 and
optical6–8 investigations of laser-induced modifications
the structural, compositional, and recombination proper
of CdHgTe have revealed a number of PLI-induced p
cesses, including mercury depletion of the CdHgTe surfa4

and the appearance of a nonmonotonic distribution of
concentrations of the components.3

However, in the literature there is no general consen
concerning a number of questions regarding the PLI
CdHgTe. This refers primarily to the energy densityWm at
which the CdHgTe surface melts during PLI. It is very im
portant to know the value ofWm in order to clarify the ques-
tion of the mechanisms of laser-induced modification o
semiconductor.9 We note that there are no direct experime
tal measurements ofWm . The published computed value
and the data obtained from indirect observations are v
inconsistent. For example, in Refs. 2 and 6 the melt
threshold for irradiation with nanosecond YAG:Nd-las
pulses is estimated to be 30–40 mJ/cm2. In Ref. 8 the melt-
ing threshold for PLI of CdHgTe by ruby-laser radiation
taken to be 160 mJ/cm2. The calculations performed in Re
10 for the case of irradiation with nanosecond ruby-la
pulses gave the valueWm5180 mJ/cm2. The latter values
are very high, since CdHgTe is distinguished by low therm
conductivity and a low melting point.

Data on the variation of the electronic properties
CdHgTe under PLI are sparse and inconsistent. For exam
in Ref. 7 a PLI-induced decrease of the photoconductiv
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ported that irradiation with below- and above-thresho
~from the standpoint of the authors! pulses increased the P
signal substantially. These inconsistencies could be du
the lack of accurate information about the melting thresho
as well as information about the laser-induced variation
the reflection coefficient. Laser-induced modification of t
reflection coefficient could change the recorded PC signa

In the present work we performed calculations of t
temperature profiles in Cd0.2Hg0.8Te in order to determine
the melting threshold of a surface irradiated with nanosec
ruby-laser pulses. The PLI-induced changes in the reflec
coefficient were investigated experimentally. The station
PC signal from CdHgTe before and after laser action w
measured.

1. NUMERICAL MODELING OF PULSED LASER
IRRADIATION OF CdHgTe

The action of nanosecond ruby laser pulses
CdxHg12xTe (x50.2) single crystals with initial surface
temperaturesT05300 and 100 K was studied. The latte
value of the surface temperature was chosen because th
measurements were performed at this temperature. The
dimensional heat-conduction equation was solved1

rC~T!
]T~x,t !

]t
5

]

]xFK~T!
]T~x,t !

]x G1P~x,t !

with the boundary conditions

]T

]x U
x50

50, Tux→`5T0 ,

wherer is the density,C(T) is the specific heat,K(T) is the
thermal conductivity,P(x,t) is the heat generation function

793793-04$10.00 © 1997 American Institute of Physics
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P~x,t !5~12R!aI ~ t !exp~2ax!,

a is the absorption coefficient,R is the reflection coefficient
and I (t) is the intensity of the laser pulse.

It was assumed that the laser pulse is a Gaussian w
20-ns duration at half-maximum. In the calculations t
functionsC(T) andK(T) from Ref. 10 , extrapolated to low
temperatures in the case of irradiation atT05100 K, were
used. In accordance with the data of Ref. 11 , it was assu
that the absorption coefficient in the solid phase isa51.3
3105 cm21 and the reflection coefficient isR50.35 (a and
R were assumed to be temperature-independent!. The ab-
sorption coefficient of Cd0.2Hg0.8Te in the liquid phase was
chosen to be 53105 cm21 ~Ref. 12!, and the reflection co-
efficient was assumed to be constant since it changes
little on melting ~see below!. The melting temperature wa
chosen to beTm51018 K, i.e. it falls between the values 97
and 1063 K, which determine the temperature range of
solid–liquid phase transition in the solid solutio
Cd0.2Hg0.8Te.13

Figure 1a shows a curve of the temperature of the se
conductor surface (T) and Fig. 1b shows the thickness of th
melted layer (d) for the case of irradiation atT05100 K. As
one can see from Fig. 1, forW.50 mJ/cm2 the surface tem-
perature reachesTm , and the thickness of the melt is abo
10 nm. Taking into account the range of melting tempe

FIG. 1. a — Surface temperature (T) of Cd0.23Hg0.77Te as a function of the
irradiation time (t). W, mJ/cm2: 2 — 40, 3 — 50, 4 — 70, 5 — 110;
T05100 K; 1 — laser pulse. The dashed lines correspond toT5975 and
1050 K between which melting occurs. b — Thicknessd of the melted layer
as a function of irradiation timet with W550 ~1!, 70 ~2!, 110 ~3! mJ/cm2

andT05100 K.
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ing thresholdWm lies in the range of energy densities 40–
mJ/cm2. As the energy densityW increases, the surface tem
perature and thickness of the melted layer also incre
reaching 1850 K and 200 nm, respectively, forW5110
mJ/cm2.

Similar calculations for an initial crystal temperatu
T05300 K give melting thresholds of 30–40 mJ/cm2, in
agreement with the value ofWm obtained in Ref. 2 on the
basis of an analysis of compositional changes.

2. EXPERIMENTAL PROCEDURE

Cd0.23Hg0.77Te single crystals with@111# orientation
grown by a modified Bridgman method with the melt zo
constantly replenished with a solid phase were used. Prio
the experiments the samples were treated in a solution
bromine in ethanol.

Irradiation was conducted with ruby laser pulses~wave-
length l5694 nm, pulse lengtht520 ns! in vacuum at
T05100 K. A quartz homogenizer was used to obtain u
form and unpolarized radiation.9

Both the static and dynamic variations of the reflecti
coefficient with a single PLI were measured. The intensity
the Ar1-laser probe beam (l5488 nm! reflected from the
sample surface was recorded for this purpose. The temp
resolution of the recording system was no worse than 5

The measurement of the recombination properties w
repeated irradiation by pulses of different energy densi
was monitored by the method of stationary PC excited
continuous Ar1 and He–Ne laser radiation withl5488,
633, and 1150 nm at 100 K. The intensities of the radiat
employed were approximately the same.

3. EXPERIMENTAL RESULTS

Figure 2 shows the time dependences of the reflec
coefficient during irradiation with different energy densitie
Even atW528 mJ/cm2 the variations of the reflection coef
ficient DR become appreciable, and they increase withW.
For W.30 mJ/cm2 the reflection coefficient does not retur
to its initial valueR0. Indeed, as one can see from Fig. 3, t
stationary reflection coefficient increases under PLI w
W5302100 mJ/cm2. Laser action with energy densitie
W.100 mJ/cm2 decreases the reflection coefficient, as o
can see from Fig. 2~curve6! and Fig. 3. An increase in the
diffuse scattering of light from the sample surface was o
served at the same time. Measurements of the spectra
pendence of the reflection coefficient of CdHgTe samp
showed that large changes in the form of the spectrum in
range 0.4–1mm do not occur after PLI with the energ
densities employed.

The dependence of the stationary PCI PC on the energy
density is shown in Fig. 4. One can see that the PC sig
starts to decrease atW527 mJ/cm2. The magnitude of the
change in the PC increases with the PLI energy density
approaches a stationary value. The degree of quenchin
the PC increases with decreasing wavelength of the exci
light.

794Golovan’ et al.
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4. DISCUSSION

Laser-induced changes in the reflection coefficient a
PC start atW.30 mJ/cm2. This figure is less than the valu
determined in the calculations of the melting thresho
Wm540250 mJ/cm2. This probably indicates that sub
threshold processes can occur during PLI of CdHgTe. A p
sible subthreshold process is the sublimination of the co
ponents during heating. For example, mercury, characteri
by saturated vapor pressureps.30 atm atT5970 K ~Ref.

FIG. 2. Dynamics of the changeDR in the reflection coefficient of
Cd0.23Hg0.77Te under irradiation.w, mJ/cm2: 2 — 19, 3 — 28, 4 —32, 5 —
77, 6 — 123; T05100 K. 1 — Laser pulse.

FIG. 3. Stationary reflection coefficient of Cd0.23Hg0.77Te versus the energy
density in the laser pulse.T05100 K.
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14!, can effectively evaporate before melting starts. T
agrees with the data obtained in Ref. 15 with pulsed ther
annealing of CdHgTe. In interpreting the changes in the
flection coefficient and the PC, the possibility of other su
threshold mechanisms of laser-induced defect formation
the surface region, for example, the electronic-deformati
thermal mechanism,9 also cannot be ruled out.

Let us now discuss the changes occurring in the prop
ties of CdHgTe under irradiation with energiesW>Wm . The
maximum PLI-induced increase in the reflection coefficie
~Fig. 3! reaches 30% (R.0.45), which corresponds to th
magnitude of the change in the reflection coefficient of Cd
under PLI16 but is less than the analogous variations un
laser irradiation of IV and III–V materials.17 We note, how-
ever, that the dynamics of the PLI-induced variation of t
reflection coefficient of CdHgTe differs substantially fro
the dynamics of variation of the reflection coefficient
CdTe and IV and III–V materials, for which a nonmonoton
variation ofR(t) during laser irradiation was recorded. Th
difference could be due to the more complicated P
induced compositional changes occurring in CdHgTe.

The PLI-induced increase in the reflection coefficient
30,W,100 mJ/cm2 can be explained by the change in th
crystal structure of the surface layer. Another reason co
be a separation of a high-reflection phase~for example, a Hg-
or Te-enriched phase! in a layer near the surface. The anne
ing, observed in Ref. 4, of ion-implanted CdxHg12xTe by
ruby laser pulses attests to the first assumption. The sec
assumption — the separation of a Hg-enriched phase on
surface — was advanced in Ref. 6. In Ref. 2 the merc
concentration at a depth of 5–10 nm was observed to
crease. Although an increase in the Hg concentration was
observed in other investigations of PLI-induced changes
the composition of CdHgTe,3,4 in Ref. 18, where the experi
mental results of Ref. 3 are explained on the basis of eva
ration, diffusion, and segregation of Hg in the melt, it w
shown that a thin mercury-enriched layer can form. The p
sibility that a thin Te-enriched layer forms on the surface
samples after laser action, with which the observed incre
in the reflection coefficient could be associated, also can
be ruled out. However, we know of no direct experimen

FIG. 4. Stationary photoconductivityI PCof Cd0.23Hg0.77Te, normalized to
the initial value, versus the PLI energy density. Wavelength of the exci
light l, mm: 1 — 1.15,2 — 0.633,3 — 0.488. The vertical lines indicate
the energy-density interval containing the melting threshold.T05100 K.

795Golovan’ et al.



evidence of the segregation of tellurium in CdHgTe after
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The PLI-induced decrease in the reflection coeffici

for W.110 mJ/cm2 is due primarily, in our view, to the
intense evaporation and boiling of the melted layer, wh
result in substantial damage to the surface. This conclusio
confirmed by the fact that electron-microscopic investig
tions of CdHgTe samples subjected to PLI wi
W51002150 mJ/cm2 show an appreciable change in su
face morphology.2,8

Let us now discuss the data on the effect of abo
threshold PLI on the PC. The magnitude of the laser-indu
quenching of PC cannot be explained by a change in
reflection coefficient in view of the small variations and co
stancy of the shape of the spectrum of the reflection coe
cient after PLI. Consequently, it can be concluded that
lifetime of the minority charge carriers decreases as a re
of defect formation. The high degree of quenching of P
excited by shorter wavelength radiation is explained by s
face localization of the defects which are produced. The
reaches a stationary value probably as a result of the co
bution of charge carriers which had been differentiated i
the bulk. Indeed, the diffusion length of charge carriers
CdHgTe is 10mm,19 while for W570 mJ/cm2 the thickness
of the fused layer does not exceed the value 100 nm~see Fig.
1b! and the thickness of the defect layer formed as a resu
laser action with the same energy density, determined by
Rutherford backscattering method, is 40 nm. A change in
composition of the surface region can be suggested as a
sible mechanism of defect formation. The latter mechan
is confirmed by variations of the reflection coefficient af
PLI. The character of the possible PLI-induced composit
modifications~profiles of the distribution of the component!
requires further investigation.

In summary, we calculated the temperature profiles
Cd0.2Hg0.8Te. The melting threshold of this material was d
termined by the nanosecond ruby laser pulses. It was fo
to be Wm540250 mJ/cm2 with initial crystal temperature
T05100 K andWm530240 mJ/cm2 at T05300 K. We ob-
served laser-induced formation of defects as a result of i
diation with W,Wm . It manifested itself as a quenching o
the stationary PC and an increase in the reflection coeffici
796 Semiconductors 31 (8), August 1997
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dence of the reflection coefficient on the energy density:
increase forW,100 mJ/cm2 and a decrease forW.110
mJ/cm2. The PC signal decreases under above-threshold
radiation; this can be explained by laser-induced defect
mation due to, for example, a PLI-induced change in
composition of the damaged region. Photoconductivity m
surements performed at different wavelengths attest to
surface nature of the laser-induced defects.

a!e-mail: vtim@ofme.phys.msu.su
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Effect of an electric field on the relaxation of photoconductivity in n-Hg0.8Cd0.2Te

t is
crystals
I. S. Virt

I. Franko State Pedagogical Institute, 293720 Drogobych, Ukraine
~Submitted April 24, 1996; accepted for publication December 25, 1996!
Fiz. Tekh. Poluprovodn.31, 936–938~August 1997!

The effect of a pulling electric field on the relaxation curves of the photoconductivity of
n-Hg0.8Cd0.2Te crystals has been investigated. It is shown that as the field intensity increases,
the relaxation time of the slow component increases and that of the fast component
decreases. The contribution of the slow component also decreases. This behavior of
photoconductivity relaxation is due to the change in the energy-band bending near macrodefects
in the presence of an electric field and to a change in the feeding of nonequilibrium charge
carriers to the macrodefects. ©1997 American Institute of Physics.@S1063-7826~97!01007-7#
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rium charge carrier~NCC! lifetimes is photoconductivity re-
laxation ~nonstationary photoconductivity!, which makes it
possible to determine this characteristic directly. In com
nation with the stationary photoconductivity method, it
also possible to determine the presence of recombina
centers~trapping centers! and attachment centers.1 The pull-
ing electric field, which is used for measuring the lifetime
NCCs, in Hg12xCdxTe crystals can change the course
photoprocesses. For example, extraction of NCCs from c
tals is observed for high values of the electric field.2

In most cases the photoconductivity~PC! relaxation
curves which are ordinarily used to determine the NCC li
time consist of several~at least two! exponentials.3 For ex-
ample, in the case of NCC recombination with the particip
tion of local centers~Shockley–Read recombination!, when
the lifetime tn of the nonequilibrium electrons is muc
shorter than the lifetimetp of nonequilibrium holes, i.e.
tn!tp , a fast electronic component, which is replaced b
slow hole component, is observed on the PC relaxation cu
for short observation times.

1. EXPERIMENTAL PART

In this work the PC relaxation curves were investiga
as a function of the electric field intensity. Samples w
electronic-type conductivity, electron densityn5331014

cm23, and electron mobilitymn583104 ~sample 1! and
23105 cm2/~V•s! ~sample 2! were employed. The dimen
sions of the samples were 53130.3 mm. The photoconduc
tivity was measured under the action of CO2-laser radiation
pulses with wavelengthl510.6 mm and durationDt.100
ns. Filters were used to obtain low and high levels of pho
carrier generation.

The PC relaxation curves~with an electric fieldE50.1
V/cm in the sample! are shown in Fig. 1. It follows from Fig
1 that the shape of the relaxation curve is determined
only by the excitation level but also by the characteristics
the samples. Two exponentials are seen in the relaxa
curves constructed in semilogarithmic coordinates~Figs. 2!
— fast and slow. The temperature dependences of the N
~holes! lifetime, estimated according to the slow PC rela
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characteristic of the Shockley–Read NCC recombinat
mechanism is absent in the extrinsic conductivity regio
This indicates that in this region an Auger mechanism,
which tn5tp , is the dominant NCC recombination proces
It is obvious that the fast PC component is due not to
predominant electronic recombination but probably due
the participation of other competing channels, in which m
rodefects can play a role~surface, block boundaries, compo
sition inhomogeneities, and etc.!; in addition to the volume
NCC recombination channel. For example, in the sam
with the lower value ofmn ~sample 1!, evidently the PC is
characterized by two exponential relaxation sections beca
of the high density of scattering centers.

Curves of the characteristic relaxation time versus
electric field strength with a low excitation level are show
in Fig. 3. The relative contribution of each compone
As /Af ~whereAs andAf are, respectively, the amplitudes o
the slow and fast PC components!, are also shown. As the
electric field increases, the characteristic time of the f
component decreases and that of the slow componen
creases. The weight of the slow component decreases.
relaxation times remain nearly constant for electric fie
E<1 V/cm. In a more homogeneous sample with low bias
the PC contains one component that splits into two com
nents as the electric field increases. The amplitude of
slow component decreases as a function of the field m
rapidly in the homogeneous than in the inhomogene
samples.

Similar changes also occur with a high excitation lev
In this case the curvet(E) for the fast and slow component
of the inhomogeneous sample passes through a maxim
The ratioAs /Af as a function of the field does not vary a
much with a high excitation level as with a low excitatio
level.

2. DISCUSSION

The complicated character of the PC relaxation cur
and the variation in these curves under the action of an e
tric field in the case of an Auger NCC recombination mech
nism can be explained by the presence of nonuniformitie

797797-03$10.00 © 1997 American Institute of Physics



FIG. 1. Photoconductivity relaxation
curves of samples1 ~a, c! and2 ~b, d! with
low ~a, b! and high~c, d! excitation levels.
The pulling electric fieldE50.1 V/cm.
the crystals of the solid solutions Hg12xCdxTe. The internal
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macrodefects, especially their surface, are a natural sink
NCCs4 whose recombination rate is higher that in the bu
Therefore, the change of the photoconductivity sig
Upc(t) in time t is determined by two channels3 — recom-
bination of NCCs in the bulk and feeding of NCCs to ma
rodefects with subsequent recombination on them:5

Upc~ t !5A exp~2t/tv!1B exp~2t/ts!, ~1!

wheretv andts are the volume and surface NCC lifetime
In the case where the difference in the recombinat

rates of NCCs in the bulk and on macrodefects is small
that the NCC recombination rate on the surface of macro
fects (s) can be regarded as low, the surface lifetimets is

FIG. 2. Photoconductivity relaxation curves of samples 1~1, 18) and 2
~28, 28) with low ~1, 2! and high ~18, 28) excitation levels. The pulling
electric fieldE50.1 V/cm.
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boundaries and in the simplest case~a flat surface of a mac
rodefect! depends on their density:

ts5d2/pDp , ~2!

where Dp is the diffusion coefficient of nonequilibrium
holes, andd is the distance between macrodefects. The f
PC component is determined by the shorter time —ts .

The electric field accelerates the feeding of NCCs
macrodefects, and the characteristic time of the fast PC
laxation component is given by

ts eff5
ts

11~ts /d!maE
, ~3!

FIG. 3. Field dependences of the characteristic relaxation times of the
~1, 2! and fast~18, 28) components with a low excitation level and also th
ratio As /Af ~19, 29) for samples 1 and 2, respectively.
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wherema is the ambipolar mobility of NCCs. Therefore, th
characteristic relaxation time of the fast component
creases as the field increases~Fig. 4!. The characteristic time
of the slow component increases because of the decrea
energy barriers~band fluctuations! inside the crystal matrix.
For high electric field strengths, NCC extraction is superi
posed on the dependencetn(E). This is more strongly mani-
fested in an inhomogeneous sample. In this case, the ele
field decreases the measured lifetimetn eff according to the
expression

FIG. 4. Field dependences of the characteristic relaxation time of the
and fast photoconductivity components with a high excitation level as w
as the ratioAs /Af . The labeling of the curves is the same as in Fig. 3.
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n eff 11~tn / l !maE

wherel is the length of the sample.
As the field increases, the amplitude of the fast com

nent also increases because of the dominant role of the N
recombination on the surfaces of macrodefects. For h
NCC excitation levels, the surface bending of energy ba
at the interface of the crystal matrix and a macrodefe
which increases the surface recombination rates, also
changes. Judging from the dependence ofAs /Af on E, this
decreases the contribution of the fast PC component.

In summary, the effect of an electric field on PC rela
ation in Hg12xCdxTe crystals is due to a change in the rate
which NCCs are fed to recombination macrodefects and
change in the energy-band bending at an interface with m
rodefects.
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Calculation of the size-quantization levels in strained ZnCdSe/ZnSe quantum wells
M. V. Maksimov, I. L. Krestnikov, S. V. Ivanov, N. N. Ledentsov, and S. V. Sorokin

A. F. Ioffe Physicotechnical Institute, Russian Academy of Sciences, 194021 St. Petersburg, Russia
~Submitted December 16, 1996; accepted for publication December 25, 1996!
Fiz. Tekh. Poluprovodn.31, 939–943~August 1997!

The ZnSe and CdSe parameters required to calculate levels in ZnCdSe/ZnSe quantum wells are
determined by fitting to published data. The model is shown to be adequate for the example
of structures with a collection of quantum wells whose thickness and composition were determined
by independent methods. ©1997 American Institute of Physics.@S1063-7826~97!01108-3#
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1. INTRODUCTION

A great deal of attention has been directed in rec
years to the development of optical blue-green-range II–
semiconductor lasers. Since the active region in these
vices is a ZnCdSe quantum well~QW! or a collection of
quantum wells in a ZnSe matrix, it is of interest to calcula
the interband optical transition energies. This problem
long been solved for the system GaAs/AlGaAs, and the
lution is used, specifically, for determining the thickness o
QW according to the transition energy. However, the sys
ZnCdSe/ZnSe has been studied not nearly as extensi
indicating a need for further investigations.

In the present paper we generalize the published dat
the optical transition energies and use them to determ
some physical parameters of ZnSe and CdSe which are
quired for calculations. In addition, we grew structures w
a collection of ZnCdSe QWs, in which the QW thickness
and composition were determined by transmission elec
microscopy~TEM! and by growth gauging, respectively. Th
calculation of the transition energies on the basis of the
rameters determined from published data gave good ag
ment with experiment, indicating that our model is adequa

2. EXPERIMENTAL

Epitaxial structures were grown in a molecular beam
itaxy system~EP-1203! on GaAs~100! substrates.1 Elemen-
tal Zn~6N!, Se~6N!, and Cd~6N! were used as molecular
beam sources. A cryostat, in which the sample was locate
a helium gas flow at a temperature of 80 K was used
investigations of the photoluminescence~PL!. A halogen
lamp, whose light was passed through a monochroma
was used as the excitation source. A MDR-23 monoch
mator and a cooled photomultiplier operating in the phot
counting mode were used as a recording system.

3. COMPUTATIONAL MODEL

In contrast to the GaAs/AlGaAs system mention
above, the ZnSe lattice parameter is different from that
CdSe. As a result, the structure with a ZnCdSe QW in
ZnSe matrix is strained. The elastic stresses change the w
of the band gap in the deformed material and therefore
the potential barrier in the QW. In the case of pseudom
phous growth, i.e., when the lattice parameter of the QW
‘‘inherited’’ from the matrix, the deformation can be repr
sented as a superposition of a hydrostatic deformation a
800 Semiconductors 31 (8), August 1997 1063-7826/97/080
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shear deformation.2 The hydrostatic stress due to the hydr
static deformation changes the difference of the valence-
conduction-band centers of gravity by the amount

DEhy52aS 12
C12

C11
D S a0

b

a0
21D , ~1!

wherea0 and a0
b are, respectively, the lattice parameters

the unstrained well material and matrix,C11 andC12 are the
elastic constants of the well material, anda is the hydrostatic
deformation potential for the bandgap. Shear stress, in c
strast to hydrostatic stress, affects only the valence ba
Here the change in the energy position of the heavy-
light-hole bands is different as a result of the difference
their symmetry properties. This effect leads to an additio
splitting of the heavy- and light-hole levels compared to t
quantum-well effect. For some ZnCdSe compositions,
edge of the light-hole band can lie at a lower energy in
QW than in the barrier; i.e., a type-II QW for the light ho
can occur. In this case there is no localizing potential for
light hole and transitions occur from electronic levels into
state of the barrier. The changes in the energy position of
heavy-hole band (DEh

sh) and the light-hole band (DEl
sh)

relative to the degenerate position are determined by

DEh
sh5dEsh, ~2!

DEl
sh5

1

2FD02
1

2
dEsh2A~D01dEsh!218~dEsh!2G ,

~3!

whereD0 is the spin-orbit splitting and

dEsh52bS 112
C12

C11
D S ab

a0
21D , ~4!

Hereb is the shear deformation potential. Then the effect
band gap in the well for the heavy (Eg,w

eff,h) and light (Eg,w
eff,l)

holes and the band offset are

Eg,w
eff,h~ l !5Eg,w1DEhy1DEh~ l !

sh , ~5!

Ue5~12Q!~Eg,b2Eg,w
eff,h!, ~6!

Uh5Q~Eg,b2Eg,w
eff,h!, ~7!

Ul5Eg,b2Eg,w
eff,l2Ue , ~8!

where Eg,b and Eg,w are the band gaps of the unstrain
barrier and QW materials, respectively, andQ is the relative
valence-band offset for the heavy hole. The quantityUl can
800800-04$10.00 © 1997 American Institute of Physics



TABLE I. Physical parameters of ZnSe and CdSe employed in the calculations.

References Calculation

ZnSe CdSea ZnSe CdSea

a0 , Å 5.65 ~Ref. 2!, 5.6676~Refs. 3,4! 6.077~Ref. 3!, 6.052~Ref. 4! 5.6676 6.077
Eg , eV 2.83b ~Ref. 2!, 2.82b ~Refs. 3,5,6,7! 1.9b ~Ref. 4!, 1.77b ~Ref. 5!, 1.765b ~Refs. 3,6!, 1.8b ~Ref. 7! 2.81c 1.79c,d

D0 , eV 0.43 ~Ref. 2! 0.42 ~Ref. 2! 0.43 0.42
C11 , 1010 N/m2 8.26 ~Refs. 2,3,5,6!, 8.59 ~Ref. 4! 7.49 ~Ref. 5!, 6.67 ~Refs. 3,4,6! 8.26 6.67
C12 , 1010 N/m2 4.98 ~Refs. 2,3,5,6!, 5.06 ~Ref. 4! 4.61 ~Ref. 5!, 4.63 ~Refs. 3,4,6! 4.98 4.63
a, eV 25.82 ~Refs. 2,5!, 25.4 ~Ref. 4!, 24.25 ~Ref. 6! 23.45 ~Ref. 4!, 23.664~Ref. 6! 24.7d 22.6d

b, eV 21.2 ~Refs. 2,3,4,5,6! 21.1 ~Ref. 5!, 20.8 ~Refs. 3,4,6! 21.2 20.8
mel /m0 0.16 ~Refs. 3,5,6!, 0.14 ~Ref. 4! 0.13 ~Refs. 3,5,6!, 0.11 ~Ref. 4! 0.16 0.13
mhh /m0 0.6 ~Refs. 3,6!, 1.4 ~Ref. 5!, 0.49 ~Ref. 4! 1.23 ~Ref. 5!, 0.45 ~Refs. 3,4,6! 0.6 0.45
mlh /m0 0.145~Refs. 3,4!, 0.15 ~Ref. 5! 0.145~Ref. 4! 0.15 0.145
B, eV 0.35~Ref. 4!, 0.75 ~Ref. 5!, 0.26 ~Ref. 5!, 0.51 ~Ref. 7! 0.45d

Q 0.25 ~Ref. 4! 0.20d

Note: aFor the cubic modification.bFor 5 K. cFor 77 K. dFitted parameter.
W

a-
-

d

in

a
-

of
th
k

le

Q
to

la
th
m

ad-
ata
ys-
s in
d

the
en-

d in
rge
ex-

e to
tent
he
ven
e in
tion
ly,
ess
and

e %
to

ble
the

ure
he

by
the

res
of

hs:

as
take on negative values, which corresponds to a type-II Q
The parameters for a solid solution in a Zn12xCdxSe well
with compositionx are determined in a quadratic approxim
tion for Eg and a linear approximation for all other param
eters (B is the coefficient of the quadratic nonlinearity!:

Eg,w5x•Eg,CdSe1~12x!•Eg,ZnSe2x~12x!B, ~9!

par5x•parCdSe1~12x!parZnSe, ~10!

wherepar is any parameter exceptEg .
The energy levels« in the potential wells are determine

from the transcendental equation

6SAmw

mb
~U2«! D 61

5tanSAmw«

2

L

\ D , ~11!

where the plus sign corresponds to odd levels and the m
sign corresponds to even levels;mb andmw are the effective
masses of particles in the barrier and QW, respectively~we
disregarded the spatial anisotropy of the masses!, U is the
height of the potential barrier, andL is the thickness of the
QW. The optical transition energy can then be written

\v5Eg,w
eff 1«e1«h~ l !2Ex , ~12!

where Ex is the exciton binding energy. In the case of
type-II QW it is pointless to talk about a light-hole quantum
well level, and« l50 since transitions occur into a state
the barrier. In our model we ignored the dependence of
exciton binding energy on the QW composition and thic
ness (Ex can vary from 21 meV for bulk material up to;40
meV for a QW less than 50 Å thick4!. However, we em-
ployed different binding energies for heavy- and light-ho
excitons: For the ‘‘heavy’’ excitonEx530 meV and the
value is lower (Ex520 meV! for the ‘‘light’’ exciton be-
cause the reduced mass is smaller and because type-II
can be realized for light holes, which also lowers the exci
binding energy.

4. RESULTS AND DISCUSSION

In order to use the above-described model for calcu
tions, it is necessary to know the numerical values of
physical parameters of ZnSe and CdSe. They are sum
801 Semiconductors 31 (8), August 1997
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rized in Table I. Some parameters are known with an
equate degree of reliability, but for others the published d
differ substantially. We attempted in this connection to s
tematize the published data on optical transition energie
ZnCdSe/ZnSe QWs~published data on the thickness an
composition of QWs are presented in Table II! and to choose
on the basis of these data the parameter values that give
best agreement between the calculations and the experim
tal data. The results of the fitting process are presente
Table I ~the varied parameters are distinguished by la
type!. The average disagreement between calculation and
periment is ;15 meV ~see Table II! and in some case
reaches 70 meV. Such a large discrepancy could be du
the fact that the error in determining the percentage con
of CdSe in the QW can be 1–2 mole %, especially for t
case of high CdSe content. As one can see from Fig. 1, e
a small change in the composition results in a large chang
the transition energy, while the dependence of the transi
energy on the thickness of the QW is weaker. According
we fitted the compositions in the QWs, keeping the thickn
constant to reduce the diagreement between calculation
experiment to a minimum in each case~see Table II, the
column labeled ‘‘calculation for a different composition’’!.
The change in the CdSe content did not exceed 1.5 mol
in all cases except for samples 19–22, where we had
change the composition by 7 mole %, indicating a possi
systematic error in the experimental data. In the case of
fitted compositions the discrepancy is;5 meV, which is
adequate accuracy.

To check the computational model, we grew a struct
with a collection of QWs, whose thicknesses were in t
ratio 1:2:3:4:5~structureA) and a structure with a collection
of QWs with the same thickness which were separated
barriers whose thicknesses were 15% less than that of
QW ~structureB). Photographs obtained for these structu
by the TEM method are shown in Fig. 2. The thicknesses
the QWs were determined from these photograp
(2462):(4862):(7262):(9662):(12062) Å for struc-
ture A and 7062 Å for structureB. The Cd content was
determined according to the growth calibrations and w
equal to 2262% in the case of structureA and 1361% in
801Maksimov et al.



TABLE II. Published data and calculation of the energies of optical transitions in Zn12xCdxSe quantum wells.

Sample No. L, Å x, %

e1 2 hh1, eV el 2 hl1, eV

ReferencesExperiment Calculations
Calculations for

different compositions Experiment Calculations
Calculations for

different compositions

1 28 10 2.703 2.721 8
2 30 10 2.747 2.717 2.747 2.766 2.740 2.766 9
3 30 26 2.580 2.560 2.585 2.646 2.614 2.636 9
4 60 14 2.650 2.631 2.653 6
5 90 14 2.639 2.613 2.636 6
6 120 14 2.629 2.606 2.628 6
7 30 11 2.718 2.708 2.718 2.737 2.733 2.743 3
8 30 16 2.685 2.660 2.687 2.720 2.695 2.718 3
9 70 11 2.658 2.660 2.655 2.685 2.695 2.693 3

10 30 23 2.580 2.590 2.582 2.640 2.6382 .633 3
11 200 11 2.670 2.636 2.665 2.692 2.675 2.701 3
12 70 11 2.640 2.660 2.46 2.695 2.695 2.685 7
13 70 14 2.627 2.623 2.627 2.672 2.665 2.670 7
14 70 17 2.581 2.587 2.582 2.637 2.636 2.634 7
15 70 22 2.514 2.526 2.519 2.594 2.587 2.584 7
16 30 10 2.737 2.717 2.740 2.761 2.740 2.761 4
17 40 10 2.728 2.700 2.726 2.749 2.727 2.749 4
18 50 10 2.717 2.688 2.715 2.743 2.717 2.740 4
19 20 31 2.646 2.575 2.644 2.679 2.626 2.683 4
20 30 31 2.591 2.509 2.590 2.663 2.573 2.640 4
21 40 31 2.536 2.470 2.546 2.604 2.542 2.605 4
22 50 31 2.512 2.446 2.524 2.590 2.523 2.588 4
o
om truc-
FIG. 1. Computed energies of optical transitions with the participation
heavy holes as a function of the quantum-well thickness for different c
positions.
802 Semiconductors 31 (8), August 1997
f
-FIG. 2. Photographs obtained by transmission electron microscopy of s
turesA ~a! andB ~b!.
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the case of structureB. Figure 3 shows the luminescenc
spectra from structureA and the luminescence excitatio
spectra from structureB. The spectra obtained were obtain
at 77 K. The arrows indicate the transition energies cal
lated for a CdSe content of 23% and QW thicknes
24:48:72:96:120 Å~structureA) and CdSe content of 13.5%
and QW thickness 70 Å~structureB), respectively. One can
see from the figure that the computed transition energies

FIG. 3. Photoluminescence spectra from structureA ~a! and photolumines-
cence excitation spectrum from structureB ~b!. The spectra were obtained a
77 K. The arrows mark the transition energies calculated for 23.8% C
and QW thicknesses 24:48:72:96:120 Å~structureA) and 13.8% and 70
Å ~structureB), respectively.
803 Semiconductors 31 (8), August 1997
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in good agreement with the experimental values~the large
discrepancy in the case of a narrow QW~24 Å! can be ex-
plained by an increase in the exciton binding energy, wh
dependence on the thickness of the QW we ignored!. The
degree of agreement shows that this model with the par
eters from Table I can be used for calculations. However,
parameterQ is determined with a low accuracy, because t
value of this parameter has virtually no effect on the ene
of transitions in which the first few levels participate. Ther
fore, the excited states must be taken into account in mak
any further improvements to the model.

5. CONCLUSIONS

The published data on the optical transition energies
ZnCdSe/ZnSe QW were analyzed. On the basis of this an
sis values giving the best agreement between the comp
tional model and experiment were obtained for some ph
cal parameters of ZnSe and CdSe. The model was
checked with use of structures, which we grew, with a c
lection of QWs whose thickness and composition were
termined by independent methods.
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Calculation of the trapping of hot electrons by repulsive centers under the conditions

of a needle-type distribution function

Kh. Z. Kachlishvili, Z. S. Kachlishvili, and F. G. Chumburidze

Tbilisi University, Georgia
~Submitted June 17, 1996; accepted for publication January 15, 1997!
Fiz. Tekh. Poluprovodn.31, 944–946~August 1997!

The trapping coefficient of hot electrons repelled by a Coulomb center is calculated explicitly for
a needle-shaped electron distribution function under conditions where the effective trapping
cross section, along with the Sommerfeld factor, depends exponentially on the energy of the
electron which has tunneled through the barrier. The criteria under which the effective
Bonch–Bruevich cross section is valid are obtained. ©1997 American Institute of Physics.
@S1063-7826~97!01308-2#

The recombination of hot charge carriers on like-chargetime due to an elastic-scattering mechanism, andE is the
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centers has been studied extensively~see, Refs. 1 –4!. In all
these studies an expression was employed for the trap
probability that was first obtained by Bonch–Bruevich1

However, the development and improvement of the exist
theories have induced us to revisit this problem.

In Ref. 5 it was shown that in the case of an electr
trapped by a repulsive center the trapping probability w
the Sommerfeld factor should depend exponentially on
energy of the electron which has tunneled through the b
rier. In Ref. 5, just as in Ref. 1, in a calculation of the tra
ping coefficient in the electron-temperature approximatio
is shown that taking this dependence into account chan
the electronic temperature to an effective electronic temp
ture. The latter temperature contains a parameter of the
ter which is of the order of the reciprocal of the phon
energy. In the case where the electronic temperature is m
lower than this energy, the result of Ref. 5 is identical to
the result obtained by Bonch–Bruevich.1

In Ref. 6, the trapping coefficient is calculated under
conditions of transverse runaway~TR! of hot electrons, tak-
ing into account the dependence mentioned above. Acc
ing to the results obtained in Ref. 6, near the threshold
TR the exponential factor plays an important role in the
fective trapping cross section, while far from the TR thres
old the effective cross section obtained by Bonch–Bruev
is a good approximation.

In Ref. 3 the trapping coefficient was calculated for
hot-electron distribution with the maximum anisotrop
Naturally, this raises the question of how the result obtain
in Ref. 3 changes when the aforementioned dependenc
taken into account. In the present paper we investigate
question.

A needle-shaped distribution of hot charge carriers
obtained when the following inequality is satisfied:

T0@T,
p0

eEt0
@1,

p0

eEt
!1, t0!t, ~1!

where T05\v0 /k is the excitation temperature of optic
phonons,T is the temperature of the crystal,p0 is the mo-
mentum of an electron with energy\v0, t0 is the character-
istic emission time of optical phonons,t is the relaxation
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electric-field intensity. The fourth inequality in Eq.~1!
should hold in the ‘‘active’’ energy region~i.e., for electron
energyw.w0[\v0) and the third inequality should hold in
the ‘‘passive’’ regionw,w0.

As is well known, the hot-electron distribution functio
normalized to the hot-electron densityn is given in this case
by the expression7

f ~p!52w~w!d~cosu21!, ~2!

whereu is the angle between the electron momentump and
the applied electric field.

Taking into account that electrons only arrive in th
‘‘passive’’ region and only leave the ‘‘active’’ region, an
solving Boltzmann’s equation, we obtain the following e
pression for the distribution functionw(w):3

w5NH w21, w,\v0 ,

w21 expFF~y!

n G , w.\v0 ,
~3!

where N is a normalization constant,n5
eEp0t0

m\v0
, and the

function F(y) is given by the expression

F~y!5Ay~y21!2 ln~Ay1Ay21!, y5
w

w0
. ~4!

The trapping coefficient is

Cn5
1

nE dpf ~p!
p

m
s~w!, ~5!

wheres(w) is the effective trapping cross section. Using t
results obtained in Refs. 1 and 6, we can represents in the
form

s~w!5wnc21C~w!FexpS 2pze2

«\n D21G21

expS 2
t1mn2

\ D ,

~6!

wheren0 is a parameter of order unity,C(w) is a slowly
varying function of energy,z is the charge of the repulsiv
center in units of the electron charge,n5p/m is the electron
velocity, « is the permittivity, andt1 is the tunneling time.5

804804-02$10.00 © 1997 American Institute of Physics



In accordance with what we have said above,s(w) contains,
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in addition to the Sommerfeld factor, an exponential fac
that depends on the energy of the tunneled electron.

Using Eqs.~3! and~6!, we can represent Eq.~5! the form

Cn5
2m

n
w0

n0N~C11C2!, ~7!

where

C15E
0

1

yn021C~w0y!
exp~2g0y!

exp~g/Ay!21
dy, ~8!

C25E
1

`

yn021C~w0y!
exp@2g0y2F~y!/n#

exp~g/Ay!21
dy, ~9!

g5
2pze2

«\n0
, g052t1w0/\, andn0 is the velocity of an elec-

tron with energyw0.
It is obvious thatn!1 @the second inequality in Eqs.~1!#

and thatg@1. We then obtain for the normalization facto
andC1 the expressions

N5
~2p\!3n

2w0
1/2~2m!3/2F11

G~5/3!

2 S 3n

2 D 2/3G21

, ~10!

C1.2C~w0!g21 exp@2~g1g0!#. ~11!

We shall calculateC2 by the steepest-descent method. Of t
different possible ratios of the parameters, the realiza
cases are:g@1, n!1, so that the inequalityng/2!1 would
hold. When these inequalities are satisfied, in order to find
approximate solution of the transcendental equat
f 18(y0)50 near the boundary of the active regiony*1,
where

f 1~y!5g0y1
F~y!

y
1 lnFexpS g

Ay
D 21G ,

the inequalityg0n!1 must also be satisfied. Under the
conditions, for the fieldsE,E0 we obtain

y0.11n2S g

2
2g0D 2

511S E

E0
D 2S 122

g0

g D 2

,

whereE0[(2\v0)/(en0t0g), and forC2 we have

C2.4ApC~\v0!AUg2 2g0U exp@2~g1g0!#

g

E

E0

3expF 4

3g2S E

E0
D 2S Ug2 2g0U3D G . ~12!

Substituting the expressions~10!–~12! into Eq. ~7!, we ob-
tain the following expression for the trapping coefficient:

Cn5C0
F 11

GS 5

3D
2 S 3

g D 2/3S E

E0
D 2/3G21
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3H 112 pAU2 2g0UE0

3expF 4

3g2S E

E0
D 2S Ug2 2g0U3D G J , ~13!

where

C0[
~2p\!3

~2m!1/2
~\v0!n021/2C~\v0!

exp@2~g1g0!#

g
.

~14!

In the case wheng0!
g

2
, the expressions~13! and ~14! are

identical to the results of Ref. 3.
We shall now make some speculative estimates so a

clarify the conditions under which the last factor in the e
pression~6! can be disregarded. Accordingly, we rewrite t
inequality in the form

T1@
T0

3/2

pTB
1/2

, ~15!

where

TB5
EB

k
5

z2

k

me4

2\2«2
, T15

\

2t1k
.

In the case ofn-Ge the inequality~15! assumes the form
T1@260 K for a singly-charged center andT1@130 K for a
doubly charged center. In the case ofn-Si we have
T1@340 K andT1@170 K for singly and doubly charged
centers, respectively.

In summary, as the charge multiplicity of the trappin
center increases, the dependence of the effective trap
cross section on the energy of the electron which has
neled through the barrier becomes weaker. IfT1;103 K
~Ref. 6!, we clearly see that for Ge and Si withz52 the
effective Bonch-Bruevich trapping cross section is a go
approximation.

The results presented in the present paper, just as
results in Ref. 3 , can be realized atT520 K in the range of
fields

200 V/cm,E,400 V/cm.
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Properties of tellurium-doped gallium antimonide single crystals grown from

ec-
nonstoichiometric melt
A. E. Kunitsyn and V. V. Chaldyshev

A. F. Ioffe Physicotechnical Institute, Russian Academy of Sciences, 194021 St. Petersburg, Russia

A. G. Mil’vidskaya and M. G. Mil’vidski 

State Institute of the Rare-Metals Industry, 109017 Moscow, Russia
~Submitted December 27, 1996; accepted for publication January 17, 1997!
Fiz. Tekh. Poluprovodn.31, 947–949~August 1997!

The electric and luminescence properties of tellurium-doped gallium antimonide single crystals
grown from gallium-enriched melt by Czochralski’s method have been investigated. It
was determined that the crystals possessn-type conductivity and are strongly compensated. It
was found that toward the end of the ingot the concentration of the impurity tellurium
increases more rapidly than that of the compensating acceptors. The possibilities of obtaining the
properties of GaSb single crystals by growing the crystals from nonstoichiometric melts
followed by heat treatment of the material are discussed. ©1997 American Institute of Physics.
@S1063-7826~97!01408-7#
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crystals and epitaxial films of III–V compounds is an effe
tive method for controlling the properties of the materi
since then it is possible to control the dopant distribut
factors and to form composition- and concentratio
optimized ensembles of intrinsic point defects. For galliu
antimonide, such effects have been studied in greatest d
in the case of layers grown by liquid-phase epitaxy. It w
determined that switching from the standard gallium solv
to fluxed solutions based on the isovalent impurity Bi~with
Ga and Sb present in the stoichiometric proportion!1,2 and to
antimony-enriched fluxed solutions substantially changes
electrical parameters of the epitaxial layers.3,4 In particular,
even the type of conductivity was found to change in t
doped GaSb films.2

The admissible deviations of the composition of the l
uid phase from stoichiometry are much smaller when gro
ing GaSb single crystals than in the case of liquid-ph
epitaxy. Changes in the properties of the crystals grown
nonetheless possible even in this case. In particular, it ca
expected that when growing tellurium-doped single cryst
the distribution factor of the donor substitution impuri
TeSb will increase when the melt is enriched with gallium
Other conditions remaining the same, this should result
higher charge carrier density in the doped ingot. The elec
cal parameters of the crystal grown can also be influence
the changes which are produced in the densities of the in
sic point defects of the lattice as a result of a deviation fr
stoichiometry. Furthermore, the possibility that the exc
component will precipitate,5,6 which can also affect the prop
erties of the material, must also be taken into account.

In the present study we investigated the effect of a
viation from stoichiometry~excess gallium in the melt! on
the electrical properties and photoluminescence of telluriu
doped GaSb single crystals grown by the Czochra
method.

Two tellurium-doped GaSb crystals 60 mm in diame
were grown. One crystal~the control crystal! was grown by
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ond crystal was grown from melt with a gallium excess o
at. %. The tellurium content in the melt was same in bo
cases. Growth was conducted in the crystallographic dir
tion ^100& on a seed crystal with dislocation density not e
ceeding 23102 cm22.

The electrical parameters were investigated by the v
der-Pauw method at 77 and 300 K on a series of plates
from different parts of the ingot. The photoluminescen
~PL! of the same plates at a temperature of 4.2 K was a
investigated. An Ar1 laser, a grating monochromator, and
germanium photodetector were used for the PL investi
tions. The spectra were recorded with a resolution of
worse than 5 meV.

The structural perfection of the crystal was checked
means of selective etching and transmission electron mic
copy. These investigations did not show any large prec
tates which could be observed in the crystals grown wit
large excess of gallium in the melt.6 Only single clusters,
several nanometers in size, were observed. The disloca
density in the crystals investigated did not exceed 53103

cm22.
The GaSb:Te crystals possessedn-type conductivity.

The electron mobility and density in different parts of th
ingot at 300 and 77 K are given in Table I. It is seen that
electron density increases toward the end of the ingot. T
type of variation of the electron density along the ingot
due to an increase in the tellurium concentration in the sin
crystals, since the distribution factor of this impurity in GaS
KTe,1. Figure 1 shows comparative data on the elect
density distribution along the control crystal and the crys
grown from gallium-enriched melt. The electron density
obviously lower in the latter case. In both crystals the el
tron density increases toward the end of the ingot, but
increase is much stronger in the crystal grown from no
stoichiometric melt than in the control crystal.

Figure 2 shows the PL spectra for different parts of the
crystals. A single wide line is observed in all spectra. T
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maximum of this

TABLE I. Mobility and electron density in different parts of a GaSb:Te single crystal.
No.
Distant from the start

of the ingot, mm

Electron density, cm23 Electron mobility, cm2/~V•s!

77 K 300 K 77 K 300 K

1 15 4.031017 2.031017 4.23103 3.03103

2 45 3.831017 2.131017 4.73103 3.33103

3 70 5.031017 2.831017 5.33103 3.33103

4 110 8.231017 5.031017 6.13103 3.13103
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lower energies relative to the band gapEg in undoped GaSb
This form of the PL spectrum is characteristic of strong
doped, compensated semiconductors and is due to radi
transitions of carriers from the conduction band into t
valence-band tail and transitions between band tails.
shift of the PL line relative toEg is greatest in the spectra o
samples cut from the initial and middle sections of both cr
tals and reachesD;80 meV. Such a large value ofD shows
that the control and experimental GaSb:Te crystals are
only strongly doped but also strongly compensated.

In the spectra of samples cut from the end portions of
ingots,D decreases but the PL is also broadened some m
This shows that the density of Te donors and compensa
acceptors increases. The increase in the tellurium densit
ward the end of the ingot, as noted above, is due to the
value of the distribution factor of this impurity in GaSb. Th
chief acceptor in gallium antimonide is a so-called ‘‘natura
acceptor — an isolated antistructural defect GaSb or a more
complicated complex that includes GaSb.1,7 It was shown in
Ref. 6 that when GaSb single crystals are grown from m
enriched with gallium, the density of this acceptor increa
toward the end of the ingot as a result of the accumulation
excess gallium in the melt. However, the acceptor den
increases more slowly than the Te donor density. This
indicated by measurements of the electron density~see Table
I and Fig. 1! and by the shift in the PL line into the shor
wavelength region, probably because of the shift of
Fermi level into the conduction band. The decrease in co

FIG. 1. Free-electron density distribution along a tellurium-doped G
single crystal grown from gallium-enriched melt~1! and in a control crystal
grown by the standard technology~2!.
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ity, which occurs simultaneously with an increase in th
electron density~see Table I!.

In summary, our investigations have shown thatn-type
GaSb crystals grown by the Czochralski method and dop
with tellurium up to the leveln53310172131018 cm23

are strongly compensated. The gallium excess in the ini
melt ~1 at. %! results in a higher density of compensatin
acceptors, and in the experimental density range this ef
predominates over an increase in the density of the Te do
impurity in the crystal. Appreciable precipitation of exces
gallium was not observed.

The fact that the degree of compensation decreases a
end of the crystal apparently indicates that a compensa
acceptor center forms in the ingot during post-crystallizati
cooling of the ingot in a definite temperature interval. Whe
growth has stopped, the end of the crystal cools most rapid
which strongly suppresses the formation of a ‘‘natural’’ a
ceptor in this part of the ingot. This acceptor center is pro
ably due not to an isolated intrinsic point defect but rathe
complex of which it is a constituent. The degree of compe
sation of strongly dopedn-type GaSb crystals can be effec
tively influenced and the maximum achievable electron de
sity and electron mobility can be increased by regulating t
post-growth cooling rate of the crystal or by subjecting th
ingot or the plates cut from it to subsequent heat treatme

We thank N. A. Bert and A. A. Kalinin for performing
the electron-microscopic investigations. This work was spo

b

FIG. 2. Photoluminescence spectra at 4.2 K for samples cut from differ
parts of a tellurium-doped GaSb single crystal grown from gallium-enrich
melt ~1–4!. The numbers of the spectra correspond to the numbers of
samples in Table I.18, 48 — PL spectra of samples cut from the correspon
ing parts of the control single crystal.
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Dependence of the resonant conductivity of symmetric double-barrier structures

ies
on the amplitude of rf field
E. I. Golanta) and A. B. Pashkovski 

Scientific-Research Institute ‘‘Istok’’, 141120 Fryazino, Russia
~Submitted March 5, 1996; accepted for publication January 20, 1997!
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An analytical expression for the rf amplitude dependence of the conductivity in a symmetric
double-barrier resonance-tunneling structure with high, thin barriers under conditions
of collisionless electron transport is found on the basis of the solution of a nonstationary
Schrödinger equation describing the resonance interaction of electrons with the rf field. It is shown
that under the action of a rf field with frequencyv and amplitude approximately
corresponding to triple the width of the resonance level, up to half of the electrons passing
through this level can be transferred, emitting or absorbing a quantum of energy\v, into a
neighboring level. ©1997 American Institute of Physics.@S1063-7826~97!01508-1#

The study of electron transmission through quantum-
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well structures in rf electric fields of infinitesimaland finite
amplitudes is very important from the theoretical standpo
and for applications. Starting with the basic study3 and the
discovery of the high oscillator strengths of intersubba
transitions in double-barrier resonance-tunneling structu
~DBRTS!4, many suggestions have been made for using s
transitions for infrared-range lasing.5,6 However, this idea
has been realized only comparatively recently in the
called quantum cascade laser,7 whose rapid improvement8

makes it a very promising radiation source.
The calculation of devices operating on intersubba

transitions is ordinarily based on the assumption of succ
sive tunneling of the carriers of a phonon-assisted curre5

At the same time, as shown in Ref. 9 , intersubband transi
tions in a coherent-tunneling regime, where the lifetime
electrons in each level of a quantum well is determined
by phonon scattering but rather by tunneling through a b
rier which should be quite thin in this case, could have
teresting device applications. The characteristic feature
the resonance interaction of electrons with an rf field
DBRTS with high and thin barriers have been investigated
Ref. 10 in the low-signal approximation. Simple analytic
expressions were obtained for the width of a resonance l
and the monoenergetic resonance conductivity of a symm
ric DBRTS as a function of the size of the quantum well, t
barrier thickness, and the frequency of the field. At the sa
time, it is very important to find the dependence of the
tensity of the resonance interaction on the amplitude of th
field itself. This makes it possible to determine the quant
efficiency of the transitions. The well-known methods f
calculating electron transport in DBRTS in a finite-amplitu
rf electric field2,11 are based on numerical algorithms a
suffer from a lack of physical clarity. For this reason, it is
interest to obtain simple analytical expressions for the w
functions of electrons in a DBRTS, as done in Ref. 10 , a
function of the amplitude of the rf field. It should be note
that it is only rarely that a quantum-mechanical problem
this kind can be solved analytically in a closed form.

Let us consider a symmetric double-barrier structure
width a with thin (d-like! barriers of thicknessb and height
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in time asE cosvt5E(e 1e ), whereE52E, is applied
to the structure. For definiteness, let the electrons move f
left to right. Taking into account the assumptions ma
above, we can then write the nonstationary Schro¨dinger
equation in the form

i\
]c

]t
52

\2

2m*

]2c

]x2
1ad~x!c1ad~x2a!c

1H~x,t !c, ~1!

H~x,t !52qE$x@u~x!2u~x2a!#1au~x2a!%~eivt

1e2 ivt!.

Here q and m* are the electron charge and mass,a5«bb,
andu(x) is the unit step function.

It is well known that the transmission coefficient of
DBRTS has a distinct resonance character, and that for s
metric structures with thin barriers the magnitude of t
wave vector, which determines the resonance levels
which the transmission coefficient equals, 1 is found fro
the solution of the transcendental equation12

tan ka52
k\2

am*
52

2k

y
. ~2!

Here we have introduced, for convenience, the notat
y52m* a/\2. Let the electrons pass through theNth reso-
nance level~for definiteness, we call it the ground state!. The
unperturbed electron wave functionc0, normalized to one
electron, will then have the form

c0~x!5H exp ikx1D0 exp~2 ikx!, x,0;

A0 sin kx1B0 coskx, 0,x,a;

C0 exp ik~x2a!, x.a.

~3!

Here k5(2m* «/\2)1/2 is the wave vector of the electron
with energy«, which are incident on the structure, and a
other parameters are

A05y/k1 i , B051, C0'~21!N11, D050. ~4!

809809-04$10.00 © 1997 American Institute of Physics



Then, as shown in Ref. 10 , if the frequency of the rf field
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corresponds to transitions to theLth level, then a resonan
interaction of electrons with the rf field will be observe
Assuming the amplitude of the field to be small, we seek
solution in the form of a perturbation series.

In first-order perturbation theory the correctionc1 to the
wave function of the ground state13 is

c15c11~x!e2 i ~v01v!t1c12~x!e2 i ~v02v!t,

wherev05«/\. The functionsc6 for this problem have the
form

c16~x!

5H D16 exp~2 ik6x!, x,0;

A16 sin k6x1B16 cosk6x1x16~x!, 0,x,a;

C16 exp ik6~x2a!1P16 exp ik~x2a!, x.a,

~5!

where

k65@2m* ~v06v!/\2#1/2, P656
qEa

\v
w0~a!,

x16~x!57qExc0~x!/\v1qEc08~x!/m* v2

are partial solutions of the corresponding equations
c6 ,10,13 and the system of equations for determining t
coefficientsA16 , B16 , C16 , andD16 has the form10

S 1 0 21 0

ik62y k6 0 0

0 sin k6a cosk6a 21

0 2k6 cosk6a k6 sin k6a ik62y

D
3S D16

A16

B16

C16

D 5S f 1

f 2

f 3

f 4

D , ~6!

where

f 15x6~0!, f 252x68 ~0!,

f 35P62x6~a!, f 45~y2 ik !P61x68 ~a!.

For sufficiently strong barriers (y@k6) and a wave vector
corresponding to a resonance level the determinant of
system ~6! becomes small:D'2ik6

2 (21)L11, and in the
case of transitions to a nonresonance level it isD'k6y.
Therefore, the probability of transitions only between tw
levels is substantial for narrow resonance levels. For
reason, in what follows, we shall study transitions only b
tween the ground state and the upper resonance level~the
plus sign1! or the ground state and and a lower~the minus
sign –! resonance level.

For y!k6 , using only of the terms with the maximum
powers ofy, we find, from the system~6!, for the coefficients
of the wave function~5! the expression
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B16'D16'~21! C16'
im* v2k6

,

A16'
qEy3

im* v2k6
2

, ~7!

if N2L is odd, and these coefficients are small ifN2L is
even~see Ref. 10 for a more detailed account!.

Inside the structure (0,x,a) the first-order correction
to the wave function has the form

c16~x!'
qEy2

im* v2k6

S y

k6
sin k6a1cosk6aD . ~8!

Here the fact that sincey@k6 and x16(x) contains terms
with powers of the ratioy/k6 no higher than 1, the contri
bution of x16(x) to the correction to the first-order wav
function, just as the contribution ofx16(x) to the partial
solution of the equation for the second-order correction~see
Ref. 14 !, is small. Moreover, sinceuC16u@uP16u and the
function f 4, which containsP16 , does not make a large
contribution toc16 , here and below the terms of the typ
P6exp@k(x2a)# will be neglected. SinceA0'y/k, it is obvi-
ous that inside the structure the first-order correction to
ground-state wave function has the same form as the gro
state wave function. Therefore, repeating the abo
described procedure for finding the corrections to the w
function and taking into account the fact that only the fun
tion c12(x) contributes to the second-order correction~if the
ground-state level lies above the resonance level into wh
the electron passes! or c11(x) ~if the ground state level lies
below the resonance level! and all other components ar
small, we obtain

c2~x!'H D2 exp~2 ikx!, x,0;

A2 sin kx1B2 coskx, 0,x,a;

C2 exp@ ik~x2a!#, x.a,

~9!

where

B2'D2'~21!L11C2'2S qE

m* v2D 2
y4

kk2
,

A2'2S qE

m* v2D 2
y5

k2k2

. ~10!

Here, just as in the preceding case, only terms containing
maximum powers of the parametery/k are taken into ac-
count. One can see that inside the structure the second-o
correction to the wave function of the ground state also
the same form as the ground-state wave function. Hence
obtain immediately

B36'D36'~21!L11C36'

2
qEy2

im* v2k6
S qE

m* v2D 2
y4

kk6
,

A36'2
qEy3

im* v2k6
2 S qE

m* v2D 2
y4

kk6
. ~11!
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Comparing Eqs.~4!, ~7!, ~10!, and~11!, it is easy to see that
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if the procedure described above for obtaining correction
the wave function is continued and the corrections
summed, then the coefficients of the wave function on e
of the resonance levels can be represented as a constan
as a sign-alternating series

12z1z22z31 . . . 1~21!n11zn,

where

z5S qE

m* v2D 2
y4

kk6
, ~12!

which in the region of convergenceuzu,1 represents the
expansion of the function 1/(11z) in powers ofz. There-
fore, the electron wave function for the present problem
the form

c'cN~x!e2 iv0t1cL~x!e2 i ~v06v!t, ~13!

where

cN~x!5
1

11z
3H ~11z!exp~ ikx!2z exp~2 ikx!, x,0;

A0 sin kx1B0 coskx, 0,x,a;

C0 exp@ ik~x2a!#, x.a;
~14!

cL~x!5
1

11z
3H D16 exp~2 ik6x!, x,0;

A16 sin k61B16 cosk6x, 0,x,a;

C16 exp@ ik6~x2a!#, x.a.
~15!

For wave functions of the form~13! the dynamic con-
ductivity at the frequencyv is determined by the differenc
in the fluxes of electrons, which have absorbed and emitt
quantum of energy\v and which have left the DBRTS:13

s5
\2v

2aE2m*
@k1~ uC1u21uD1u2!2k2~ uC2u21uD2u2!#.

~16!

In Ref. 10 it was shown that for monoenergetic electro
with density n and transitions between resonance level
wave function of the form~5! leads to the following expres
sion for the weak-signal active conductivity of a DBRTS

sM'6
8q2m* a4n

pL\6v3
@12~21!N2L#. ~17!

From the relations~15! we can therefore write the following
expression for the dependence of the conductivity on
amplitudeE52E of the rf field, since there is no differenc
between transitions from the upper level to the lower le
and vice versa:

s'6
8q2m* a4n

pL\6v3 S 1

11zD
2

@12~21!N2L#, ~18!

wherez is expressed in terms of the amplitude of the fie
and the barrier strength as

z5S qE

m* v2D 2
4~m* !4a4a2

\8p2LN
. ~19!
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below the critical value

E,EK5
\4v2p~LN!1/2

2qm* a2a
. ~20!

Let us rewrite the expression forz in the form

z5S qEa

\v D 2S y2

kNkL
D 2 LN

p2~N22L2!2

5
~qEa!2

GNGL

64L2N2

p4~N22L2!4
, ~21!

whereGN andGL are the widths of the resonance levels.3 The
critical rf voltageu5q«a applied to the DBRTS, which cor
responds toz51, is found from expression~21! as

u5~GNGL!1/2p2
~N22L2!2

8LN
. ~22!

Hence the following criterion for the applicability of Eq.~18!
can be given for neighboring resonance levels with la
numbers, whenGN'GL5G:

q«a,p2G/2.

The parameter (y/k)2 shows by what factor the square
wave function at a level is greater than the squared w
function of the electrons which are incident on the DBRT
and — for a unit~symmetric structure!! static transmission
coefficient — electrons which have passed through
DBRTS. Therefore, the average numberPN of collisions an
electron makes with the barriers in the levelN before leaving
the structure can be estimated asPN'(y/k)2/2, so that the
maximum admissable valuez51 @in accordance with Eq.
~21!# is attained at

u~PNPL!1/25p\vuN22L2u/2~NL!1/2.

For the neighboring resonance levelsN5L11, so that

u~PNPL!1/2'p\v.

This means that the series~12! converges when the classic
interaction energy of the electrons interacting with an alt
nating field over a distance equal to the average geome
tranvel distances of electrons along resonance levels doe
exceed the spacing between the levels by more than a fa
of 3.

It is obvious that the amplitudeu is very small for nar-
row levels, and that this calculation is applicable only f
narrow levels. However, as one can see from Eq.~14!, at this
amplitude the reflection coefficient of the DBRTS
z2/(11z)250.25 and the transmission coefficient
1/(11z)250.25, so that the field transfers exactly half of t
electrons in the incident flux to a different energy level; t
fraction of the transferred electrons is equal
12(11z2)/(11z)2. It is maximum exactly atz51 and it
starts to decrease for field amplitudes greater than the cri
amplitude~20!. The latter assertion is valid on the strength
the fact that the solution~13!–~15! can be continued analyti
cally beyond the convergence radius of the series~12!.
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At z51 we obtain the most interesting region, from the
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practical point of view, in which the maximum number
electrons effectively interacts with the rf field. Although th
active conductivity decreases to one-fourth the maxim
value in this case, it remains sufficiently high, say, for e
cient operation of a laser with collisionless transport of el
trons through DBRTS, as suggested in Ref. 9 .

It is interesting to note that as the amplitude of the fie
increases, an increasingly larger number of electrons is
flected from the structure with no change in energy. This f
can be explained qualitatively by the modulation of the p
sition of a level relative to the monoenergetic electron fl
incident on the DBRTS. In the weak-signal regime th
modulation is weak and all electrons occupy the center of
level, where the static reflection coefficient has its low
value — in our symmetric case zero — so that all electro
pass straight through the DBRTS. As the energy of
modulating field increases to values comparable to or
ceeding the level width, the electron flux irradiates the str
ture increasingly shorter times in the region with nonze
transmission coefficient and therefore increasingly few
electrons pass through the DBRTS.

This work is supported by the Russian Fund for Fun
mental Research under project No. 94-02-04449 and the
entific Council on the program ‘‘Physics of solid-state nan
structures’’ under project No. 1-050.
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Temperature dependence of the electrical properties of polycrystalline silicon in the
dark and in sunlight

K. M. Doshchanov

Physicotechnical Institute Science and Industrial Union ‘‘Physics–Sun,’’ Uzbekistan Academy of Sciences,
700084 Tashkent, Uzbekistan
~Submitted July 8, 1996; accepted for publication January 20, 1997!
Fiz. Tekh. Poluprovodn.31, 954–956~August 1997!

The electric resistance and effective carrier mobility in polycrystalline silicon are calculated as
functions of temperature and the photoexcitation level. The theoretical results are in
agreement with existing experimental data. ©1997 American Institute of Physics.
@S1063-7826~97!01608-6#
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Interest in the photoelectric properties of polycrystalli
silicon ~polysilicon! has recently increased because of
increasing use of this material for solar cells~see the bibli-
ography in Refs. 1 and 2 and the detailed critical analysis
this problem!. A new theory of recombination and charg
transfer in photoexcited polycrystalline semiconductors
recently been proposed.3 In the present paper we show th
this theory is in agreement with the experimental results
Ref. 4 , where the first investigations of the temperature
pendence of the electrical characteristics of polysilicon in
dark and in sunlight were performed.

Just as in Refs. 1–3, we shall examine a model polyc
tal consisting of identical cubic grains doped with a shall
donor impurity with densityNd . Acceptor-type boundary
states~BSs! distributed over energyE with surface density
N(E) are present at the grain boundaries. Trapping of e
trons from inside the grains into boundary states result
the formation of intercrystallite potential barriers, whic
limit electron transfer from one grain into another and th
also function as recombination barriers in the photoexcita
of the polycrystal. We shall model the electron scatter
directly by the grain boundary itself using the square pot
tial barrier of heightVn and widthd (d is the ‘‘thickness’’ of
a grain boundary!.2,3,5 In Ref. 2 , to obtain agreement be
tween the theoretical dependences and the experimental
of Ref. 4 , it wassuggested thatVn depends on the tempera
ture of the sample. This assumption is superfluous in
theory which we are examining here.

In the equilibrium state we have

ns05E
En

Ec
N~E! f ~E2Fs!dE, ~1!

wherens0 is the equilibrium density of electrons trapped
BSs, f (E2Fs) is the Fermi–Dirac distribution function
Fs5Ec2Vs02kTln(Nc /Nd) is the position of the Fermi leve
at the grain boundaries, and,Vs05e2ns0

2 /8«0«Nd is the equi-
librium height of the intercrystallite barriers. All other nota
tion is standard.

The trapping of holes in BSs during photoexcitation o
polycrystal results in a lower densityns of electrons local-
ized at grain boundaries. The dependence ofns on the pho-
toexcitation level can be determined from the equation3
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NdFexpS 2
Vs

kTD2expS 2
Vs0

kT D G5Gtn , ~2!

where the left-hand side determines the increase in the e
tron density at the tops of the intercrystallite barriers~at the
current-flow level!, Vs5e2ns

2/8«0«Nd is the height of the
intercrystallite barriers during photoexcitation,G is the rate
of photogeneration of electron-hole pairs, andtn is the life-
time of nonequilibrium electrons at the tops of the intercry
tallite barriers. If the conditionLp@ns /Nd is satisfied, where
Lp is the diffusion length of the minority carriers in the vo
ume of the grains, we have3

tn5
Lp

2

nnSn~Ns2ns!
F l 1

Dp

npSpns
expS 2

Vs

kTD G21

, ~3!

wherenn(np) is the average thermal velocity of the electro
~holes!, Sn(Sp) is the cross section for trapping an electr
~hole! in a BS, Ns is the total density of BSs
l 5Lp(a11)/(a21)14Lp

2/d; here a5exp(d/Lp) and d is
the grain size; andDp is the hole diffusion coefficient.

The estimates show that forNd.1015 cm23 and photo-
excitation levelsG&1 sun (1 sun5 1020 cm23

•s21; Refs.
1 and 2!, the contribution of the minority carriers to charg
transfer is negligible. According to Ref. 3, the resistivityr of
a polycrystal is determined by the expressions

r5
1

emnNd
1

1

sc
, ~4!

sc5
c2nnf * d

2kT
@2D̄n1Sn~Ns2ns!#

3FGtn1Nd expS 2
Vs0

kT D G . ~5!

Heremn is the electron mobility in the volume of the grain
f is a modeling factor,5,6 and D̄n is the integrated transmit-
tance of the grain boundary for electrons. The tempera
dependence ofD̄n is determined by the expression

D̄n5
Vn

kTE0

1

expF2aA12j2
Vn

kT
jGdj2expS 2

Vn

kTD ,

~6!

where a54pdA2m* Vn/h, m* is the electron effective
mass, andh is Planck’s constant. The first term in Eq.~6!
813813-02$10.00 © 1997 American Institute of Physics



tte
te

li-
ch
te
y

ri-

l
e

in
he
ot
the

me

rs,
tric
in
in

the
ex-

n.

nala,

on
l

determines the electron tunneling current through the sca
ing barrier of a grain boundary, and the second term de
mines the above-barrier current.

To describe the dark electrical conductivity of polysi
con at low temperatures, one other charge-transfer me
nism must be invoked: hopping electron transfer along in
grain defects.2,6 The expression for the resistivit
corresponding to this mechanism has the form7,8

rh5r0AT exp~T0 /T!1/2. ~7!

In polysilicon the valuesr0510.15V•cm/K1/2 andT51400
K satisfy the experimental data.6

For the effective resistivityr* and effective~Hall! car-
rier mobility mn* we have

1/r* 51/r11/rh , ~8!

m* 51/er* Nd . ~9!

Figures 1 and 2 show the computational results forr* (T)
and m* (T) in polysilicon for the following values of the
parameters:d50.1 cm,Nd5531015 cm23, mn5350(500 K/
T) cm2/~V•s! ~Ref. 4!; Ec2En51.12 eV, Dp520 cm2/s,
Lp51022 cm, nn5np5107AT/300 K cm/s ~Ref. 2!,
f * 50.05, a55.1, Vn50.06 eV, Sp510213 cm2, and
Sn57.7310215 cm2; the parameters of the Gaussian dist
bution of the boundary states are:Ns52.1831011

cm22, Es5En10.37 eV, andDE50.05 eV. The theoretica
dependences are evidently in good agreement with the
perimental data.

FIG. 1. Temperature dependence of the resistivity of polycrystalline silic
1 — in the dark (G50), 2 — in sunlight (G51 sun). Dots — experimenta
data of Ref. 4 .
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It should be noted that the interpretation proposed
Ref. 2 for the experimental results of Ref. 4 is doubtful. T
dependenceVn(T), proposed in Ref. 2, was obtained n
from physical considerations but rather by comparing
theoretical dependencer* (T,G51 sun! with the experimen-
tal data@in other words,Vn(T) is used as a fitted function#.
This approach would be justified if it were shown at the sa
time that the functionr* (T,G50), calculated for the same
function Vn(T) and the same values of the paramete
agrees with the experimental data. However, the dark elec
conductivity was not studied in Ref. 2. Other inaccuracies
the theory of Refs. 1 and 2 were also indicated previously
Ref. 3. It appears that the explanation presented in
present paper is the most convincing explanation of the
perimental results of Ref. 4.
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FIG. 2. Temperature dependence of the effective~Hall! mobility of elec-
trons in polycrystalline silicon:1 — in the dark (G50), 2 — in sunlight
(G51 sun). Dots — experimental data of Ref. 4 .
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Total external x-ray reflection and infrared spectroscopy study of porous silicon and its

-

aging
L.A. Balagurov, V.F. Pavlov, E.A. Petrova, and G.P. Boronina

State Institute of Rare Metals, 109017 Moscow, Russia
~Submitted October 20, 1996; accepted for publication January 22, 1997!
Fiz. Tekh. Poluprovodn.31, 957–960~August 1997!

Study ofp-type porous silicon has been carried out by x-ray reflectometry for the first time. Its
critical total-external-reflection angle and its reflection coefficient in the subcritical angle
range are much smaller than forc-Si, which was grown by the Czochralski method. The critical
angle decreases with increase of the porosity. The critical angle and the reflection coefficient
increase with aging. These results are attributable to the much smaller electron density of porous
silicon in comparison withc-Si, to the microgeometry of its surface, and to changes in
both of these factors attendant to aging due to an increase in the concentration of atmospheric
constituents observed in the infrared absorption spectra. As the porosity increases, the
concentration of atmosmopheric impurities also increases, and in high-porosity material in addition
to chemically adsorbed oxygen, carbon and water seem to contribute appreciably.
@S1063-7826~97!01708-0#
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In recent years there has been a phenomenal growt
interest in porous silicon~PS! as a promising basic materia
in the fabrication of opto-electronic devices.1,2 This interest
is based on its huge specific surface area~more than
102 m2/cm3) and the very small size of its crystallites, whic
together are the reason for the high sensitivity of its prop
ties to the surrounding medium.3

In this paper we report the results of a first-of-its-kin
study of porous silicon and its aging by the method of x-r
reflexometry based on the effect of total external reflect
~TER! of x rays,4 and also infrared~IR! spectroscopy.

2. EXPERIMENTAL TECHNIQUE

Porous-silicon layers were obtained by anodic etching
a single-chamber cell with clamped contact and a platin
grid as the opposite electrode in the galvanostatic regime
KDB-1 ~111! Si wafers with chemically-mechanically pro
cessed working surfaces. An ohmic contact was created
the back side of the wafer by sputtering-on aluminum w
subsequent brazing-in at 550 °C for 15 min. The area of
layers was roughly 2 cm2. Two series of layers of porou
silicon were obtained in electrolyte mixtures HF : C2H5OH
with different proportions of the components. In each ser
in the preparation of the layers the total charge that pas
through the system remained unchanged while the cur
density i was varied. The regimes in which the layers we
fabricated are listed in Table I. The thickness of the poro
silicon layersd54214mm was measured on a cleavage
the layer with a ‘‘Reichert’’ Me-F2 optical microscope.

Measurements of the x-ray reflection coefficientR as a
function of grazing angleu were carried out on a ‘‘Rigaku’’
two-crystal topographical setup with an RU-200 CuKa
x-radiation generator on a goniometric head having mic
metric axial rotation with a scale division of;0.58. To lower
the error in determiningu, we monochromatized the CuKa
radiation (l51.54 Å! with the help of a silicon crysta
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perimentally obtained values ofR(u) for a single-crystal sili-
con substrate~Fig. 1, curve1! with the values calculated
theoretically according to the Fresnel formula allowing f
absorption by a nonideal silicon surface showed that the
ror in the experimental values ofR relative to the calculated
values amounted to 223% at angles less than the critic
TER angle, reaching 5% in the region of the critical ang
We also monitored crystallographic bending of the poro
silicon films, which was not large~the radius of bending
varied between 80 and 100 m! and could not affect the re
sults of the TER measurements.

We also measured the infrared transmission spectr
the region 40024000 cm21 on a ‘‘Perkin-Elmer 983G’’
spectrometer.

3. RESULTS AND DISCUSSION

Infrared transmission spectra of a porous-silicon la
~sample No. 1!, measured directly after fabrication and aft
keeping it in air at room temperature for six months, a
shown in Fig. 2. From the positions of the interferen
maxima we determined the values of the index of refract
of porous siliconn. From these values we found the dens
of the porous-silicon layers in the effective-medium appro
mation, in which a mixture of phases is treated as a hom
geneous material with some mean polarizability.5 The silicon
volume fraction in the porous silicon,f Si , was found from an
expression given in Ref. 6, which assumes that porous
con is a mixture of only two phases:c-Si and voids:

f Si5@~12n2!~nSi
2 12n2!#/@3n2~12nSi

2 !#, ~1!

wherenSi53.43. The mean porosity over the thickness o
porous-silicon layer isP0512 f Si . The values ofn in the
samples were found to lie within the limits 1.35–1.75 a
during aging, within the limits of measurement error r
mained unchanged, apparently because of the similar va
of the refractive indices of porous silicon and the natu

815815-04$10.00 © 1997 American Institute of Physics



oxide, which ag

TABLE I.

ths.
Anodization regimes Measurement results

Composition of solution
Sample HF:C2H5OH i , mA/cm2 t, min P0 Pm8 uc8 , min Pr Rm9 uc9 , min

c-Si 1 13
1 2 : 1 130 2.5 0.66 0.62 5.4 0.84 1 8
2 2 : 1 180 1.8 0.69 0.78 4.5 0.88 0.9 8.5
3 3 : 5 6.5 14 0.62 0.72 6 0.79 1 7.5
4 3 : 5 13 7 0.72 0.78 5.5 0.83 0.87 8.5
5 3 : 5 26 3.5 0.78 0.78 4.7 0.87 0.8 8

Note: Rm8 , uc8 — initial measurments;Rm9 , uc9 — measurements after holding the samples in air for six mon
rees with the data of Ref. 3. TheP0 values
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which we obtained are listed in Table I. It can be seen tha
both series of samples, obtained for different composition
the electrolyte, the porosity increased with growth of t
anode current.

In the spectra of just the porous-silicon layers~Fig. 2,
curve 1! we observed absorption bands associated with
brations of the Si–Hx groups ~2115, 2090, 906, 662 624
cm21) and, probably, Si–F~815 cm21!.7,8 During aging, ab-
sorption bands associated with vibrations of the Si–
(105521150, 880, and 450 cm21), O–H ~3450 cm21), and
Si–C groups~2960 and 2930 cm21) appeared and grew~Fig.
2, curve1a!.7,8 From the absorption band of the stretchin
vibrations of the Si–O groups (105521150 cm21! we esti-
mated the concentration of the silicon-bound oxygen (NO)
using the equation

NO5AE ada.

We calculated the absorption coefficienta using the
equation for the case of an absorbing layer on a transpa
substrate.9 For definition we used the value
A50.156 at. %•cm/eV for a-Si from Ref. 10, which to
within 5% coincides with the corresponding value forc-Si,
obtained from the coefficient of proportionality between t
maximum of the absorption peak and the oxygen concen
tion for c-Si ~Ref. 11! allowing for the integral*ada.

FIG. 1. Reflection coefficientR plotted versus grazing angleu of the
x-radiation incident on the surface forc-Si ~1! and porous silicon.2, 3 —
initial measurements;2a, 3a— after holding in air for six months. Sets o
data points2, 2a— for sample No. 2;3, 3a— for sample No. 4~see Table
I!.
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layers were performed about two weeks after preparation
the layers and after six months. In the case of one of
samples there were no noticeable changes in the mea
ment results during the two weeks after preparation of
samples. Curves of the reflection coefficient as a function
the x-ray grazing angleR(u) are shown in Fig. 1. Table
lists the critical TER angleuc for each sample, where as th
angle we took the angle corresponding to the intersec
point of the extrapolated straight-line segments ofR(u).
Table I also lists the reflection coefficient in the TER regio
Rm , calculated as the arithmetic mean of the valuesR in the
regionu,uc . It is evident that for all the samples the valu
of Rm is significantly smaller than for silicon, but the regio
of anglesu, in which the TER effect completely disappear
is substantially shifted toward angles smaller than for silic
For relatively fresh layers, as the porosity is increaseduc is
observed to decrease andRm exhibits a tendency to grow
All the samples are characterized by growth ofRm anduc as
a result of aging.

In general, the form of the functional dependenceR(u)
is determined by the electron density, by absorption, and
the microrelief of the near-surface layer whose thickness
the small angle region is (10215)l ~wherel is the wave-
length of the x radiation!, i.e., in our case;20 Å, and rarely
grows in the region of disappearance of the TER effect.3,12–14

FIG. 2. Transmission spectra for a layer of porous silicon in the infrared
sample No. 1~see Table I!: 1 — initial measurements,1a — after holding in
air for six months.

816Balagurov et al.



For u.uc it is increased by roughly an order of magnitude.
n

ir-
n

d

o

in
s
th

-
u
u

on
ab
r-

ss
en
he

tio

ix
er
s

tio
la
d

o
e
ai
a

ta
f
o

le
h
ki

it
y.

pre-
ron
by

in
in-

ts—

ric
in
ed

ss
by

pu-

of

ok,

n,

reef,

as

t

In the case of a silicon single crystal, absorption does
strongly alter the form of the dependenceR(u), calculated
without allowance for absorption. For porous silicon, by v
tue of its high porosity the effect is apparently weaker a
can be disregarded. The decrease ofuc with increasing po-
rosity can be estimated from the relation4

uc5~l2e2ne /pmc2!1/2, ~2!

wherem is the electron mass,ne is the electron density, an
c is the speed of light in vacuum. The porosityPr in the
surface layer of thickness;100 Å, estimated according t
the formula

Pr5~u1c
2 2uc

2!/u1c
2 ,

whereu1c is the critical TER angle forc-Si, is systematically
higher than the layer thickness-averaged values obta
from the optical measurements. This apparently indicate
enhanced porosity in the skin layer, in accordance with
data of Ref. 15.

The changes in theR(u) curves during aging are obvi
ously due to changes in the electron density of the poro
silicon layers and in their microgeometry due to an accum
lation of atmospheric constituents in the porous silic
samples, which is what we observed from the infrared
sorption spectra~Fig. 2!. We assumed that for extended sto
age of samples in air the main contribution to the change
the electronic structure comes from oxygen and to a le
degree carbon.3 Since the number of electrons in the oxyg
atom differs only slightly from the number of electrons in t
carbon atom, we estimated from Eq.~2! the total amount of
these impurities needed to obtain the shift inR(u) toward
largeru observed experimentally during aging.

Figure 3 plots the dependence of the total concentra
of oxygen and carbon~from the TER data! and oxygen lo-
cated in the form of Si–O groups~from the infrared spec-
troscopy data! on the porosity for samples held in air for s
months. It is apparent that the concentration of atmosph
impurities increases with increasing porosity. From the
values it is not hard to estimate the ratio of the concentra
of atmospheric impurities of silicon in the layers, which re
tive to less porous material~,0.8! does not exceed 1:1, an
for more porous material grows to~2–3!:1. The similar val-
ues of the concentration of oxygen found in the form
Si–O groups and the total impurity concentration obtain
for relatively less porous material indicates that the m
impurity in the less porous material is oxygen found in
chemically adsorbed state. It would appear that the subs
tial extent~see Fig. 3! by which the limiting concentration o
the silicon-bound oxygen corresponding to the formation
SiO2 ~1! exceeds the total impurity concentration~2! must be
attributed to the accumulation in the porous-silicon samp
of water and carbon. It is also apparent because of its hig
porosity in comparison with the volume-average that the s
layer is enriched with atmospheric impurities.

4. CONCLUSIONS

In summary, the present study represents a first-of-
kind investigation of porous silicon by x-ray reflexometr
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We have shown that for porous silicon the critical angleuc

and the reflection coefficientRm in the subcritical angle
range are significantly less than their values forc-Si. The
critical angle decreases with increase of the porosity.Rm and
uc were observed to increase during aging. The results
sented here are explained by a significantly lower elect
density of porous silicon in comparison with silicon and
the microgeometry of its surface, and also by changes
these parameters brought about by aging caused by an
crease in the concentration of atmospheric constituen
oxygen, carbon, and water–in the porous silicon layers.

An increase in the total concentration of atmosphe
impurities is observed with growth of porosity, where
strongly porous material, in addition to chemically absorb
oxygen, carbon and water contribute substantially.

The surface layer of porous silicon of thickne
;100 Å has a higher porosity than the total volume, and
virtue of this circumstance is enriched by atmospheric im
rities.

The author is grateful to M.G. Mil’vidski�, V.T. Bublik,
and S.I. Zheludevaya for helpful discussions of the results
this work.
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Calculation of 2 p levels for thermal double donors in silicon
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L. F. Makarenko

Belorussian State University, 220050 Minsk, Belarusa!

~Submitted May 11, 1996; accepted for publication January 28, 1997!
Fiz. Tekh. Poluprovodn.31, 961–965~August 1997!

A two-center model is developed to explain the electronic structure of thermal double donors
~TDD! in silicon. Calculations of 2p levels of singly ionized TDD’s are performed in
the effective mass approximation. From a comparison of the calculated results with the
experimental data, the internuclear distance between the two electrically active atoms is evaluated
as 0.75–0.95 nm for the TDD1–TDD3 and 1.35–1.75 nm for the next four species:
TDD4–TDD7. © 1997 American Institute of Physics.@S1063-7826~97!02008-5#
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The interpretation of infrared absorption spectra ass
ated with electronic transitions between the levels
hydrogen-like impurities in semiconductors is based
effective-mass theory~EMT!.1 This theory very accurately
predicts differences between the energies of the exc
states of shallow substitution donors.1–3 Its application has
also proved to be successful in the description of the e
tronic structure of such complex defect complexes as,
example, thermal double donors~TDD! in silicon.4 These
defects constitute an entire family of successively form
donor centers. At least twelve types of donor centers are
known,4,5 which we will denote, following the notation o
Ref. 5, as TDD0, TDD1,...TDD11. Their optical character
tics and the electronic structure of a configuration with sh
low donors have been described in detail in Refs. 4, 5, an

Earlier works also report deviations of the properties
the given complexes from those predicted by the stand
effective-mass theory considered in Refs. 1–3. One such
viation is the two-valley structure of the TDD ground sta
discovered in Ref. 6 and confirmed by the data of Ref.
According to effective-mass theory, the wave function~WF!
of the shallow donor in the semiconductor in silicon-lik
semiconductors is represented as a sum:

c~r !5N(
i 51

n

ciFi~r !u~k0i ,r !, ~1!

wheren is the number of valleys,N is a normalization fac-
tor, andF(r ) is the Bloch envelope wave function of th
i th valley of the conduction bandu(k0i ,r ). While for an
ordinary shallow donor~e.g., phosphorus in silicon! all the
coefficientsci51, for a TDD four of them are equal to
zero.4–7.

Another peculiarity of the electronic structure of therm
donors is splitting of the 2p6 state. Here the energy of on
of the two new states 2p6h , like the ground-state energy
increases with the index of the thermal donor (n), and the
energy of the other state 2p6 l decreases.4 In this same work
it was found that some of the characteristics of thermal
nors vary discontinuously with growth ofn. For example, a
clear difference is observed between the properties of TD
and TDD4~Ref. 4!.
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not yet been achieved. Thus, for example, in Refs. 4, 6,
7 the two-valley structure was explained as a result of a lo
uniaxial deformation of the lattice. Another explanation
connected with the model of a two-center core.8,9 According
to this model, the thermal donor core consists of two po
donors located along the@110# axis of the defect. Thus, as
result of the anisotropy of the effective mass, the energie
states constructed from the wave functions of two valle
elongated along the perpendicular to this axis~Fig. 1! are
lower than the energies of any other combinations of ty
~1!. This hypothesis about the atomic structure of the cons
ered defects at once gives the correct electronic structur
the TDD ground state in Ge~Ref. 10!.

The variation in the energy with growth of the index
the TDD was explained in Ref. 9 within the framework
the two-center core model by a variation in the distance
tween the atoms responsible for the electrical activity
these complexes. The aim of the present paper is to dev
these ideas further in order to achieve a consistent expl
tion of the observed peculiarities of the electronic struct
of the excited 2p states of the entire family of TDD’s and t
be able to estimate the distance between the nuclei of
electrically active atoms.

2. CALCULATIONS

Of greatest interest would be a calculation of thep
levels of singly ionized TDD’s since it is for such TDD’
that detailed spectroscopic data are available.4,6,7 For the cal-
culations we chose the arrangement of the axes of the
tesian coordinate system shown in Fig. 1. In this case
effective-mass equation for the envelope wave function
be written in the form

F2D1~12g!
]2

]y2 2
2

r a
2

2

r b
GF~r !5EF~r !. ~2!

Equation ~2! is written for the effective Bohr radius
a* 54p««0 h2/(mie

2)53.166 nm as the unit of length an
the effective Rydberg energy Ry* 5mte

4/
@2h2(4p««0)2#519.94 meV as the unit of energy. Numer
cal values of all the constants were chosen following Ref
The quantitiesr a and r b are distances measured from th
atomsa andb, respectively~Fig. 1!. For convenience in the

819819-04$10.00 © 1997 American Institute of Physics
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representation of the test functionsF(r ), we transform to the
deformed coordinate systemx̃5x, ỹ5y, z̃5bz. The factor
b is a variational parameter.

In this coordinate system we can introduce elliptical c
ordinates

«̃ 5~ r̃ a1 r̃ b!/R̃, h̃5~ r̃ a2 r̃ b!/R̃

and construct simple approximate molecular orbitals, wh
will allow us to calculate the energies of the 2p states with
high accuracy. These orbitals were constructed on the b
of Refs. 11 and 12 and are given in Table I. Calculat
shows that the error in calculating the energy levels o
molecular hydrogen ion using the given orbitals does
exceed 0.1% forR,1.3aB , where aB is the Bohr radius.
Table I also gives the test functionsF(r ) for calculating the
2p states of a point donor in a semiconductor of the type
and Ge.2 Using these functions to calculate the energies
the corresponding states for silicon leads to errors no gre
than 0.1%~Ref. 3!.

FIG. 1. Arrangement of the axes of the Cartesian coordinate system rel
to the crystallographic axes of the crystalline lattice of silicon. The pair
electrically active atomsa andb is located on thez axis and has coordinate
za5R/2 and zb52R/2. The y axis is aligned with the long axis of the
ellipsoids of rotation of the constant-energy surface of those valleys of
conduction band, from Bloch wave functions of which the ground state
the thermal donors is ‘‘constructed.’’
TABLE I. Test functions~approximate molecular orbi
the thermal donors and the corresponding test functi

820 Semicond
-

h
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a
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All the calculations were performed numerically. For th
2pp orbitals the variational parameters werea and b, and
for the 2ps orbitals they werea, b, and p. The results of
these calculations are plotted in Fig. 2.

3. DISCUSSION

As can be seen from Fig. 2, splitting of the 2p6 state of
the thermal donors is explained in the two-center mode
the result of the difference in energy of the 2pp and 2ps
states of the molecular hydrogen ion. While the ground-s
energy increases with growth of the TDD index, the ene
of the 2ps state decreases with increasing distance betw
the nuclei of the atoms responsible for the donor action
the complex. Thus, all the noted peculiarities find a cons
tent explanation within the framework of the standard the
of the molecular hydrogen ion.13 However, the energy levels
of the analog of the molecular hydrogen ion, calculated
the effective-mass approximation, differ from their expe
mental values.4 Let us consider in more detail the reasons
these differences.

According to Ref. 4, the binding energy of the 2p0 states
of the single ionized TDD’s TDD1–TDD7 decreases wi
growth of the center index from 50.4 to 47.7 meV. The

ive
f

e
f

FIG. 2. The energy (E) of the states 2ppx ~1!, 2psz ~2!, and 2ppy ~3! of
a pair of shallow donors, calculated in the effective-mass approximat
plotted versus the distance between donor nuclei (R). The orientation of the
axes is shown in Fig. 1. The energy is reckoned from the bottom of
conduction band.
tals! for calculating the energy levels of the 2p states of
ons atR50 for calculating the levels of a shallow donor in

s

820akarenko
a Si-type semiconductor.2,3

Designation of Approximate Test wave function Designation of state
the molecular orbital molecular orbital forR50 of the shallow donor

2ppx N x̃ exp(2am̃) N x̃ exp(2a r̃ ) 2p6

2ppy N ỹ exp(2am̃) N ỹ exp(2a r̃ ) 2p0

2psz N(p1aRm̃)exp(2am̃) N x̃ exp(2a r̃ ) 2p6

Note: N is a normalization factor.
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effective-mass theory~Fig. 2!. Such a relationship betwee
the theoretically predicted and experimentally observed
ergies of the 2p states was observed for donors bound w
interstitial magnesium14 and aluminum15 atoms. In Ref. 14 it
was suggested that such a deep position of the 2p0-state is
due to corrections to the local field arising from the inters
tial position of the donor atom. Thus, we may conclude t
the electrically active atoms of the thermal donors occu
interstitial positions in the silicon lattice. This conclusio
accords with current ideas about the atomic structure of
thermal donors.16

The deviations from the effective-mass theory for t
2p1 states Mgi and Ali are smaller than for the 2p0

levels.14,15 In addition, the 2p6 level of Mgi splits in two.
The reason for this split is unclear. It may have to do w
the chemical nature of the donor atom.

Proceeding from these arguments, we write the ene
of the 2p levels of the TDD in the form

En
~ i !5EEMT,n

~ i ! 1ELFC,n
~ i ! , i 51, 2, 3, ~3!

wheren50, 1, 2, . . . is the TDDindex, i 51 corresponds to
the 2p0 state,i 52 corresponds to the lower 2p6 state de-
noted in Ref. 4 as 2p6 l , and i 53 corresponds to the uppe
2p6-state denoted in Ref. 4 as 2p6h . The quantity
EEMT,n5EEMT(Rn) is the energy calculated in the effectiv
mass theory, which depends on the distance between the
clei of the electrically active atomsRn . The quantity
ELFC,n5ELFC(rn ,Rn) is the correction for the EMT energy
which is associated with the local field and which depen
on the coordinates of the donor atom in the unit cellrn and,
possibly, on the lattice distortion which is different for di
ferentRn . Because of the presence of theELFC,n term, direct
comparison of the results of calculation with experiment
impossible. However, such a comparison is more justified
differences of the form

dn5En
~3!2En

~2! ,

Dn5En
~3!2En

~1! .

In the comparison of the calculated and experimen
valuesdn and Dn it is necessary to bear in mind that th
correction to the local fieldELFC for the 2p0 states of the
interstitial donor is significantly greater than for the 2p6

states.14 Therefore, ifD520.4 meV for a point EMT-donor
with Z52 for E(1/11)5Ec20.125 meV, then
for Mgi

1 D521.8 meV for E(1/11)5Ec20.26 meV
~Ref. 14!; and for Ali

1 D522.8 meV for
E(1/11)5Ec20.96 meV ~Ref. 15!. Consequently, the
calculated curvesd(D) are shifted relative to the experimen
tal curves along the abscissa. Since the quantityDLFC is un-
known for the thermal donors and may be different for d
fects with different index, it makes sense to augment
calculated values ofD(R) by some mean correction to th
local field, which we choose to be equal to 4 meV. Comp
ing the positions of the experimental points and the trend
the so-corrected theoretical curve~Fig. 3!, we may conclude
that the calculated data as a whole faithfully reflect the c
relation between the quantitiesdn and Dn for the various
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TDD’s. The experimental data were taken from Refs. 4 a
15. The data on the 2p6 levels of TDDn with n.7 are
indeterminate due to the superposition of bands belongin
the various centers.

The corrections for the local field for the 2p2 levels are
significantly smaller. Thus, for Mgi

1 we haved50.23 meV
~Ref. 14! and for Ali

1 d50. Let us initially assume that fo
all the thermal donors, just as for Ali

1 , dLFC50. With this
assumption, we estimate the distance between the nucl
the atoms of the pair from a comparison of the experimen
values ofdn with the calculated values~Fig. 4!. Such a com-
parison leads to the valueR50.7520.95 nm for the first

FIG. 3. Comparison of energy differencesD5E(2p6h)2E(2p0) and
d5E(2p6h)2E(2p6 l), obtained for different types of thermal donors~la-
beled on the curve! from the infrared-spectroscopy data in Ref. 4~circles!
and Ref. 15 ~squares!, and the differences D5E(2ppx)
2E(2ppy)14 meV andd5E(2ppx) 2E(2psz), calculated in the presen
work ~solid line!.

FIG. 4. Calculated dependence of splitting of the 2p1 level of a pair of
shallow donors on the distance between them. The experimental valu
d5E(2p6h)2E(2p61) are indicated for thermal donors of different type
taken as the arithmetic means of the data.4,15
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R51.3521.75 nm for the second group with indice
n5427. It should be noted that the error of determining t
internuclear distance decreases with increasing thermal
nor index. If, proceeding from the data for Mgi

1 , we take the
indeterminacy fordn to be60.23 meV, then we are led to a
error in the determination ofR7 of only 60.07 nm.

The large break between the TDD3 and TDD4 para
eters, also noted in Ref. 4 for other spectroscopic charac
istics of these two defects, stands out. Its appearance ma
explained on the basis of the values obtained for the inte
clear distances of the pair of electrically active atoms en
ing into the makeup of defects with different indicesn. All
theRn are grouped near the valuesmR* , wherem51, 2 and
R* 5A2a050.768 nm is the distance between two tetrah
dral interstitial sites which are nearest neighbors in the@110#
direction, anda0 is the lattice constant of silicon. Given thi
if the donor atoms of the pair for TDD3 are found in tw
neighboring unit cells (m51), then in the transformation
from TDD3 to TDD4 one of these atoms will be shifted
the following cell, i.e., TDD4 now occupies not two bu
three neighboring unit cells in the@110# direction (m52).
As a result of such a transformation, not only the value
EEMT,n , but also ofELFC,n , is radically altered since the
coordinatesrn of both donors of the pair will be different in
their own unit cells. Thus, the considered defects can
divided into two groups. To the first group we may assi
TDD1–TDD3 and apparently TDD0, which is not obser
able by infrared spectroscopy. The second group includes
four defects TDD4–TDD7.

The appearance of these two groups may be conne
with the character of the arrangement of the interstitial o
gen atoms entering into the makeup of the defect. Becaus
the Coulomb repulsion forces between the nuclei, the do
pair deforms the lattice, which leads to the appearance
tensile stresses in the direction perpendicular to the pair a
Evidence of such anisotropic stresses is provided by the
of Ref. 7. The deformation field so arising attracts the o
gen atoms which are built into the lattice between the ato
of the pair. The addition of a new oxygen atom, in tur
alters the local lattice stresses and, consequently, the dist
between the donor centers. The addition of each fifth oxy
atom causes a transformation of the defect, which is acc
panied by a transition of one of the atoms of the pair to
more remote interstitial site.

The nature of the atoms of the pair is still unclear. Th
may be intrinsic interstitial silicon atoms, which would e
plain the small value ofdLFC,n . At the same time, it canno
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active. However, on the basis of only the infrared spectr
copy data it is apparently impossible to provide an answ
this question.

4. CONCLUSIONS

The 2p levels of the singly ionized state of therm
double donors in silicon have been calculated in
effective-mass approximation on the assumption that
core of the given defects consists of a pair of shallow do
centers arrayed along the@110# axis. The calculated result
have been compared with the available infrared spectrosc
data. As follows from the experimental data, the first sev
thermal donors may be divided into two groups: TDD1
TDD3 and TDD4–TDD7. It is assumed that the electrica
active atoms of the pair for the first group are found at int
stitial sites located in neighboring unit cells in the@110# di-
rection, and separated by one unit cell for the second gro
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Conductivity stimulated by temperature oscillations in dissociated cadmium telluride

and cadmium sulfide solid solutions

A. P. Belyaev, V. P. Rubets, and I. P. Kalinkin

St. Petersburg Technological Institute, 198013 St. Petersburg, Russia
~Submitted October 7, 1996; accepted for publication January 28, 1997!
Fiz. Tekh. Poluprovodn.31, 966–968~August 1997!

The relaxation properties of films of dissociated cadmium sulfide and cadmium telluride solid
solutions have been investigated. Conductivity stimulated by temperature oscillations
was observed. The relaxations caused by a change in the external electric field and temperature
were studied. It was determined that residual conductivity and increasing current relaxations
are characteristic of the experimental samples. The results are interpreted in a model of an
inhomogeneous semiconductor. ©1997 American Institute of Physics.
@S1063-7826~97!02108-X#

In Ref. 1 , relaxational processes in CdSxTe12x layers at seemingly ‘‘switched off.’’ When the equality betweent1
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low temperatures were reported. In the present study we
vestigated of the characteristic features of processes oc
ring at higher temperatures — above 300 K. The long-ti
relaxation processes initiated in CdSxTe12x layers, subjected
to thermally activated dissociation, by a change in tempe
ture, illumination, and external voltage were investigated

A sharp increase in voltage produced a rapid increas
the current to a maximum value, after which the current
creased monotonically to a minimum value and then ag
increased to a steady-state value. The characteristic cu
rise time~of the order of 1 min at 400 K! was many times
longer than the decay time and depended exponentially
the temperature. Short-circuiting the current after a station
current was established gave rise to a monotonic decrea
the current. The relaxation time of the ‘‘residual conduct
ity’’ depended on the temperature. It could be decreased
stantially by light with photon energy\v.1.1 eV. Current
relaxation increased sharply as a result of irradiation.

Figure 1 shows the results of an investigation of t
relaxation properties arising as a result of temperature va
tions. Curves1 and2, obtained by heating at a constant ra
contain sections of a rapid increase in conductivity. Incre
ing the heating rate shifted the onset of rapid growth
higher temperatures.

A nontrivial phenomenon was also found — conduct
ity stimulated by temperature oscillations~CSTO!, i.e., tem-
perature oscillations gave rise to a substantial increase in
conductivity of the samples. The magnitude of the additio
conductivity ~CSTO amplitude! was temperature-depende
~curves3 and4!. Holding a sample at a constant temperatu
even for a much longer period of time, had virtually no effe
on its conductivity. The effect was reversible.

In order for electronic equilibrium to be established in
inhomogeneous semiconductor, potential barriers mus
overcome. This factor accounts for the long equilibrati
time and its exponential temperature dependence.2–4 When a
system in equilibrium is heated continuously, its conduct
ity will assume a new equilibrium value only when the cha
acteristic heating timet1 equals the characteristic equilibra
tion time t between the impurity levels and the conducti
band.4 At lower temperatures the effect of impurities
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andt is reached, the impurities are ‘‘switched on’’ and th
free current through the system increases sharply. An
crease in the rate of heating decreasest1 ; a higher tempera-
ture is therefore required to switch on the impurities, whi
accounts for the shift in the region of sharp current grow

Proceeding fromt15t and using the results of Ref. 4

t5t0 exp~Er /kT!,

t15Dr/u~dr0 /dT!~dT/dt!u, ~1!

we obtain the approximate equality

Er'
kT1T2

T22T1
lnH ~dT/dt!2T1

2

~dT/dt!1T2
2J ~2!

whereDr is the sensitivity of the apparatus, andr0 is the
quantity measured by the apparatus.

To determineEr it is sufficient to know the temperature
at which the impurities are activated,Ti , for different rates of
heating (dT/dt) i . The valueEr'0.4 eV was obtained from
Eq. ~2! for the sample corresponding to Fig. 1. According
Ref. 3 , this quantity determines the energy required for e
trons to be transferred from high-resistance regions~HRR! of
an inhomogeneous system into low-resistance regi
~LRR!. In the case of the experimental samples, the H
and LRR evidently correspond to switching on of a disso
ated solid solution with a large and small quasigap, resp
tively. Surface states~SSs! with energy«s , which contribute
to the formation of the potential well of the bands, a
present directly at the boundaries of these regions. The
ergy diagram of the system can therefore be represente
shown in Fig. 2. An external field applied to such a syst
~Fig. 2b!, because of the high inhomogeneity of the syste
distorts the potential well.1,5 An external field is rapidly
screened in LRR and vice versa in HRR. As a result, eq
librium between the electrons in the conduction band and
impurity levels« i in the bulk and the surface states«s breaks
down. Near the boundaries of the LRR, oriented toward
positive pole, the free-carrier density increases and co
tions are created for trapping of carriers in«s , which gives
rise to an increase in the intercrystallite barriers and there

823823-03$10.00 © 1997 American Institute of Physics
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a decrease of the through current. On the other side of
LRR the electron density decreases. Conditions arise for
ization of«s . This process decreases the intercrystallite b
riers and increases the conductivity. If«s is greater than the
amplitude of the potential well of the conduction band, th
the rate of the second process will be lower. Equilibrat
after an external voltage is switched on abruptly will then
characterized by a current which initially decreases and t
increases, consistent with our experiment. On this basis,
energy calculated from the slope angle of the tempera

FIG. 1. Temperature dependences of the current densityj with monotonic
heating of the sample at a constant ratedT/dt50.2 ~1! and 0.07 K/s~2! and
in the presence of temperature oscillations~3! as well as the amplitudeD j / j
of the conductivity stimulated by temperature oscillations~4!.

FIG. 2. Schematic representation of a band diagram of a decomposed
solution of cadmium sulfide and telluride without~a! and with~b! the action
of an external electric field.
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rent increase can be interpreted as an ionization ene
«s;0.95 eV. This result agrees with Ref. 6 .

The investigations of the relaxations of the ‘‘residu
conductivity’’ confirm the model. Removing the extern
field again changes the potential well and again the equ
rium between the band and the levels is disrupted. The
calized charges which are generated by an external field
which screen the quasidipoles set up the potential differe
at the electrodes. We thus obtain the relaxation current w
characteristic time determined by emptying of the traps.

The observed acceleration of the relaxation of resid
conductivity by light with \v.1.1 eV, i.e., with energies
close to the experimental valueEr'0.95 eV ~ionization of
the BS level«s), provides additional support for the mode

Let us examine the processes accompanying the t
perature oscillations. A temperature change destroys
LRR–HRR equilibrium. Restoration of equilibrium require
an anomalously long time. Extrapolation of the experimen
temperature dependence of the characteristic time of the
creasing relaxations shows that for the experimental sam
at T5300 K the characteristic timet will equal tens of
hours. The large value oft explains the apparent stability o
the current at relatively low temperatures. However, a lo
time is required for the nonequilibrium carriers to be tran
ferred from HRR to LRR via an activational path, but
different, faster path is possible by hopping along impur
levels. The hopping relaxation mechanism is all the m
likely because II–VI layers synthesized by vacuum cond
sation characteristically have a high density of states in
quasigap.7

On the strength of the large magnitude of the poten
well of the system, the electron hops must occur as m
tiphonon processes. A necessary condition for such hops
thermal fluctuations which level the wells between whi
hops occur.8 Temperature oscillations promote fluctuation
Evidently, this is what causes the acceleration of the rel
ation processes, which is manifested in the form of
CSTO.

The tunneling CSTO mechanism agrees with the exp
mental temperature dependence of the CSTO amplitude~Fig.
1, curve4!. Indeed, the experimentally recorded conductiv
can be conventionally divided into two components: 1! con-
ductivity after establishment of quasiequilibrium in the ba
~established rapidly! and 2! additional conductivity arising
after equilibrium is established between the conduction b
and the levels~this equilibrium is established slowly!. Since
the position of the Fermi level is a nonlinear function of t
temperature, the contribution of the additional conductiv
increases with temperature. Therefore, the CSTO amplit
should also increase. However, while the contribution of
additional conductivity increases, its rise time decreases
ponentially. Hence, even at the first oscillation, the expe
mentally recorded conductivity will contain a part in the a
ditional conductivity that increases with temperature. T
gives rise to a corresponding decrease in the CSTO am
tude. The competition between the processes is respon
for the maximum in the temperature curve of the CSTO a
plitude.

lid
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In closing, we wish to make two remarks. The first one
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concerns the increasing-relaxation processes. The prop
model is close to the one obtained from a numerical anal
of transient currents in a semiconductor with barr
contacts.9 The only difference is in the barrier-lowerin
mechanism. In Ref. 9 it is assumed that only a field acts
the barriers, which is amplified by charge redistribution; t
boundary states are neglected. In the model considered
the field action is followed by a change in the barriers a
result of a change in the charge occupying the BSs. It se
to us that in the systems investigated the mechanism of
9 could have occurred on each reverse-biased heterojunc
but since BSs are undoubtedly present in polycrystals,
field effect on the barriers should, as a rule, give rise to
mechanism described above.

The second remark concerns the experimental obse
tion of CSTO. As shown above, samples not only with
unique potential well, but also with a high density of states
the quasigap are required for experimental observation.
dently, this is why the phenomenon described above is ra
observed.
825 Semiconductors 31 (8), August 1997
ed
is
r

n
e
re,
a
s

ef.
on,
e
e

a-

n
i-
ly

Fundamental Research under contract No. 96-02-19138.

1A. P. Belyaev, V. P. Rubets, and I. P. Kalinkin, Fiz. Tekh. Poluprovod
31, 286 ~1997! @Semiconductors31, 177 ~1997!#.
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Intrinsic photoconductivity in chromium disilicide epitaxial thin films

f

N. G. Galkin, A. V. Konchenko, and A. M. Maslov

Institute of Automation and Control Processes, Far-Eastern Branch of the Russian Academy of Sciences,
690041 Vladivostok, Russia
~Submitted December 3, 1996; accepted for publication January 28, 1997!
Fiz. Tekh. Poluprovodn.31, 969–972~August 1997!

Spectral and integrated photoconductivities in chromium-disilicide epitaxial films grown on single-
layer silicon substrates have been studied in the photon energy range 0.521.6 eV. The
region of the photoconductivity maximum observed at 1.23 eV corresponds to the third direct
interband transition in chromium disilicide at 0.920.95 eV. Possible reasons for the
weak photoconductivity signal in the region of the fundamental absorption edge are analyzed.
© 1997 American Institute of Physics.@S1063-7826~97!02208-4#

Transition-metal disilicides possessing semiconductorrent (I ph) grows nonlinearly~Fig. 1b!. Since the thickness o
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properties~CrSi2, b-FeSi2, MnSi1.73, ReSi2) have aroused
interest as promising materials for silicon planar technolo
Much attention has been devoted to questions of het
epitaxy on silicon,1,2 and the electrical3,4 and optical proper-
ties of such films.4–7 However, the photoelectric propertie
of such films were investigated only for polycrystalline th
films of iron disilicide.5

In the present paper we report the first results of a st
of the intrinsic photoconductivity in epitaxial thin films o
chromium disilicide~CrSi2) of A-type on silicon~111! sub-
strates and establishes an interconnection between the e
band structure of CrSi2, found from first-principles theoreti
cal calculations, and the experimental energy dependenc
the absorption coefficient obtained from calculations of
absorption and reflection spectra of the system^CrSi2 epitax-
ial film&–^Si substrate&.

CrSi2 ~0001! epitaxial films ofA-type on Si~111! were
grown by the seed layer method2 with finishing by
molecular-beam epitaxy from two sources in vacuum a
residual pressure of 331029 Torr ~Ref. 4!. The spectral de-
pendence of the photoconductivity and the integrated ph
conductivity of epitaxial layers of CrSi2 were recorded a
room temperature on test structures with two current cont
and two potential ohmic contacts using a halogen lamp
MDR-3 monochromator with an illumination system and
system for modulation and synchronization of the lig
beams, Ge and Si photodiodes, an interference filter an
silicon filter, a synchronized amplified with detector, and
x–y plotter.

The spectral dependence of the intrinsic photoconduc
ity sph of a CrSi2 epitaxial film of A-type and thickness
1000 Å is shown in Fig. 1a~curve1!. The photoconductivity
starts to grow at photon energies above 1.0 eV, pa
through two maxima~a weak one at 1.1 eV and a strong o
at 1.23 eV! and then decreases at photon energies ab
1.3 eV. Efforts to spectrally resolve the photoconductiv
signal at energies less than 1.0 eV were not successful. H
ever, the total photoconductivity in the energy ran
0.5020.83 eV ~the transparency region of the interferen
light filter! has been found for epitaxial films of chromiu
disilicide of thicknesses 30022000 Å. As the incandescenc
current (JL) of the halogen lamp is increased, the photoc
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the films was small, part of the photon flux with energies
the range 0.921.1 eV passed into the silicon substrate~Fig.
2a, curve4!, which could have caused photoconduction
silicon. To control the possible contribution of silicon to th
photoconductivity signal of the system CrSi2/Si, the photo-
conductivity signal of the clean silicon substrate was a
recorded~Fig. 1a, curve2!. Since the shapes of the curves f
silicon and the system CrSi2/Si are quite similar, we carried
out additional experiments. The spectral dependence of
photoconductivity of silicon and of chromium-disilicide ep
taxial film on silicon was recorded using a clean, hig
resistance (150V•cm) silicon wafer as the light filter in
front of the samples~Fig. 2a, curves1 and2!. A shift of the
photosensitivity maxima of Si and the CrSi2 film on silicon
is clearly observed. The transmittance (T) of the silicon light
filter is also shown in Fig. 2a~curve 4!. The photoconduc-
tivity maximum of silicon in such a recording scheme
located at a photon energy of 1.07 eV, where the transm
tance of the light filter is down by only 5% from maximum
~Fig. 2a, curves2 and 4!. The photoconductivity maximum
of the CrSi2 epitaxial film on Si is observed at 1.14 eV
where the transmittance of the silicon light filter is down
29% from maximum~Fig. 2a, curves1 and4!. Consequently,
the spectral photosensitivity of CrSi2 epitaxial film is higher
at higher energies in comparison with the photosensitivity
the clean silicon substrate. The absorption of the silicon li
filter ~Fig. 2a, curve4! is significantly lower than the absorp
tion of the CrSi2 film deposited on Si~Fig. 2a, curve3! at the
same energies (1.021.2 eV!, calculated from the transmis
sion and reflection spectra. Therefore, the intensity of
light reaching the silicon substrate after passing through
CrSi2 film is also small. Thus, the contribution of the silico
substrate to the photoconductivity signal in the syst
CrSi2/Si is a very small quantity and may be noticeable on
at photon energies below 1.07 eV. Consequently, the
served spectral dependence of the photoconductivity of
system CrSi2/Si ~Fig. 1a, curve1! is determined mainly by
the contribution of the CrSi2 epitaxial film.

The spectral dependence of the absorption coefficien
the CrSi2 epitaxial film, calculated using the two-laye
model,8 is plotted in Fig. 2b. One feature of the energy ba
structure of CrSi2 epitaxial films is the presence of thre

826826-03$10.00 © 1997 American Institute of Physics



4,8

FIG. 1. a — photoconductivity spectrasph of a chromium-disilicide epitaxial film deposited on silicon~1! and the high-resistance silicon substrate~2! at room
temperature; b — total photocurrent (I ph) of the epitaxial film of chromium disilicide on silicon in the energy range 0.5020.83 eV plotted versus the
incandescence current of the halogen lamp (JL).
direct interband transitions at 0.34, 0.7, and 0.9 eV,which
IV

n
th
a

n
d

o
e

predicted the formation of an indirect fundamental interband

nge

s
2 a

at
of
s,
is not usually observed in semiconductors of the groups
III–V, and II–VI.9 CrSi2 epitaxial films ofA-type are char-
acterized by a combined density of states in the fundame
absorption region that is depressed in comparison with
density of states contributing to the interband transitions
0.7 and 0.9 eV ~Ref. 8! and a narrow energy regio
(0.321.3 eV! of the transition from the minimal combine
density of states to the maximal are characteristic.7,8

Theoretical calculations of the energy band structure
CrSi2 from first principles in various approximations hav
,

tal
e
t

f

transition with large spread of energiesEg50.2120.38 eV
and a second direct interband transition in the energy ra
E250.3920.47 eV.7,10,11

In addition, according to the results of first-principle
theoretical calculations of one of the papers in Refs. 1
direct interband transition should be observed in CrSi2 at
0.2520.26 eV and a second direct transition
E250.4820.49 eV. However, the reflection spectrum
CrSi2, calculated from the results of theoretical calculation7

differs strongly from the reflection spectra of CrSi2 single
FIG. 2. a — Photoconductivity spectrasph ~1,2! transmission spectraT ~3,4! of a chromium-disilicide film deposited on silicon~1,3! and the high-resistance
silicon substrate~2,4! using a silicon light filter; b — spectral dependence of the absorption coefficienta of the chromium-disilicide epitaxial film.
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crystals7 and polycrystalline6,7 and epitaxial8 films. Conse-
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quently, at present theoretical calculations from first pr
ciples give quite contradictory results on the main interba
transitions in the energy band structure of CrSi2 and cannot
be reliably used in the interpretation of the spectral dep
dence of the photoconductivity.

For small thickness of the CrSi2 films and rapid growth
of the combined density of states in the range of transit
energies 0.3421.3 eV,7,8 one might expect a shift of the pho
tosensitivity maxima toward higher energies.13 Such a pic-
ture has been observed for the spectral dependence o
photoconductivity in polycrystalline thin films ofb-FeSi2 on
Si ~Ref. 5!, where the long-wavelength edge of the pho
conductivity was found to lie at 1.0 eV, and the photoco
ductivity maximum—at 1.35 eV. Here the width of the ba
gap of b-FeSi2 is equal to 0.87 eV~Ref. 5!, and the long-
wavelength edge of the photoconductivity corresponds to
absorption coefficient equal toa513105cm21. For CrSi2
epitaxial films the maximum of the spectral sensitivity
found at 1.23 eV, which corresponds to the absorption co
ficient equal toa'43105cm21 ~Fig. 2b!. For the CrSi2 film
thicknessd51000 Å ~or 131025 cm! the quantityad54,
which does not contradict the condition for the observat
of photoconductivity maxima for semiconductorsad>1
~Ref. 9!. The integrated photoconductivity of CrSi2 epitaxial
film in the energy range 0.5020.83 eV~Fig. 1b! supports the
appearance of a weak photoconductivity signal in the reg
of energies close to the edge of the intrinsic absorpt
(Eg50.34 eV!. As the thickness of the epitaxial films o
CrSi2 on Si is increased to (123)31024 cm, one might
expect to see a shift of the maximum of the spectral pho
sensitivity into the energy range 0.620.8 eV. In preliminary
experiments on CrSi2 epitaxial films with thickness from
2000 to 8000 Å the main photoconductivity maximum w
found to shift into the energy range 1.1821.12 eV.

In summary, the spectral range of the intrinsic photoc
ductivity of CrSi2 epitaxial films ofA-type on Si~111! with
828 Semiconductors 31 (8), August 1997
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1.6 eV, and the first three direct interband transitions w
energies 0.34, 0.7, and 0.9 eV participate in the formation
the photoconductivity signal and correspond to a gradual
in the combined density of states.8 The observed shift of the
photosensitivity maximum into the energy region of the th
interband transition can be explained by the small thickn
of the investigated films and peculiarities of the spectral
pendence of the density of combined states in epitaxial fi
of chromium disilicide. Taking into account the participatio
of direct interband transitions in the photoconduction p
cess, we can assume that radiative transitions in chromi
disilicide epitaxial films can be realized.

This work was carried out with the support of the Ru
sian Fund for Fundamental Research~Grant No. 96-02-
16038-a!.
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Enhancement of the photovoltaic effect in a two-dimensionally disordered medium

ple
M. V. Éntina)

Institute of Semiconductor Physics, Siberian Branch of the Russian Academy of Sciences,
630090 Novosibirsk, Russia
~Submitted January 17, 1997; accepted for publication January 28, 1997!
Fiz. Tekh. Poluprovodn.31, 973–975~August 1997!

The photogalvanic effect in a two-dimensional, weakly absorbing Dykhne medium without an
inversion center is studied. It is shown that a giant enhancement of the effective
photovoltaic coefficient occurs as a result of the divergence of the mean-square modulus of the
electric field. © 1997 American Institute of Physics.@S1063-7826~97!02308-9#

It has been shown in a number of recent works1–6 that Let an electromagnetic wave be incident on the sam
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local electric fields in randomly inhomogeneous macrosco
media consisting of nonabsorbing microscropic parts are
tensified as a result of the excitation of local plasmons. A
result, the averages of the even powers of the modulus o
electric field diverge in such a medium. These quantities
determining factors for different nonlinear responses of
system, which should result in an enhancement of these
sponses.

We studied a special case of such effects — the ph
voltaic effect arising in a medium without an inversion ce
ter. Let a high-frequency polarizationDv and the local sta-
tionary current densityj0 in the medium be described by th
expressions

Di
v5«v~r !Ei

v , ~1!

j i
05s0~r !Ei

01a i jkEj
vEk

2v1c.c., ~2!

where Ek
2v5(Ek

v)* . The first term describes the high
frequency part of the polarization of the medium at opti
frequenciesv and the second term describes the lo
frequency photovoltaic current. Both quantities satisfy Ma
well’s equations

¹–j050, “3E050, ~3!

¹–Dv50 “3Ev50. ~4!

Let high-frequency permittivity «v(r ) and the zero-
frequency conductivitys0(r ) be random functions of the
coordinates.

An effective photovoltaic coefficientai jk ,eff can be intro-
duced by analogy with the effective conductivity as

^ j k&5a i jk^Ej
v~Ek

v!* &5a i jk ,eff^Ej
v&^~Ek

v!* &. ~5!

In Eq. ~5! the average is a spatial average. In general,
only the directly photovoltaic current, but also the static
sponse associated with the redistribution of the static fi
described by the first term in Eq.~2!, contributes to the av-
erage current. However, the average of this term vanishe
s0(r ) and«v(r ) @and thereforeEv

„r )] are independent ran
dom quantities or the conductivity is completely independ
of the coordinates. In this case the expression for the ef
tive photovoltaic coefficienta i jk ,eff is determined by averag
ing the second term in Eq.~1! and therefore reduces to th
averagê Ej

v(Ek
v)* &.
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in a direction perpendicular to the (x,y) plane of the sample
and let the medium be macroscopically isotropic and poss
a two-dimensional inhomogeneity«v(r )5«v(x,y). Then
there will be no distinguished directions in the plane and
the components (i , j )5(x,y) the tensor of the averages ca
be expressed in terms of the mean-square modulus of
field ^Ej

v(Ek
v)* &5(1/2)d i j ^uEvu2&. Let us consider a Dykhne

medium7 — a two-phase statistically equivalent mixture
media with permittivities«1.0 and«2,0 — as a model of
the high-frequency permittivity«. Specifically, it can be as
sumed that the permittivity of the initial media is determin
by free carriers in the Drude–Lorentz model

«1,2512
vp~1, 2!

2

v~v1 i /t1, 2!
~6!

and the light frequencyv falls between the close plasm
frequenciesvp(1,2) . In this limit the low-frequency conduc
tivity is virtually coordinate-independent while the high
frequency permittivity has different signs at differe
points. At high frequenciesvt@1 and«1,25«1,28 1 i«1,29 51
2vp(1,2)

2 /v21 ivp(1,2)
2 /(v3t), where«1,29 !«1,28 .

Examples of the objects under study are semiconduct
semiconductor, metal–insulator, and metal–metal compo
materials, consisting of components with close properties
the frequency range where the imaginary part of the perm
tivity is less than the real part and the signs of the lo
values of«1,28 are different. In semiconductors, this is po
sible near the free-carrier plasma resonance, near a pola
resonance, and near frequencies far above the optical ab
tion edge.

In the case of a Dykhne medium, an exact express
can be found for the averagêuEvu2&. It follows from the
energy conservation law that

«eff9 u^Ev&u25^«9uEvu&. ~7!

Carrying out the Dykhne transformation for the inductio
Dv5«Ev and for the field in both media

Ev85~1/«eff!@n3Dv#, x→y,
~8!

Dv85«eff@n3Ev#, y→2x,

which preserves the form of Maxwell’s equations~4! for
them

¹–Dv850, “3Ev850 ~9!

829829-02$10.00 © 1997 American Institute of Physics



and transforms medium 1 into medium 2 and vice versa and
v v

an

nt

l
ile

th
te
tr
i

-
a

m
or

A
er
u

pe

th
ly
ie
b

aA
a

f

axes isx5^011̄& and y5^ 2̄11&, we find that j x50 and
v 2

the
the
ag-

not

due
r to
o

of
tio
e

ola-
fol-

e-

cur-
ent.
d to

to

nd
432

6.
v;
the expression for the inductionD 5«E into
Dv85(«/«eff)E

v8, we find

u«1u^uEvu2&15u«2u^uEvu2&2 . ~10!

The subscripts 1 and 2 mean averaging over the first
second media, respectively. Combining the expressions~7!
and ~10!, we obtain

^uEvu2&1, 25^uEvu2&
2u«2, 1uIm~A«1«2!

«19u«2u1«29u«1u
, ~11!

^uEvu2&5
~ u«1u1u«2u!Im~A«1«2!

«19u«2u1«29u«1u
u^Ev&u2. ~12!

As a result, we obtain for the average photovoltaic curre

^ j i&52 Im~A«2«2!
a i , 1u«2u1a i , 2u«1u

«19u«2u1«29u«1u
u^Ev&u2, ~13!

wherea i ,(1,2)5(1/2)(a ixx,(1,2)1a iyy,(1,2)).
In the particular case whena1,2 are identical we have

^ j i&5a i

~ u«1u1u«2u!Im~A~«1«2!!

«19u«2u1«29u«1u
u^Ev&u25aeff,i u^Ev&u2.

~14!

According to Eqs.~13! and~14!, in the region of weak loca
absorption («1,29 →0) the denominator approaches zero wh
the numerator remains finite if«1«2,0; i.e., the photovoltaic
tensor is intensified. In a weakly absorbing medium
imaginary part of the effective permittivity remains fini
under these conditions. The reason is that a local elec
field is excited. The squared modulus of the electric field
determined, according to Eq.~7!, by the balance of the mac
roscopic absorption and the rate of local losses, which
determined by«9. In the transmission region of the mediu
«1«2.0 the effective photovoltaic tensor is of the same
der of magnitude as the local tensor.

As an example, consider a noncentrosymmetric Ga
crystal without an inversion center, in which symmetry p
mits a volume photovoltaic effect. Let us assume that a b
sample consists of alternating strongly and weakly do
‘‘columns’’ oriented along thez5^111& axis, which is ori-
ented in a direction along the normal to the surfaces of
sample, with statistically identical properties. Specifical
this can be the checkerboard distribution of the propert
The photovoltaic effect is enhanced near frequencies
tween the free-electron plasma frequencies. In a bulk G
sample the components of the photovoltaic tensor are
equal and of the typea123. Assuming that the orientation o
830 Semiconductors 31 (8), August 1997
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Let us now discuss the results. First, we note that

approximation which assumes that the fluctuations of
static conductivity are small does not affect the order of m
nitude of the response as long as these fluctuations do
exceed the average conductivity: ln(s/^s&)&1. This happens
because the enhancement of the photovoltaic effect is
not to the closeness to the percolation threshold but rathe
the possibility of absorption of the field in a medium with n
local losses.

In the limit of a low light frequency the enhancement
^E&2 appears in a metal–insulator mixture, where the ra
h5s1 /s2 of the static conductivities, which determines th
closeness to the percolation threshold, is small. In a perc
tion system the mean-square field diverges. Indeed, it
lows from Ref. 7 that in a system with conductivitiess1and
s2

^E2&5
s11s2

As1s2

^E&2. ~15!

If one of the quantitiess1,2 approaches 0 and the other r
mains bounded, then̂E2&→`. However, in this limit, in
contrast to the high-frequency case, to find the average
rent it is not enough to average the magnitude of the curr
It is also necessary to solve an equation for the static fiel
second-order in the alternating field, and it is impossible
conclude on the basis of the expression~15! that the effective
photovoltaic coefficient diverges.
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InAsSb/InAsSbP diode lasers with separate electrical and optical confinement, emitting

-

at 3–4 mm
T. N. Danilova, A. P. Danilova, O. G. Ershov, A. H. Imenkov, N. M. Kolchanova,
M. V. Stepanov, V. V. Sherstnev, and Yu. P. Yakovlev

A. F. Ioffe Physicotechnical Institute, Russian Academy of Sciences, 194021 St. Petersburg, Russia
~Submitted January 20, 1997; accepted for publication January 28, 1997!
Fiz. Tekh. Poluprovodn.31, 976–979~August 1997!

Diode lasers based on InAsSb/InAsSbP with separate electrical and optical confinement, emitting
in the wavelength interval 3–4mm, are investigated. The lasers attain a higher operating
temperature when electrical confinement is created by means of type-II heterojunctions. Interface
Auger recombination is suppressed in lasers of this type, and the experimental current
density is close to the theoretically calculated value for the case of predominant volume Auger
recombination at a temperature of 180–220 K. ©1997 American Institute of Physics.
@S1063-7826~97!02408-3#

1. Lasers emitting in the mid-infrared range are attract-~Fig. 1b!, which we identify from now on as type-I and type
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ing considerable attention for their potential applicatio
specifically in optical communications utilizing fluorit
glasses, in molecular spectroscopy with the capability
precision testing and control in high-technology industri
and also in medicine. The main problem for lasers based
III–IV compounds and emitting in the range 3–5mm is their
low operating temperature. The only cases reported in
literature to date are the operation of quantum-cascade la
based on GaInAs/AlInAs at a temperature of 320 K a
emitting at a wavelength;5 mm ~Ref. 1! and type-II
quantum-well lasers with four constituents in each per
~InAs–Ga0.7In0.3Sb–InAs–AlSb! operating at temperature
up to 350 K with pulsed optical pumping and emittin
at a wavelength;3 mm at 300 K ~Ref. 2!. The same
group of authors ~see Ref. 2! has constructed
InAs–Ga12xInxSb–InAs–AlSb lasers emitting in the interv
3.9–4.1mm with pulsed optical pumping up to 285 K~Ref.
3!. In diode heterolasers emitting at wavelengths greater t
3 mm a room-temperature operating level is not attained.
InAsSb/InAlAsSb diode heterolasers having several quan
wells in the active region and emitting at wavelengths
3.2–3.55mm a maximum operating temperature of 225 K
attained in the pulsed regime.4 We have previously investi
gated diode double laser heterostructures based on InA
InAsSbP~Refs. 5–9!, which attained an operating temper
ture ;180 K in the pulsed regime.

In the present article we have set the objective of inv
tigating diode laser structures having separate electrical
optical confinement and an InAsSb-based active region.
this purpose we have fabricated lasers with type-I and typ
heterojunctions between the active region and the elect
confinement layers. The type-II heterojunctions had the
timal ratio of valence-band to conduction-band discontin
ties as determined theoretically in Ref. 10.

2. The laser structures were fabricated by liquid-pha
epitaxy on an InAs substrate oriented in the~100! plane.
Figure 1 shows the schematic arrangement of the layer
the laser structure and the energy diagrams in the lasing
gime for structures with a type-I heterojunction~Fig. 1a! and
with a type-II heterojunction as the electrical confineme
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II structures, respectively.
The active region was identical for both types of stru

tures, having the composition InAs0.95Sb0.05 and a band gap
of width Eg'0.376 eV, which corresponds to an emissi
wavelengthl'3.3 mm. The wide-gap optical confinemen
layers were also identical for both types of structures, hav
the composition InAs0.5Sb0.16P0.34 and Eg'0.593 eV. The
electrical confinement layers in the laser structure with
type- II heterojunction consisted of InAs withEg'0.413 eV
and at the boundary with the active region had discontin
ties of the valence bandDEn'0.052 eV and the conduction
bandDEc'0.015 eV, so that the ratioDEn /DEc'3.4. The
electrical confinement layers in the type-I laser structure
the composition InAs0.85Sb0.05Sb0.05P0.1 with Eg'0.464 eV
and band discontinuities at the boundary with the active
gion DEn'0.038 eV andDEc'0.050 eV. These values o
the band gaps and the band discontinuities were calcul
for a temperature of 77 K.

The active region was not specially doped, and it h
n-type conductivity with a density of electrons;1016 cm23.
The wide-gapp-type InAsSbP layers were doped with Zn
a hole density;231018 cm23, and then-InAsSbP was
doped with Sn to an electron density;1018 cm23. The dop-
ing level of the electrical confinement layers was appro
mately half these values. The thicknesses of the layers of
active region and the electrical confinement region f
within the interval 0.65–0.8mm, and the thicknesses of th
optical confinement layers were 2.5–3mm. The lasers had a
mesa-stripe configuration with a stripe width of 15–55mm
and a cavity length of 255–350mm.

The lasers were investigated in the pulsed regime wit
pulse duration of 100 ns and a repetition rate of 105 Hz in the
temperature interval from 77 K to the maximum operati
temperature.

3. We now discuss the experimental results.
Figure 2 shows the current-voltage~I–V! characteristics

of the laser structures of type I~S221-2 No. 2 laser! ~curve1!
and type II~V1133-3 laser! ~curve2! at a temperature of 77
K. Both I–V characteristics have cutoffs on the voltage a
at ;0.36 V. At currentsJ.0.5 A the I–V characteristic of

831831-04$10.00 © 1997 American Institute of Physics



FIG. 1. Configuration of layers and lasing energy diagram in type-I~a! and type-II~b! laser structures.
the type-II structure becomes linear with a series resistance
e-
e
e

e

I

nd

ra

ture curves ofj th when volume recombination is predomi-
ne
S

set

ned
cur-
ich
em-
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;0.45 V. The I–V characteristic of the type I structure b
comes linear at currentsJ.1 A with a series resistanc
;0.55 V. The I–V characteristics change very little as th
temperature is increased.

The threshold current densities of the investigated las
at a temperature of 77 K have valuesj th'800 A/cm2 for the
best type-I samples andj th'1000 A/cm2 for type-II samples.
Temperature curves ofj th are shown in Fig. 3 for a type-
~S286! laser ~curve 1! and a type-II~V1133-3 No. 1! laser
~curve 2!. The characteristic temperatures for type-I a
type- II lasers areT0'35 K and 22 K, and the maximum
operating temperatures are;203 K and;145 K, respec-
tively. Also shown in this figure are the calculated tempe

FIG. 2. Current-voltage characteristics atT577 K. 1! Type-I laser S221-2
No. 2; 2! type-II laser V1133-3.

832 Semiconductors 31 (8), August 1997
rs

-

nant, taking into account radiative recombination alo
~curve 3!, Auger recombination due to CHCC and CHH
transitions alone~see Ref. 11! ~curve4!, or total recombina-
tion ~curve 5!. The calculations are based on the theory
forth in Ref. 11.

Since the maximum operating temperature is determi
not only by the temperature dependence of the threshold
rent density of the laser, but also by the optical losses, wh
increase with increasing temperature, we compare the t

FIG. 3. Threshold current density (j th) versus temperature~T!. 1! Type-I
laser S286;2! type-II laser V1133-3 No. 1;3! calculated for predominant
volume radiative recombination;4! calculated for predominant Auger re
combination due to CHCC and CHHS transitions;5! total theoretical recom-
bination curve.
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t to
perature curves of the differential quantum efficiencies
type-I and type-II lasers~Fig. 4!. It is evident that the differ-
ential quantum efficiency of type-I lasers~S286 laser, curve
1! and type-II lasers~V1133-3 laser, curve2! decreases a
the temperature rises, the slopes of the curves increasing
certain temperature;120 K for type-I lasers and;150 K
for type-II lasers.

To compare the influence of type-I and type-II hete
junctions on the coherent radiation of the lasers, we h
investigated the current dependence of the degree of p
ization of the laser beamsa5(FTM2FTE)/(FTM1FTE),
whereFTM andFTE are the radiation intensities of TM- an
TE-polarized light, respectively. The type-I and type-II lase
have a high degree of TM polarization, for which the elect
field vectorE of the light wave is perpendicular to the plan
of thep–n junction. The maximum value ofa is observed at
a currentJ;1.5j th and is equal to;80% for type-II and
;73% for type-I lasers.

4. Here we discuss the results of the investigation.
It is evident from a comparison of the energy diagra

for the type-I and type-II lasers~Fig. 1! that theI-V charac-
teristics of the laser diodes should not differ appreciably, a
this conclusion is corroborated by measurements. The
offs of theI–V characteristicsV1, corresponding to the mini
mum width of the band gap, i.e.,Eg in the active region,
indicate that the main resistance in either type of laser is
p–n junction and not isotypic junctions. The curvature of t
I–V characteristics indicates that the resistance of isoty
junctions varies as the current is increased.

In analyzing the temperature dependence of the thre
old current density, we take only volume recombination in
account, because the band discontinuities at the heteroj
tions of the active region are commensurate withkT and
merely create qualitative trends.

The threshold current densityj th with predominantly
volume radiative recombination must increase with the te
peratureT according to the lawj th;T3/2 ~Fig. 3, curve3!.
When Auger recombination due to CHCC and CHHS tra
sitions is predominant, we havej th;T7 ~Fig. 3, curve4!. The
calculated radiative and nonradiative volume recombina

FIG. 4. Differential quantum efficiency versus temperature.1! Type-I laser
S286;2! type-II laser V1133-3.

833 Semiconductors 31 (8), August 1997
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are identical at a temperature of approximately 100 K. T
total current density~Fig. 3, curve5! is expressed by the
relations j th;T2.5 at T577–90 K and j th;T7 at
T5180–200 K. We note that the current density calcula
according to this theory in lasers with a narrow-gap
GaAsSb layer (Eg50.62 eV! of large thickness~2 mm! and
GaAlAsSb confinement layers agrees with the experime
value.11

The threshold current density in the lasers investiga
here is almost an order of magnitude higher than the ca
lated value atT577–90 K, but its increase with the temper
ture has the same slope. The small slope indicates the
dominance of radiative recombination, but the latter is m
likely the interface type. It is higher in type-II lasers than
type-I lasers. Interface Auger recombination is probably s
pressed in type-II lasers,10 because the experimental curre
density is close to the theoretically calculated value for
case of predominant volume Auger recombination at a te
perature of 180–220 K. Interface Auger recombinati
should be significant in type-I lasers, because over the en
temperature range the experimental current density is alm
an order of magnitude higher than the theoretical value
culated with allowance for volume Auger recombination.

The fact that the maximum operating temperature is
termined not only by the excess of the current above
threshold level, but also by the sharp drop of the differen
quantum efficiency with increasing temperature~Fig. 4!, im-
plies that the radiation losses increase with the tempera
as a result of absorption by free carriers. Since the two co
pared types of lasers have identical active regions, the hig
absorption losses of the type-I lasers probably takes p
either in the electrical confinement layers or at their hete
junctions.

The significant influence of the heterojunctions on t
emission of radiation is indicative of the nature of the rad
tion polarization~Fig. 5!. The radiation from type-I and type
II lasers is predominantly TM-polarized. It has been show8

that indirect radiative transitions associated with interact

FIG. 5. Degree of polarization of radiation versus the ratio of the curren
the threshold currentJ/Jth . 1! Type-I laser S286;2! type-II laser V1133-3.
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between carriers and a heterojunction are predominantly
-II
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P. C. Chang, S. J. Murry, and S.-S. Pei, Electron. Lett.32, 1593~1996!.
3J. I. Malin, J. R. Meyer, C. I. Felix, J. R. Lindle, L. Goldberg, C. A.
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.
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v,
iz.
TM-polarized. Since the degree of TM polarization of type
lasers is higher, the interaction between carriers and the
erojunction is stronger in them. We recall that the predo
nant emission of radiation at heterjunctions also follo
from the excess of the threshold current density above
theoretical value atT577–90 K, when radiation recombina
tion is predominant.

Consequently, our investigation of InAsSb-based las
with separate optical and electrical confinement has sh
that such laser configurations are capable of achievin
higher operating temperature if electrical confinement is c
ated by means of a type-II heterjunction.
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Electron-probe microanalysis of doped PbTe and Pb 0.8Sn0.2Te single crystals

of
M. V. Bestaev, A. I. Gorelik, V. A. Moshnikov, and Yu. M. Tairov

St. Petersburg State Electrical Engineering University, 197376 St. Petersburg, Russia
~Submitted January 22, 1997; accepted for publication January 28, 1997!
Fiz. Tekh. Poluprovodn.31, 980–982~August 1997!

The distribution of the elements in naturally faceted PbTe and Pb0.8Sn0.2Te single crystals doped
with zinc and cadmium is analyzed. The results show the formation of a multilayer
structure with an outer layer of ZnTe~CdTe! on top of a metallic sublayer. ©1997 American
Institute of Physics.@S1063-7826~97!02508-8#

Lead-tin chalcogenides enjoy broad applications in infra-
1

We have previously shown that during the diffusion
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red optoelectronics.As a rule, device fabrication involve
doping. This practice has stimulated intensive research
diffusion processes in PbTe, Pb12xSnxTe, PbSe,
Pb12xSexTe, and other chalcogenides. Group-II and grou
III elements are the most commonly used dopants. Cha
genides doped with these impurities have a number of un
new properties.2

The diffusion parameters are usually calculated fr
concentration profiles obtained by grinding off success
layers~radioisotope assay, thermal probing, and other te
niques were used3!. The trend here is to describe the expe
mental results on the basis of conventional diffusion mod
employing one or more diffusion models.
n

-
o-
e

e
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-
ls

indium, tin, lead, and germanium in PbTe and PbSnTe
tellurium vapor pressure of the crystal itself, being depend
on the deviation of its composition from stoichiometry, pla
a vital role in mass transfer through the gaseous phase.4,5 On
the other hand, the segregation of lead is known to be
served when lead telluride is doped with zinc or cadmium6

We have proposed7 a model whereby a multilayer structur
is formed on the surface of lead telluride. The outer layer
a ZnTe or CdTe composition and rests on top of a lead s
layer.

To confirm the proposed model experimentally, it is ne
essary to conduct investigations of high-quality, natura
faceted single crystals. When the structural integrity of
r

.

FIG. 1. Qualitative distribution pat-
tern of elements in the surface laye
of a PbTe single crystal doped with
zinc by diffusion annealing from the
gaseous phase for 10 h at 973 K
a! Electron-absorption image
(1003100mm2); b! x-ray image in
Ka1Zn emission; c! x-ray image in
La1Pb emission; d! x-ray image in
La1Te emission.
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e
FIG. 2. Qualitative distribution pattern of elements in the surface layer of a Pb0.8Sn0.2Te single crystal doped with zinc by diffusion annealing from th
gaseous phase for 5 h at 973 K. a! Electron-absorption image (2003200mm2); b! x-ray image in La1Pb emission; c! x-ray image in La1Te emission; d! x-ray
image in La1Sn emission; e! x-ray image in Ka1Zn emission.
surface of a single crystal is disturbed, useful information is
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lost through head-on diffusion fluxes. The objective of t
present study is to investigate the diffusion of zinc and c
mium on PbTe and Pb0.8Sn0.2Te single crystals.

The PbTe and Pb0.8Sn0.2Te single crystals were prepare
by a technique described in Ref. 8. The crystals had dim
sions 53332 mm and were faceted along~100! planes; the
density of charge carriers had values of 531017–531018 cm
23 for PbTe and Pb0.8Sn0.2Te. Diffusion annealing was per
formed from the gaseous phase in evacuated and sealed
sules. The concentration distribution after diffusion anne
ing was determined by electron-probe microanalysis on
surface of a slice cleaved perpendicular to the direction
diffusion.

As examples, Figs. 1 and 2 show the results of analyz
the distribution of the elements in zinc-doped PeTe a
Pb0.8Sn0.2Te single crystals. It is evident from the figure th
the outer layer contains zinc and tellurium in both cas
Beneath it is a layer that does not contain any zinc or te
rium. During the diffusion annealing of PbTe the seco
layer has essentially a pure lead composition, and in the
of Pb0.8Sn0.2Te its composition corresponds to a mixture
lead and tin. The mass concentrations of tin are much hig
in this case than in the as-prepared~untreated! crystal. It fol-
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tion is observed at the boundary of the second layer with
untreated single crystal. This phenomenon is attributable
the uncompensated loss of tellurium. The difference in
configurations of the intermediate layer in the investiga
samples is dictated by the higher degree of perfection of
PbTe single crystals. A similar pattern of segregation of le
and tin was observed in doping with cadmium. It follow
from the reported investigations that diffusion models w
traditional boundary conditions cannot be used in determ
ing the diffusion parameters of cadmium and zinc in lead-
chalcogenides.
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Steady-state lux-ampere characteristics of compensated crystals at various excitation
intensities

A. A. Lebedev

A. F. Ioffe Physicotechnical Institute, Russian Academy of Sciences, 194021 St. Petersburg, Russia
~Submitted January 24, 1997; accepted for publication January 28, 1997!
Fiz. Tekh. Poluprovodn.31, 983–986~August 1997!

Equations are derived in parametric form for calculating the steady-state lux-ampere
characteristics of photoresistors with an arbitrary concentration of deep levels at arbitrary
excitation intensity. The conditions underlying the formation of the sublinear and superlinear
segments of the lux-ampere curve as a function of the excitation intensity and the
concentration and parameters of the deep levels can be determined from calculations according
to the derived equations. ©1997 American Institute of Physics.@S1063-7826~97!02608-2#
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Difficulties are encountered in calculating the photoe
citation curves, or so-called lux-ampere characteris
~LCCs!, in general form for photoresistors made from co
pensated crystals in the presence of a high concentratio
deep levels, because the nonequilibrium carrier lifetime
not constant in this case, but depends on the deep-level
ing factor. As a rule, only the limiting cases of a low co
centration of deep levels and weak or strong excitation
considered.1 In this article a simple method is proposed f
calculating the LCC for an arbitrary concentration of de
levels and an arbitrary excitation level.2

THE MODEL

Here we investigate crystals that contain shallow lev
and are compensated by a single type of simple deep-l
centers. For definiteness we consider crystals doped
shallow donors at a concentrationNd and with deep accep
tors at a concentrationM. All levels in the crystal are as
sumed to be uniformly distributed throughout the volum
The temperature is assumed to be such that shallow do
are fully ionized, and thermal exchange by electrons betw
the deep levels and allowed bands can be disregarded
also assume that the generation of electron-hole pairs t
place uniformly throughout the entire volume of the samp
i.e., that the photon energy of the incident radiation is clo
to the width of the band gap of the crystal, and the absorp
coefficient is small in comparison with the reciprocal of t
sample thickness. We assume that recombination thro
surface states and other types of deep levels in the volum
negligible. The generation of electron-hole pairs is also p
sible in the presence of injection from ap–n junction. In this
case we assume that the thickness of the sample is m
smaller than the diffusion length of nonequilibrium carrie

Under these assumptions the excitation intensity~gen-
eration rate! G is related to the recombination of electro
and holes by the equation

G5an~M2m!n5appm, ~1!

wherem is the concentration of electron-populated deep l
els, an(p)5vTSn(p) , vT is the thermal velocity,Sn(p) is the
electron~hole! capture cross section of the deep levels, ann
838 Semiconductors 31 (8), August 1997 1063-7826/97/080
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and p are the densities of free electrons and holes, resp
tively. The neutrality condition under the stated assumptio
has the form

n1m5Nd1p. ~2!

Combining Eqs.~1! and~2!, we obtain the following expres
sion for the rate of generation of electron-hole pairs in
mensionless units:

G85
G

anM2
5

m8~12m8!~Nd82m8!

m82u~12m8!
.0, ~3!

wherem85m/M , Nd85Nd /M , andu5an /ap .
The nonequilibrium conductivity of the crystal~for

Nd,M ) is

s5qmnn1qmpp.

Making use of Eqs.~1! and ~3!, in dimensionless units we
can write

s85
s

qmpM
5G8S b

12m8
1

u

m8
D . ~4!

Hereq is the electron charge,mn andmp are the electron and
hole mobilities, respectively, andb5mn /mp .

Equations~3! and ~4! are parametric equations for ca
culating the LCC by varyingm8 at arbitrary concentrations
of shallow and deep levels and any excitation intensity.

CALCULATION RESULTS

At very high excitation intensities (G→`) such that
n'p, it follows from Eq. ~1! that the maximum filling of
deep levels is given by the equationm85u/(11u). Substi-
tuting this value ofm8 into Eq. ~4!, we obtain

s85G8~b11!~u11!, ~5!

i.e., at a high excitation level the LCC is always linear, a
s8 is essentially independent ofu for u!1.

Equations~3! and~4! are simplified for a narrow excita
tion level under the conditionsNd5M ~exact compensation!,
u@1, andm8&1:
838838-03$10.00 © 1997 American Institute of Physics
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G8'~12m8!2, s8'
bG8

12m8
5bAG8, ~6!

i.e., the LCC is practically independent ofu and at a low
excitation level is sublinear~Fig. 1a, curve1!. It becomes
linear asG8 increases.

In crystals with inexact compensation (Nd,M ! the LCC
is linear at low excitation intensities. AsG8 increases, the
deep levels empty, then beginning with a certain value ofG8,
the LCC becomes sublinear~Fig. 1a, curves2–4!, and with a
further increase inG8 it once again becomes linear. In th
high-G8 range it follows from Eq.~5! that the LCCs for
different Nd8 merge. In the case of inexact deep-level co
pensation, therefore, the LCC acquires two linear segm
at low and high excitation intensities and a sublinear segm
in between. Such LCCs can serve as a measure of ine
deep-level compensation. If the degree of compensatio
close to the maximum filling of deep levels asG8→`, the
LCC is practically linear over the entire range ofG8 ~Fig. 1a,
curve5!.

The inset in Figu. 1c~curves8 and 9! shows plots of
s85 f (Nd8) for G8510210. For Nd.M shows the behavio
of Ds8 due to nonequilibrium carriers. In the previous no
tion it is given by

Ds85G8S b

12m8
1

u

m8
D 2b~Nd21!. ~7!

It is evident from the inset in Fig. 1c that theDs8(Nd8) curve
is symmetric about the maximum atNd5M , and a 1% de-
viation of Nd8 from unity causess8 to decrease by thre
orders of magnitude.

FIG. 1. Dimensionless conductivitys8 versus dimensionless excitation in
tensityG8 for b53. Left scale~a!, u51023: 1! Nd851; 2! 0.999;3! 0.99;4!
0.95;5! 0.1. Right scale~b!, u5103: 6! Nd851; 7! 0.99. Inset:s8 versusNd8
for G8510210: 8, 9! u51023; 10, 11! u5103.
839 Semiconductors 31 (8), August 1997
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For Nd851, u@1, and weak excitation (m8'1), when
the conditionm8@u(12m8) holds, Eq.~6! is valid, and the
LCC is sublinear~Fig. 1b, curve6!. The sublinear LCC
eventually becomes linear asG8 increases. The LCCs essen
tially merge after a deviation from exact compensatio
(NdÞM ) ~Fig. 1b, curve7!. Calculations have shown that
the slightest deviation from exact compensation (*1%)
causesG8 to drop by several orders of magnitude and b
come almost independent ofNd8 ~see the inset to Fig. 1,
curves10 and11!.

We now consider another limiting case, whenNd*0,
i.e., when shallow donors are nonexistent or have a very lo
concentration. ForNd50, 0@1, and weak excitation
(m8'0), andm8!u(12m8) we have

G8'
~m8!2

u
, s85

Gu

m8
'AuG8, ~8!

i.e., the LCCs are sublinear and depend onu. As G8 in-
creases, the LCCs become linear in accordance with~5! ~Fig.
2a, curve1!. However, in contrast with the preceding case
the sublinear and linear segments of the LCC are separa
by a superlinear segment. It is attributable to the fact that t
deep levels fill up with electrons (m8'1), and more mobile
electrons begin to prevail in the conductivity. But ifu!1,
this segment disappears from the LCC~Fig. 2b, curve4!.

If the deep levels are partially filled with electrons
(Nd8.0), the LCC is linear in weak excitation, but asG8
increases, it becomes successively sublinear, then supe
ear, and finally linear~Fig. 2a, curve2!. The conductivitys8
drops by several orders of magnitude asNd8 increases. The
s85 f (Nd8) curve is comparatively smooth foru@1 ~see

FIG. 2. Dimensionless conductivitys8 versus dimensionless excitation in-
tensityG8 for b53. a! u5103: 1! Nd850; 2! 0.01; 3! 0.3. b! u51023: 4!
Nd850; 5! 0.01. Inset: Graph ofs8 vs. Nd8: 6! u5103; 7! u51023.
839A. A. Lebedev
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the inset to Fig. 2, curve6!. If u!1, we observe a shar
decrease ofs8 at Nd8'0.01, after whichs8 remains almost
constant~inset to Fig. 2, curve5!.

The calculations whose results are shown in Fig. 2
based on a comparatively small difference in the mobilit
of electrons and holes:b53. In some semiconductors th
ratio b attains a value of 100~Refs. 3 and 4!. The superlinear
segment of the LCC is far more pronounced in such mat
als. Figure 3 shows the results of calculations forb515,
Nd50, and several values ofu>1. It is evident from the
figure thats8 increases by one or two orders of magnitu
on the superlinear segment. It follows from Eq.~5! that the
linear segment shifts toward lowerG8 asu increases. Con-
sequently, in the presence of a certain ambient illuminat
the sensitivity of photoresistors made from crystals havin
low hole mobility and doped with high-u impurities in-
creases considerably.

These results are readily extended to compensated c
tals with hole conductivity.

We now estimate the results of the calculations in
mensionless units. The volume-averaged generation ra
related to the intensityI of radiation incident on the sampl
surface by the equation

G5I ~12R!@12exp~2hd!#/d,

whereR andh are the reflection and absorption coefficien
respectively, andd is the thickness of the sample. Under t
conditionhd!1 we have

FIG. 3. Graph ofs8 vs. G8 for Nd850, b515. 1! u51; 2! 102; 3! 104; 4!
106.
840 Semiconductors 31 (8), August 1997
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~12R!h
G8.

The power of the incident radiation for a photon energyhn is
given byW5qhnI .

These equations can be used to estimateI andW for any
value of G8. For estimation we assume thatvT51.53107

cm/s, Sn51310215 cm2, M5131013 cm23, R50.3, and
h510 cm21. It is evident from Fig. 1a that the transitio
from the sublinear to the linear LCC takes place atG851.
We then haveW'0.5 W/cm2 for hn52 eV. The transition
from the sublinear to the superlinear LCC foru5104 takes
place atG8'1024 ~Fig. 3, curve3!, i.e., for W'531025

W/cm2.
These estimates are very approximate, since the ex

tion intensity is not uniform throughout the volume, partic
larly for large values ofhd, and the LCCs become eve
more dependent on the carrier diffusion length.

CONCLUSIONS

The above-described simple model is suitable for
plaining both the sublinear and superlinear behavior of
nonequilibrium conductivity of crystals doped with deep le
els of only one type. It is not necessary to invoke the mo
of deep levels with distributed ionization energies5 in order
to account for the superlinear LCC. This model can also
used to estimate the influence of deviation from exact co
pensation on the photosensitivity of crystals. In compar
the results of the calculations with the lux-ampere charac
istics of real structures, it must be borne in mind that t
given model disregards recombination through other kinds
centers in the volume and on the surface, the volum
nonuniform concentration of shallow and deep centers, e
tation intensities, and other characteristics specific to r
experimental conditions.

It is proposed in the future to extend the model, taki
into account the thermal and optical excitation of carrie
with deep levels.

1S. M. Ryvkin, Photoelectric Effects in SemiconductorsConsultants Bu-
reau, New York~1964! @Russian original, Fizmatgiz, Leningrad~1963!#.

2A. A. Lebedev, inPhotoelectric Effects in Semiconductors (Conferen
Proceedings)@in Russian#, Ylym, Ashkhabad~1991!.

3R. A. Smith,Semiconductors, Cambridge Univ. Press, Cambridge, 2nd e
~1978! @Russian trans., Mir, Moscow~1982!#.

4V. L. Bonch-Bruevich and S. G. Kalashnikov,Physics of Semiconductor
@in Russian#, Nauka, Moscow~1990!.

5A. Rose, Concepts in Photoconductivity and Allied Problems, Inter-
science, New York~1963! @Russian trans., Mir, Moscow~1966!#.

Translated by James S. Wood
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Evolution of static negative differential conductivity in Ga 12xAl xAs as a function of the

transverse magnetic field and the composition of the solid solution

G. É. Dzamukashvili, Z. S. Kachlishvili, and N. K. Metreveli

Tbilisi State University, 380028 Tbilisi, Georgia
~Submitted January 18, 1996; accepted for publication January 30, 1997!
Fiz. Tekh. Poluprovodn.31, 987–988~August 1997!

The authors investigate the behavior of the current-voltage characteristic of electrons under
conditions of dynamic intervalley transfer in strongE'H fields in a solid solution Ga12xAl xAs as
the energy gapD« between the lower and upper valleys is gradually diminished. It is
shown that the static negative differential conductivity is particularly sensitive to variation of the
magnetic fieldH for small gapsD«. IncreasingH suppresses the static negative differential
conductivity in this case. This technique can be used to eliminate low-frequency Gunn oscillations
while simultaneously preserving the dynamic negative differential conductivity, which is
suppressed in the submillimeter spectral range. ©1997 American Institute of Physics.
@S1063-7826~97!02708-7#
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namic negative differential conductivity ~NDC! in
Ga12xAl xAs in crossedE'H fields — in the cyclotron reso
nance effect. The resonance is more pronounced, the sm
the energy gapD« between theG andX valleys. However,
the experimental observation of dynamic NDC is obscu
by the possible onset of low-frequency oscillations asso
ated with static negative differential conductivity, which
responsible for the Gunn effect. The difficulties encounte
in attempting to eliminate static NDC are well known. O
technique involves the application of a magnetic field to
sample. For example, it has been shown2 that as the magnetic
field is increased in short GaAs samples, the modulus of
NDC decreases, and the maximum of the current-volt
~I–V characteristic! shifts toward higher electric fields. A
second way to eliminate static NDC is to decrease the
D«. We generally prefer this approach, because the cyclo
resonance discussed in Ref. 1 is more pronounced. Co
quently, the simultaneous application of a magnetic field a
a reduction ofD« should establish highly favorable cond
tions for the experimental implementation of dynamic ND
To the best of our knowledge the problem has never b
studied in this aspect.

In this report we give the results of an investigation
the I–V characteristics in the presence of dynamic interval
electron transfer in strongE'H fields in Ga12xAl xAs as the
gap D« is gradually diminished. We show how the sta
NDC and the critical field for its onset vary under the
conditions. The investigations have been carried out on s
samples (L/d!1, whereL andd are the length and a cha
acteristic transverse dimension of the sample!, so that the
Hall voltage is shorted. The current in the sample runs in
same direction as the external fieldE.

2. We assume that the temperature and the electric fi
are such that they validate the conditionstE,top and
k0T!\v* . HeretE is the warmup time of electrons in th
G valley to the energy of initiation of intervalley transfe
e05D«1\v* (\v* is the intervalley phonon energy!. Be-
cause of the large effective mass of electrons inX valleys,

841 Semiconductors 31 (8), August 1997 1063-7826/97/0
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is the average electron energy inX valleys!, so that after
X→G scattering, electrons transfer to a circular strip
width «X along the constant-energy surface«15D«2\v* ,
and in this case theG valley contains two clearly distinguish
able groups of electrons in theG valley,A andB ~see Fig. 1!,
that initiate motion in momentum space from the half-dis
«15const,Pz,0 and«15const,Pz.0, respectively. They
provide different contributions to the formation of the dist
bution function.3,4 The centers of the electron phase trajec
ries are situated on the segment (Px ,Pc ,0)2P1,Px,P1,
where

P15A2mG* «1, Pc5c0mG* E/H,

mG* is the effective electron mass in theG valley, andc0 is
the speed of light. In the case

P18,Pc,
P181P08

2
~1!

C-type trajectories appear in phase space~see Fig. 1b!, where
P18 andP08 are the radii of the disks formed by the interse
tion of the yz plane with the surfaces«15const and
«05const, respectively:

P185AP1
22Px

2, P085AP0
22Px

2 ~P05A2mG* «0!.

The transfer of electrons from open trajectories toC tra-
jectories is achieved only through transfers in the upper v
leys ~C trajectories intersect the surface«15const). The
transfer of electrons fromC trajectories to open trajectorie
takes place by virtue of the finite quantitynop5top

21 . The
degree of redistribution of electrons between closed
open trajectories for fixed values ofD« andE is character-
ized by the parameternop /vc , wherevc5eH/c0mG* is the
cyclotron frequency. We assume for simplicity thatnop is
independent of the energy. In the case

Pc.
P01P1

2
[Pc* ~2!

841841-03$10.00 © 1997 American Institute of Physics
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all trajectories are open. We denote byE* the minimum
value of the electric field at which condition~2! holds for
given H. The kinetic equation for the electron distributio
function in theG valley f G in homogeneous static electr
and magnetic fields with configurationseEiz and Hix has
the form

eE
] f G

]Pz
1vcS Pz

] f G

]Py
2Py

] f G

]Pz
D

5
NXn1

2pP1
d~P22P1

2!2nopf G , ~3!

where the quantity

n15DGX
2 ~mG* !3/2A«1/A2p\3rv*

is a characteristic frequency of theX→G transition,DGX is
the deformation potential of intervalley scattering,r is the
density of the sample,Nx is the density of electrons in theX
valley, and thed-function is introduced because of the sm
width of the source in theG valley. The coefficient of the
d-function is a normalization factor. The term2nopf G in Eq.
~3! appears only onC trajectories. In the caseE,E* those
closed trajectories which do not intersect the surface«5«1

appear in the energy range«,«0. The electron distribution
on these trajectories is symmetric about thexy plane. Conse-
quently, the current generated along the fieldE by these
electrons is equal to zero.

FIG. 1. Diagram of intervalley electron transfers~a! and the distribution of
electrons in momentum space of theG valley ~b! in the two-valley conduc-
tion band model. HereG is a light valley, andX is a heavy valley.1!
G→X transfers;2! X→G transfers. The arrows indicate the free motion ofA
andB electrons;C electrons are closed in the magnetic trap.

842 Semiconductors 31 (8), August 1997
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3. The triple integrals in the current equation have be
evaluated by the Monte Carlo method. Figures 2 and 3 sh
some of the results of our investigation of theI–V character-
istics. As expected, the modulus of the NDC decreases
D« decreases and as the magnetic field is increased. In
latter case, as in Ref. 2, the maximum of theI–V character-
istic shifts toward higher electric fields. The total conduct
ity in the G valley decreases asnop decreases. Each of thes
results is physically obvious.

In fact, the decrease in the modulus of the NDC w
decreasingD« is attributable mainly to a decrease in th
energy interval 0,«,D«2\v* in which the distribution
function is inverted. The NDC associated with this inversi
is particularly sensitive to a variation ofH for small gaps
D«. An increase inH drastically undermines the inversio
condition. Consequently, the modulus of the static NDC

FIG. 2. Current densityj versus electric fieldE for a Ga0.7Al0.3As structure,
D«54.5\v* . 1,18) nop51.231012 s21; 2,28) 631011 s21; 1,2) H510
kOe, vc51.931012 s21, E1* 57.5 kV/cm; 18,28) H520 kOe,
vc53.831012 s21, E2* 515 kV/cm.

FIG. 3. Current densityj versus electric fieldE for a Ga0.63Al0.37As struc-
ture, D«51.7\v* . 1,18) nop51.231012 s21; 2,28) 631011 s21; 1,2)
H510 kOe, vc51.831012 s21, E1* 54.5 kV/cm; 18,28) H520 kOe,
vc53.631012 s21, E2* 59 kV/cm.

842Dzamukashvili et al.
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D«5(4 –5)\v* at H540 kOe, the NDC is so low that it is
not sufficient to bring on instability in a static electric fiel
Moreover, for fixed values ofD« andE the current decrease
asH increases. Indeed, with an increase inH, the residence
time of electrons in theG valley increases, as does the num
ber of electrons held in the magnetic ‘‘trap,’’ and the curre
therefore decreases.

A gradual increase inE at fixed H causes electrons t
jump from closed trajectories to open trajectories, and th
fraction in the conductivity increases. Upon application o
strong magnetic field, the current again drops for the w
known reason. This accounts for the shift of the maximum
the I-V characteristic toward higher values ofE as H is in-
creased.

The above-described quantitative dependence of theI–V
characteristic on the parameternop ~which is taken into ac-
count only for electrons moving on closed trajectories! is
purely a model representation. It indicates the role of int
valley scattering in the range of electric fieldsE,E* . Two
843 Semiconductors 31 (8), August 1997
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values most often used by various authors. It is obvious
for E.E* the I–V characteristic must coincide exactly wit
the I–V characteristic plotted for the case of zero scatter
on open trajectories. The curves plotted for different valu
of nop therefore merge into a single curve atE5E* .

The results of detailed investigations and similar reas
ing show that the modulus of the static negative differen
conductivity becomes positive forD«'\v* . This fact is
also confirmed by calculations of the frequency depende
of the differential conductivity in a high-frequency field.1

1G. É. Dzamukashvili, Z. S. Kachlishvili, and N. K. Metreveli, Pis’ma Zh
Éksp. Teor. Fiz.62, 220 ~1995! @JETP Lett.62, 234 ~1995!#.

2V. B. Gorfinkel’, M. E. Levinshte�, and D. M. Mashovets, Fiz. Tekh
Poluprovodn.13, 563 ~1979! @Sov. Phys. Semicond.13, 331 ~1979!#.

3A. A. Andronov and G. E´ . Dzamukashvili, Fiz. Tekh. Poluprovodn.19,
1810 ~1985! @Sov. Phys. Semicond.19, 1111~1985!#.

4A. A. Andronov, V. A. Valov, V. A. Kozlov, and L. S. Mazov, Pis’ma Zh
Éksp. Teor. Fiz.32, 628 ~1980! @JETP Lett.32, 615 ~1980!#.
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Inversion of the conduction type of epitaxial films of PbSnTe solid solutions under the

r

influence of laser irradiation at subthreshold power
Yu. B. Grekov and T. A. Shlyakhov

Omsk State University, 644077 Omsk, Russia

N. A. Semikolenova

Institute of Sensor Microelectronics, Siberian Branch, Russian Academy of Sciences, 644077 Omsk, Russia
~Submitted January 14, 1997; accepted for publication February 4, 1997!
Fiz. Tekh. Poluprovodn.31, 990–992~August 1997!

Conduction type inversion processes in Pb12xSnxTe epitaxial films irradiated by a CO2 laser
(l510.6mm! at subthreshold power is investigated. It is hypothesized that the stable inverted state
is a result of the formation of neutral metal and chalcogen divacancies. ©1997 American
Institute of Physics.@S1063-7826~97!02808-1#
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For the fabrication of active elements of optical int
grated circuits utilizing semiconductor solid solutio
Pb12xSnxTe it is necessary to vary the density of char
carriers in epitaxial structures over a wide range, from 115

cm23 for photodetectors to 1018 cm23 for optical lasers.
It is generally known that the irradiation ofn-type

PbSnTe by a laser beam at wavelengths of 0.694mm and 1.0
mm ~photon energy greater than the width of the band g
\v.Eg) with energy density above the recrystallizatio
threshold leads to inversion of the conduction type, and
hole density increases by more than an order of magnitud
p-type single crystals.1,2

In the present studyp-Pb0.8Sn0.2Te films prepared by
hot-wall epitaxy on a^111&-oriented BaF2 substrate have
been subjected to laser irradiation. A source of composi
Pb0.8Sn0.2)1.01Te0.99 was synthesized from Pb~99.9999!,
Sn~99.9999!, and Te~T-V4!. Prior to the start of epitaxy the
space containing the reaction chamber was evacuated
pressure of;231026 Torr. The substrate temperature w
240 °C. The source was heated to 550 °C, and the wall t
perature was ten degrees higher. A secondary tellur
source was introduced to vary the hole density in
samples.3 The investigated epitaxial layers were in the for
of squares with a side of 5mm, and the film thicknesses wer
10–40 mm. The epitaxial films were laser-annealed in
evacuated chamber. A continuous-wave CO2 laser emitting
at the wavelengthl510.6mm was used for irradiation. The
power density of the radiation was below the recrystalli
tion threshold. In every case the width of the bad gap of
films Eg5(0.21–0.22! eV satisfied the conditionEg.\v.

EXPERIMENTAL RESULTS

Figure 1 shows the temperature dependence of the
coefficient R in the intervalT577–400 K for a series o
samples with different hole densities. The dependence of
Hall mobility m on the hole density at 300 K is shown in Fi
2. The functional dependencesR(T) and m(T) for all the
investigated samples are consistent with published exp
mental data. Figure 3 shows the temperature dependen
the Hall coefficient for a film with the maximum hole densi
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densities. The hole density decreases as the power dens
the laser beam is increased~curves 1–4!, and conduction
type inversion is observed at a power densityPinv'30 W/
cm2 ~Fig. 3, curve5!. The inverted state is stable up to roo
temperatures. The variation of the Hall coefficient of th
sample as the laser power density is varied at temperature
297 K and 77 K is shown in Fig. 4.

At radiation intensityP,Pinv, inversion states, which
are unstable, also arise. The relaxation processes return
sample top-type conductivity state in a time of 240–260
as observed at room temperature and liquid-nitrogen t
peratures. Additional irradiation can be used to obtain sta
invserse states.

DISCUSSION OF THE RESULTS

As mentioned in Ref. 4, crystals of Pb12xSnxTe solid
solutions prepared from stoichiometric melts are charac

FIG. 1. Hall coefficientR versus temperatureT for Pb0.8Sn0.2Te epitaxial
films with various hole densitiesp. 1! p51.331017 cm23; 2! 2.931017

cm23; 3! 5.831017 cm23; 4! 1431017 cm23; 5! 7031017 cm23.

844844-03$10.00 © 1997 American Institute of Physics
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ized by large concentrations of defects — metal vacanc
and chalcogen vacancies — which are electrically acti
Moreover, as a result of concentration subcooling, t
Pb12xSnxTe crystals are characterized by the presence
zones enriched with metal and tellurium, irrespective of t
contents of the components in the melt.5,6 In all probability,
under certain growth conditions the metal- and tellurium
enriched zones can also exist in epitaxial films grown by t
hot-wall technique. The diffusion of metal atoms from su
zones can induce a change from hole-type to electron-t
conduction, because every time metal atom fills a vacanc
the metal sublattice, it liquidates two holes from that v
cancy. On the other hand, metal ions situated in the int
stices are singly charged donors.7 This process takes place in
the thermal annealing ofp-type PbTe in a neutral atmospher

FIG. 2. Carrier mobilitym versus:1! hole densityp before irradiation;2!
electron densityn after irradiation.

FIG. 3. Hall coefficient versus temperature for epitaxial film Pb0.8Sn0.2Te
with a hole densityp5731018 cm23. Graphs1–5 correspond to successive
increments of the laser power density.
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at T5400 °C, where conduction-type inversion is obtaine
without the use of doping impurities or an excess of metallic
component vapors.6

It has been shown8 that the effect of laser irradiation
under the condition\v,Eg is not associated with thermal
annealing, but is attributable to the multiphoton excitation o
interstitial atoms in the strong electromagnetic field of th
CO2 laser in zones of lattice distortion by clusters of atom
and their subsequent diffusion from such zones. The brea
down of microzones enriched with metallic component
causes the conduction type of the sample to change, and
carrier mobility increases at the same time~Fig. 2!. On the
other hand, the dependence of the conduction type invers
on the laser power suggests that the thermal effect and m
tiphoton excitation act in concert. At a certain power leve
the temperature attains a value that together with multiph
ton excitation leads to inversion of the conduction type.

In this case the inverted state is unstable and is acco
panied by a relaxation process, which brings the sample ba
to p-type conduction. The electron density decreases af
several days and then, after reinversion of the conductio
type, returns to approximately the initial value. The relax
ation processes can be associated with the return of Te ato
to the chalcogen sublattice from the interstices occupied a

FIG. 4. Hall density versus laser power density for epitaxial film
Pb0.8Sn0.2Te with a hole densityp5731018 cm23 at different tempera-
tures. a! T5297 K; b! T577 K.
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result of multiphoton excitation. In subsequent irradiations
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A.
some of the Te atoms escape from the sample into the
rounding vacuum, and then-type conduction becomes stabl

The possibility of multiphoton excitation of atoms
evinced by metastable states that emerge at various
power densities. The stable inverted state is possibly ass
ated with the formation of neutral metal and chalcogen di
cancies, which break down above room temperature.7,9
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Nature of Ec20.37 eV centers and the formation of high-resistivity layers in n-type
silicon

O. V. Naumova, L. S. Smirnov, and V. F. Stas’

Institute of Semiconductor Physics, Siberian Branch of the Russian Academy of Sciences,
630090 Novosibirsk, Russia
~Submitted December 20, 1996; accepted for publication February 4, 1997!
Fiz. Tekh. Poluprovodn.31, 993–997~August 1997!

The DLTS and Van der Pauw methods are used to investigate the production ofEc20.37 eV
centers responsible for the formation of high-resistivity layers inn-type Si irradiated
with electrons and annealed in the temperature range 80–320 °C. An analysis of the experimental
data leads to a conclusion as to the composition of theEc20.37 eV centers~@V–O–C#! and
to the conclusion that their formation is stimulated by a flux of interstitial atoms away from the
interface into the interior of the semiconductor during annealing accompanied by the
reactions: 1! I 1Cs→Ci ,Ci1@V–O#→@V–O–C# ~dominant reaction!;
2! I 1V2→V,V1@C–O#→@V–O–C#. © 1997 American Institute of Physics.
@S1063-7826~97!02908-6#
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Defect-impurity reactions in the vicinity of the surface
silicon have distinctive features governed by the characte
tics of the material, the mechanical and chemical operati
performed on it, and the thermal and radiation conditio
under which it is treated. Investigations of these reacti
have been reported in many papers~see, e.g., Refs. 1–3!. As
an example, the formation of a high-resistivity surface la
has been observed during anneals of electron-irradiated
con in the temperature range 180–300 °C~Ref. 2!. It has
been established that this phenomenon is observed on
oxygen-containing~grown by the Czochralski process! sili-
con and that centers with an energy levelEc20.37 eV are
responsible for the formation of the high-resistivity layer.
has been observed4 that theg-irradiation of silicon estab-
lishes a correlation between the formation ofEc20.37 eV
centers and the annealing of vacancy-oxygen complexe~A
centers!. The surprising aspect of the high-resistivity lay
phenomenon, apart from the low temperatures at which
reactions take place, is the fact that it keeps resurfacin
peel-etching, provided only that the anneal temperatures
times do not exceed those required for the complete erad
tion of A centers.2 Even though the phenomenon has be
studied in detail and has been known for some time,
nature and mechanism of the formation of the hig
resistivity layers in the low-temperature (&900 °C! treat-
ments of irradiated silicon have yet to be established.

According to electron spin resonance~ESR! and infrared
spectroscopy data, the annealing of vacancy-oxygen c
plexes in bulk silicon material is associated with the form
tion of @C–O–V2# ~Ref. 5!, @V–O2# ~Refs. 6 and 7!, @V–O–
C# ~Ref. 7!, and V3O ~Ref. 8! centers. This evidence ha
prompted several authors to speculate that the defects
sponsible for the formation of the high-resistivity layers ne
interfaces are@C–O–V2# ~Ref. 9!, @V–O2# ~Ref. 10!, V2O,
andV3O ~Ref. 11! complexes. The mechanism of the form
tion of these complexes has been attributed to the follow
scenario. Near the interfaces, under the influence of st
fields, vacancy complexes anneal at lower temperatures
in the interior volume of the semiconductor. As a result:!
847 Semiconductors 31 (8), August 1997 1063-7826/97/080
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the liberated vacancies are trapped by@C–O# complexes al-
ready present in the interior;9 vacancy-oxygen complexe
that are mobile near the surface interact with oxygen;10 3!
during annealing, divacancies are formed near the surf
from which they then diffuse into the volume and intera
with oxygen or with yet-unannealed A centers.11

The involvement of oxygen in the complex-forming pr
cess has been corroborated by the fact that anEc20.37 eV
center is observed in silicon grown by the Czochralski p
cess, but does not show up in ‘‘oxygen-free’’~with oxygen
concentrationNO<1016 cm23) silicon ~note that the involve-
ment of oxygen is a necessary but not sufficient condition
indeed the formation of high-resistivity layers is not o
served in certain samples with oxygen concentrations as
as 1018 cm23). To confirm whetherEc20.37 eV complexes
are monovacancy or multivacancy types and whether t
composition contains carbon, experimental data are nee
on: 1! the behavior of radiation defects containing vacanc
during annealing; 2! the dependence of the phenomenon
the carbon concentration~an impurity highly prone to reac
tions with vacancies and oxygen7 and usually present in sili-
con in large concentrations:NC.531016–1017 cm23). The
objective of the present study, therefore, is to investig
experimentally in greater detail the behavior ofEc20.37 eV
centers in comparison with other vacancy-containing co
plexes in silicon with a monitored carbon content.

The materials used for the investigation were of ma
KÉF-1, KÉF-4.5, BKÉF-4.5 ~‘‘oxygen-free’’ silicon with
NO&1016 cm23). The raw KÉF-1 and KÉF-4.5 samples had
an oxygen concentrationNO.1018 cm23 and carbon concen
trations NC,331015 and ;531016 cm23, respectively.
Some of the KE´ F-1 samples were subjected to carbon
nitrogen ion implantation~ion energyE5200 keV, doses
F151013 cm22, F25531013 cm22) and a 30-min anneal a
a temperatureTa5900 °C. All the samples were irradiate
with electrons of energyE53.5 MeV on a Mikrotron pulsed
accelerator in the following regime: pulse repetition ra
v5100 Hz, single-pulse durationt i53 ms, irradiation tem-
peratureTirr5300 K. After irradiation and anneals~isother-
847847-05$10.00 © 1997 American Institute of Physics
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mal or isochronous in the interval 80–320 °C in ste
DTa520°) the resistivityr was measured by the Van de
Pauw method, and the spatial distribution of the concen
tion of radiation defects along the depth of the structures
measured by deep-level transient spectroscopy~DLTS; Ref.
12!; for the DLTS measurements Schottky barriers w
formed by gold-film evaporation, orp1 –n structures were
created beforehand by boron diffusion to a depth of 2–3mm.

EXPERIMENTAL RESULTS AND DISCUSSION

Figure 1 shows the results of isochronous annealing
silicon with various carbon contents.

As should be expected, for KE´ F-4.5 with NC.531016

cm23 in the interval 180–220 °C the resistivityr was ob-
served to increase with the anneal temperature~the formation
of an high-resistivity layer did not occur in the case of t
BKÉF-4.5 material!. The DLTS measurements showed~Fig.
1! that the growth ofr in the investigated material does
fact correlate with the anneal of A centers and an increas
the concentration ofEc20.37 eV centers. The variation o
the concentration ofEc20.37 eV centers corresponds to th
variation of the concentration of A centers within the me
surement error limits~see also Refs. 2 and 4!.

The phenomenon was not observed at all in the cas
samples withNC,331015 cm23 ~Fig. 1, curve4!. Only af-
ter carbon ion implantation was the formation of a hig
resistivity layer observed on carbon-free samples~curves2
and3!. We note that under the given irradiation and activ
tion anneal conditions the concentration of implanted car
was;431016 cm23 and;231017 cm23 at the respective
fluxes F1 and F2 (NC5F i /d, where, according to
secondary-ion mass spectrometry~SIMS! data, d;2.5mm

FIG. 1. Resistivity versus temperature in an isochronous anneal of sili
1 — KÉF-4.5, NC'531016 cm23, Fe5131016 cm22; 2–4 — KÉF-1,
NC,331015 cm23, Fe5331016 cm22. Carbon irradiation flux:1, 4 —
FC50; 2 — FC5531013 cm22; 3 — FC5131013 cm22. Inset: Concen-
tration N of A centers~graph 1! andEc20.37 eV centers~graph 2! versus
anneal temperature at a distancex51.5 mm from the interface of thep1-
andn-regions.
848 Semiconductors 31 (8), August 1997
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under the given experimental conditions!. Consequently, a
high-resistivity layer is formed in the presence of the typic
carbon concentration of a material growth by the Czochra
process (;531016–1017 cm23).

As a control measure, the oxygen-free samples were
radiated with nitrogen in the same flux range. The resistiv
r did not increase. In addition, the following operations we
performed on KE´ F-1 samples irradiated with carbon
F25531013 cm22: 1! 30-min anneal at 400 °C to remov
radiation defects; 2! etching in SR-4 with peeling of a
;10mm; 3! repeated irradiation with electrons a
Fe51016 cm22; 4! isochronous anneal. An increase ofr
with increasing temperature was not observed, but the s
operations performed on the KE´ F-4.5 material resulted in the
repeated formation of a high-resistivity layer. In our opinio
this evidence indicates the participation of carbon in the f
mation ofEc20.37 eV centers.

A question arises as to the depth distribution of the c
centration of vacancy complexes andEc20.37 eV centers in
the structures. Figure 2 shows DLTS data on the depth
tribution of the concentration ofEc20.37 eV centers in
p1 –n structures. We infer from the nature of the distributio
of centers in the initial stage of annealing~at Ta,220 °C!
that their formation is a diffusion process.

An analysis of the profiles of the depth distribution
the concentration ofEc20.37 eV centers in the structure
after isothermal anneals atTa,220 °C shows that they con
form to a Gaussian distribution function. It is therefore log
cal to assume that the formation ofEc20.37 eV centers is
associated with diffusion of a certain component from t
interface into the volume of the semiconductor, where t
component either enters directly into the composition of
centers or stimulates their formation in interaction with oth
defects.

Figure 3 shows graphs of the relative variation of t
concentration of A centers, E centers~vacancy-phosphor

n.

FIG. 2. Spatial distribution of the concentrationN of Ec20.37 eV centers
along the depthx of p1 –n structures during an isochronous anneal. Te
perature incrementDTa520 °C, anneal time ta520 min. 1 —
Ta5120 °C; 2 — 160 °C; 3 — 180 °C; 4 — 200 °C; 5 — 220 °C; 6 —
240 °C; 7 — 260 °C; 8 — 280 °C; 9 — 300 °C; 10 — 320 °C; a —
U50 V; b — U520 V. Fe5331015 cm22.
848Naumova et al.
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complexes!, and divacanciesV2 along the depth of diode
structure after isochronous anneal. We see that the forma
of Ec20.37 eV centers does not influence the annealing
vacancy-phosphor complexes; their annealing begins
120 °C, and the concentration distribution profiles scarc
change withTa . In addition to A centers, divacanciesV2

anneal more efficiently~beginning withTa5180 °C! in lay-
ers adjacent to the boundary of thep1 –n junction. The fol-
lowing characteristics are worth noting: 1! The V2 concen-
tration gradient does not run from the surface into
interior as postulated in Ref. 11, but in the opposite directi
so that the formation ofEc20.37 eV centers at depths in th
tens of micrometers cannot be attributed to the diffusion
divacancies into the interior of the semiconductor; 2! the
annealing ofV–O, V2 complex is observed, beginning wit
T'180 °C, not only in layers adjacent to the interface of t
p- and n-regions, but also at depthsx@1 mm, where there
are no interface stress fields or electric fields. Under s
conditions~for the bulk material!, however, A centers in sili-

FIG. 3. Relative variations of the concentrationN of various defects in the
base of p1 –n structures during an isochronous anneal. a! A centers,
N(`)51.731014 cm23; b! E centers,N(`)51.131013 cm23; c! divacan-
cies V2, N(`)50.331014 cm23. Anneal temperature incremen
DTa520°, anneal timeta520 min. The values ofTa ,°C are indicated,
Fe51015 cm22, andN(`) denotes the concentration of radiation defects
the interior volume prior to annealing.
849 Semiconductors 31 (8), August 1997
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con are stable up to 300 °C, and divacancies are stable u
250 °C~Ref. 14!. This leaves no choice but to assume that
centers andV2 are both annealed at the given temperatur
interacting with defects or impurity atoms diffusing awa
from the surface~taking into account the nature of the prop
gation of Ec20.37 eV centers; see Fig. 2!, but do not mi-
grate as a unit before interacting with oxygen.10,11 Also tak-
ing into account the correlation between variations of
concentrations of A centers andEc20.37 eV centers and the
fact that the concentrations of other vacancy complexes
much lower than the concentration of vacancy-oxygen co
plexes, we conclude that: 1! the complexes responsible fo
the formation of high-resistivity layers are monovacan
types; 2! an A center does not act as a feeder of vacancie
a new complex, but enters into it as a unit whole.

Our experimental results, therefore, suggest, from
point of view, that the favored choice among the seve
possible complexes responsible for the formation of hig
resistivity layers near the interface goes to@V–O–C# com-
plexes. The formation of these complexes requires A cen
and a flux of carbon atoms.

The source of mobile carbon~at T>300 K! in silicon is
assumed to comprise the reactionsI 1Cs→Ci during irradia-
tion, when native interstitial atomsI are generated in the
interior, or during annealing of complexes containing inte
stitial atoms.7 It is logical to assume, therefore, that anne
ing is accompanied by the diffusion of interstitial carbo
atoms from the interface into the interior of the semicond
tor with the following reactions taking place:

I 1Cs→Ci , Ci1@V–O#→@V–O–C#

~dominant reaction!, ~1!

I 1V2→V, V1@C–O#→@V–O–C#. ~2!

Let us assume that the complexes of interstitial atoms in
duced by irradiation dissociate near the interfaces during
nealing, and that there is a diffusion ofI ~or of Ci by virtue
of the reactionI 1Cs→Ci) into the interior of the semicon
ductor. It is easy to estimate whether the radiation-genera
interstitial silicon atoms are sufficient for the formation
Ec20.37 eV centers through the reaction~1!.

If the electron flux isFe5331015 cm22, the rate of
injection of interstitial atoms is;4 cm21, and the ‘‘survival
quotient’’ ~after annihilation with vacancies! is ;10%, the
total number of generatedI is ;1015 cm23. Hence, even if
all interstitial complexes dissociate completely in a layer
thickness 1mm, ;1011 interstitial atoms diffuse into the in
terior. We infer from the experimental data in Fig. 2 that t
formation of Ec20.37 eV centers in a layer of thicknes
;10mm requires ;2.431011 interstitial atoms I at
Ta5220 °C. By no means does every radiation-induced
terstitial atom enter into the reaction~1!; bearing this fact in
mind, we conclude that in addition interstitial atoms intr
duced by irradiation, there must be another source ofI for the
formation of Ec20.37 eV centers by the reaction~1!. One
cannot rule out the possibility of silicon surface layers be
enriched by interstitial atoms during anneals involving t
formation of SiO2 films. A well-known phenomenon is the
injection of I and the formation of stacking faults in th
849Naumova et al.
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high-temperature (T>900 °C! oxidation of silicon~see, e.g.,
Ref. 3!. However, does this kind of phenomenon occur in
investigated temperature range of 180–300 °C? There
need for experimental proofs and judicious experimental
sign.

We now consider a model involving the active behav
of carbon near an interface. We assume that the flux of
bon atoms is a consequence of their liberation from co
plexes or from an interface decoration cloud. The followi
arguments support the migration of interstitial carbon in
the interior of the sample.

1. According to sample concentration. For
NC5531016–231017 cm23 ~when the formation of
Ec20.37 eV centers is observed in the sample! the carbon
content in a layer of thicknessx,1 mm is ,1013 atoms.
This estimate is approximately an order of magnitude hig
than is required for the formation of the observed concen
tion Ec20.37 eV centers, although it must be borne in mi
that the formation of the latter can only involve mobile i
terstitial Ci atoms.

2. According to the diffusion coefficient.An analysis of
the profiles of the concentration ofEc20.37 eV centers afte
isothermal anneals has shown that the distribution of the c
centration of centers along the depth of the structures
Ta,220 °C corresponds to a Gaussian distribution funct
with diffusion coefficientD'10211 cm2/s. If we use the
standard approximation for the diffusion coefficient of inte
stitial carbonDCi

@cm2/s#50.44 exp(20.87/kT@eV#) ~Ref.
15! in the rangeT5160–200 °C, we obtain a result close
the experimental value,DCi

'10210 cm2/s.
3. Indirect evidence.The legitimacy of recruiting Ci to

account for the formation of high-resistivity layers is su
ported by the dependence of the phenomenon on the typ
masking coating: The presence of an SiO2 film ~coating de-
posited prior to electron irradiation! has scarcely any effec
on the behavior of the resistivity of the sample, whereas
deposition of an Si3N4 film shifts the maximum to highe
temperatures, but the increase inr is comparatively small.2

According to data in Ref. 16, interstitial carbon effective
interacts with nitrogen, forming Ci –Ns complexes, i.e.,
Si3N4 ~in contrast with SiO2) films are capable of deactiva
ing part of the interstitial carbon.

Which complexes provide the source of mobile inters
tial carbon? The experimental reality, that a high-resistiv
layer forms repeatedly after etch-anneal operations,2 indi-
cates that the culprits are centers formed at a tempera
below 180 °C, and in the interior of the sample their ann
temperature is not lower than that ofV–O complexes, i.e.
.300 °C. Are the interface stress and voltage levels g
enough to weaken the bonds between the components o
complexes and to release interstitial atoms? Estimates s
that the stresses and voltages provide an energy gai
;1023–1022 eV. Consequently, if the dissociation o
carbon-containing complexes is determined by the interf
electric and stress fields, they must be complexes with a
binding energy.

It has been shown17 that the uniaxial compression of S
during heating lowers the anneal temperature of A and
centers. We have performed experiments in which an ex
850 Semiconductors 31 (8), August 1997
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nal voltage was applied to structures during an isochron
anneal~80–140 °C! in such a way as to take thep1 –n junc-
tion into a reverse-biased state. The experiment showed~Fig.
2! that the application of an electric field lowers to 120 °
the anneal temperature of A centers and, accordingly,
temperature at whichEc20.37 eV complexes are formed.

If we assume that the concentration of mobile Ci near
the interface obeys the lawNC;exp@2(Ed1DU)/kT#, where
Ed is the energy of dissociation of carbon-containing co
plexes, andDU is the change in energy under the influen
of an electric fieldE, and if we compare theN(x,t) curves at
Ta5160 °C and 120 °C~Fig. 2!, we obtainEd,0.072 eV
for a dissociating complex of maximum sizex.10 Å and for
values of E at the maximum equal to 1.63104 V/cm and
7.73104 V/cm in the cases of structures unbiased a
reverse-biased during annealing, respectively. This expl
why such small increments of the voltage fields (;1022 eV!
influence the behavior ofEc20.37 eV centers. However, th
electric field can exert influence by a different mechanis
specifically by changing the charge state of defects in a w
similar to the action of electric fields in the annealing of
centers.18 In this case a variation of the energy of activatio
of anneal of complexes in a field can amount to tenths of
electron-volt. In any case, however, the energy of activat
of the formation ofEc20.37 eV centers according to isothe
mal anneal data,Ea.1.3 eV, includes: 1! the energy of dis-
sociation of carbon-containing complexesEd ; 2! the energy
associated exclusively with Ci migration energy,Em50.87
eV ~Ref. 15!; 3! the energyEk of formation of the complex
Ci1@V2O#.

Not enough experimental data are available at
present time to give preference to any one of these proces
The first one requires experimental proof that the interfac
enriched with interstitial atoms originating from somethin
other than radiation during an anneal in the temperat
rangeTa5180–300 °C. The second calls for an answer
the question of which complexes~or processes! are the
source of mobile carbon near interfaces. In all probabil
both processes are involved. We merely note that the me
nism involving a flux of interstitial silicon atoms explain
both the formation ofEc20.37 eV centers and the mor
efficient annealing of divacancies near interfaces~Fig. 3!.

CONCLUSIONS

The reported experimental data lead to the conclusi
that: 1! one condition for the formation ofEc20.37 eV cen-
ters in electron-irradiated silicon is a carbon conte
NC>531016 cm23; 2! the preferred choice among the se
eral kinds of complexes potentially responsible for the f
mation ofEc20.37 eV centers and, hence, the formation
high-resistivity layers near the interfaces of silicon structu
should be@V–O–C# complexes. The mechanism underlyin
the formation of@V–O–C# complexes, in our opinion, is a
multistage process involving the diffusion of interstitial a
oms away from the interface together with the reactions

1! I 1Cs→Ci , Ci1@V–O#→@V–O–C# ~dominant re-
action!;

2! I 1V2→V, V1@C–O#→@V–O–C#.
850Naumova et al.
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As a result of heat treatments in the temperature ra
180–300 °C, the surface is probably the source of interst
silicon atoms of other than radiation origin. Electron bo
bardment and the formation of a system of vacan
containing complexes create a situation in which the re
tions with intersitial atoms are activated.

We wish to thank S. A. Sukhikh and G. N. Kamaev f
irradiating the samples with ions and electrons.
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Formation of oxygen precipitates in silicon

of
I. V. Antonova, V. P. Popov, and S. S. Sha meev

Institute of Semiconductor Physics, Siberian Branch of the Russian Academy of Sciences,
630090 Novosibirsk, Russia
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~Submitted July 18, 1996; accepted for publication February 6, 1997!
Fiz. Tekh. Poluprovodn.31, 998–1002~August 1997!

The initial stage of formation of oxygen precipitates in silicon is investigated by deep-level
transient spectroscopy, selective etching, and infrared spectrometry. It is established that the
formation of oxygen precipitates atTa5600–960 °C is sustained by the emergence of
local zones enriched with interstitial oxygen. As the anneal time is increased, these zones decrease
in size, and the local oxygen concentration makes a transition to the SiO2 phase. Hydrostatic
pressure applied in the nucleation stage leads to the formation of finer precipitates and
accelerates the transition to the SiO2 phase. ©1997 American Institute of Physics.
@S1063-7826~97!03008-1#

The existence of a so-called precipitate delay time is a
1

possibility of determining the parameters of local clusters
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well-known phenomenonin the formation of oxygen pre
cipitates, i.e., the emergence of an oxygen precipitate a
inclusion of the SiO2 phase in silicon is preceded by a nucl
ation stage. It is difficult to study the nucleation stage exp
mentally, because methodological errors or inadequate
sitivity ~or both at once! make virtually all the customary
procedures for the investigation of oxygen precipitates in
pable of yielding information about this stage. At prese
therefore, only theoretical descriptions of the nucleat
stage exist for the most part, where both homogeneou2–4

and heterogeneous5–7 mechanisms are discussed. Oxyg
precipitate nuclei are usually interpreted to be local clus
of oxygen atoms which include the SiO2 phase and those
which do not, depending on the model concepts~see, e.g.,
Ref. 1!. The basic parameters used in theories describing
nucleation of oxygen precipitates are the degree of supers
ration of the solid solution of oxygen in silicon, the critic
nuclear radiusr c that must be attained for further growth o
the precipitate, and the time required for nuclei to for
These parameters differ strikingly from one another as
tained in different theories. For example, according to
model in Ref. 8,r c51 nm, whereas data in Ref. 9 indica
that the minimum gauge of size is the volume of one Si2

molecule. In previously published papers it is assumed
the oxygen atoms are uniformly distributed throughout
solid solution and that local concentration fluctuations fi
normal distribution. The acquisition of experimental data
the nucleation stage could provide a basis of preference
one theoretical development or another and shed light on
process of nucleation of oxygen precipitates.

A technique has been proposed10 for investigating the
nature of the distribution of oxygen atoms in the neighb
hoods of oxygen precipitates; it stipulates the prelimin
formation of electrically active complexes involving an i
terstitial oxygen atom~A center!, whereupon electrical mea
surements can be made, in particular, by means of deep-
transient spectroscopy~DLTS!. This approach affords the
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deep-level centers.
The objective of the present study is to investigate

initial stage of formation of oxygen precipitates and to e
cidate the physical mechanisms responsible for the proc

EXPERIMENTAL PROCEDURE

The basic material wasn-type silicon grown by the Czo-
chralski method with a density of charge carrie
(7 –15)31014 cm23. The oxygen concentration in the mat
rial was determined by infrared~IR! spectroscopy and wa
equal toNO5(6 –17)31017 cm23. Oxygen precipitate nu-
clei were formed during long-term heat treatments at 60
900 °C ~see Table I!. The tool used to influence the oxyge
precipitation processes was hydrostatic pressure, which h
maximum value of 1.0 GPa. The heat-treated crystals w
irradiated with electrons having an energy of 2.5 MeV a
flux of 831014 cm22. The principal energy-active defect
for the irradiated samples were A centers~vacancy-oxygen
complexes! with the Ec20.18 eV level in the band gap
DLTS was used to investigate the uniformity of the distrib
tion of the introduced A centers. The measurements w
performed at a frequency of 10 MHz. The parameters of
time window t1 and t2 were varied in the intervals
(0.1–2.2)31023 s and (0.11–2.2)31022 s, respectively, in
such a way as to maintain a constant ratiot1 /t2. The duration
of the filling pulse wast5231024 s. The dependence of th
concentration of A centers on the measurement tempera
was extracted from a series of DLTS curves recorded
various time windows.

It has been shown10–12 that the profile of the concentra
tion of A centersNa as a function of the temperatureT can
be used to draw a conclusion as to the presence of l
clusters of A centers and, hence, interstitial oxygen in
crystal. The parameters of the oxygen clusters were ca
lated from the plot ofNa(T) ~Fig. 1!, viz.: 1! the character-
istic space scale of the clustersR; 2! the total oxygen con-
centration in a local cluster. Since the nature of the lo

852852-05$10.00 © 1997 American Institute of Physics
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TABLE I. Oxygen concentration in untreated silicon and crystal heat-
treatment regimes.

orr
clusters of interstitial oxygen is unknown in the sense
whether they are the result of decomposition of the ini
metastable oxygen agglomerates or of diffusion clusterin
local lattice inhomogeneities, the choice of function is det
mined to within a numerical factor. As an initial approxim
tion the distribution of oxygen atoms in a cluster was
sumed to be spherically symmetric and described b
Gaussian function~with R as the parameter of the function!,
and the vacancy-oxygen interaction constant was assum
be the same both in the host crystal and in the cluste
oxygen atoms. In addition, the dependence of the concen
tion of A centers on the duration of the filling pulse, who
amplitude was varied in the interval from 531026 s to
131023 s, was investigated experimentally. The concen
tion of already-formed oxygen precipitates was determin
by the selective silicon-etching method. The initial conce
tration of dissolved interstitial oxygen in the crystals (NO)
was determined by IR spectrometry.

NO , 1017 cm23
Heat-treatment regimes:
temperature/time/pressure

6.5 600 °C/1h, 5 h, 10 h, 19 h, 96 h /1024 GPa
650 °C/10h/1024, 1022, 0.1, 0.6, 1.0 GPa
600 °C/10h/1024, 1.0 GPa
650 °C/96h/1024 GPa

8 650 °C/96h1650 °C/5 h/1024,1022,1.0 GPa
960 °C/5h/1024, 1022, 1.0 GPa

13 720 °C/8h
15 720 °C/8h
17 720 °C/8h

FIG. 1. Concentration of A centers versus temperature at which the c
sponding DLTS is a peak for the untreated silicon~graph1! and for silicon
annealed at 600 °C~graphs2–5!. Anneal time:2 — t51 h; 3 — 5 h; 4 —
10 h; 5 — 19 h.
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EXPERIMENTAL RESULTS

The investigations have shown that the amplitude of
DLTS peak associated with an A center does not depend
the temperature in the untreated material. It becom
temperature-dependent after only a 1-h anneal
Ta5600 °C. Consequently, interstitial oxygen is uniform
distributed in the untreated material, and local oxyge
enriched zones form in the material after prolonged anne
at Ta5600 °C. Figure 2 shows the calculated values of
total concentration of A centers in local clusters (Nt) ~Fig.
2a! and the characteristic radius~R! of those clusters~Fig.
2b! as functions of the duration of heat treatmentt. The ratio
of Nt to the measured concentration of A centersNa in the
untreated material (Na5131014 cm23) characterizes the
factor by which the oxygen concentration in the cluster e
ceeds the average oxygen concentration in the host cry
Oxygen atoms involved in the composition of the SiO2 phase
do not participate in the formation of A centers and theref
disappear from the field of view of the given method
investigation. The dependence of the concentration of A c
ters in local clusters on the anneal time exhibits a nonmo
tonic behavior~Fig. 2a!: It increases in the initial interval
then at anneal times greater than 10 h a decrease in the con
centration in the clusters is observed, and after annealing
96 h it essentially attains the average value throughout
crystal. The concentration of newly formed local cluste

e-

FIG. 2. Total concentration of A centers in a clusterNt ~a! and of the
characteristic cluster radius dR ~b! in the crystal versus anneal timet at
600 °C.
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which is equal to the concentration of oxygen precipita
observed atTa5600 °C (;1012 cm23), is used to calculate
R. The characteristic radius of oxygen precipitates at the
perimental temperature1 is used for the value ofR at large
anneal times (t596 h. Figure 3 showsNt as a function of the
initial oxygen concentrationNO in the crystal for various
anneal regimes. The value ofNt increases as the oxyge
concentration is increased and decreases as the annea
perature is increased.

Figure 4 illustrates the influence of the hydrostatic pr
sureP on the process of formation of oxygen agglomerat
The variation ofNt as the pressure is increased during va
ous heat treatments~Fig. 4a! and the variation of the concen
tration of already-formed oxygen precipitatesNOp at
Ta5960 °C~Fig. 4b!, determined by selective etching, ind
cates that the influence of hydrostatic pressure is q
strong, beginning atP51022 GPa. According to selective
etching data, the etch pits decrease abruptly in size at p
suresP > 1022 GPa. The precipitates formed at lower tem
peratures in this case are not exposed by selective etch

A 96-h anneal at 600 °C ultimately leads, on the who
to the formation of precipitates in the form of inclusions
the SiO2 phase surrounded by an oxygen-depleted zone~Fig.
1!. The results of additional anneals of crystals contain
previously introduced precipitates at the same tempera
but different pressures are shown in Fig. 5. We see that
application of a pressure;1.0 GPa increaseNt , i.e., the
application of pressure once again produces local oxyg
enriched zones.

DISCUSSION

One of the main experimental results obtained in
study is the observation of local clusters of interstitial ox
gen atoms after several hours of annealing. These clus
become increasingly dense as the anneal time is increa
the quantity of oxygen captured by them increasing as t

FIG. 3. Total concentration of A centers in a clusterNt versus oxygen
contentNO in the crystal for two anneal regimes.1 — 600 °C, 10 h;2 —
720 °C, 8 h.
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sizes decrease. The decrease inNt for t.10 h is probably
attributable to the onset of formation of the SiO2 phase, since
this anneal time corresponds to the initiation time of oxyg
precipitates~the delay time is 10–15 h at 600 °C!. The re-
sults imply that the SiO2 phase appears when a certain cri
cal oxygen concentration is reached in the cluster region

FIG. 4. Total concentration of A centers in a clusterNt ~a! and density of
observable oxygen precipitatesNOp ~b! a: 1 — NO56.531017 cm23,
Ta5650 °C,t510 h; 2 — NO5831017 cm23, Ta5960 °C,t55 h.

FIG. 5. Total concentration of A centers in a clusterNt versus applied
hydrostatic pressureP during an additional 5-h anneal, at the same tempe
ture, of oxygen precipitates formed at 650 °C after 96 h.
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concentration of oxygen in the clusterNt , evaluated at
t510 h, like certain values ofNt for other anneal regime
and a different oxygen content in silicon~Figs. 2 and 3!, is
too high. This excess was not observed in an investigatio
the processes of decomposition of previously formed prec
tates by a similar method.10 The cause of the excessive va
ues ofNt is more likely attributable to a discrepancy betwe
the true oxygen distribution in the cluster and the given m
eling of the oxygen precipitate nucleus by a spherical obj
Judging from the data, the true oxygen distribution is ch
acterized by the substantially greater relative contribution
the surface in comparison with the volume. Moreover, afte
h at Ta5600 °C, given the usual diffusion coefficient, a
oxygen atom is displaced by;70 Å when the average
atomic spacing is;100 Å. Even if we assume an accelerat
diffusion of oxygen~usually acceleration by a factor of 2 o
3 is considered13!, the probability of a relatively large num
ber of oxygen atoms clustering together in a local zone
low. These contradictions can be resolved by assuming
the oxygen precipitate nucleus comprises a fairly loos
consolidated formation, for example, branched oxyg
chains. The formation of such chains requires far grea
displacements of the oxygen atoms. Fraundorfet al.14 also
postulate the existence at 600 °C of metastable nuclei, w
are no longer SiO2 phase and which have a high surface-
volume ratio.

Further indirect evidence in support of the stated hypo
esis is contained in data on the existence of a fine structur
oxygen precipitates,15 which, being ‘‘disk-shaped’’ on the
whole with a characteristic diameter;2000 Å ~formation
regime at 650 °C and 216 h!, consists of very small spherica
precipitates of diameter;20 Å. But if the oxygen atoms
~and the A centers following them! form various more or less
complex chains, this process should be manifested in
emergence of a logarithmic dependence of the fraction
charged A centersNa on the duration of the filling pulset in
DLTS measurements. In the case of a spherical cluster s
a dependence occurs only for clusters of very large diam
(.500 Å for the material used here!. Measurements hav
shown that such a dependenceNa(t) is indeed observed
~Fig. 6!. The value ofNt and the average distance betwe
neighboring A centersr a have been estimated~by analogy
with Refs. 16 and 17! from the data in Fig. 6 on the assum
tion that the oxygen precipitate nuclei are in the form of
elementary chain of oxygen atoms . These quantities
equal to~respectively! 531014 cm23 and 12 Å after a 5-h
anneal and are equal to 5.331016 cm23 and 4 Å after a 10-h
anneal. The actual structure of the oxygen precipitate nuc
is more likely a certain configuration intermediate betwee
chain and a spherical object. Consequently, the reported
merical characteristics of the oxygen precipitates repre
upper ~spherical approximation! and lower~chain approxi-
mation! bounds in relation to the true characteristics of t
oxygen precipitates.

It follows from the selective etching data that the app
cation of hydrostatic pressure leads to the formation of fi
oxygen precipitates. The abrupt decrease inNt ~or, more pre-
cisely, the loss of the temperature dependence of the con
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tration of A centers! already atP'1022 GPa indicates tha
pressure stimulates transition to the SiO2 phase, and a 10-h
heat treatment atTa5600 °C atP>1022 GPa is enough to
terminate the transition̂clustering of oxygen atoms&→SiO2

phase. However, at the maximum pressure of 1.0 GPa t
is a certain increase inNt with a simultaneous reduction in
the density of observed etch pits. This effect can be identi
with the fact the dimensions of the newly formed oxyg
precipitates have become even smaller, so that some of t
are no longer observable by selective etching, and there
possibly been a shift toward the stabilization of such cluste
in which the necessary oxygen concentration for transition
the SiO2 phase has not yet been attained. An analogous s
ation is encountered in the annealing of already-formed o
gen precipitates~Fig. 4!.

CONCLUSIONS

The results discussed in the article show that the form
tion of oxygen precipitates passes through a stage of for
tion of interstitial oxygen clusters, most likely with
branched-chain structure typical of large surface-to-volu
ratio. Oxygen accumulates in these local regions with
passage of time. The SiO2 phase most likely begins to form
when a certain critical oxygen concentration is reached. H
drostatic pressure applied in the nucleation stage of oxy
precipitates also results in the formation of finer oxygen p
cipitates.

This work has received support from the Russian Fu
for Fundamental Research, Grant No. 95-02-05082-a,
from the Polish Committee for Scientific Research, Gra
No. 8T11B04809.

1A. Borghesi, B. Pivac, A. Sassella, and A. Stella, J. Appl. Phys.77, 4169
~1995!.

2J. Vanhellemont and C. Claeys, J. Appl. Phys.71, 1073~1992!.
3S. W. Hu, Mater. Res. Soc. Symp. Proc.59, 249 ~1986!.
4N. Inoue, K. Wada, and J. Osaka, J. Cryst. Growth84, 21 ~1987!.
5G. S. Oehrlein, J. L. Lindstrom, and J. M. Corbett, Appl. Phys. Lett.40,
241 ~1982!.

6A. J. R. de Kock and W. M. Van de Wijgert, Appl. Phys. Lett.38, 888
~1981!.

7T. Y. Tan and C. Y. Kung, J. Appl. Phys.59, 917 ~1986!.

FIG. 6. Concentration of A centers in a crystal annealed at 600 °C for 1
~graph1! and bombarded by electrons at a flux of 831014 cm22 ~graph2!
versus duration of the filling pulse.

855Antonova et al.



8Defect Control in Semiconductors: Proceedings of the International Con-
ference on the Science and Technology of Defect Control in Semiconduc-

.

a

13S. A. McQuaid, M. J. Binns, C. A. Londos, J. H. Tucker, A. R. Brown,
and R. C. Newman, J. Appl. Phys.77, 1427~1995!.

wart,

ys.

tus
tors, Tokyo, 1989, K. Sumino~Ed.!, North-Holland, Amsterdam-New
York ~1990!, p. 239.

9H. Harada, T. Abe, and J. Chikawa, inSemiconductor Silicon, H. R. Huff,
T. Abe, and B. O. Kolsen~Eds.!, Electrochem. Soc., Pennington, N.Y
~1986!, p. 76.

10I. V. Antonova, A. Misiuk, V. P. Popov, S. S. Shaimeev, and L. I. Fedin
Physica B225, 251 ~1996!.

11I. V. Antonova, A. V. Vasil’ev, V. I. Panov, and S. S. Sha�meev, Fiz.
Tekh. Poluprovodn.22, 998 ~1988! @Sov. Phys. Semicond.22, 630
~1988!#.

12I. V. Antonova and S. S. Sha�meev, Fiz. Tekh. Poluprovodn.25, 847
~1991! @Sov. Phys. Semicond.25, 513 ~1991!#.
856 Semiconductors 31 (8), August 1997
,

14P. Fraundorf, G. K. Fraundorf, and R. A. Craven, inVLSI Science and
Technology 1985, W. M. Bullis and S. Broydo~Eds.!, Electrochem. Soc.,
Pennington, N.Y.~1985!, p. 436.

15R. Bouchard, J. R. Schneider, S. Gupta, S. Messolaras, R. J. Ste
H. Nadasawa, and W. Zulehner, J. Appl. Phys.77, 553 ~1995!.

16P. Omling, E. R. Weber, Z. Montelius, H. Alexander, and J. Michel, Ph
Rev. B32, 6571~1985!.

17V. V. Kveder, Yu. A. Osipyan, W. Schroter, and G. Zoth, Phys. Sta
Solidi A 72, 701 ~1982!.

Translated by James S. Wood
856Antonova et al.



Transient photoelectric effect in pure, high-resistivity, highly biased

s.
metal-semiconductor and metal-insulator-semiconductor structures
B. I. Reznikov

A. F. Ioffe Physicotechnical Institute, Russian Academy of Sciences, 194021 St. Petersburg, Russia
~Submitted December 26, 1996; accepted for publication February 10, 1997!
Fiz. Tekh. Poluprovodn.31, 1003–1010~August 1997!

The relaxation dynamics of the electric field and the current during the illumination of high-
resistivity, slightly doped~essentially pure!, highly biased, symmetrical metal-semiconductor and
metal-insulator-semiconductor structures with monochromatic light in the fundamental band
is investigated. The system of transport equations is solved in the drift-diffusion approximation,
and the Poisson equation is solved. The emission and surface recombination of carriers are
taken into account at the semiconductor boundaries. It is shown that when illumination is turned
on ~off!, the field in the structure relaxes monotonically to a steady-state distribution. The
field and current rise times at the start of illumination are approximately equal to the drift time
for holesTdr calculated from the mean fieldEe5V/d and does not depend on the light
intensityI i , the absorption coefficient, or the interface tunneling transmissivitiesTn,p . The current
and field decay times at the cessation of illumination increase asI i is increased and asTn,p

decreases, but are always of the same order of magnitude astdr . In the presence of strong
absorption and at an intensity higher than the intensity scale characterizing the region of
weak field shielding, the time dependence of the total current is nonmonotonic. When surface
traps are filled, carriers begin to accumulate near the electrodes, causing the field to
undergo an abrupt change near the anode at sufficiently high intensitiesI i and low transmissivities
Tn,p . © 1997 American Institute of Physics.@S1063-7826~97!03208-0#

1. INTRODUCTION drift monopolar model with simplified boundary condition
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Metal-semiconductor-metal~MSM! structures utilizing
high-resistivity, wide-gap, compensated crystals~e.g., CdTe,
HgI2, and C! have a variety of applications. In particula
they form the elemental basis of radiation~light, x-ray,
g-ray! detectors1 and light-controlled optoelectronic device
designed for fiber-optic communication lines, informati
processing systems, and systems for the recording of op
image signals.2 The operation of these devices is based
the variation of the electric field distribution when the stru
ture is illuminated. Theoretical and applied consideratio
have stimulated experimental work on the transient pho
electric effect and relaxation processes in high-resistiv
~semi-insulating! CdTe crystals and have shown that t
light-stimulated variation of the field in a crystal can be
tributed to the space charge of free photogenerated carri3

Theoretical studies for pure crystals4–7 have refined the
quantitative laws of shielding against an external field. T
way that this phenomenon is related to the free-carrier sp
charge distinguishes it fundamentally from charge-excha
processes between two systems of discrete levels~populated
donors and empty traps!. The latter processes have been
vestigated in connection with the application of sillen
~Bi12SiO20 and Bi12GeO20) crystals as an electrooptical me
dium for writing holograms and information in space-tim
light modulators8 and in connection with the experiment
observation of an alternating oscillating space-charge di
bution in these crystals.9 The results of theoretical studies o
electric field relaxation in a crystal containing deep-level i
purities and subjected to stress and illumination in impur
band light are given in Refs. 9–12. This work is based o
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Several dozen papers have been published on this topic
are surveyed in Ref. 12.

The basic laws of the steady-state photoelectric effec
pure, high-resistivity crystals are embodied in thr
principles.4

1. The distribution of the field in the high-resistivit
structure depends on the ratio between the illumination
tensity I i and the characteristic scaleI * 5(8/9)j * /e ~where
j * 5empV2/4pd3 is the space-charge-limited current, andd
is the width of the structure!.

2. At low intensities I i!I * the values of the fields
around the electrodesE0 and Ed differ very little from the
mean fieldEe5V/d. The boundary values of the field an
the current depend linearly on the intensity, and the distri
tion E(x) is linear.

3. As the field at the illuminated surface increases,E0

decreases and can become much weaker thanEe . The field
Ed around the dark electrode increases. At average inte
ties I i>I * the fieldE0!Ee , the fieldEd5(3/2)Ee , the cur-
rent is close toj * , and the distributionE(x) obeys a square
root law.

The major importance of the speed and response tim
devices mandates the timeliness of studying relaxation p
cesses in pure, high-resistivity structures. Numerical simu
tion must be used, because experiments are limited in b
spatial and temporal resolution with respect to electric fiel
The identification and investigation of the basic ‘‘pure
structure model stems from the need to separate phenom
inherent in high-resistivity crystals from the influence
deep impurity levels. The presence of the latter, even
minute quantities, exerts a significant influence on the

857857-07$10.00 © 1997 American Institute of Physics
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resistivity structures.
By far most of the papers published to date on the tr

sient characteristics of photodiodes have either been confi
to special cases amenable to analytical solution or h
solved special problems, usually with the aid of major si
plifications. One of the first studies to be concerned with
smearing of a step pulse of electrons in a crystal contain
traps13 embraced all the basic features of the drift monopo
model subsequently used for the analysis in Refs. 9–11
later studies, for example, in the paper of Ref. 14 allowa
has been made for volume diffusion, surface recombinat
and charge trapped by surface levels. In particular, the in
ence of the intensity of the incident radiation, the optic
thickness of the layer, and volume recombination on the fi
distribution has been analyzed for the dimensionless sys
of transport equations, which contains twelve paramet
Photoelectric processes in a silicon diode at a high excita
level have been investigated15 on the basis of a complet
formulation of the drift-diffusion approximation. The close
to the present study is the work of Iverson and Smith,16 who
have investigated field and current relaxation in a struct
containing impurity levels when the incident light is turne
on and off. However, their investigation deals with the ca
of weak light absorption in the crystal and ohmic-conta
boundary conditions, which correspond to an infinite reco
bination rate.

The objective of the present study is to give a detai
description of field and current relaxation in pure, hig
resistivity crystals and to analyze the influence of the g
erning parameters on the dynamics of transient processe

2. STATEMENT OF THE PROBLEM

2.1. We consider a highly biased, high-resistivity met
insulator-semiconductor~MIS! structure 0<x<d, which has
an equilibrium hole densityp* in its interior and is illumi-
nated by monochromatic light of wavelength in the fund
mental absorption region (\n.Eg) through a semitranspar
ent anodex50. A voltageV much higher than the contac
potential between the semiconductor and the metal is app
to the structure. For a structure containing deep impu
levels, in general, the distributions of the densities of el
trons n(x) and holesp(x) and the electric fieldE(x) are
described by a system comprising the equations of contin
and the Poisson equation

]n

]t
1

]qn

]x
5G2Rn , ~1!

]p

]t
1

]qp

]x
5G2Rp , ~2!

]E

]x
5

4pe

«
@p2p* 2n1n* 2Nt~ f 2 f * !#. ~3!

In the drift-diffusion approximation the carrier fluxesqn and
qp have the standard form

qn52Dn

]n

]x
2mnEn, ~4!
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The rate of production of electrons and holes by exter
radiation is

G5aI iexp~2ax! ~6!

(I i is the intensity of the light entering the sample, anda is
the light absorption coefficient!. We consider the genera
case of a high-resistivity, compensated semiconductor c
taining, in addition to shallow donors and acceptors, a sin
impurity level that obeys Shockley–Read statistics. Reco
bination processes of the band-to-band type are ignored,
the expressions for the heat generation rate-recombina
Rn and Rp are written with allowance for the trapping o
carriers by the deep impurity level and their emission in
the corresponding band of the semiconductor:17

Rn5anNt@n~12 f !2n1f #, ~7!

Rp5apNt@p f2p1~12 f !#. ~8!

Herean,p5^sn,pvn,p& are the velocity-averaged capture c
efficients at the impurity level (vn,p andsn,p are the thermal
velocities of electrons and holes and their impurity capt
cross sections!, and f 5n2/Nt is the filling factor of the deep
impurity level, which is equal to the ratio of the negativ
charge densityn2 to the density of impurity levelsNt . The
quantitiesn1 and p1, which depend on the energy of th
impurity level « t5Et2Ec , are given by the expression
n15Ncexp(2«t /kT) andp15Nvexp@2(Eg2«t)/kT#. It is evi-
dent from Eqs.~1!–~3! and the definitions~7! and~8! that the
deep impurity levels determine the recombination rate a
the bound charge. The degree of filling of the impurity
equilibrium is determined from the conditionRp50 and is
equal tof * 5p1(p11p* ).

In the transient~time-dependent! case the variation of
the bound charge density is proportional to the differen
between the fluxesRn andRp :

Nt

] f

]t
5Rn2Rp5Nt

f st2 f

t
, ~9!

where

f st5
ann1app1

an~n1n1!1ap~p1p1!
,

t215an~n1n1!1ap~p1p1!. ~10!

The emission of carriers and their recombination throug
single surface level are taken into account at
semiconductor-metal interface by an approach similar to
in Ref. 18:

qn~0!52Vn0
T ~n02n0

eq!2qsn~0!, ~11!

qp~0!52Vp0
T ~p02p0

eq!2qsp~0!, ~12!

qn~d!5Vnd
T ~nd2nd

eq!1qsn~d!, ~13!

qp~d!5Vpd
T ~pd2pd

eq!1qsp~d!. ~14!

Here neq and peq are the equilibrium densities of electron
and holes at the interfaces,Vn,p

T 5Vn,pTn,p are the rates of
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to the thermionic emission rates into the me
Vn,p5(1/4)vn,p and the interface tunneling transmissiviti
~tunneling probabilities! Tn,p . The latter take into accoun
the decrease in the carrier exchange rates across the inte
due to the presence of the insulating layers and depend
ponentially on a function combining the thickness of the
sulating layer, the height of the tunneling barrier, the volta
drop across the layer, and other quantities.19 In lieu of reli-
able information on these quantities, the dependence
Tn,p on the film characteristics is not specified in detail, a
the tunneling transmissivity is used as an input paramete

The recombination fluxes on the surface are proportio
to the surface recombination rates at the interfa
sn,p5^an,pNs&:

qsn5sn@n~12 f s!2n1sf s#, ~15!

qsp5sp@p fs2p1s~12 f s!#, ~16!

where the variation of the degree of filling of the impuri
levels on the surface is proportional to the difference in
recombination fluxes:

Ns

] f s

]t
5qsn2qsp . ~17!

The external voltage source imposes the following condit
on the field distribution in the semiconductor:

E
0

d

E~x!dx5V. ~18!

Because the insulating film is not thick, and because of
surface charge density, the potential drop on the insul
and the surface-charge field are disregarded in Eq.~18!.

2.2. The basic equations are written on a nonequilibri
numerical grid with tighter bunching of the mesh at the en
points of the interval in the region of high gradients. A
implicit time approximation of first-order accuracy is use
Finite-difference expressions of second-order accuracy
the carrier fluxes are written using relations proposed
Scharfetter and Gummel.20 The nonlinear three-point system
of difference equations is linearized and solved by a vec
forward/backward ~Gaussian-type! elimination scheme.21

The nonlinearity of the problem is handled by Newton
method. The solution obtained on the preceding time laye
used as the initial approximation. The computational er
and choice of time step are monitored from the invariance
the total current through the structure and the closenes
the numerical value of the total current calculated from
difference equations to its value obtained by integrating
equation

j 5e~qp2qn!1«/4p]E/]t

with respect to the width of the structure.

3. RESULTS FOR PURE STRUCTURES

3.1. We first investigate the relaxation dynamics of t
field and the current when the illumination of the structu
on a CdTe base is turned on and off. We adopt the follow
set of parameters for our basic model:d50.28, V5400
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volts, p* 5 108 cm23, sn5sp5106 cm/s,Tn5Tp51. The
intensity does not depend on the time and has the va
I i5231015 cm22

•s21. The light absorption coefficient is
a5104 cm21.

The initial conditions include the steady-state distrib
tion functions forn, p, andE in the dark case, obtained in th
numerical solution of the system~1!–~3! for ]/]t50 and
I i50. At t50 the distributions ofn, p, andE in the interior
of the structure are almost uniform. Near the electrodes
have boundary conditions for electrons and holes, wh
their densities suffer a discontinuity, but forTn5Tp51 they
do not differ much, either at the boundaries or in the interi
from the equilibrium valuesneq andpeq at the boundaries o
the crystal.

The qualitative pattern of the photoelectric effect is d
picted as follows. When the illumination is turned o
electron-hole pairs are generated in a zone having a widt
several absorption lengths (;331024 cm!d). The expo-
nential decay of the radiation intensity into the depth of t
sample and the transport of carriers across the surfac
thermal velocities instantly produces nonmonotonic, pea
distributions of the densitiesn andp around the illuminated
anode. In the initial stage photogeneration causes the sur
and maximum carrier densities to increase with time. T
electric field separates them, making electrons and holes
toward the electrodes of opposite sign. Figure 1 shows p
files of P(X)5p/p* , X5x/d, from which it is apparent
how the leading edge of the hole density distribution mov
toward the cathode, so that a positive space-charge de
wave propagates into the depth of the sample. The patter
propagation is shown at times comparable with the hole d
time in a static fieldtdr5d/(mpEe), which is equal to 3.92
ms for the adopted values of the parameters. It is also evid
from the figure that once the leading edge of the den
distribution arrives at the surface, a diffusion bounda
sheath is formed around the cathode, and the distribu
p(x) in the anode zone of the structure becomes wea

FIG. 1. Distribution of the hole density (P5p/p* , X5x/d) in the structure
for I i5231015 cm22

•s21, a5104 cm21. Elapsed time after light is turned
on: 1! t50.12 ms; 2! 0.3 ms; 3! 0.61 ms; 4! 1.22 ms; 5! 1.82 ms; 6! 3.04
ms; 7! 3.65ms; 8! 9.12ms.
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time-dependent. Because of the thinness of the elect
sheaths, the hole distributions in them have the appear
of abrupt steps.

The time variation of the field distribution is shown
Fig. 2. It is evident that the distortion of the field distributio
is associated with the arrival of the space-charge den
wave and that the restructuring of the field in the catho
zone occurs later than processes in the vicinity of the ano
Since the potential difference on the structure is positive
the space-charge density in the sample interior is posit
the field decreases monotonically around the anode and
creases monotonically around the cathode. The curvatur
the field distribution is negative. The relaxation of the field
essentially terminated when the leading edge of the hole d
sity distribution arrives at the surface. The field relaxati
time is somewhat shorter than the relaxation time of the h
density distribution.

The time lag between processes in the anode and c
ode zones of the structure is evident in Fig. 3, which sho
the time variations of the boundary fieldsẼ05E0 /Ee and
Ẽd5Ed /Ee for various radiation intensities. It is obviou
from the figure that as the radiation intensity increases:

• the steady-state boundary values of the field around
anode are attained far more quickly;

• the time at which the steady state is attained decre
for the field Ẽ0 and is essentially constant for the fieldẼd ,
whose time dependence becomes nonmonotonic;

• the steady-state value of the field around the an
decreases and, at sufficiently high intensities, becomes n
tive ~inversion of the field5!.

The radiation intensity also significantly influences t
behavior of the total current as a function of time. It is e
dent from Fig. 4 that the rate of increase ofj and the quali-
tative characteristics of the functionsj (t) differ for ‘‘low’’
(I i,531015 cm22

•s21) and ‘‘high’’ ( I i.531015 cm22

•s21) intensities. In the first case the total current increa
almost linearly with time, approaching the steady-state va

FIG. 2. Electric field distribution (Ẽ5E/Ee , Ee5V/d) in the structure for
I i5231015 cm22

•s21, a5104 cm21. Elapsed time after light is turned on
1! t50.18ms; 2! 0.61ms; 3! 1.22ms; 4! 2.43ms; 5! 9.12ms.
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from below. In the second case the total current pas
through the steady-state value, approaching it from above
kink in the j (t) curve is noticeable at early times. The cu
rent relaxation time is practically the same in both cas
since it is determined by the time at which a steady-st
field distribution is attained throughout the entire structu
and is therefore close to the dark-field drift time of holes

In the interpretation of the behavior ofj (t) it must be
borne in mind that at times much shorter thantdr the total
current mainly comprises the displacement current, and
dynamics of its growth is governed by the variation of t
field at the illuminated surface. The slowing of the growth
the total current at small times, manifested as a kink of
j (t) curve, and the approximate equidistance of all t
curves are attributable to the completion of formation of t
small-field region in the anode part of the structure and

FIG. 3. Time dependence of the boundary values of the electric fieldẼ0

~solid curves! andẼd ~dashed curves! for a5104 cm21. Illumination inten-
sity: 1! I i5131015 cm22

•s21; 2! 231015 cm22
•s21; 3! 531015 cm22

•s21; 4! 1031015 cm22
•s21; 5! 10031015 cm22

•s21.

FIG. 4. Time dependence of the total currentj when light is turned on~solid
curves! and off ~dashed curves!, a5104 cm21. Illumination intensity:1!
I i5131015 cm22

•s21; 2! 231015 cm22
•s21; 3! 531015 cm22

•s21; 4!
1031015 cm22

•s21; 5! 10031015 cm22
•s21. Curve 6 corresponds to

Tn,p51024 at I i51016 cm22
•s21.
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reduction in the relative contribution of the displacement
ie

t

te
io
s
th
e
.

t
to
su
ith
se
it

m
e
ro

si
re
on
re

d
,
n
n

es

A
om
em
m
th

ca
ia
o
is
th
th
h
an

e

uc

s
in

A
in
n

ion.
le
the
e-
ion

en-
ld.

a
t of
eld
t

ates

:

current to the total current. We note that for intensit
I i.I * the steady-state value of the total current is close
the value j * , which is equal to 370mA/cm2 in the given
situation.

The prominences of thej (t) curve near the steady-sta
value are associated with the sensitivity of the distribut
E(x) to the radiation intensity in high-resistivity structure
and the substantial reduction of the field in and around
carrier-generating zone whenI i is much higher than the scal
I * characterizing the upper boundary of the linear region4

In the given situation we haveI * 5231015 cm22
•s21.

In the linear caseI i,I * the field in the structure does no
change very much, and the hole drift velocity in the pho
generation region does not depend on the time. As a re
the hole density in the interior increases monotonically w
time ~Fig. 1!, as does the total current. In the nonlinear ca
owing to the reduction of the field near the anode and
increase in the cathode zone, the incoming hole flux beco
smaller than the outgoing flux, while the hole density de
within the structure attains a maximum and begins to d
slightly. This behavior causesEd and the total current do
decrease very slightly.

We note that before the leading edge of the hole den
distribution reaches the interface, the displacement cur
j D comprises a sizable fraction of the total current. The c
duction current varies substantially through the structu
where the differencej 2 j D is negative near the illuminate
anode and is positive around the cathode. For this reason
quasisteady-state approach based on the postulated ide
of the total current and the drift component of the hole co
duction current is invalid before the field distribution relax
to the steady state (t,tdr).

Upon cessation of photogeneration~dashed curves in
Fig. 4! the electric field pulls carriers from the crystal.
hole-density wave of diminishing amplitude propagates fr
the anode to the cathode, and a positive space charge
nates from the structure. The field in the anode zone beco
more uniform and increases in strength. The field around
cathode decreases. The total current decays monotoni
toward its thermal value. It is significant that, since the init
field distribution is nonuniform and since its degree
shielding depends strongly on the intensity, the character
time for the dark field to become established and for
current to decay is longer than the relaxation time after
removal of illumination and depends on the intensity. T
asymmetry of the current–time curves at the activation
cessation of illumination is clearly evident in Fig. 4.

3.2. The transient process exhibits a somewhat differ
pattern when the absorption coefficienta is not too high, so
that ad,10. In this case carriers are generated over a m
broader range. Figure 5 shows theP(X) profiles at various
times for I i51016 cm22

•s21 anda510 cm21. We see that
the hole density in the interior of the structure increases a
result of volume photogeneration rather than drift flux as
the casead@1 ~Fig. 1!. A diffusion layer is formed around
the cathode immediately after the start of illumination.
intensitiesI i,I * , which correspond to a slight decrease
the field, the maximum of the hole density increases a
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shifts toward the cathode, tending to its steady-state posit
At intensities I i.I * , which correspond to an appreciab
reduction in the field near the anode, the maximum of
hole density initially shifts toward the cathode but then, b
cause of diffusion, moves toward the anode, the distribut
P(x) acquiring a sharper profile~Fig. 5!. As the intensity
increases, the diffusion effects intensify, and electrons p
etrate the interior on account of the attenuation of the fie
In the vicinity of the anode, after a time of the order oftdr a
negative space-charge region is formed, along with
quasineutral layer, whose width is much greater than tha
the generation zone. The relaxation dynamics of the fi
distribution in the caseI i.I * is shown in Fig. 6. In contras
with the case of strong absorption~Fig. 2!, the distribution
E(x) permeates the entire structure all at once, and the r

FIG. 5. Distribution of the hole density (P5p/p* , X5x/d) in the structure
for I i51016 cm22

•s21, a510 cm21. Elapsed time after light is turned on
1! t50.3 ms; 2! 0.61ms; 3! 1.22ms; 4! 1.82ms; 5! 2.43ms; 6! 4.25ms; 7!
6.08ms.

FIG. 6. Electric field distribution (Ẽ5E/Ee , Ee5V/d) in the structure for
I i51016 cm22

•s21, a510 cm21. Elapsed time after light is turned on:1!
t50; 2! 0.61ms; 3! 1.22ms; 4! 2.43ms; 5! 6.08ms.
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of change of the field boundary valuesẼ0 and Ẽd are ap-
proximately identical. The total current increases monoto
cally to its steady-state value even with strong shielding
the field around the illuminated anode.

The onset of the field minimum, which shifts slight
toward the cathode with passing time, and the presenc
the strong shielding region deep in the interior are typica
the given case of moderate optical thicknesses and is
related to the presence of the space charge of the deep-
impurity. It is interesting that theE(x) curves shown in Fig.
6 are qualitatively similar to the experimentally measur
field distributions in Bi12GeO20 crystals forad59 ~Ref. 22!.

3.3. Real metal-semiconductor structures have a thin
sulating layer at the interface, and its presence significa
reduces the emission flux of carriers across the interfa
making surface recombination the primary mechanism c
trolling the number of electrons in the vicinity of the anod
It is evident from relations~11! and~15! that the recombina-
tion flux qsn on the surface is proportional to the recombin
tion rate~surface-level capture coefficient! and the number of
unfilled traps. The fluxqsn decreases as the traps fill up, a
when the rate of emission of electrons across the inter
falls below their drift velocity, a layer of enhanced negati
charge density of electrons forms near the anode

A drop in the transmissivity below a certain limit, whic
depends on the illumination intensity and the surface rec
bination rate, makes the charge density so high that the
around the anode acquires a discontinuity commensu
with the magnitude of the field itself. Consequently, in t
case of MISIM structures having a reduced tunneling tra
missivity near the electrodes it is possible to encounter n
phenomena associated with carrier accumulation. Figur
shows the time dependence ofẼ0 and Ẽd for a5104 cm21

and various interface tunneling transmissivities. It is evid
from the figure that when the interface tunneling transm

FIG. 7. Time dependence of the boundary values of the electric fieldẼ0

~curves1–4! andẼd ~curves5 and6! when illumination is turned on~solid
curves1–3 and 6! and off ~dashed curves4 and 5!, I i51016 cm22

•s21,
a510 cm21. Interface tunneling transmissivities:1! Tn,p51022; 2! 1023;
3–5! 1024; 6! 1–1024.
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valueVn'10 cm/s and is much lower than the electron dr
velocities in the interior!, accumulation effects become sig
nificant, and the near-anode field begins to increase. H
accumulation also takes place near the cathode, but the p
tive charge density is not as great, and the fieldẼd does not
increase. When illumination is turned on~curve4 in Fig. 7!,
the surface field decreases at first as electrons move a
but then it begins to increase as a result of the leakag
positive charge from the system. Since carrier accumula
effects influence the field in a narrow layer of thickne
l E5kT/eEe , this behavior does not affect the propagation
the hole-density wave in the interior or the relaxation time
the current to its steady-state value. TheẼd(t) and j (t)
curves associated with the start of illumination scarcely d
fer from the caseTn,p51. Upon cessation of illumination
~curve 6 in Fig. 4!, the relaxation time of the dark curren
increases somewhat but has the same order of magnitud
the hole drift time.

4. CONCLUSIONS AND DISCUSSION OF THE RESULTS

The results of simulation of the transient photoelect
effect in a pure, highly biased, high-resistivity crystal illum
nated from the anode side by monochromatic light indic
the following general laws of the transient processes.

• When the illumination is turned on~off!, the field var-
ies monotonically at all points of the structure, relaxing
the steady-state distribution.

• The field and current relaxation times at the start
illumination are approximately equal to the drift time fo
holes, calculated from the mean field, and do not depend
the illumination intensity, the absorption coefficient, or t
tunneling transmissivity of the interface.

• During the hole drift time the displacement curre
comprises a sizable fraction of the total current and diff
sharply from the conduction current.

• The particular features of the time dependence of
total current are determined by the ratio between the illu
nation intensity and the characteristic scaleI * corresponding
to the upper end of the range of weak shielding of the fi
around the illuminated anode. ForI i.I * in the case of
strong absorption,ad@1, theẼd(t) and j (t) curves are non-
monotonic, and the total current tends to its steady-s
value from above. In the case of volume photogenerat
ad.1, the total current increases monotonically to
steady-state value independently of the intensity.

• When the illumination is turned off, the current de
creases monotonically to its steady-state value, and the re
ation time increases somewhat as the intensity and the
neling transmissivity of the interface increase.

• In the presence of a reduced interface tunneling tra
missivity and almost complete initial filling of the traps, ca
rier accumulation sets in near the electrodes, impartin
discontinuity to the field around the anode at sufficien
high illumination intensities and low transmissivitie
(Tn,p<1023 at I i>1016 cm22

•s21).
Let us compare the theoretical results obtained on

basis of the model of the photoelectric effect for a pu
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high-resistivity structure with the experimental data.3 Several
re
g

ea
ty
io
vi
ld
io
th
u
th

e
th

lu
th
n
o
th

ith
om
fi
lc
th

lu
xi-

a
b

e
wi

t
en
th
on
il

1E. N. Arkad’eva, L. V. Maslova, O. A. Matveev, S. V. Prokof’ev, S. M.
Ryvkin, and A. Kh. Khusainov, Dokl. Akad. Nauk SSSR221, 77 ~1975!
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conclusions are fully consistent with the experimental
sults: The field varies monotonically when the illuminatin
light is turned on and off, the rate of change of the field n
the boundaries of the structure increases as the intensi
increased, and the relaxation time of the field distribut
does not depend on the interface tunneling transmissi
results. The monotonicity of the time variation of the fie
distribution attests to the weak influence of recombinat
and the capture by an impurity on the space charge in
experiment discussed here. This conclusion is further s
ported by the fact that the main variations of the field and
current take place in the first 5–10ms, which is close to the
value ~1–2!tdr . The fact that the field distribution and th
time dependence of the total current do not depend on
tunneling transmissivity of the interfaces at the start of il
mination indicates the weak influence of processes in
electrode sheaths and the boundary conditions for the de
ties of electrons and holes as long as these processes d
lead to new phenomena affecting conditions throughout
entire thickness of the structure.

On the other hand, the model of a pure crystal w
strong absorption gives two fundamental differences fr
the experimental data. First, the measured steady-state
distributions have a positive curvature, whereas the ca
lated distributions have a negative curvature. Second,
experimentally recorded relaxation time at the start of il
mination for structures with tunneling-thin layers is appro
mately 20ms, which is several times greater thantdr . More-
over, the relaxation time of the dark distribution in
structure with lowered tunneling transmissivity increases
roughly an order of magnitude.3 In our opinion, these two
differences indicate that the investigated samples hav
deep-level impurity whose space charge is comparable
the space charge of free photocarriers and influences
shape of the electric field distribution and the time dep
dences. The inclusion of this charge and an analysis of
influence of recombination through deep impurity levels
the transient characteristic of high-resistivity structures w
be the object of a special investigation.
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Injection currents in mixed-layer Ga 0.5In1.5S3 single crystals

I. M. Askerov and F. Yu. Asadov

Azerbaidzhan Structural Engineering University, 370073 Baku, Azerbaidzhan
~Submitted February 4, 1997; accepted for publication February 10, 1997!
Fiz. Tekh. Poluprovodn.31, 1011–1012~August 1997!

Single crystals of Ga0.5In1.5S3 are prepared by chemical transport reaction, and the current-
voltage characteristics and temperature dependence of the electrical conductivity are investigated.
It is shown that the current transmission mechanism in an In-Ga0.5In1.5S3-In structure is
associated with monopolar injection. ©1997 American Institute of Physics.
@S1063-7826~97!03308-5#
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The crystal structures of layered materials based on s
solutions of the type~Ga, In!2S3 are of considerable interes
in the physics of semiconductors.1–8 The investigation of
phase formation in the system Ga–In–S has resulted in
synthesis and x-ray structural analysis of a number of sin
crystal phases of general composition~Ga, In!2S3 ~Refs.
4–8!. The configuration of the majority of the phases inve
tigated in this system classifies them as layered structures
special interest in this series of structures are mixed-la
~interstratified! structures synthesized from electroneut
stacks having dissimilar internal structures and compositio

The first representative of semiconductors with a mix
layer structure is Ga1.73In2.94S7 ~Ref. 8! consisting of two-
level and three-level stacks in the ratio 1:1. A second
ample of a semiconductor with a mixed-layer structure
Ga0.5In1.5S3 ~Ref. 9! consisting of analogous two-level an
three-level stacks, but in the ratio 1:2.

The Ga0.5In1.5S3 single crystals were prepared by chem
cal transport reaction. The orange-colored, as-grown, la
nated crystals had perfect cohesion in the~001! plane. The
improved crystallographic parameters had the val
a53.814(2) Å, c5100.04(3) Å,U51260.4(1) Å, space
group R3m, Z511, and R50.069. The stacks of the
Ga0.5In1.5S3 crystal were joined through tetrahedral and o
tahedral interstack sites randomly occupied by Ga and
metal ions.

Here we give the results of an investigation of t
current-voltage~I–V! characteristics and the temperature d
pendence of the electrical conductivitys(T) in these single
crystals.

The single crystals hadn-type conductivity with a
resistivity of 531010V•cm and a 237-eV band gap a
T5293 K.

The following intervals are distinguished on theI-V
characteristic of an In–Ga0.5In1.5S3–In structure at various
temperatures: a linear interval (I;U), a quadratic interval
(I;U2), and an interval in which the current rises abrup
(I;Un, n53 –7!. A sharp rise of the current in semicondu
tors is attributed to the filling and emptying of traps.10 In the
first case the relationsI;U3 and U;L2 hold between the
current, the voltage, and the interelectrode spacingL. In both
cases the capture ratiou5n0 /nt!1, wheren0 is the density
of free carriers, andnt is the density of trapped carriers in
jected from the electrode. When detrapping is induced by
electric field, the relationsI;U3 andU;L are observed. It
864 Semiconductors 31 (8), August 1997 1063-7826/97/080
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has been shown10 that the following relations hold for struc
tures fabricated with different interelectrode spacings (L1

Þ L2) by the same technology in the trapping case:

U f~L1!

U f~L2!
5S L1

L2
D 2

and in the detrapping case:

UE~L1!

UE~L2!
5

L1

L2
.

The second case prevails in our investigated struc
and is shown in Fig. 1. According to the resulting data,
can conclude that the interval of the sharp current rise in
structure is associated with the emptying of filled traps
the electric field. In this case the depth and density of
traps are determined from the temperature dependence o
capture ratiou(T). According to Refs. 9 and 10, the captu
ratio is related to the depth and density of the traps by
equation

FIG. 1. Current densityj ~from the quadratic interval of theI–V character-
istic and voltageU versus interelectrode spacingL.
864864-02$10.00 © 1997 American Institute of Physics
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Here Nc is the effective density of states in the conducti
band, andg is the spin degeneracy factor (g52). Figure 2a
shows the temperature dependence of the capture ratio
graph of logu2103/T. The depth of the traps is determine
from the slope of the line,Et50.45 eV!, and the trap density
is determined from intersection of the line with the logu axis
at 103/T50: Nt5231012 cm23. In calculating the trap
parameters, the effective density of states, the carrier mo
ity, and the dielectric constant are assumed to have
values 1019 eV/cm23, m520 cm2/~V•s!, and «58,
respectively.11,12 The trap depthEt can also be determine

FIG. 2. Capture ratiou ~a! and electrical conductivitys ~b! versus tempera-
ture.1! Electric fieldE5103 V/cm; 2! E5104 V/cm.
865 Semiconductors 31 (8), August 1997
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from the temperature dependence of the conductivitys(T)
~Fig. 2b!. At the voltage corresponding to Ohm’s law~curve
1! and in the nonlinear interval~curve 2! the s(T) curve
exhibits two straight lines with activation energies of 0.
eV and 0.55 eV.

In summary, on the basis of an analysis of the curre
voltage characteristics at various temperatures and ele
fields we have shown that the current transmission mec
nism in an In–Ga0.5In1.5S3–In structure is attributable to mo
nopolar injection.
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Conversion of red and infrared luminescence centers as a result of electron

bombardment and annealing of CdS and CdS:Cu single crystals

G. E. Davidyuk, N. S. Bogdanyuk, A. P. Shavarova, and A. A. Fedonyuk

L. Ukrainki Volynski� State University, 263009 Lutsk, Ukraine
~Submitted June 3, 1996; accepted for publication September 10, 1996!
Fiz. Tekh. Poluprovodn.31, 1013–1016~August 1997!

The luminescence centers and their conversion as a result of electron bombardment and
annealing in CdS single crystals which were not specially doped and which were doped with
copper have been investigated. The Cu atoms, which interact mainly with defects in the
cadmium sublattice, form CuCd, which are responsible for luminescence at wavelengths
lm50.9821.00mm. At annealing temperatures above 50 °C, conversion of the defect complexes,
which are responsible for the green (lm50.514mm!, red (lm50.72mm!, and infrared
(lm50.98mm! luminescence, occurs as a result of an increase in the mobility of point defects
in the cadmium and sulfur sublattices of CdS:Cu. ©1997 American Institute of Physics.
@S1063-7826~97!00107-5#

Silver- and copper-doped II–VI compounds are compo-rate of introduction of free cadmium vacancies (VCd), which
6
e

ur
t

on
a
e
th
.
a

an
no
es
rd
al
tie
se
ra

u
of
ct
w

—
in

s
ur
th
d

a

n

x
in

n

ely

ith

i-
-

er-
t
r
t-
ith
he
d-
of
the

ted

.
ors
rs
e

in

re-
ys-
s

ion

80
nents of many commercial crystal phosphors. Most lumin
cence centers in these materials are due to defect-imp
complexes, whose nature has not been completely de
mined. Promising methods for determining the formati
mechanisms and nature of optically active centers in bin
compounds are radiation physics methods, which mak
possble to vary the density of the intrinsic defects in
experimental objects at comparatively low temperatures
the present work, we investigated luminescence centers
their conversion as a result of electron bombardment
annealing in cadmium sulfide single crystals which were
specially doped and which were doped with copper. Th
single crystals, according to many parameters, are rega
as model compounds in the group of II–VI wide-gap ch
cogenide semiconductors. To avoid uncontrollable impuri
from appreciably affecting the defect-formation proces
under irradiation, we employed samples with a compa
tively high doping level~copper densitiesNCu.1018 cm23)
and high irradiation doses (F.1017 cm22), so that the den-
sity of copper and radiation defects exceeded the backgro
uncontrollable-impurity density. To simplify the analysis
the interaction of the copper atoms with the radiation defe
the experimental samples were bombarded by electrons
energyE.1 MeV, when, as is well known,1, the dominant
primary radiation defects are the simple point defects
Frenkel’ pairs, formed approximately in equal densities
both sublattices in CdS.2 During irradiation, the sample
were cooled by liquid-nitrogen vapor and their temperat
did not rise above 10–15 °C. The synthesis conditions of
experimental material and the irradiation technique are
scribed in Refs. 3–5.

The dose dependences of the intensitiesI , which are
known for the red and infrared luminescence bands of c
mium sulfide single crystals, are shown in Fig. 1.

Electron bombardment of undoped, high-resistance~re-
sistivity r5101021011 V•cm! CdS single crystals, grown
from specially purified powder, exhibit bands of almost co
stant intensity with maxima at the wavelengthslm51.03
mm ~curve5! andlm50.72mm ~curve4!, indicating a low
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are responsible for thelm51.03-mm band and the
lm50.72-mm band associated with the comple
VCd

2 2VS
1 .5,7,8 We did not observe an appreciable increase

the optical quenching of photoconductivity~OQP! as a result
of the small change in the density of ‘‘slow’’ recombinatio
centers, for whichVCd are also responsible.

Irradiation of CdS:Cu single crystals leads to complet
different results~Fig. 1, curves1–3!. As the irradiation dose
increases, the intensity of the luminescence band w
lm50.98 mm increases~Fig. 1, curve1!; the increase is
accompanied by an increase in the OQP~in the regions
0.95–1 and 1.4–1.6mm! and in the resistance of the irrad
ated sample~by almost five orders of magnitude after irra
diation with a doseF.231017 cm22). This confirms our
assumption in Ref. 9 that as a result of irradiation, the int
stitial mobile copper atoms~Cui), which are donors, interac
with the radiation-implantedVCd, during which the accepto
CuCd centers~copper occupying cation sites in the CdS la
tice!, which are responsible for the luminescence band w
lm50.98mm and OQP, are formed. This mechanism of t
interaction of Cu atoms with radiation defects in the ca
mium sublattice explains the high rate of introduction
CuCd centers in CdS:Cu single crystals as compared with
pure samples, where freeVCd rapidly annihilate with inter-
stitial cadmium atoms~Cdi). It should be noted that in the
luminescence excitation spectrum of an electron-irradia
CdS:Cu sample (F.231017 cm22) the intensity of the im-
purity band at 0.498mm (T577 K) is two times higher than
that of the 0.68 to 0.70-mm band observed before irradiation
This attests to the formation of complexes of shallow don
~apparently Cdi) with CuCd centers, i.e., donor-acceptor pai
responsible for thelm50.98 mm luminescence band. Th
formation of such complexes in photochemical reactions
CdS:Cu single crystals was observed in Ref. 10.

The conversion of the red-luminescence centers as a
sult of electron bombardment of Cu-doped CdS single cr
tals ~Fig. 1, curves2 and3! is described in Ref. 5 and agree
well with the above-examined mechanism of the interact

866866-03$10.00 © 1997 American Institute of Physics
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of Cu atoms with the intrinsic lattice defects in these co
pounds.

The decrease in the intensity of all luminescence ba
and the photosensitivity of the irradiated sample at high e
tron doses is apparently due to several factors. Nonradia
‘‘fast’’ recombination centers, along with radiative recomb
nation centers, are introduced as a result of electron b
bardment. As they accumulate, a substantial fraction of
recombination flux of nonequilibrium carriers is redistribut
to them.3 Examples of such centers are interstitial-atom p
cipitates, the formation of which at high electron-irradiati
intensities was observed directly with an electr
microscope.11 Moreover, as the density of the radiation d
fects increases, the screening action of some defects by
fields of other defects increases, which directly results i
change in the carrier trapping cross sections of recomb
tion centers and possibly increases the role of nonradia

FIG. 1. Relative intensitiesI /I 0 of the luminescence bands of CdS:Cu~1–3!
and CdS~4, 5! versus the dose of irradiation with electrons with ener
E51.2 MeV. lm , mm: 1 — 0.98,2, 4 — 0.72,3 — 0.808,5 — 1.03. I ,I 0

— intensities of the luminescence of irradiated and unirradiated sam
respectively.
-

s
c-
ve

-
e

-

the
a
a-
e

yield and the photosensitivity of strongly irradiated sampl
Concentration quenching of luminescence in many cry
phosphors has been widely reported in the literature.12

As has been shown in many studies~see, for example,
Ref. 13!, VCd andVS in CdS are immobile at room tempera
ture, although during irradiation they can possess an ap
ciable mobility as a result of the strong excitation of t
lattice. This apparently explains the formation of CuCd

2 VS
1

complexes, which are responsible for luminescence w
lm50.72mm5 ~Fig. 1, curve2!, in CdS:Cu as a result o
electron bombardment.

The rate of introduction of green-luminescen
(lm50.514mm! centers, for which interstitial sulfur atom
~Si) are responsible, is virtually identical in the undoped a
doped samples.3 Comparing the results of isochronous a
nealing of these centers in CdS:Cu~Figs. 2 and 3! with the
results of annealing in undoped crystals~Fig. 2 in Ref. 4!
shows that these processes follow the same scheme. T
facts apparently can all be explained if it is assumed that
Cu atoms mainly interact with intrinsic defects in the ca
mium sublattice of CdS single crystals. Annealing of red a
infrared luminescence centers in undoped samples is di
ent from that in doped samples. Isochronous annealing
irradiated undoped crystals to a temperatureTa5150 °C has
virtually no effect on the intensities of thelm51.03mm and
lM50.72mm luminescence~Fig. 3, curves5 and6!. A simi-
lar annealing of the irradiated CdS:Cu crystals results i
substantial change in the intensities of the intrar
(lM50.98 mm! and red (lm50.72 mm! luminescence
bands~Figs. 2 and 3!. Up to temperaturesTa5802100 °C,
the intensity of the green-luminescence band increases,
this increase is accompanied by a synchronous increas
the intensity of thelm50.72-mm band and a decrease in th
intensity of thelm50.98-mm band~Fig. 2, curves1–4 and
Fig. 3, curves1–3!.

The increase in the intensity of the green-luminesce
band can be explained by a decay of the associated~bound!
Frenkel’ pairs in the sulfur sublattice, which are formed,

s,
:

-

FIG. 2. Luminescence spectra of CdS:Cu single crystals1
— Not bombarded by electrons;2 — bombarded by elec-
trons withE51.2 MeV andF5231017 cm22, and3–5 —
after irradiation and annealing at temperaturesTa560 ~3!,
100 ~4!, and 150~5! °C. The irradiated samples were an
nealed at each temperature fort510 min. The measure-
ments were performed at the temperatureT577 K.
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gether with separated pairs, as a result of electron bomb
ment of CdS and CdS:Cu single crystals. As a result of
mutual screening of the fields ofVS1 and Si 2 , the bound
Frenkel’ pairs apparently do not appear in the radiation,
they most likely function as ‘‘fast’’ nonradiative recombina
tion centers, as is indicated by the increase in the photo
sitivity as a result of annealing of the irradiated samples. O
results are confirmed by investigations of the luminesce
of CdS single crystals doped with the rare-earth ions Yb31

and Tm31.13 The appearance of new lines and the change
the relative intensities of the lines, known for CdS,
Ta5472107 °C, can be attributed to the migration of d
fects, which arise when sulfur atoms are displaced, and
their binding with a rare-earth ion.

At Ta.40 °C, free Si andVS appear in the sulfur sub
lattice as a result of the decomposition of bound Frenk
pairs. Interacting with one another according to the reac
CuCd

2 1VS
1→ CuCd

2 VS
1 , VS and CuCd form centers which are

responsible for thelm50.72-mm luminescence band, whos
intensity increases with annealing up to 100 °C. As
CuCd density decreases, the intensity oflm50.98mm radia-

FIG. 3. IntensitiesI of the luminescence bands of CdS:Cu~1–4! and CdS
~5, 6! single crystals bombarded by electrons (E51.2 MeV, F5231017

cm22) versus the temperature of isochronous annealing. The duration o
annealing ist510 min. The measurements were performed at tempera
T577 K. lm , mm: 1 — 0.51, 2 — 0.98, 3, 5 — 0.72, 4 — 0.605,6 —
1.03.
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1–3!.
At temperatures above 100 °C, the intensity of the gre

luminescence~Figs. 2 and 3! apparently decreases as a res
of an increase in the mobility of Si and the migration of Si to
different sinks, which could beVS, and accumulation of de
fects, dislocations, and apparently CuCd

2 VS
1 centers. The ‘‘an-

nihilation’’ of sulfur atoms with vacancies at centers of re
luminescence CuCd

2 VS
11Si

2→ CuCd results in a decrease i
the intensity of thelm50.72-mm radiation and an increas
in the intensity oflm50.98-mm luminescence~Fig. 2, curve
5, and Fig. 3, curves1–3!.

In summary, as a result of electron bombardment
CdS:Cu single crystals, the Cu atoms mainly interact w
defects in the cadmium sublattice, forming CuCd centers
which are responsible for thelm50.982100 mm lumines-
cence. At temperatures above 50 °C, conversion of the
fect complexes, which are responsible for the gre
(lm50.514 mm!, red (lm50.72 mm!, and infrared
(lm50.98mm! luminescence bands, occurs as a result of
increase in the mobility of point defects in the cadmium a
sulfur sublattices in CdS:Cu.
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Acceptors in Cd 12xMnxTe (x<0.1)

Te
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Chernovtsy State University, Chernovtsy, Ukraine
~Submitted August 7, 1996; accepted for publication October 25, 1996!
Fiz. Tekh. Poluprovodn.31, 1017–1020~August 1997!

Acceptor defects, which control conductivity and recombination in Cd12xMnxTe (0<x<0.1),
have been observed experimentally and investigated by electric and luminescence
methods. The energy levels of the defects and the composition dependence of the energy levels
have been determined. The physicochemical nature of these defects is discussed. ©1997
American Institute of Physics.@S1063-7826~97!00607-8#

Semimagnetic semiconductor materials Cd12xMnxTe are vertical arrangement of the container. Upon doping Cd
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of interest for a number of reasons. A number of their p
rameters, primarily parameters such as the band gap, in
of refraction, absorption coefficient, and others, depend
the manganese concentration and can be changed by a
netic field.1,2 The possibility of obtaining large-diamete
highly perfect, degradation-resistant plates makes these
terials promising for optical devices for controlling high
power laser radiation in phototransducers and other elem
of integrated opto- and microelectronics, for applications
substrates for epitaxial growth of variable band g
Cd12xMnxTe layers,3 for preparing quantum structure
which effectively localize charge carriers,4 and for other ap-
plications. This makes it important to investigate the ene
structure of intrinsic and extrinsic defects in this material a
their interaction and evolution.

It is well known that in single crystals with the compo
sition x,0.4 the band gapEg,2 eV and the photolumines
cence~PO! spectrum of the crystals is qualitatively similar
the PL spectrum ofp-type CdTe, the difference being tha
the PL bands in it are strongly broadened due to the com
sition fluctuations and the presence of structural defects3,5,6

In crystals with 0.4,x,0.7 the band in the photon energ
range;2 eV, which is associated with the intracenter t
transitions in Mn21 ions, dominates the PL.2

There is virtually no published information on the effe
of manganese on the conductivity in CdTe and on the ene
position of acceptor levels in Cd12xMnxTe.

In this article we report the results of an experimen
study of the the effect of Mn impurity on the conductivity o
CdTe and determine the energy levels and nature of the
ceptor states in Cd12xMnxTe (x,0.1).

SAMPLE PREPARATION AND EXPERIMENTAL PROCEDURE

Bulk CdTe:Mn single crystals, just as the solid solutio
Cd12xMnxTe (0.01<x<0.1), were grown by a modified
Bridgman method in rotating tilted~with respect to the hori-
zontal plane! cells, where the crystallization front move
relative to the melt. This made possible mixing of the m
and equalization of its composition and temperature over
entire volume during rotation; this cannot be done with
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with superstoichiometric Mn and preparing dilute solid so
tions Cd12xMnxTe (0<x<0.02), we introduced the Mn into
the initial charges in the form of a Cd-based dopants, tak
into account the required quantity of Cd in the final char
~this increased the concentration of the embedded Mn!.

The measurements of the Hall constantRH and the con-
ductivity s were performed by the standard methods
square-shaped samples in the temperature range 77–30
The PL spectra were measured on fresh-cleavage faces o
sample with excitation by a 15-mW He–Ne laser (l5632.8
nm) at T577 K; a FÉU-62 photomultiplier was used as
radiation detector. The structural perfection of the cryst
was monitored by Berg–Barret and Lang x-ray topograp
methods and the microanalysis of the composition was p
formed with a REM-101 M electron microscope
microanalyzer.

EXPERIMENTAL RESULTS AND DISCUSSION

We obtained n-CdTe with electron densityn<1015

cm23 with Mn density NMn in the melt up to 1019 cm23.
IncreasingNMn above'1019 cm23 changed the conductivity
of the material top-type with hole densityp'1015 cm23

~Fig. 1!.
A similar change in the conductivity typen→p can be

obtained by annealing undopedn-CdTe in an evacuated ce
by rediffusion of Cd from the volume and formation of ca
mium vacancies, which are filled with group-I atoms th
form singly charged acceptors at the cadmium sites.7 In the
case of doping with manganese from the melt, no additio
cadmium vacancies are formed and the change in condu
ity type n→p can occur as a result of the diffusion o
group-I atoms, present at interstices, from the volume of
crystal and their migration into the doping solution or
sinks and a decrease in the density of residual donors
result of this circumstance.

Although, according to the data of Ref. 8, the mech
nism of single embedding of atoms prevails in CdTe:M
with manganese impurity densityNMn<531019 cm23, it has
not been ruled out that for densitiesNMn.1019 cm23 Mn-
enriched regions or manganese microprecipitates, which

869869-03$10.00 © 1997 American Institute of Physics
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play the role of getters or sinks for the uncontrollable ba
ground donor impurity located at interstices, are form
Then, as then-CdTe:Mn is cooled to room temperature, th
donor density in the volume decreases and overcompens
of CdTe:Mn into p-type material occurs, similarly to th
manner in which this was observed in Ref. 5 during stora
of n-CdTe obtained by annealing in Cd vapor. It should
noted that in Ref. 6, in the investigation of sublimation
crystals during annealing, Mn-enriched (x'0.5) precipitates
were observed on the boundaries of structural defects in
MnTe solid solutions (x'0.2). Evidence supporting this hy
pothesis could be data on the temperature dependences
Hall mobility mH in CdTe:Mn crystals after annealing i
melt with different NMn density ~Fig. 2!. For NMn.1018

cm23 these data fall on the curves which are displaced
most parallel to one another, which could indicate the form
tion of local nonuniformities in the crystal.9 In CdTe:Mn
crystals, just as in CdHgTe, such nonuniformities can a
as a result of the formation of overcompensated regions,

FIG. 1. Carrier density in CdTe:Mn versus the manganese densityNMn in
the melt (T'300 K).

FIG. 2. Temperature dependences of the Hall mobilitymH for CdTe:Mn
crystals with Mn density in the melt:1 — NMn >1017 cm23,
n0300 K>431014 cm23; 2 — NMn >1018 cm23, n0300 K>1.831014 cm23;
3 — NMn >531018 cm23, n0300 K>7.231014 cm23.
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cipitations of a second phase, and for other reasons.10 We
were not able to observe such regions by means of x
microanalysis; in principle, this does not rule out finely d
persed Mn precipitates~with average precipitate sizes<1
mm, wich are not observable by local probing with an ele
tron beam'2 – 3 mm in diameter!.

It has not been ruled out that complex acceptor-type
sociates, including Mn atoms, uncontrollable impurity, a
intrinsic point defects are formed during doping of crystals
the density rangeNMn.1019 cm23 and with decreasing scat
tering between separate Mn atoms. It has also not been r
out that the change in the type of conductivity is due to
increasing compensating action of uncontrollable impurit
present in the initial Mn with increasing Mn content in th
doping solution. At the same time, other processes can
dominate.

Three emission bands are observed in the PL spectru
77 K of most Cd12xMnxTe samples withx,0.02 ~Fig. 3!.
The high-energy band~FE! is due to radiative decay of ex
citons. The change in the position of this band, to within t
binding energy of the exciton (;10 meV in CdTe!, charac-
terizes the increase in the band gap in Cd12xMnxTe with
increasingx relative to the band gap in CdTe. The be
agreement between the experimental data and calculatio
obtained with Eg(x) approximated by the expressio
Eg51.58(110.92x) eV. The longer wavelength bandA1 is
due, just as in undopedp-type CdTe, to radiative recombina
tion of an electron from the conduction band with a ho
trapped in a shallow acceptor levelA1. For 0,x,0.1 the
accuracy with which the depth of the levelEA1 in the band
gap is determined is limited by the accuracy with which t
position of the emission and absorption bands of a free
citon is determined, which, because of broadening of
bands in the solid solution, is 5–6 meV.1,11 The value ofEA1

for x,0.05 found from the PL spectrum depends on t
composition @approximation gives the expressio
EA1'0.032(118x) eV# and saturates —EA1'50 meV for
x.0.05.

The emission bandA2, which is attributable to the tran
sition of an electron from the conduction band to an accep

FIG. 3. PL spectra at 77 K of CdTe:Mn~1! and Cd12xMnxTe ~2–5! single
crystals with different compositionsx,%: 2 — 2, 3 — 6, 4 — 8, 5 — 10.

870Vlasenko et al.
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with the thermal ionization energyEA2, was clearly observed
only in CdTe:Mn and Cd12xMnxTe (x,0.02) samples. The
position of its maximum differs fromEg by the energy
EA2'12065 meV, which is virtually identical to the value
EA2 determined from the temperature dependence of the
coefficientRH(T)2EA2'0.125 eVwith x'0.02 ~Fig. 4!.
The dependenceEA2(x) in this region of compositionsx is
approximated by the expressionEA2'0.125(115x) eV.

A PL spectrum containing only a very weakFE band
with intensity an order of magnitude lower than in the typic
PL spectrum was observed in some Cd12xMnxTe samples.
For these samples the temperature dependence of the
coefficient gives the ionization energy of acceptorA3

(EA35215 meV forx50.02) ~Fig. 4!. The variation ofEA3

with composition in this range of values ofx is described by
the expressionEA350.215(111.1x) eV. In CdTe the PL
band with an energy of about 200 meV is observed, as a r
in crystals with a low degree of structural perfection.

Let us assume that in Cd12xMnxTe, just as in
Hg12xCdxTe,12 Eg changes primarily as a result of a chan
in the energy position of the conduction band bottom. In t
case the absence of a change inEA1 andEA3 ~for x<0.05)
with increasingx can be explained by the fact that the com
mon anion rule also applies to acceptors, which are defec
the cation sublattice (VCd , MnCd, etc.!, whose nearest
neighbor environment~four tellurium atoms! does not de-
pend on the composition of the solid solution. Inp-type
CdTe the acceptor with ionization energy 50 meV
LiCd,13 which apparently is also found in Cd12xMnxTe. Ac-
cording to data from Ref. 14, the energy position of the M
level in CdTe, which is split off from the valence band,
approximately'36 meV. Therefore, the change inEA1 from
'32 up to'50 meV with increasingx (0<x<0.05), just
as the establishment of the nature ofEA1, requires further
study.

In structurally perfectn-type CdTe there are no acce
tors with EA3'215 meV. Therefore, it is possible that
Cd12xMnxTe such an acceptor is a complex consisting

FIG. 4. Temperature dependences of the Hall coefficient of Cd12xMnx Te
single crystals with different compositionsx,%: 1 — 10, 2 — 6, 3 — 4,
4 — 2 ~samples in whose PL spectra three bands are observed!, 5 — 10,
6 — 2 ~PL in these samples is very weak!.
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Mn atoms that lie next to one another.
In the case of the acceptorA2, whose energyEA2 in the

range 0,x,0.1 varies quite strongly (>60 meV!, it is
known that in CdTe it corresponds to a donor-accep
complex.15 In Cd12xMnxTe the quantityEA2, just asEg ,
increases withx (Eg increases as a result of a change in t
energy of the conduction band bottom!. Therefore, in the
solid solutionEA2 can increase withx if the acceptor in-
cludes a defect of the cation sublattice and a nearby sha
donor defect, whose energy level is determined by the st
of the conduction band.

In conclusion, it should also be noted that the investig
tion of Cd12xMnxTe crystals (0.01<x<0.1) by the Berg–
Barret and Lang x-ray topographic methods has shown
the structural and mechanical characteristics of such crys
are much better than those of pure CdTe crystals.

CONCLUSIONS

A change in the conductivity typen→p in CdTe:Mn on
doping from a solution with dopant densitiesNMn'1019

cm23 was observed. In Cd12xMnxTe (x,0.1) the composi-
tion dependence of the band gap was determined, the e
gies of the levels of the acceptor defects were determin
approximate expressions for their composition dependen
were presented, and the physicochemical nature of these
fects was discussed.
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Energy spectrum of n-type Pb 12xSnxTe „x 50.22… bombarded by neutrons
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M. V. Lomonosov Moscow State University, 119899 Moscow, Russia
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The effect of hydrostatic pressure (P<12 kbar! on the electrical properties of
n-type Pb12xSnxTe (x50.22) bombarded by electrons (T'300 K, E56 MeV, F57.731017

cm22) has been investigated. The restructuring of the energy spectrum of electron-
irradiated alloys under pressure has been investigated. The parameters of a model of the energy
spectrum of charge carriers in electron-irradiatedn-type Pb12xSnxTe (x50.22) have been
determined on the basis of the experimental data obtained. ©1997 American Institute of Physics.
@S1063-7826~97!03307-3#
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It is now known that bombardment of Pb12xSnxTe
(x'0.2) alloys by electrons leads to the appearance o
donor-type resonance levelEd in the conduction band and
band of acceptor-type resonance statesEa located near the
valence-band top.1–3 External pressure changes the relat
arrangement of the edges of the allowed bands and the
diation levels, inducing in this manner a change in t
charge-carrier density in the allowed bands because of
redistribution of electrons between bands and locali
states. This method made it possible to obtain the most
able information about the parameters of deep radiation
els in p-type Pb12xSnxTe (x50.2) alloys.2,3 At the same
time, electron-irradiatedn-type alloys and alloys with a dif-
ferent tin content under pressure have still not been inve
gated, and the parameters of the energy spectrum of radia
defects in these materials are still not known.

In the present work we investigated the effect of hyd
static pressure on the electrical properties of electr
irradiated alloyn-Pb12xSnxTe (x50.22) atT'300 K with
electron energyE56 MeV and electron fluxF<8.431017

cm22. The sample method of preparing the samples for
measurements and the main parameters of the sample
presented in Ref. 4. In each sample, before and after b
bardment, the temperature dependences of the resistivity
the Hall coefficient (4.2<T<300 K,B<0.04 T), as well as
the Shubnikov–de Haas effect and the field dependence
the Hall coefficient (T54.2 K, B<6 T, B i ^100&) were
investigated. For measurements under hydrostatic pres
(P<12 kbar) a S-22 sample (n051.531016 cm23,
F57.731017 cm22) with tin contentx50.22 was chosen
In this samplen–p conversion was observed under irrad
tion and at the maximum irradiation fluxes the Fermi lev
was found to lie in the valence band.

It was determined that under pressure the resistivity
theS-22 sample atT54.2 K decreases by almost two orde
of magnitude and passes through a minimum at pres
P'9 kbar, corresponding to a transition of the alloy wi
x50.22 through a gapless state. The temperature de
dences of the resistivity changed form qualitatively and
maximum pressures they are of a metallic character typ
of undoped Pb12xSnxTe crystals~Fig. 1!. The Hall coeffi-
cient at low temperatures decreases continuously under p
sure approximately by an order of magnitude and nea
872 Semiconductors 31 (8), August 1997 1063-7826/97/080
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saturates atP.6 kbar. The character of the temperature a
field dependences of the Hall coefficient remains unchan
under pressure.4

The results obtained indicate that the free-hole den
increases under pressure. Figure 2 shows the pressure d
dence of the hole density, calculated according to the va
of the Hall coefficient in weak magnetic fields atT54.2 K.
The most rapid changes of the hole density are observe
low pressures, and forP.6 kbar the functionp(P) nearly
saturates. Such changes in the hole density under pres
have been observed before in investigations of electr
irradiatedp-Pb12xSnxTe (x50.2) samples2,3 and are attrib-
uted to a redistribution of the electrons between the vale
band and the resonance band of radiation defectsEa ~Fig. 3!.
The characteristic form of the pressure dependence of
hole density~rapid increase and saturation! makes it possible
to determine the main parameters of the model of the ene
spectrum by comparing the experimental and compu
functionsp(P) for an electron-irradiated alloy.

These calculations were based on the width of the re
nance bands54 meV and the generation rate of accepto
type radiation defectsdNa /dF51.7 cm21, characteristic
of the previously investigated alloyp-Pb12xSnxTe
3(x50.2).1–3 It was assumed that just as in the electro
irradiated alloys Pb12xSnxTe ~the results of the investiga
tions are presented in Refs. 5 and 6!, the change in the free
charge carrier density and composition of the alloy sho
not greatly influence the values of these parameters. On
other hand, the change in the tin content in the alloy c
appreciably influence the position of the acceptor bandEa

relative to the valence band top. For this reason, the m
purpose of this calculation was to determine the energy
sition of the resonance bandEa . Finally, the value of the
difference generation rate of defectsd(Na2Nd)/dF, deter-
mined from the position of then–p conversion point for the
sampleS-22 and the rate of decrease of the electron dens
calculated according to the change in the period of the Sh
nikov oscillations in the samplesNn-4 and 5,4 were used to
estimate the generation ratedNd /dF of donor-type defects.

The theoretical pressure dependencesp(P) were con-
structed taking into account the fact that when the ene
spectrum of the irradiated alloy is restructured under pr
872872-03$10.00 © 1997 American Institute of Physics
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sure, the sum of the hole densitiesp in the valence band an
pa in the resonance band remains constant:

p~P!1pa~P!5p~0!1pa~0!, ~1!

or, since pa(P)5Na2na(P) and pa(0)5Na2na(0), we
obtain

p~P!5p~0!1@na~P!2na~0!#, ~2!

where

FIG. 1. Temperature dependences of the resistivity of sampleS-22 bom-
barded by electrons (F571017 cm22) at different pressures.P, kbar:
1 — 0, 2 — 0.3, 3 — 1.9, 4 — 6.7, 5 — 11.8.

FIG. 2. Hole densities versus pressure atT54.2 K for sampleS-22 bom-
barded by electrons (F57.731017cm22). Dots — experiment, solid line —
calculation with the parametersEn2Ea59.3 meV, s54 meV,
dNa /sF51.7 cm21.
873 Semiconductors 31 (8), August 1997
na~P!5E
2`

EF~P!

ga~E!dE,

ga~E!5
Na

sA2p
expF2

~E2Ea!2

2s2 G , ~3!

Na5F(dNa /dF),Ga(E) is the density of states in the reso
nance band in the form of a Gaussian-type curve,Ea is the
center ands the width of the resonance band, andEF is the
Fermi energy, calculated in Kane’s two-band model with t
parameters presented in Ref. 7. The best agreement bet
theory and experiment was achieved under the assump
that the position of the center of the resonance bandEa re-
mains unchanged relative to the center of the band gap in
alloy under pressure~Fig. 3! and for the following param-
eters of the model:

En2Ea59.3meV, s54 mev, dNa /dF51.7 cm21.
~4!

It should be noted that the method chosen for the ca
lation gives automatic agreement between the computati
results and the experimental data at atmospheric press
and agreement near maximum pressures is obtained by v
ing the position of the resonance bandEa . For intermediate
pressures the computed hole densities are much higher
the experimental values~Fig. 2!. This deviation of the theo-
retical curves from the experimental points was discus
previously in an analysis of the experimental data obtain
for electron-irradiated alloysp-Pb12xSnxTe (x50.2), and it
was attributed to a deviation of the density of states in
resonance band from the Gaussian form.3

It should also be noted that in the experimental all
Pb12xSnxTe (x50.22) the resonance bandEa was found to
lie somewhat lower than in the previously investigated allo
Pb12xSnxTe (x50.2), for which the average value o
En2Ea was En2Ea'5.3 meV. This suggests that in th
alloys Pb12xSnxTe the position of the band of radiation de
fectsEa relative to the center of the band gap does not
pend on the composition.

We thank A. M. Musalitin for irradiating the sample
with high-energy electrons.

This work was supported by the Russian Fund for Fu
damental Research under Grants Nos. 96-02-18325 and
02-16275.

FIG. 3. Diagram of the pressure-induced restructuring of the energy s
trum.
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