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PbTe/BaF2 films were grown under nonequilibrium conditions by laser-modulated epitaxy. The
structural properties of the layers were investigated by x-ray crystallographic methods and
scanning tunneling microscopy. It was established that the films obtained under nonequilibrium
conditions on~III !BaF2 substrates are granular (d<250 Å! with ~001! orientation. The
electrophysical and photoelectric properties of the films depend on the technological conditions
of growth and are determined by states at intergrain boundaries. ©1998 American
Institute of Physics.@S1063-7826~98!01603-2#
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and investigation of layers of IV–VI semiconductor com
pounds. Most of these works studied the electrophysical
photoelectric properties of PbSnTe films grown by differe
thermal methods on BaF2 and NaCl~KCl! substrates, whose
thermal expansion coefficient and lattice constant are clo
to those of the solid solutions PbSnTe. The properties of
grown layers are virtually identical to those of the bu
single crystals. New methods of growth have now been
veloped — laser-molecular and electron-beam epita
which in application to IV–VI compounds have shown tha
is possible to obtain layers whose properties differ subs
tially from those of films and bulk single crystals grown b
conventional methods.1–5

In the present work we performed diverse investigatio
of PbTe/BaF2 films ~electrophysical, photoelectric, struc
tural! grown by modulated deposition with laser vaporizati
of the source–target in a wide range of substrate temp
tures and laser radiation power densities. In contrast to la
molecular epitaxy,6,7 where a semiconductor target is vapo
ized by radiation pulses with a high power dens
(W.106 W/cm2) and photon energy\v>Eg , we employed
an infrared~IR! laser (\v,Eg) with modulated radiation
and power density on targetW<105 W/cm2. The laser-
modulated epitaxy~LME! apparatus contains, besides
IR laser, an optical system for introducing and focusing
radiation, a mechanical modulation system, a vacuum ch
ber, a radiation scanning apparatus~rotation of the source is
combined with translational motion!, and a unit for heating
and controlling the temperature of the substrates. T
layers were deposited with a residual vapor press
p5(122)31026 torr and radiation power density on targ
W5(1042105) W/cm2. The pulse duration wast5(326)
31023 s and the pulse repetition frequency was 12–25
The substrate temperatureTs was varied from 20 to 400 °C
The deposition rate depended on the power density of
laser radiation, the pulse duration, and the distance betw
the substrates and the target–source.

Modulated or pulsed laser radiation is required to vap
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energy in the zone of the laser spot without substantial h
being removed by the crystal during the time the laser pu
acts. This is possible if the semiconductor source has a
thermal conductivity and a high vapor pressure. Furtherm
if the source is a binary or more complicated compound, th
its dissociation energy is important. When the compound d
sociates, a liquid phase, which has a lower vapor pressur
the metallic component accumulates in the zone of action
the radiation and is carried out by the erosion plume into
condensation region, i.e., onto the substrate. One of the
semiconductor compounds satisfying these requuirem
are narrow-gap IV–VI semiconductors and their solid so
tions.

The main mechanism of radiation (\v,Eg) absorption
by the target–source is absorption by free carriers. Depe
ing on the carrier density in the single-crystal targ
(PPbTe5101821019 cm23) the absorption coefficienta can
reach valuesa5(1022103) cm21. For such values of the
absorption coefficienta21!(Dt)1/2 (D5K/cr is the ther-
mal diffusivity, K is the thermal conductivity,c is the spe-
cific heat,r is the density of the material, andt is the time!
the surface temperature of the sample will equal

T5T012P0* ~pDt !1/2/pK, ~1!

where T0 is the temperature of the semiconductor crys
before the action of the laser radiation,P0* 5(12R)P0 , R is
the reflection coeffcient, andP0 is the power density of the
laser radiation. Estimates~using the parametersK, c, r, and
R for PbTe!8 show that the temperature in the zone where
laser radiation interacts with the target–source during
deposition process can reachT.2520 K. The vapor pressur
of the sputtered PbTe at this temperature is 106 times higher
than the equilibrium value. This indicates that when la
radiation is used for vaporizing the target–source, the gro
of PbTe films occurs under extermely nonequilibrium con
tions. Considering the fact that the surface energy of
condensed material is much lower than that of the BaF2 sub-
strate, such conditions of growth should promote a decre
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in the size of critical nuclei, while the film will consist of
close-packed continuous fine-grain structure. Another imp
tant factor is that on account of the high growth ra
(V52228 Å/pulse! the ‘‘effective’’ vacuum, which is
equivalent in terms of the conditions of purity, is five to s
orders of magnitude higher than the residual pressure in
vacuum system.9 This virtually competely eliminates th
possibility of the vapor phase interacting with the resid
oxygen atmosphere and thereby oxidizing the conden
during the growth process.

Stoichiometric Czochralski single-crystal PbTe with fr
hole densityP5(325)31018 cm23 was used as the target
source to obtain the layers.

X-ray crystallographic investigations of the PbTe/Ba2

films grown showed that under such conditions of growth
films possess predominantly~001! orientation with a degree
of disorientation that is determined both by the growth te
perature and by the power density of the laser radiation
the target.

Figure 1 shows the current-carrier density in PbTe/Ba2

films grown with constant laser radiation power dens
W58.53104 W/cm2 versus the temperature of the BaF2

substrate. Varying the laser power density in the ran
104<W<105 W/cm2 did not produce any substantia
changes in the electrophysical properties of the films in
interval 100<Ts<400 °C.

As one can see from Fig. 1, at low growth temperatu
100<Ts<260 °C the films arep-type, while in the tempera
ture interval 260<Ts<380 °C the films change ton-type.

This is an unusualP,N(Ts) dependence for IV–
VI compounds. In the first place, the current-carrier dens

FIG. 1. Current carrier density (T577 K! in PbTe/BaF2 films versus sub-
strate temperature with laser power densityW58.53104 W/cm2 on the
target–source.
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in the most perfect films grown by conventional therm
methods is at least 231016 cm23. In the second place, hole
type conduction can be obtained only by using an additio
source of the chalcogen, whose vacancies are donor
IV–VI compounds. In the third place,n-type conduction
with current-carrier densityN775431017 cm23 is possible
only with additional doping with donor impurities. Thus, th
dependenceP,N(Ts) is not associated with a phase diagra
but rather it is caused by the peculiarities of PbTe fi
growth under extremely nonequilibrium conditions on~111!
BaF2 substrates.

Detailed investigations of the temperature dependen
of the Hall coefficient for samples prepared at different su
strate temperaturesTs are presented in Fig. 2. For substra
temperatures 330<Ts<380 °C the dependencesRH(T) are
virtually identical toRH(T) for films with the same electron
density but grown by different methods. At lower substra
temperatures the dependenceRH(T) is of an activational
character. Moreover, in a quite wide temperature ran
260<Ts<300 °C the films grown are characterized b
anomalous low-temperature inversionn→p of the conduc-

FIG. 2. Temperature dependences of the Hall coefficientRH(T) of PbTe/
BaF2 films grown with different substrate temperatures and power den
on targetW58.53104 W/cm2. Ts , °C: 1 — 160,2 — 295,3 — 310,4 —
320,5 — 330,6 — 350,7 — 380.
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To explain the results obtained we investigated the s

face morphology the PbTe/BaF2 films by the method of
scanning tunneling microscopy. Analysis of the images
tained showed10 that the complicated electronic structure
the film surface is due to the polycrystalline nature of t
film with crystallite sized<250 Å. X-Ray structural inves-
tigations confirm the results obtained.

For crystallites of such sizes, away from the surface
conduction- and valence-band edges cannot reach posi
relative to the Fermi level that they should occupy in t
volume of a bulk sample with the same doping level. For t
reason the bands acquire a small curvature. The distribu
of the potential and charge-carrier density in the films will
almost uniform, while a weak potential relief will appe
only at low temperatures, whereDU.kT.

The high-resistance state (T577 K! of the PbTe/BaF2
films (P,N5101121012) cm23, while in single-crystal
PbTe/KCl~KBr! films prepared in a single cycle the carri
density is~101621017 cm23) can be explained by the forma
tion of states in the band gap at grain boundaries that
manifest acceptor or donor character depending on the pr
ration conditions. Depending on the doping levelN and the
crystallite sizel , it is possible to have situations in which th
density of surface statesNs> lN or Ns< lN. In the first case
a grain is completely devoid of charge carriers and the in
grain states are partially occupied, which corresponds to
appearance of a high-resistance hole-type state~Fig. 2!. The
second case can be realized by increasing the electron
sity in a crystallite with fixedNs and l or by decreasingNs ,
which will result in an inversion of the conduction type an
a low-resistance state in the region of electronic conduct

It was established experimentally that in the hig
resistancep- andn-type states the temperature dependen
s(1/T) and P,N(1/T) are characterized by three activatio
sectionsE1 , E2 , andE3, while m(1/T) is of an activational
character only at low temperatures. The temperature de
dencess(1/T) and P(1/T) for films obtained at low sub-
strate temperaturesTs<210 °C are exceptions. In this cas
only two activational sectionsE1 and E3 are observed. In
both cases an activational increase of the mobility occ
below T51102120 K. As the preparation temperature i
creases, this region shifts to 250 K. The slope decreases
for Ts>380 °Cm(T) has a temperature dependence char
teristic for lead telluride.

The conduction activation energies and the carrier d
sities in the high-resistance state in the region where
mobility grows exponentially with temperature are virtua
identical for n- and p-type conduction (Ts>210 K!:
E1s.21.731022 eV, E1p,n.21.031022 eV, and
E1m.E1s2E1p,n , as expected for samples with a potent
relief. In films grown atTs5150 °C the activation energie
are somewhat higher —E1s.22.831022 eV, E1p,n.
25.231022 eV, E1m.21.331022 eV, and in addition
E1mÞE1s2E1p .

At higher temperatures the functionss(1/T) and
P,N(1/T) for layers grown atTs>210 K exhibit two slopes
E2s5E2p,n5(0.1120.12) eV and E3s5E3p,n5Eg

PbTe,
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>Eg 50.19 eV is present.
In n-type samplesE2 andE3 shift toward the conduction

band as temperature increases. The activational section
responding toE1 vanishes.

The temperature at which shallow traps in the hig
resistance samples (T5110 K! are completely emptied cor
responds to the temperature at which long-time relaxati
and ‘‘frozen’’ photoconductivity, which appear under equ
librium background radiation conditions at temperatu
T<110 K, vanish under the same conditions atT577 K. For
this reason the low-temperature activational sections ofN(T)
and s(T) apparently can be attributed to the appearance
covariant modulation of the conduction and valence band
the crystallites in PbTe/BaF2 films.

The relaxation kinetics of photoconductivity is very se
sitive to the background illumination. When the backgrou
level was increased, the relaxation time of the photocond
tivity decreased substantially and reachedt.131026 s for
background radiation corresponding to room temperature

The current carrier density and the conduction type
layers with such a crystalline structure should be determi
by the density and the degree of filling of intergrain stat
i.e., the current carrier density in a grain.

As the investigations showed, the density of states at
intergrain boundaries depends strongly on the growth te
perature and nearTs5150 °C at power densities at th
target–sourceW513105 W/cm2 ~the electron density in the
PbTe/KCl~KBr! films under such growth conditions reach
N.131019 cm23, which gives a basis for assuming that it
the same in crystallites! the PbTe/BaF2 layers are hole-type
P5(101121013) cm23, i.e., the density of intergrain state
cannot be lower thanNs2>1013 cm22. As the growth tem-
perature increases, the density of states decreases sub
tially, as is indicated by the inversion of the conductio
type in films even with electron density in grain
N.131017 cm23, i.e., 1010<Ns2<1011 cm22. Such depen-
dencesNs2(Ts) andE2(Ts), as x-ray crystallographic inves
tigations show, could be due to the large decrease in
disorientation of the grains with increasing growth tempe
ture, while the grain size does not change.

The results obtained indicate that in our case the elec
physical and photoelectric properties of lead telluride
Ts<120 K must be treated just as for polycrystalline samp
and just as for a uniform film at higher temperatures.

The following can also be said about the nature of
crystallites. Since growth, which was discussed above,
curs under extremely nonequilibrium conditions, vapor co
denses under conditions of strong supercooling and h
pressure of the vapor flux. These conditions promote the
pearance of metastable states, each of which is characte
by its own free energy,11 i.e., the condensed layer can cons
of an entire collection of crystalline phases of PbTe4 which
are unlikely to appear under equilibrium conditions. Inde
x-ray crystallographic investigations of layers showed
presence of not only a phase corresponding to a NaCl-t
structure but also a CsCl-type phase. In addition, the spe
weight of the phases depends on the technological condit
of growth. This indicates that such objects should be trea
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orientation but rather as complicated heterophase structu
It should also be noted that similar results were obtain

with substrates consisting of semiconductor single crystal
well as amorphous materials which are characterized b
higher free surface energy than PbTe.

When the target–source consisted of pressed tablets
pared from fine-grain PbTe powder, the films were alwa
p-type with hole densityP5(223)31018 cm23. This is ex-
plained by the large oxygen content in the target-source

In summary, it was shown in this work that the LM
method of growing PbTe/BaF2 makes it possible to obtain
PbTe layers whose properties are determined by the cha
teristic features of the crystalline structure, which consists
a granular structure with grain sized.250 Å, and whose
~001! crystallographic orientation is insensitive to the orie
tation of the substrate, while the degree of disorientation
234 Semiconductors 32 (3), March 1998
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the technological conditions of growth.
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On the effect of a dopant on the formation of disordered regions in GaAs under

e

irradiation with fast neutrons
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The effect of the irradiation dose and the density and type of dopant on the size of disordered
regions in GaAs was studied by x-ray methods. The role of the impurity in the formation
of disordered regions and their evolution with dose was analyzed. ©1998 American Institute of
Physics.@S1063-7826~98!01703-7#

The irradiation of semiconductors with heavy particleswith the densityN* of DRs and the average effective siz
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leads to, together with the generation of point defects~PDs!
in the volume of the semiconductor, the formation of dis
dered regions~DRs!.1 Being a collection of points defect
integrated in a local volume, a DR possesses prope
which are specific to the semiconductor matrix and are, a
rule, mainly responsible for the degradation of the opti
and electrophysical properties of the semiconductor.2 In this
connection it is important to determine the main parame
of DRs experimentally and to study the factors determin
these parameters.

In the present work we investigated the effect of the ty
and level of doping on the effective size of DRs in the ca
of irradiation of gallium arsenide with fast neutrons. To th
end samples ofn- andp-type single-crystal GaAs, grown in
the @100# direction by the Czochralski method, were s
lected. Then-GaAs crystals differed by the densityNSn of
the main donor impurity SnGa. The densityn0 of equilibrium
electrons in these crystals was determined by the dopant
sity and atT5300 K equalled 2310162231018 cm23. The
p-type crystals were doped with zinc atoms~ZnGa) and the
hole density in the crystals wasp05231018 cm23 at
T5300 K. The dislocation density was virtually the same
the experimentaln-GaAs~Sn! and p-GaAs~Zn! crystals and
equalled (223)3104 cm22. The samples were irradiate
with fast neutrons~average energyEn52 MeV! with doses
Fn5101521017 neutrons/cm2 in a reactor channel with
forced cooling~the temperature of the samples did not e
ceed 60 °C!. The densityNS of point defects induced by
neutron irradiation with doseFn and the densityN* of dis-
ordered regions are proportional toFn and equal 50•Fn and
0.21•Fn , respectively.3 As is well known, when semicon
ductors are irradiated with fast electrons with doseFe , TDs
are produced~their density equals 5•Fe), while DRs do not
form right up to very high doses.

The irradiated crystals were investigated by x-ray top
raphy and diffractometry methods.4,5 According to the x-ray
topographic data, the dislocation density remained virtua
unchanged during irradiation. The static Debye–Waller f
tor L, which characterizes the relative volume fraction of t
distorted lattice in the crystal, was determined by the met
of Ref. 5. On the basis of the fact that the dislocation den
in the crystals remained unchanged during irradiation,
changes (DL) in the value of the static factor can be attri
uted to the formation of DRs. The correctionDL is related

235 Semiconductors 32 (3), March 1998 1063-7826/98/0
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Rav for the cluster model by the formula

DL5N* •Rav
5 . ~1!

Thus, using the dose dependence ofN* , the value ofRav
and its evolution as a function of the irradiation dose can
easily calculated from the experimental values ofDL. The
dose dependences ofRav calculated from Eq.~1! for irradi-
ated n- and p-type crystals are presented in Fig. 1. T
change in the ratio of the components in the crystals dur
irradiation was monitored by measuring the total intensit
for quasiforbidden reflections.7 These results are presented
Fig. 2.

To analyze the dependences obtained we shall proc
from the model for DRs which has become firmly esta
lished in the last few years.2 Four basic stages are distin
guished in the process leading to the formation of DRs: c
cade, postcascade, quasichemical, and accomodation. D
the first two stages a 50–150 Å nucleus of a DR forms o
very short times~10214210213 and 10211210210 s, respec-
tively!. During the quasichemical stage PDs~mainly intersti-
tial atoms Asi and Gai) displaced from the cascade active
diffuse toward sinks in the semiconductor matrix, where th
either recombine or form complicated defects or defe
impurity complexes~DICs!. The sinks can be both growt
defects and PDs induced in the matrix. These so-called
comodation processes occur during the entire accumula
time of the irradiation dose.

Thus, the size of a DR will be determined by the size
the defect-impurity shell~DIS!, consisting of cluster of dif-
ferent types of DICs, that forms around the nucleus of
DR. From the standpoint of x-ray measurements, a DIS
distorted region of the crystal lattice of GaAs near t
nucleus of the DR. The effective size of this distorted reg
is proportional to the deformation gradient produced by
distribution of DICs between the DR nucleus and the unp
turbed matrix. As the DR density increases~overlap process!,
the deformation level of the entire crystal increases and
detected limit of the deformation gradient shifts closer to
DR nucleus~the effective sizeRav decreases!.

As one can see from the curves presented in Fig. 1,
effect of the doping level on the value ofRav is substantial at
low irradiation doses (Fn51015 neutrons/cm2). As the dose
increases, the dependence ofRav on the density of the dopan
atoms decreases and completely vanishes whenFn.1016

235235-03$15.00 © 1998 American Institute of Physics
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ig. 1.
neutrons/cm2. The character of the variation ofRav with ir-
radiation dose in samples with different doping levels sho
thatRav is determined by several basic factors. In the case
low doses the generation of PDs in the GaAs matrix
virtually no effect on the properties of the matrix and, sp
cifically, NS,NSn for all values ofNSn. Moreover, since the
DR density is low, the average distance between sepa
DRs is greater thanRav , i.e., the DRs are isolated~their
DISs do not overlap!. These considerations and the data p
sented above suggest that for low irradiation doses a! DRs
form mainly at the quasichemical stage~accomodation pro-
cesses have virtually no effect on the formation of DRs! and
b! the increase inRav with increasing doping level is due t
the PDs displaced from the cascade interacting effectiv
with the SnGa atoms accompanied by the formation of DIC
Analysis of Fig. 2 shows that the number of Asi and Sn in
DRs increases. As the irradiation dose increases, on the
handN* increases and at a definite value ofFn the DRs can
no longer be regarded as being isolated~i.e., their DISs start
to overlap!, as a result of whichRav should decrease. On th
other hand, asFn increases so doesNS , for a given value of
NSn NS.NSn, andRav can increase as a result of decorati
by PDs generated in the matrix. As one can see from
dose dependences ofRav , at the maximum value ofNSn, for
which Rav of an isolated DR is maximum, increasingFn

results in overlapping of the DRs and a decrease in the v

FIG. 1. Effective sizesR of disordered regions in GaAs versus the neutr
irradiation dose and doping level.1, 2, 3 — Crystals doped with Sn to
density 231016, 231017, 231018 cm23, respectively; 4 — Zn with
NZn5231018 cm23.
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of Rav . At the minimum level of doping and, correspon
ingly, the minimum value ofRav of an isolated DR, increas
ing the dose load increasesRav as a result of accomodatio
processes as long as the DRs are isolated. ForFn.1016

neutrons/cm2 the overlapping of the DISs is the dominatin
factor and for all samples, irrespective of the value ofNSn,
the effective size of the DRs decreases.

It is important to note that the character of the change
Rav with irradiation doseFn is virtually the same in GaAs
samples with different types of conduction but the same d
ant density (NSn5NZn) ~Fig. 1!. This also attests to the fac
that the dopant atoms are effective sinks for PDs during
formation of DRs.

In summary, the radiation defects produced by irrad
tion with fast neutrons are not purely vacancy defects. M
likely, in our case complexes of vacancies and intersti
atoms as well as complexes of of primary defects with te
nological impurities~dopants! are formed in the regions o
disordering. The largest changes in the system of point
fects occur at a dose of 1016 cm22 ~Fig. 2!, In addition, these
changes are all the larger, the lower the doping level of
crystals. An increase in the size of the DRs is also obser
up to irradiation doses of 1016 cm22. Further limitation on
size is due to the overlapping of the deformation fields
different DISs.

FIG. 2. RatioI /I 0 of the total intensities of quasiforbidden x-ray reflection
~200! measured in the irradiated (I ) and initial (I 0) crystals versus the
irradiation dose and doping level. The designations are the same as in F
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On the mechanisms of long-term relaxation of the conductivity in compensated Si ŠB,S‹

and Si ŠB,Rh‹ as a result of irradiation
M. S. Yunusov, M. Karimov, and B. L. Oksengendler

Institute of Nuclear Physics, Academy of Sciences of Uzbekistan, 702132 Ulugbek, Uzbekistan
~Submitted July 21, 1995; accepted for publication July 14, 1997!
Fiz. Tekh. Poluprovodn.32, 264–267~March 1998!

Experimental data on the long-term relaxation of the photocurrent in compensated samples of
Sî B,S& and SîB,Rh& are analyzed on the basis of three mechanisms~sticking levels,
recombination processes via levels with large relaxation, and separation of carriers in the spatial
inhomogeneity field!. It is shown that in a number of cases irradiation~by 60Co g-rays at
different temperatures! makes it possible to determine the dominant mechanisms. ©1998
American Institute of Physics.@S1063-7826~98!00103-3#

Long-term relaxation of current carriers, which has been
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studied in a number of semiconductor systems,is of spe-
cial interest in silicon compensated by deep-level impurit
since it is in just such materials that the three main mec
nisms responsible for long-term relaxation are realized:

• carrier capture at a sticking level;2,4–6

• recombination through defects with large relaxation3

• separation of carriers by barriers due to spatial in
mogeneities in the distribution of unscreen
impurities.1,2,7–10

Separating these mechanisms is in many cases a
trivial problem, and the irradiation method can be importa
in this case. Below we present the results of studies base
this method.

We examined the relaxation kinetics of the photoco
ductivity in the compensated materials Si^B,S& and SîB,Rh&
before and after irradiation by60Co g-rays at 77 K at the
same light intensity~150 lux!. The applied voltage was 1 V

As the starting material we usedp-type silicon with ini-
tial resistivity 1 – 2V•cm ~sulfur-compensated! and
7-10V•cm ~rhodium-compensated!. Doping was performed
by thermal diffusion in the temperature interv
1250– 1290 °C for ;20 h. We thus succeeded i

attaining mean concentrationsN̄S;1016 cm23 and

N̄Rh ;531015 cm23, and mean resistivitiesr̄;(8210)
3104 V•cm in both types of samples at room temperatu

The sulfur center and rhodium center concentratio
were determined by the conductivity compensation meth
i.e., NS,Rh5p02p, wherep0 and p are the hole concentra
tions before and after S and Rh diffusion. The sulfur cen
and rhodium center concentrations were varied by vary
the diffusion temperature; reproducibility of the paramet
of the samples was achieved by experimentally selecting
diffusion temperature with small steps (;5 °C! for each
starting sample ofp-type silicon.

Ohmic contacts were prepared by melting-in aluminu
in vacuum at a temperature of;700 °C for ;30 s. The
dimensions of the samples were 63330.6 mm.

Irradiation was produced by ag-source with a power of

238 Semiconductors 32 (3), March 1998 1063-7826/98/0
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Results of our studies are plotted in Fig. 1. The decre

in the photoconductivity can be represented, in general, w
adequate accuracy by the formula

I p5A1exp~2t/t1!b11A2exp~2t/t2!b2,

where A1@A2, t1!t2, and @b1 ,b2#,1. Here Aj and t j

( j 51,2) depend on the concentration of electrically act
sulfur atoms in p-type SîB,S& and electrically active
rhodium atoms inp-type SîB,Rh& (t is the observation time
andt j is the time constant of the process! ~Fig. 1!.

Irradiation withg-rays substantially alters the kinetics o
long-term relaxation, where the quantityt2 seems to be the
most sensitive:dt2 /dF.0; i.e., this phase of long-term re
laxation is extended with increasing radiation dose~see
Fig. 2!.

It is significant that the observed trend remains valid
different measurement temperaturesT577 and 300 K, where
the rate of change oft2 with dose varies more rapidly at low
temperatures~Fig. 3!.

These results allow us to analyze the mechanisms
long-term relaxation in a quite convincing fashion.

The mechanism of sticking levels. As was shown in Ref.
2, if we start from the scheme of relaxation stretching due
participation of sticking levels in the kinetics of the pro
cesses, then a criterion of realization of this mechanism
satisfaction of the inequalityt2<tmax.(v•smin•Dp)21,
wheresmin>(10222210223) cm2 is the minimum cross sec
tion for the capture of carriers at the local level;2,4

Dp5@NS,NRh
#,1016 cm23 since the free hole concentratio

reaches ;(5210)31015 cm23 upon illumination; and
v;107 cm/s is the thermal velocity of the electrons. F
these quantities we obtaintmax<1 s. Obviously~see Fig. 1!,
t2@tmax; i.e., the mechanism of sticking levels is inefficie
in this case.

The mechanism of recombination through levels w
large relaxation. To interpret the results of the existence
long-term relaxation before irradiation and its augmentat

238238-03$15.00 © 1998 American Institute of Physics
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after irradiation, we propose the following scheme. Befo
irradiation the sample has a deep center (M1) with large
relaxation, the cross section for recombination throu
which depends on temperature according to the
s15s0

(1)exp(2E1 /kT), whereE1 is the recombination bar
rier, ands0

(1) is the pre-exponential factor.11 As a result of
irradiation, vacancies (V) and intrinsic interstitial atoms (I )
are generated. These vacancies and atoms interact with
impurities (D) in the sample in such a way as to increa
either the concentration ofM1 centers~which is not observed
in the experiment! or to form a new radiation center (M2)
with large relaxation, for which the capture cross section
s25s0

(2)exp(2E2 /kT), whereE2.E1. This center possesse
particular kind of kinetics of accumulationN2; f (t irr),
which corresponds to a particular scheme of quasichem
reactions and which is described by the system of equat

5
dV/dt5l2k1VI2k2VD2V/tV

dI/dt 5 l2 k1VI 2 I /t I ,

D . const,

dN2 /dt 5 k2VD 2 N2 /tD ,

FIG. 1. Kinetics of photocurrent relaxation in samples ofn-Sî B,Rh&
(NRh

d ;2.531015 cm23) ~a! andn-Sî B,S& ~b! for different concentrations of
sulfur atoms NS ~the measurements were performed at 77 K!:1—
;8.531015 cm23, 2—;9.131015 cm23, 3—;1.131016 cm23.

FIG. 2. Kinetics of photocurrent relaxation inn-Sî B,Rh& ~a! andn-Sî B,S&
~b! for different radiation doses of60Co g-rays ~the measurements wer
performed at 77 K!: 1—before irradiation;2—;53107 R; 3—;53108 R.
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whereV, I , andD are the concentrations of the correspon
ing defects and impurities,tV , t I , and tD are the corre-
sponding relaxation times,l is the rate of introduction of the
primary defects, andk1 and k2 are the quasichemical reac
tion rate constants.

For the initial conditionst50, V5I 5N250 we obtain

N25N2
~`!~12e-t/tD!, where N2

~`!5k2ltVDtD .

In the solution of this system, as is customary, we
sumed that the fastest process is relaxation of intrinsic in
stitial atoms and thatk2!k1. In this case the expression fo
t2 has the form

t2.@N1vs1~T!1N2vs~T!# -1.

This gives

dt2 /dF;dt2 /Idt5~dt2 /IdN2!~dN2 /dt!;eE2 /dT,

which is in qualitative agreement with the results shown
Figs. 2 and 3. Note, however, that in this case the concen
tion of theM1 centers should decrease, while the concen
tion of the M2 centers should increase to some noticea
value N2, which is not observed experimentally. The d
crease in the concentration of theM1 centers is small
(NS;1016 cm23 for Sî B,S&, while for Sî B,Rh&
NRh;531015 cm23), whereas the concentration of radiatio
centers for the set of doses used reachesN2;1015 cm23

~Ref. 12!. Consequently, we may conclude that the mec
nism of recombination through levels with large relaxation
unrealizable in this case.

The mechanism for separation of carriers by spatial
homogeneities. This mechanism is connected with separati
of nonequilibrium electrons and holes by barriers caused
impurity concentration fluctuations. As is well known,2 car-
riers separated by such barriers relax with characteristic
laxation time

t5t0exp~D0 /kT!,

wheret0 is the pre-exponential factor, andD0 is the barrier
between the high-resistance (p) and low-resistance (p1) re-
gions in compensated samples of Si^B,S& and SîB,Rh&.

As the sample is irradiated, with efficient formation
various complexes of defects and impurities, the Fermi le

FIG. 3. Relaxation timet versus the flux of the60Co g-rays in SîB,Rh&:
1—77 K, 2—300 K.
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low-resistance regions than in the high-resistance regions
that the barriers separating these regions grow with the
diation dose. Let us consider the effect associated with
formation of divacancies (W) since the other complexes (A,
E, and K centers! in the investigated samples have leve
located far from the Fermi level in the high-resistance
gions; i.e., their participation in the compensation of carri
is virtually nonexistent.

The kinetics of the quasichemical reactions in this c
has the form

H dV/dt5l2k1VI2k2V22V/tV1k3IW,

dI/dt5l2k1VI2I /t I2k3IW,

dW/dt5k1IV 2 I /t I 2 k3IW,

with the initial conditionst50, V5I 5W50, wherek1, k2,
andk3 are the quasichemical reaction rate constants, anW
is the divacancy concentration.

For the characteristic hierarchy of rates of the defe
formation processes (dI/dt.dV/dt.dW/dt) we then have
I .lt I , Vu t→`.l t̃ V , and W(t)5k2 t̃ V /k3t I@12e2k3t I t#,
where 1/t̃ V5k1lt I11/tV . The divacancies capture curre
carriers and compensate the conductivity, which effectiv
increases the barrierD.D0. When the low-resistance an
high-resistance regions come in contact with each other,1! we
have respectively: a! for p-Si, D5D01kT W(t)/n; b! for
n-Si, D5D01kT W(t)/p. This leads to a corresponding in
crease in the lifetime of the current carriers:!
t(t)5t0@11W(t)/n#; b! t(t)5t0@11W(t)/p#. Clearly, as
the temperature is lowered~from 300 to 77 K!, the quantities
n andp decrease rapidly, which leads to an amplification
the dose dependencet(t)→t(F), in agreement with experi
ment ~Fig. 3!.

Thus, in our analysis of the results of the experiments
the basis of the three indicated mechanisms we must
preference to the last one.

It is expected13 that in strongly inhomogeneous sample
where theD values are different, a relaxation law that is n
purely exponential applies. For many cases, a dependen
240 Semiconductors 32 (3), March 1998
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14!. We analyzed our experimental results from this point
view ~Fig. 2!. We see that in fact,b50.89.

In summary, we can say that irradiation is a very ef
cient mean of determining the mechanism for long-term
laxation of the photocurrent.

1!If we assume that the fluctuations in the distribution of initial carriers
of the order of65%, and that the compensating impurities are of the or
of 620%, then for complete compensation, regions are realized with
ferent r and conductivity type (n1,p1,n,p). A general analysis of their
role in the conductivity is given, for example, in Ref. 12.
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Tin telluride based thermoelectrical alloys

Sn
V. P. Vedeneev, S. P. Krivoruchko, and E. P. Sabo

Sukhumi Physicotechnical Institute, Abkhasian Academy of Sciences, Sukhumi, Georgia
~Submitted March 26, 1997; accepted for publication July 14, 1997!
Fiz. Tekh. Poluprovodn.32, 268–271~March 1998!

The effect on the Hall hole concentration and the thermoelectric coefficient of various elemental
impurities in SnTe containing excess Te and in some solid solutions based on it is
investigated in the temperature interval 300–900 K. The variation of the kinetic parameters is
treated on the basis of the concept of resonance states bound to cation vacancies and to
the impurities determining the hole concentration. The low values of the thermoelectric coefficient
in SnTe is explained by selectivity of scattering of charge carriers with more probable
transition of the holes to the resonance states and vice versa. In isomorphic solid solutions based
on SnTe, because of a shift in the energy position of the resonance states relative to the
band edges and the Fermi level, it is possible to alter the nature of the resonance scattering and
raise the thermoelectric coefficient to values which are optimal from the standpoint of
obtaining maximum thermoelectric efficiency. In solid solutions of chalcogenides of group-IV
elements with SnTe content about 40 mol% of the dimensionless parameter of
thermoelectric efficiencyZT51 at temperatures above 700 K. ©1998 American Institute of
Physics.@S1063-7826~98!00203-8#

Tellurides of group-IV elements and alloys based ontable exhibit donor properties in SnTe, which occupy the
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them have find wide application in the construction of th
moelectric generators. Sodium-doped tintelluride, and s
solutions based on GeTe are the most efficient thermoele
materials ofp-type in the intermediate temperature ran
with figure of meritZT51.121.4. For SnTe this value doe
not exceed 0.35, but thanks to such attributes as its chem
compatibility with many metals, it continues to be one of t
widely used materials.1–3 In view of this circumstance, rais
ing the thermoelectric efficiency of SnTe is still a task
current importance. Within the scope of efforts to solve t
problem for SnTe containing excess Te, and some all
based on it, we conducted a study of the effect of vario
elemental impurities on the Hall hole concentration and
thermoelectric coefficient.

The test samples were prepared by melting in vacuu
sealed quartz cells the components of the material to be
pared, with no less than 99.99% purity, with subsequ
grinding of the ingots and hot vacuum pressing of the po
ders at a temperature above the recrystallization tempera
The multicomponent alloy samples were annealed at 82
for 150– 300 h with the aim of homogenization.

The hole concentration was determined from the H
effect. The measurements were conducted by the dou
modulation method with a frequency of 20 Hz. The therm
electric coefficient, electrical conductivity, and thermal co
ductivity were measured in steady-state regime at temp
tures of 300– 900 K with error no greater than 5%. Figur
plots the thermoelectric coefficient as a function of the H
hole concentration~solid lines! at room temperature~300 K!
for SnTe samples with different impurity contents~see Table
I!. The hole concentration in the samples with the impur
content held fixed was varied by means of deviations fr
stoichiometry. The dashed lines in Fig. 1 plot these dep
dences for two concentrations of excess Te—0.5
1.5 at. %. Elements of groups I, II, and III of the period
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atom sites and which apparently decrease the number of
tallic vacancies. Elements of group IV~Pb, Ge, and Si! even
at concentrations as high as 5 at. % have a weak effect on
electrical properties of SnTe. Elements of group V~Bi, Sb,
As! by virtue of their position in the periodic table can r
place Te and Sn, but in the given experiment they act
weak donors. Iodine atoms exhibit their inherent donor pr
erties, replacing Te atoms.

Attention is drawn to the fact that if the Hall hole con
centration grows with growth of the excess Te content a
consequently, the number of cation vacancies, then the
companying change in the thermoelectric coefficient depe
on the type of dopant impurity and can increase as wel
decrease. For a fixed deviation from stoichiometry~the
dashed curves in Fig. 1! the thermoelectric coefficient in
creases with decreasing Hall hole concentration when S
is doped with a single impurity, but this dependence rever
with combined doping. Figure 2 plots isotherms of the d
pendence of the thermoelectric coefficient on the Hall h
concentration for SnTe co-doped with 1 mol % indiu
monotelluride and 1 mol % silver monotelluride, and al
with different amounts~up to 2.0 at. %! of excess Te, indi-
cated alongside the dashed curves~in at. %!. The isotherms,
without hardly changing their slope, shift with growth of th
temperature toward higher values of the thermoelectric co
ficient with a significant increase in the Hall hole concent
tion in the high-temperature region. According to theoreti
~and subsequently experimentally confirmed! estimates, the
optimal value of the thermoelectric coefficient ensuri
maximum thermoelectric efficiency is found in the ran
2002240 mV/K. Such values of the thermoelectric coeffi
cient are not reached in doped samples of SnTe and the v
of the thermoelectric efficiency parameter at its maximu
does not exceed 0.631023 K21 ~Refs. 1 and 2!, which,
however, is higher than in the undoped alloy.

241241-04$15.00 © 1998 American Institute of Physics
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The dependence of the thermoelectric coefficient on
Hall hole concentration at 300 K for solid solutions of som
compositions of the ternary system of group-IV tellurides
plotted in Fig. 3. The compositions of the samples can
read off the concentration triangle~inset, Fig. 3!, where they
are denoted by the same letters as the corresponding cu
in Fig. 3. Each of the compositions contains an additio
2% SbTe with varying contents~up to 4 at. %! of excess Te.
The composition of the alloyH19 ~see curveL in Fig. 3!
corresponds to the pointH9 of the concentration triangle an
to the alloy in which 5 mol % GeTe is replaced by the sa
amount of SiTe. The introduction of Si into the alloy, like th
substitution of Se or S for part of the Te, leads to a mode
increase in the Hall hole concentration and to a more vig
ous falloff of the thermoelectric coefficient. Figure 3 show
curves for SnTe with 30% substitution of tellurium by sulf
and selenium. The dashed curves correspond to a conte
2 and 3 at. % excess Te, respectively, in the alloys. The H

FIG. 1. Dependence of the thermoelectric coefficienta on the Hall hole
concentrationpH , at 300 K for SnTe containing excess Te and dop
impurities. The type and quantity of the impurities are indicated in Tabl
The dashed lines are drawn through the experimental points for sam
containing excess Te in the percent amount~%!: a—0.5, b—1.5.

TABLE I. Data on the type and quantity of impurities for thea(pH) curves
in Fig. 1.

Curve No. Type of impurity Amount of
impurity, at. %

1 In1Cd1Ag 11111
2 In1Cd 111
3 In1Ag 111
4 In 1
5 Gd 1
6 Tl 1
7 Cd 1
8 I 1
9 Ag 1
10 Pb 5
11 Ge 5
12 Si 5
13 Sb 1
14 Bi 1
15 As 1
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hole concentration is observed to grow when the GeTe c
tent is increased~movement along the axisC→M ) and to
fall when the PbTe content is increased~movement along the
axis H8→H9). However, the thermoelectric coefficien
grows in both cases.

FIG. 3. Dependence of the thermoelectric coefficienta on the hole concen-
tration pH , at 300 K for the cases indicated in the concentration triangle
alloys doped with 2 mol% SbTe and containing different amounts of exc
Te, indicated in at. % alongside the dashed curves. The capital letters a
side the solid curves correspond to the points~compositions! in the inset
with the additional cases a—SnTe0.7Se0.3 and b—SnTe0.7S0.3. The inset lo-
cates the various solid-solution compositions examined in this study on
concentration triangle. The two-digit figures on the straight lines paralle
the lower and upper-right sides of the triangle indicate the composition
the corresponding component in at. %.

t
.
les

FIG. 2. Isotherms of the dependence of the thermoelectric coefficient on
hole concentration for SnTe containing 1 at. % In, 1 at. % Ag and differ
amounts of excess Te indicated in at. % alongside the dashed curves
numbers next to the solid lines indicate temperature of the isotherms in
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Figure 4 plots the dependence of the thermoelectric
efficient on the Hall hole concentration for alloys of the co
position Sn0.46Pb0.26Ge0.28Te ~the pointE of the concentra-
tion triangle in Fig. 3! containing 2 mol% Sb2Te3, with
different deviations from stoichiometry. The thermoelect
coefficient grows as the temperature is increased; howe
for alloys with large Te content the optimal values of t
thermoelectric coefficient are not reached. In samples c
taining 2 at. % Te, which corresponds to introducing 2 mo
Sb2Te3 into the stoichiometric solid solution, like for lowe
Te contents, the thermoelectric coefficient is higher, with
maximum at a temperature about 700 K.

In the same temperature region we see a maximum
the thermal efficiency parameter, whose temperature de
dence is plotted in Fig. 5 in the form of a field of values f
some of the investigated compositions with excess tellur
content in the range 0.522.0 at. %. The thermoelectric effi
ciency of the alloy Sn0.46Pb0.26Ge0.28Te ~composition E),
doped with Sb2Te3 ~2 mol %!, is significantly higher than for
SnTe, whose doping leads to a marked increase in this
rameter primarily in the low-temperature region~up to
700 K!. Figure 5 plots values of the thermoelectric efficien
parameter for SnTe~compositionA), co-doped with 1 at. %
In and 1 at. % Cd or Ag. As the GeTe content of the so
solution is increased~the segmentC→M , see Fig. 3, inset!
the thermoelectric efficiency grows and for the alloy Sn0.40

Pb0.22 Ge0.38Te ~composition G), doped with 2 mol %
Sb2Te3, it reaches values in the range (1.221.4)
31023 K21 and the thermoelectric figure of meritZT is
equal to 1.0.

FIG. 4. Isotherms of the dependence of thermoelectric coefficienta on the
hole concentrationpH , for alloys with the composition Sn0.46Pb0.26Ge0.28Te
~the point E on the concentration triangle in Fig. 3! doped with
Sb2Te3 ~2 mol %! and containing various amounts of excess Te, indicate
at. % alongside the dashed curves. The numbers alongside the solid
indicate the temperature of the isotherms in K.
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It follows from these results that modification of th
properties of SnTe-based alloys, like its nearest ana
GeTe,4,5 is hindered by the complex dependences of its th
moelectric and other physical parameters on the tempera
composition, and mode of doping. An explanation of ma
of these dependences may be sought in the band struc
However, none of the considered models which make us
subbands or the distorted shape of the Fermi surface suc
‘‘trefoil,’’ which allow one to represent some variation of th
dispersion laws of the current carriers, gives a compreh
sive description of the experimental results for the availa
calculational accuracy, which puts in doubt the possibility
the practical use of these models even at a qualitative le

A more conducive description of changes in the kine
parameters of SnTe based alloys may come from a pic
based on resonance states. Smeared bands of reso
states bound to vacancies have been detected in PbTe
GeTe by measuring the thermal conductivity of the fr
charge carriers.6,7 Resonance states formed by impuriti
have also been examined in sufficient detail in PbTe.8 Since
the behavior of the kinetic coefficients in materials based
PbTe, GeTe, and SnTe is characterized by a number of
eral regularities, there is every reason to believe that impu
and structural defects also form resonance levels in SnTe
alloys based on it. Their contribution to scattering is of
selective nature, which finds its reflection in the complica
dependence of the thermoelectric coefficient on the com
sition.

1A. R. Regel’, ed.,Thermoelectric Generators@in Russian# ~Atomizdat,
Moscow, 1976!, p. 62.

2N. Kh. Abrikosov and L. E. Shelimova,IV–VI Based Semiconductor Ma
terials @in Russian# ~Nauka, Moscow, 1975!, p. 65.

3L. L. Silin and Yu. B. Shubin, Fiz. Khim. Obrab. Mater.5, 127 ~1967!.
4M. A. Korzhuev, Germanium Telluride and Its Physical Properties@in
Russian# ~Nauka, Moscow, 1986!.

n
es

FIG. 5. Temperature dependence of the thermoelectric efficiency
A—SnTe, doped with 1 at. % In and 1 at. % Ag or Cd;E—
Sn0.46Pb0.26Ge0.28Te, doped with 2 mol % Sb2Te3; C—Sn0.40Pb0.22Ge0.38Te,
doped with 2 mol % Sb2Te3. Excess Te content no greater than 2 at. %.
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5O. A. Kazanskaya, B. A. Efimova, and L. E. Moskaleva, inAbstracts of
the Sixth All-Union Conference on the Physicochemical Principles of

7I. A. Chernik, A. V. Berezin, S. I. Lykov, E. P. Sabo, and Yu. D. Ti-
tarenko, JETP Lett.48, 596 ~1988!.
Doping of Semiconductor Materials@in Russian# ~Nauka, Moscow, 1988!,
p. 195.

6I. A. Chernik, P. P. Konstantinov, A. G. Vyshinski�, and A. V. Berezin,
Fiz. Tverd. Tela28, 1939~1986! @Sov. Phys. Solid State28, 1084~1986!#.
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8V. I. Ka�danov and Yu. I. Ravich, Usp. Fiz. Nauk145, 51 ~1985! @Sov.
Phys. Usp.28, 31 ~1985!#.
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Lock-in-phase analysis of n -GaAs photoreflectance spectra
A. V. Ganzha and R. V. Kus’menko

Voronezh State University, 394000 Voronezh, Russia
Fachbereich Physik der Martin-Luther Universita¨t Halle-Wittenberg, D-06108 Halle (Saale), Germany

W. Kircher, J. Schreiber, and S. Hildebrandt

Fachbereich Physik der Martin-Luther Universita¨t Halle-Wittenberg, D-06108 Halle (Saale), Germany
~Submitted January 8, 1997; accepted for publication September 9, 1997!
Fiz. Tekh. Poluprovodn.32, 272–277~March 1998!

The phase dependence of the photoreflectance signal in the region of theE0 transitions in GaAs
samples has been investigated using the two-channel lock-in technique. The spectral
components and their synchronous phases have been established as the result of a detailed
analysis of the photoreflectance spectra. The time constants of the photoreflectance signal have
been calculated for the observed single-component and multicomponent photoreflectance
spectra. The time dependenceDR/Rj;6exp(2t/tj) of the photoreflectance signal is due to the
delayed reaction to the photomodulation of the electric field in the region of the
semiconductor surface or interface. ©1998 American Institute of Physics.
@S1063-7826~98!00303-2#
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contact-free, optical method for examining the surface a
interface properties of semiconductors and semicondu
structures. The acquisition of the information contained
photoreflectance spectra proceeds, in general, by means
analysis of the different spectral components making up
spectrum. As a rule, it is assumed that the reflection respo
to optical modulation takes place instantaneously. This
contradicted, however, by many experimental results1–4 indi-
cating a phase delay of the photoreflectance signal relativ
the optical modulation.

The photoreflectance was modulated by means of p
odic illumination of the surface of the investigated object
an additional optical source, as a rule, a laser, whose l
passes through a mechanical shutter with frequencyf .

The photoreflectance signal possesses a time depend
R(t), which in the simplest case—for rectangular modu
tion, is described by an exponential function with a sing
characteristic time constantt

R~ t !55 R01DR2
DR

11e2T/2t
e2t/t,

R01
D R

11e2T/2t
e2t1T/2/t,

~1!

where t is time, andT51/f is the modulation period. The
first term describes the behavior of the reflection signalR in
the presence of laser excitation, and the second describ
in the absence of laser light.

The use of a two-channel lock-in amplifier, i.e., an a
plifier whose output is a complex signal consisting of a s
nal in phase with the modulation and a second imagin
component shifted relative to it by 90°, leads to the res
that the photoreflectance spectrum, with the time depende
of the reflection signalR(t) taken into account, is describe
as follows:
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~E,Fs~t,v!!5

R
~E,Fs!

p~11v2t2!
~12 ivt!,

~2!

whereE is the photon energy,Fs is the electric field inten-
sity, and v52p f is the modulation frequency. The tim
dependenceR(t) yields the phase delayd of the photoreflec-
tance signal relative to the phase of the modulating light

The lock-in amplifier defines the amplitude of the fir
Fourier component of the input signal at the reference
quency and for the preset phaseu. Using a two-channel
lock-in amplifier, one can determine either the componen
the signal in phase with the reference frequency (X) and the
component shifted by 90° (Y), or the amplituder (E) and
phased(E) of the modulated variable signal relative to th
modulating signal~Fig. 1!:

DR

R
~E!5r ~E!eid~E!5x~E!1 iy~E!. ~3!

The phase of the signald is defined in Fig. 1 as the angl
between the phase of the scattered modulating light and
photoreflectance signal. The negative value of the angld
means that between the modulation and the response the
a time delay. The figure also shows the preset phaseu,
whose practical significance is explained in the experime
section.

Figure 2 shows a parametric representation of the ou
signal of the two-channel lock-in amplifier—componen
Y(E) and X(E)—for a two-component spectrum. Workin
with a software package developed for modeling and non
ear fitting of experimental spectra, we calculated two typi
spectral shapes of the photoreflectance. Let us conside
spectrum~see the upper right part of Fig. 2, component1!,
typical for the photoreflectance in the low-field case or
exciton transitions.5 The phase of this spectrum is delaye
relative to the laser modulation by the angled1. The vector
representation of the photoreflectance signal is shown in

245245-05$15.00 © 1998 American Institute of Physics
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upper left part of Fig. 2 for one of the points of this spe
trum. The set of all points of the spectrumX(E5hn),
Y(E5hn) should thus form a straight line subtending t
angled1 with the X axis ~the latter by definition coincides
with the phase of the modulating laser light!. A completely
analogous result is expected for all photoreflectance spe
consisting of only one spectral component whose time
pendence is defined by only one time constant.

Thus, for the given representation, called the phase
gram, we have for tand

tand5
y~E!

x~E!
5

Im~12 ivt!

Re~12 ivt!
52vt. ~4!

FIG. 1. Phase position of the photoreflectance signal~indicated by the thick
arrow! relative to the modulating light. The phase of the signal, measu
with a lock-in amplifier, in the absence~coordinate systemx,y) and pres-
ence~coordinate systemx8,y8) of a preset phaseu. The true value of the
phase delay angled is found foru50°.

FIG. 2. Phase diagrams of the photoreflectance spectra. The influence
photoreflectance signal on the form of the phase diagram was demons
by simulating the two-component spectrum for theX andY channels of the
lock-in amplifier.
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stant modulation frequency the quantityvt remains constan
@here the photon energyE, and henceDR/R(E), remains the
only variable quantity#, which makes it possible from the
phase position of the photoreflectance spectrum and
quencyv to determine the characteristic time constant of
modulation processt.

In the casevt50, the real part of the photoreflectanc
signal (X) has the maximum value and is synchronous w
the modulation (d50), which is possible both fort50 and
for vanishing modulation frequency (v→0). In the other
limiting case,vt5`, the magnitude of the photoreflectanc
signal becomes vanishingly small, while the phase delay~the
angle d) approaches2p/2. The phase line thus lies com
pletely in the fourth quadrant. Since the values of the pho
reflectance amplitude can take both positive and nega
values, the values of the phased(E) can also lie in the sec
ond quadrant; in this case, however, the relat
0>d>2p/2 still holds.

To demonstrate the behavior of multicomponent spec
we modulated the second spectral component~in the upper
right corner of Fig. 2, component2!, a characteristic feature
of which is the so-called Franz–Keldysh oscillations~FKO!.6

The phase delay angle of this component relative to the la
modulation isd2.

Each spectral point of the two-component spectrum,
latter consisting of a superposition of components1 and2, is
defined by the vector sum of the two spectral contributio
~see the upper left part of Fig. 2!. The magnitude of the
vector sum and its phase position depend on the spe
shape, relative amplitude, and time delay of the individ
components. Thus, for each point of the superposition sp
trum vectors with different signal phasesd(E). For the phase
diagram of the resulting spectrum we have the parame
representation of theX(E) andY(E) components, shown in
the lower left part of Fig. 2, which have the photon energy
the parameter; the spectral shape of these components fo
X and Y outputs, where these components are formed
superposition of the spectra shown in the upper right par
Fig. 2, is shown in the lower right quarter of the figure.

While the phase diagrams of the single-component sp
tra are straight lines lying in the second and fourth quadra
when at least two components are superimposed, any si
phased(E) is possible.

In the case where the spectrum consists ofn compo-
nents, Eq.~2!, which describes the shape of the spectru
takes the form

R̄

R
~E,Fs ,t,v!5(

j 51

n
DRj

R
~E,Fs!

3
2

p~11v2t j
2!

~12 ivt j !. ~5!

Each of the components of the photoreflectance has its
phase delayd j and its own time constantt j

tand j5
yj~E!

xj~E!
52vt j , ~6!

d
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complete procedure of fitting the shape of the spectrum,
both the X and Y channels of the lock-in amplifier. Th
accuracy of the fit is determined in the given case by co
paring the phase diagrams of the experimental and m
spectra.

We should briefly consider the physical reasons for
appearance of the time dependenceDR(t) and the phase
delay of the various spectral components of the photorefl
tance following from it. Since the most frequent reason
the appearance of a photoreflectance signal is optical m
lation of the electric fields in the space charge region o
semiconductor surface or interface of two semiconduct
the recharging dynamics of the electron states in the mo
lation regions plays a large role for the observed tempo
effects. Of special importance here for the appearance o
phase shift between the optical modulation and the refl
tance signal are the capture, remission, and recombina
rates of the photogenerated charge carriers in these state2,7,8

Since modulation of the electric fields on a surface
interface is accompanied by a change in the bending of
bands and of the depth of the space charge region, cap
tance effects in the surface region, described by the t
constantt5RC, may also be responsible for the appearan
of the phase shift of the photoreflectance signal.

The boundaries of the region in which the time consta
t can be measured are determined by the specification
the apparatus and for our instrument are

30 ms>t.0.6 ms.

Since all the constants we recorded lie above the lower l
0.6 ms, we should exclude the influence of the faster p
cesses of charge-carrier diffusion and drift on the time c
stantt.

Let us turn now to a consideration of the experimen
results obtained for GaAs samples in the region of the tr
sition E0. All of the experiments were carried out in air
room temperature.

Figure 3 presents results of photoreflectance experim
on a sample of GaAs@n(Si)5131016cm23#. Before start of
the measurements, the phaseu of the lock-in amplifier was
preset to the valueu545°, which produced comparable sig
nal amplitudes for theX(E) and Y(E) components@in the
absence of the preset phase the signalY(E) becomes com-
parable with the noise level#.

The form of the phase diagram~Fig. 3b! and the coinci-
dence of the fitting parameters used to fit theX(E) andY(E)
components~Fig. 3a! confirm the single-component natu
of the photoreflectance spectrum.

Figure 4 presents a two-component photoreflecta
spectrum in the region of the transitionE0, obtained for a
sample of GaAs@n(Si)5131018cm23#. At first glance,
without carrying out a phase analysis, it is impossible
establish its multicomponent character. However, by int
ducing the preset phaseu589° in theX(E) component it is
possible to suppress one of the two spectral contributi
~the mean-field component! such that it became possible
separate out the second component~the impurity structure!
in its pure spectral form~Fig. 4a, upper spectrum!. The given
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procedure leads in what follows to a significant simplific
tion of the analysis of the photoreflectance spectrum. T
explicit deviation from a straight line in the correspondin
experimental phase diagram~see Fig. 4b! also confirms the
multicomponent character of this spectrum.

As a result of an analysis of the shape of the spectru
we separated out the mean-field contribution~Fig. 4a, dashed
line!. The phase delay of the given component can be ea
determined from the preset measurement phase (d521°).
The magnitude of the phase delay of the second compo
is determined with the help of the componentsX(E) and
Y(E) of the experimental spectrum, obtained by analysis
the shape of the spectrum, and the phase diagram constru

FIG. 3. a—Experimental photoreflectance spectra in the region of theE0

transition, recorded for a sample ofn-GaAs. Photoreflectance spectra o
tained for theX andY channels of the lock-in amplifier~solid lines! and the
corresponding fits~dashed lines! are shown. The fitting parameter
(E051.412 eV,F53.443106 V/m, G512 meV! coincide for both chan-
nels. b—experimental phase diagram of the photoreflectance spectra s
in Fig. 3a, with preset phaseu545°. The shape of the phase diagram a
the coincidence of the parameters used to fit theX(E) and Y(E) spectra
confirm the single-component character of the photoreflectance signal.
phase angle of the spectrum is shown in the inset by the correspon
phase vector.
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FIG. 4. a—Experimental photoreflectance spectra~solid curves!, obtained
for the X andY channels from a sample ofn-GaAs. The mean-field com
ponent~dashed curve! and impurity component~dotted curve! of the photo-
reflectance, separated by spectral analysis, are shown for theY spectrum.
The differenceDE between the transition energyE051.423 eV, determined
by fitting the MF/FKO structure, and the energy position of the peak of
second structureEi is 17 meV; b—experimental phase diagram of the ph
toreflectance spectra shown in Fig. 4a for the preset phaseu589°. The
shape of the phase diagram is an indication of the complex character o
photoreflectance signal. Phase angles of the spectral components are
in the inset by the corresponding phase vectors.

TABLE I. Phase delaysd and characteristic time con

in the region of the transitionE0.

248 Semicond
with their help. Each of the components has its own line
phase diagram. The phase angles of the spectral compon
are shown in the inset~Fig. 4b! with the help of the corre-
sponding phase vectors.

Taking the modulation frequencyf 52500 Hz into ac-
count and using Eqs.~4! and ~6!, we obtained the values o
the corresponding time constants given in Table I. The s
ond component of the photoreflectance was identified al
with the mean-field contribution. Its main peak is seen to
17 meV below that of the first contribution. The correspon
ing optical transitions should apparently be linked w
modulation of the optical transitions on defects or dop
impurities.

As a third example of multicomponent structures, w
chose a photoreflectance spectrum obtained from a samp
the homoepitaxial structuren-GaAs/ n1-GaAs @n(Si)
5131016cm23/n1(Si)5131018cm23; Figs. 5–7#. The ex-
perimental phase diagram, constructed from theX(E) and
Y(E) spectra shown in Fig. 5, has a highly complex struct
~see Fig. 7!, from which we may conclude that this is
multicomponent spectrum.

The photoreflectance structure obtained from this
moepitaxial sample clearly consists of more than two co

e
-

he
own

tantst of the spectral components of the photoreflectance

FIG. 5. Experimental photoreflectance spectra obtained for theX and Y
channels on a homoepitaxial GaAs/GaAs sample.
248ha et al.
GaAs substrate, GaAs, surface
PR component naturally oxidized treated in n-GaAs/n1-GaAs

( f 5167 Hz! ZrOCl238H2O1O2 ( f 52500 Hz!
( f 52500 Hz!

MF/FKO d, ° 24 21 212
t, ms 59.5 1.1 13.3

Exciton d, ° – – 211
t, ms – – 12.2

Defects d, ° – 218 –
or impurities t, ms – 21 –
LEIO d, ° – – 265

t, ms – – 110
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ponents. A phase analysis indicates three energy region
each of which its own spectral component dominates. In c
trast to the example considered above, the experime
separation of each of the spectral contributions to the ph
reflectance is not possible and their separation is poss
only with the help of a complete mathematical–theoreti
analysis.

Figure 6 shows fits to the spectrum which allowed us
identify all three components. The first component cor
sponds to the mean-field contribution~MF/FKO!. The sec-
ond component corresponds to the so-called low-energy
terference oscillations~LEIO!,9–11 which are the result of
interference of the photoreflectance signal from the interf
in the thin (d52.3 mm! homoepitaxial layer. In the region
of the transition energyE0 we identified the exciton structur

FIG. 6. Results of spectral analysis of theX(E) photoreflectance spectrum
from Fig. 5. For comparison, the best fit to the experimental spectr
obtained by summing the three spectral components shown below an
picted by the dashed curve, is shown for comparison. Fitting parame
a—~exciton! Eexc51.416 eV,G523.6 meV; b—~LEIO! dlayer52345 nm;
c—~FKO! E051.432 eV,F57.313107 V/m, G520.5 meV.

FIG. 7. Reconstruction~solid curve! of the experimental phase diagra
~inverted triangles! constructed from the spectra shown in Fig. 6. The low
part of the figure presents the phase diagrams of each of the three sp
components.
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at room temperature was also reported in Refs. 12–14!. For
each of the three spectral components, the corresponding
ear phase diagram can be constructed. From the sin
component phase diagrams shown in the lower part of Fi
the phase delays of the individual spectral components
be clearly identified.

The experimental phase diagram, shown in the up
half of Fig. 7, has the typical loop structure characteristic
a multicomponent spectrum. By fitting the photoreflectan
spectra obtained for theX and Y channels of the lock-in
amplifier we obtained a reconstructed phase diagram
agrees well with the experimental phase diagram.

Experimental values of the phase delays and the cha
teristic time constants, determined from them, of the ide
fied spectral components of the photoreflectance are g
collectively in Table I. From our analysis of extensive e
perimental data we may conclude that the exciton com
nents have the smallest time constants in each spectrum
contrast, the photoreflectance components, which corresp
to optical transitions involving the participation of defects
dopant impurities and to low-energy interference oscil
tions, have the largest time constants relative to the o
components of the corresponding spectra.

Further studies should show how the relatively large v
ues of the time constants can be linked with recharging p
cesses in the skin layer of the considered semicondu
structures. Such studies may prove to be an interesting
of application of phase-sensitive photoreflectance spect
copy.
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Electrical properties of GaSb-based solid solutions „GaInAsSb, GaAlSb, GaAlAsSb … and

their compositional dependence

T. I. Voronina, B. E. Dzhurtanov, T. S. Lagunova, M. A. Sipovskaya, V. V. Sherstnev,
and Yu. P. Yakovlev

A. F. Ioffe Physicotechnical Institute, Russian Academy of Sciences, 194021 St. Petersburg, Russia
~Submitted August 6, 1997; accepted for publication September 15, 1997!
Fiz. Tekh. Poluprovodn.32, 278–284~March 1998!

The electrical properties of GaSb and solid solutions based on it~GaInAsSb, GaAlSb,
GaAlAsSb! have been investigated. It is shown that the current-carrier concentration and mobility
in all these materials are determined mainly byVGaGaSb structural defects, with their
concentration decreasing almost linearly with decrease of the GaSb content of the solid solution.
The dependence of the parameters of the solid solutions on the concentration of these
structural defects is determined. The possibility of reducing their concentration by using the
neutral solvent Pb and rare-earth elements is demonstrated. ©1998 American Institute of
Physics.@S1063-7826~98!00403-7#

Interest in GaSb and isoperiodic solid solutions based onGALLIUM ANTIMONIDE
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it is due to the fact that these materials are widely used in
construction of optoelectronic devices operating in the inf
red (1.3– 2.5mm!, including lasers, light-emitting diodes
fast-response photodiodes, avalanche photodiodes, etc.
earlier comprehensive study of the galvanomagnetic
photoelectric properties of GaSb and solid solutions sim
in composition to GaSb„GaInxAsSb (x50.1– 0.2), GaAlxSb
(x50.1), GaAlxAsSb (x50.34), ~Refs. 1–6! has made it
possible to reveal for each material the main factors cont
ling its quality and level of perfection of the crystals, th
nature of the charge carriers in them, their concentrat
mobility, and activation energy. The present work has as
goal to uncover the general trends of all the investiga
compounds, the relevant electrical and photoelectric pro
ties of these materials, and also their dynamics as a func
of the composition of the solid solution and some spec
details of their synthesis. This paper also includes comple
new experimental data on these solid solutions over a w
range of variation of their composition. Thus, we have inv
tigated GaAlxSb forx50.34 and GaAlxAsSb forx50.5. We
hope that the results of this study will make it possible
correctly approach the various problems involved in obta
ing higher-quality materials with required band gap a
given concentration and mobility of the current carriers.

All of the materials we have investigated, both the
nary compound GaSb and the ternary and quaternary s
solutions, were prepared by liquid-phase epitaxy at temp
tures of 550– 650 °C on GaSb substrates. The conducti
Hall effect, mobility, and magnetoresistance were measu
in the GaSb epitaxial layers and solid solutions by the co
pensation method, and the acceptor and donor conce
tions, activation energy of the impurities were determin
the width of the band gap was also determined from pho
conductivity and electroluminescence data. Studies of ga
nomagnetic effects were carried out on samples of rectan
lar shape with indium contacts on the surface of the epita
film in the temperature intervalT577– 300 K and in mag-
netic fields up to 10 kOe.
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Let us first consider the electrical properties of GaS
which, as it turns out, in many ways determine the para
eters of the solid solutions based on this binary material.

As a result of our studies of epitaxial layers of GaS
grown on p-GaSb substrates 80– 200mm thick ~the sub-
strate was later removed!, we found that epitaxial GaSb, in
which special precautions were taken to keep the leve
dopant impurities to a minimum, grown by liquid-phase e
itaxy, just like bulk GaSb grown by the Czochralski o
Bridgman method, always hasp-type conductivity with
hole concentrationp5(122)31017 cm23 and mobility
m5600– 700 cm2/(V•s) at T5300 K and p5(223)
31016 cm23 and m52000– 3000 cm2/(V•s) at T577 K
~see Tables I and II!. The width of the band gap in GaSb a
T577 K is Eg50.78 eV.

From the temperature dependence of the Hall coeffic
R, the conductivitys, and the hole concentrationp, deter-
mined by cyclotron resonance, and also from photoelec
measurements in GaSb we established the existence of
acceptor levels: a shallow level with activation ener
EA150.011– 0.017 eV due to uncontrolled impurities in t
initial ingredients, and two deep levelsEA250.03– 0.035 eV
and EA350.07– 0.09 eV, which we assign to a doub
charged structural defect. These results agree with ea
data, obtained in Refs. 7 and 8, where it was shown t
in GaSb crystals the dominant scattering center is
natural structural defect of the crystal lattice, namely, g
lium vacancies with the gallium substituting for antimon
(VGaGaSb). The concentration of these structural defects
termines the hole concentration and mobility in GaSb.

We were faced with a problem: to find an efficie
means of lowering the concentration of these structural
fects thereby enhancing the quality of these crystals.

It seemed reasonable to assume that the concentratio
natural structural defects associated with stoichiometry
pends on the relative numbers of antimony and gallium
oms in the solution–melt from which the epitaxial film
grown. We have proposed a method of varying this ratio

250250-07$15.00 © 1998 American Institute of Physics



TABLE I.
Composition

Sample
Ga12xInxAs12ySby

Initial
p, 1016 cm23 m, cm2/~V•s! EA, eV $ND, NA%, 1016 cm23

Eg, eV
No. x y ingredients 300 K 77 K 300 K 77 K EA1 EA2 EA3 EA4 ND NA1 NA2 77 K

1 0 100 Ga, GaSb 17 4 550 2250 0.015 0.03 0.072 0.1 1 27 0.79
2 0.11 0.93 In, Sb,

GaSb, InAs
6.2 1.5 465 1870 0.008 0.03 2 2 1.7 4.4 2.5 0.65

3 0.155 0.863 In, Sb,
GaSb, InAs

9.4 0.59 365 1950 0.008 0.035 0.073 2 3.3 4.3 1.3 0.605

4 0.22 0.81 InSb, GaSb,
InAs

3 0.6 500 2850 0.01 0.03 0.07 2 1.4 2.5 1.9 0.565

5* 0.092 0.93 In, Sb,
GaSb, InAs

6.6 1.2 370 1100 0.009 0.038 2 2 3 5.7 2.5 0.64

6* 0.156 0.864 In, Sb,
GaSb, InAs

70 3.4 118 377 0.003 0.038 2 0.1 8.5 12 3 0.605

7* 0.217 0.836 In, Sb,
Ga, InAs

30 17 187 304 0.0014 2 2 0.1 20 40 2 0.57

aRemark. n-GaSb:Te substrate without intermediate insulating layer.
introducing lead into the solution–melt as a neutral solvent.
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As a result, it was possible to vary the reduced antimo
concentration in the melt XSb* 5@Sb#/@Sb1Ga# from
XSb* 50.125~without lead! to XSb* 50.875. This led to striking
results. Figure 1 plots the dependence of the hole conce
tion atT5300 K and the mobility atT577 K on the reduced
antimony concentration. It can be seen that the hole con
tration falls abruptly with growth ofXSb* , reaching a mini-
mum at XSb* 50.8 ~in a number of cases in this region w
even obtained samples withn-type conductivity!, and then
rises back up. The mobility has its maximum atXSb* .0.6,
falls abruptly nearXSb* 50.8, and then rises again.

To determine the donor and acceptor concentration
GaSb crystals grown from solution–melts with different v
ues of XSb* , we used the temperature dependences of
concentration and mobility of the current carriers. Assum
that the mobility is determined by scattering from impur
ions and lattice vibrations, using the Brooks–Herring fo
mula for the dependence of the mobility on the impurity i
concentration, we calculated the concentrations of the d
and shallow acceptors, and also the concentration of don
We found that the concentration of structural defects w
EA250.033 eV falls continuously from 2.731017 cm23 in
the initial sample withXSb* 50.125 to 231015 cm23 for
XSb* 50.8 ~see Fig. 1!. With further increase of the antimon
concentration in the solution–melt, the hole concentrat
again grows abruptly,
TABLE II.
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while the concentration of deep structural defects rema
quite low as before,;231016 cm23. The authors of Ref. 1
succeeded in obtaining samples of GaSb, grown from
highly antimony-enriched solution–melt (XSb* 50.875) under
conditions which prevented fine impurities from getting in
the crystal during epitaxial growth~they used a white-
sapphire cassette and antimony of purity 99.9999%!. As a
result, they obtained GaSb withp56.831015 cm23 and
m56770 cm2/(V•s) at 77 K. The concentration of deep a
ceptors fell to 531015 cm23, and the concentration of sha
low acceptors was 331016 cm23. Thus, by varying the ratio
of gallium to antimony in the solution–melt it is possible
obtain pure GaSb crystals and also insulating GaSb~in the
region ofXSb* 50.8) with very low current-carrier concentra
tion down to p51013 cm23 at 77 K, which is used as a
buffer layer in production applications.

We also achieved the result of decreasing the numbe
structural defects in GaSb by doping the solution–melt w
rare-earths~Gd, Yb!.1 The concentration of deep accepto
was lowered from 131017 to 431016 cm23; granted, in the
process the concentration of fine impurities grew. It may
assumed that gallium vacancies diffuse to the rare-e
atom, and that a small vacancy cluster forms around
blocking the formation ofVGaGaSb structural defects and
lowering their concentration.
Composition

p, 1016 cm23 m, cm2/~V•s! EA , eV $ND , NA%, 1016 cm23

Eg , eV
77 K300 K 77 K 300 K 77 K EA1 EA2 EA3 EA4 ND NA1 NA2

GaSb 17 4.0 550 2250 0.015 0.035 0.07 2 0.1 1.0 27 0.79
GaAl0.1Sb 5.6 0.82 670 2600 0.015 0.03 2 2 1.0 1.7 6.2 0.9
GaAl0.34Sb 4.0 0.29 320 1300 0.009 0.034 2 2 0.15 0.8 4.0 2

GaAl0.34AsSb 6.0 1.5 300 1130 0.009 0.03 2 2 1.3 5.7 6.9 1.2
GaAl0.5AsSb 97 0.8 420 1600 0.009 0.034 2 0.15 0.67 1.5 5.0 1.35
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in
se
Sb

e
n:
r-

om
id
b

e
e
di

s d

er

r
p

of
d
.

with

ta

lid
ith
e
s
he
h an
n
nce

the
r-
-

nt,
ral
the
hal-
a-

ted
tion
SOLID SOLUTIONS BASED ON GaSb

In order to extend the optical range of devices operat
in the infrared, ternary and quaternary solid solutions ba
on GaSb are widely used: GaInAsSb, GaAlAsSb, GaAl
and others.

The calculated width of the band gapEg in the solid
solutions GaInxAsSb and GaInxAsSb, which are isoperiodic
with the GaSb substrate, is plotted in Fig. 2 by the solid lin
as a function of the composition of the solid solutio
Eg5F(12x). The calculation was based on empirical fo
mulas and data taken from Refs. 9 and 10. As follows fr
the curves, asx grows, the width of the band gap in the sol
solutions GaInxAsSb decreases from its value for GaS
~0.79 eV!, while in GaAlxAsSb it increases significantly.

THE SOLID SOLUTION GaInAsSb

It is well known that the solid solution GaInxAsSb can
be isoperiodic with GaSb (x<0.25) and isoperiodic with
InAs (x>0.7). The immiscibility region lies at intermediat
values ofx. We examined the properties of GaInAsSb ov
the entire existence region of the solid solution isoperio
with GaSb, i.e., forx,0.25, specifically forx50.1, 0.15,
and 0.22. It can be expected that their electrical propertie
not greatly differ from those of GaSb.

With the aim of refining the energy structure and det
mining the width of the band gapEg in the investigated solid
solutions GaInAsSb, we examined the spectral characte
tics of the photoconductivity. The width of the band ga

FIG. 1. The hole concentrationp at 300 K~1!, mobility m at 77 K ~3!, and
the concentration of structural defectsNA2 ~2! as functions of the reduced
antimony concentrationXSb* .

252 Semiconductors 32 (3), March 1998
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determined from the half-fall of the long-wavelength edge
the intrinsic photoconductivity is given in Table I and plotte
in Fig. 2 ~dots! for solid solutions of different compositions
The experimental results are in rather good agreement
the calculated values and reveal a falloff ofEg at T577 K
from 0.79 eV ~in GaSb! to 0.565 eV in GaInxAsSb with
x50.22. For illustration, Fig. 2 also plots experimental da
for Eg in GaInAsSb, taken from Ref. 11.

The thickness of the investigated epitaxial layers of so
solution depend on their indium composition: the layer w
x.0.1 are thick (;100 mm! and can be removed from th
substrate, while forx50.1520.22 the thickness of the layer
is 5 mm. It was impossible to grind off the substrate. T
measurements therefore were carried out on samples wit
n-type substrate~GaSb:Te!, and also on substrates with a
intermediate insulating layer of GaSb grown in the prese
of a neutral solvent—lead~see above!.

It can be expected that with increasing substitution of
lattice gallium atoms by indium atoms the probability of fo
mation of structural defectsVGaGaSb decreases, and the con
centration of deep acceptors in the crystals is lowered.

From the temperature dependence of the Hall coefficie
the conductivity, and the mobility, and also from the spect
dependence of the photoconductivity we determined
main parameters of the material: the concentrations of s
low (NA1) and deep (NA2) acceptors, the donor concentr
tion (ND), activation energies of the impurities (EA1, EA2,
EA3, EA4), and the width of the band gapEg , all of which
are listed in Table I. The main result here is that we detec
the same deep acceptors in the solid solution, with activa

FIG. 2. Dependence of the width of the band gapEg on the composition of
the solid solution at 77~a! and 300~b! K. Data:1—our work,2—Ref. 11,
3—Ref. 9,4—Ref. 14.
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energiesEA2.0.03 andEA3.0.07 eV, that exist in GaSb,
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and also shallow acceptors withEA150.00820.014 eV. The
concentration of deep acceptorsNA2, as expected, alway
falls with growth ofx in the solid solution GaInxAsSb. Un-
fortunately, this does not lead to vigorous growth of t
current-carrier mobility since in the samples with an int
mediate insulating layer and the samples on ann-type
GaSb:Te substrate the concentration of shallow acceptor
creases with increasingx as the number of deep accepto
decreases. Analyzing their nature, we note that the ba
ground of shallow impurity levels depends on the weigh
amounts used in the melt. The lowest content of donors
acceptorsNA1 is found in epitaxial layers grown from a me
prepared from the binary components InAs and GaSb.
concentration of shallow acceptors increases as the resu
uncontrolled impurities in In, Ga, and Sb.

Until now, we have spoken of the properties of GaI
AsSb solid solutions in which special precautions have b
taken to keep the level of dopant impurities to a minimum.
practice, the necessity frequently arises to dope them w
various donor or acceptor impurities. We have investiga
the behavior of Ge, Cd, Zn, and Te impurities which we
introduced into the solid solution GaIn0.1AsSb during growth
from doped liquid phase. The thickness of the layers w
;100 mm and the substrate was removed. When the m
rial was doped by Ge, Cd, and Zn, it retained itsp-type
conductivity. The greatest hole concentration was achie
for doping with germanium (p.1019 cm23). It is interesting
that in this case the donor and acceptor concentrations g
simultaneously, i.e., Ge revealed amphoteric properties w
incorporation into the lattice as an acceptor impurity p
dominating. For Cd and Zn doping, only the acceptor c
centration grows, and the limiting hole concentration
;531017 cm23.

The behavior of Te in GaInAsSb is very interestin
Usually tellurium is a donor that can be a compensating
purity in semiconductors withp-type conductivity. However,
in the solid solution GaInAsSb the behavior of telluriu
turns out to be more complicated. During growth of th
(5 mm! epitaxial layers of GaInAsSb solid solution on T
doped GaSb substrates, tellurium diffuses into the la
which becomes lightly doped with Te, altering the electric
properties of the epitaxial layer of solid solution. In laye
grown on tellurium-doped substrates without a buffer lay
the mobility falls severalfold and both the donor and acc
tor concentrations grow. Besides the acceptor structural
fects with activation energyEA250.38 eV, a new accepto
level appears withEA450.1 eV ~see Table I!. We believe
that this deep acceptor is created by tellurium that has
fused out of the substrate, in combination with a galliu
vacancy in the lattice of the solid solution (VGaTe!. The pos-
sibility for the existence of such a center in GaSb cryst
was analyzed in Ref. 12, and a level with such an energy
observed in the luminescence spectra of Te-compens
GaSb layers.13 Thus, tellurium has a double effect: first,
enters the solid-solution lattice as a compensating donor,
second, it forms a new deep structural defect.

The mobility in layers of these solid solutions had t
same temperature dependence as in the undoped sam
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strongly depressed over the entire temperature interval~see
Table I!. This speaks not only of the large number of imp
rities in these samples, but also of the existence of so
additional mechanism of hole scattering which suppres
the mobility. The detection in these samples of a longitudi
magnetoresistance and a negative photoconductivity ca
explained by the existence in the material of nonuniform
distributed charged centers, in our case apparently bo
with tellurium that has diffused into the solid solution. Th
measured mobility in such samples is therefore governed
only by scattering from impurity ionsm I and lattice vibra-
tions mL , but also by this additional scattering mechanis
which contributes to the mobilitymS:

1/m51/m I11/mL11/mS . ~1!

According to the effective medium theory,14 for a longi-
tudinal magnetoresistance (Dr/r) i in crystals containing
clusters of impurities or point defects, we can write

~Dr/r! i50.3f ~m0H/c!2, ~2!

m5m0F S 12
3

2
f D Y S 12

3

4
f D G , ~3!

wherem0 is the true mobility in the crystal matrix, andf is
the volume fraction occupied by the inhomogeneities. Cal
lating for the mobility and longitudinal magnetoresistanc
measured in all the samples grown on GaSb:Te withou
buffer layer, showed that the volume fraction occupied
the inhomogeneities isf 50.4– 0.56, while in the samples o
an insulating substratef .0.15. Findingm0 from Eqs. ~2!
and ~3!, it is possible to determinem1 from the relation

1/m051/m I11/mL ,

and, consequently,NA and ND , and alsomS from Eq. ~1!.
We determined the radius of the space charge reg
of the clusters Rcl5630 Å and their concentration
Ncl55.631014 cm23 for GaIn0.15AsSb grown without a
buffer layer. Thus, tellurium diffusing from the substrate in
thin epitaxial layers can strongly impact the quality of t
solid solutions and be a deciding factor in the construction
devices. Of course, as Te diffuses from the substrate, the
concentration in the solid solution is not large and can o
poorly be monitored. When Te is specially introduced in
the solid solution during epitaxial growth, its concentrati
can be significantly increased. At tellurium concentratio
.1023 at. %, overcompensation of the holes occurs and
solid solution acquiresn-type conductivity. The electron
concentration in it subsequently increases appreciably w
increasing tellurium concentration, reaching 531018 cm23.
We have for the first time determined the segregation co
ficients for Te, Zn, Ge, and Cd in the solid solution GaI
AsSb:CGe50.2, CCd50.03,CZn50.04,CTe.0.7.

After examining the electrical properties of GaInAsS
solid solutions and determining that they are in many wa
analogous to the electrical properties of GaSb, we cam
the conclusion that the methods we have used to reduce
concentration of structural defects in GaSb, to increase
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mobility, and to obtain a material with the required electrical
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properties can also be applied to solid solutions.
With this aim in mind, we examined the effect of dopin

GaInAsSb with rare-earth metals~ytterbium! on the photolu-
minescence spectra. We found that the introduction o
fairly large quantity of ytterbium (;0.01 at. %! leads to the
disappearance in the photoconductivity spectra of the m
mum associated with photoionization of the 0.1-eV cen
and closing up of the (VGaTe! structural defect. In this cas
the mobility of the current carriers is increased by an orde
magnitude and for the holes with a concentration
p5(122)31016 cm23 amounts tom51.53103cm2/(V•s)
at T577 K. The GaInAsSb solid solutions grown in a lea
solution are now being studied with the goal of reducing
concentration of structural defects. The results of this st
will be published separately.

THE SOLID SOLUTIONS GaAlSb AND GaAlAsSb

Having considered the properties of narrow-band so
solutions based on GaSb in the previous section, we will n
consider wide-band solid solutions.

As was said above, compounds similar in composition
GaSb, but having a wide band gap include ternary and q
ternary solid solutions containing aluminum, in particul
GaAlSb and GaAlSbAs.

Data on the width of the band gap in GaAlxAsSb ob-
tained from the electroluminescence spectrum confirm
theoretically expected result: multicomponent solid solutio
containing aluminum have wider band gaps than GaSb,
the width of the band gap grows linearly with aluminu
concentration~see Fig. 2!. We found that atT577 K
Eg51.15 eV forx50.34 andEg51.33 eV forx50.5. The
experimental values are plotted~points! in Fig. 2. For illus-
tration, this figure also plots the experimental values ofEg

for the ternary solid solution GaAlSb, obtained from the ph
toluminescence and electroluminescence spectra in Ref
In both compounds almost linear growth ofEg with x is
observed.

We investigated the galvanomagnetic propert
(s,R,m) of GaAlSb for two compositions (GaAl0.1Sb and
GaAl0.34Sb! and GaAlAsSb also for two composition
GaAl0.34SbAs and GaAl0.5SbAs!. The solid solutions were
grown by liquid-phase epitaxy onn-GaSb substrates. Th
thickness of the GaAlAsSb films was;7 mm, and that of
the GaAlSb films was up to 100mm. In the first case, the
film was insulated from the substrate by a potential barr
and in the case of GaAlSb the substrate was removed.
parameters were measured in the temperature inte
77– 300 K, both in undoped solid solutions and
germanium-doped samples.

Note that while GaAlAsSb was isoperiodic with th
GaSb substrate~lattice constanta56.09 Å! in the entire
range of variation of the aluminum concentration, in the t
nary solid solution GaAlSb the mismatch with the substr
increased with increasing aluminum concentration~the lat-
tice constant of the solid solution grew from 6.09 Å atx50.1
to 6.13 Å atx50.34).

All of the undoped samples hadp-type conductivity and
at T5300 K current-carrier concentrationp55.631016
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29.731017 cm23 and mobility m54202670 cm2/(V•s),
while at T577 K p533101521.531016 cm23 and
m5113022600 cm2/(V•s) ~see Table II!.

Figure 3 plots the temperature dependence of the H
coefficient for two samples of the ternary solid solution
GaAl0.1Sb and GaAl0.34Sb, and two samples of the quate
nary solid solutions: GaAl0.34SbAs and GaAl0.5SbAs. The
exponential slopes are clearly visible, indicating the ex
tence of two or three types of acceptor levels. As was alre
mentioned, in GaSb these are shallow acceptors w
EA150.009– 0.01 eV and deep acceptors w
EA250.03– 0.034 eV. In all the ternary and quaternary so
solutions these slopes are preserved, whereas in the
solution with higher aluminum content GaAl0.5AsSb a new
level with activation energyEA350.15 eV appears. This is
probably a level produced by tellurium diffusing from th
substrate. It shows up when the concentration of the m
structural defects is lower and the film thickness is sm
This level was also observed earlier in GaSb and GaInAs
To determine the donor and acceptor concentrations, we
lized the temperature dependence of the mobility in the
terval 77– 300 K~see Fig. 4!. Employing the same calcula
tional technique as for GaInAsSb, we find the to
concentration of impurity ions in the solid solution, and al
the donor and acceptor concentrations.

The results for the samples examined are presente
Table II. The table also gives the parameters for GaSb gro
by the standard technique.

Let us first consider GaAlSb. It can be seen that in co
parison with GaSb, in GaAlSb the concentration of shall
impuritiesNA1 is somewhat greater, but with growth of th
aluminum concentration, their concentration grows sligh
remaining about 1016 cm23. The concentration of structura

FIG. 3. Temperature dependence of the Hall coefficient for the solid s
tions GaAlxSb and GaAlxAsSb.
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defectsNA2 with E250.034 eV falls monotonically as th
aluminum concentration is increased from 231017 cm23 in
GaSb to 431016 cm23 in GaAl0.34Sb. This could also have
been expected since Al replaces Ga in the crystal lattice
thereby blocks the formation ofVGaGaSb structural defects. It
is interesting that in the solid solution with compositio
GaAl0.1Sb the mobility atT5300 K andT577 K, because
of this circumstance, grows in comparison with GaSb. Wh
the aluminum concentration is increased~such as in
GaAl0.34Sb!, the mobility falls abruptly over the entire tem
perature interval, which indicates the appearance of an a
tional scattering mechanism, possibly due to an increas
the lattice mismatch since neither the concentration of
deep acceptors nor that of the shallow acceptors grows
GaAlAsSb the picture is similar: the number of shallow le
els in this solid solution is somewhat larger than in GaSb,
with growth of the aluminum concentration it falls. The co
centration of structural defects withEA250.034 eV de-
creases considerably with increasing aluminum concen
tion ~from 2.731017 cm23 in GaSb to 531016 cm23 in
GaAl0.5SbAs!. In this case, growth of the mobility is no
observed since it is limited by the appearance of additio
scattering from the clusters of point defects possibly ass
ated with diffusion of tellurium into the solid solution an
with the appearance of one more deep acceptor, w
EA450.15 eV, which is clearly visible in the temperatu
dependence of the Hall constantR in the samples of
GaAl0.5Sb.

Thus, the improvement in the quality of crystals of so
solutions afforded by the decrease in the concentration
structural defects resulting from the substitution of galliu
atoms by aluminum atoms is possible only at low alumin
concentrations, whenx is no greater thanx50.1. Further
growth of the aluminum concentration leads to a fall in t
mobility due to scattering from clusters of defects.

Let us take a brief look at the possibility of doping th

FIG. 4. Temperature dependence of the mobility for the solid soluti
GaAlxSb and GaAlxAsSb.
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investigated in detail the doping of the solid solutio
GaAl0.1Sb and GaAl0.34Sb. The hole concentration grew wit
the level of germanium doping: in GaAl0.1Sb it grew from
p55.631016 to 1.331019 cm23 and in GaAl0.34AsSb it
grew fromp5631016 to 6.731018 cm23 at T5300 K. The
current-carrier mobility decreased in this case. From the te
perature dependence of the mobility we determined the
nor and acceptor concentrations in the manner descr
above. It is interesting that germanium in these solid so
tions manifests amphoteric properties: The donor concen
tion grows simultaneously with the stronger growth of t
acceptor concentration. Only upon heavy dopi
(p.1018 cm23) does the growth of the donor concentratio
begin to slow down. The same behavior of germanium w
also observed in the quaternary solid solutionp-GaInAsSb.
The segregation coefficient of germanium in GaAlSb a
GaAlAsSb was calculated. It turned out to be equal
0.1520.2 and was close in value to its value in GaInAsS
which again points to the commonality of the electrical pro
erties of ternary and quaternary solid solutions similar
composition to GaSb.

The main results of our study are as follows:
1. We have found that in GaSb and in the isoperio

solid solutions based on it: GaInxAsSb (x50.120.22),
GaAlxAs (x50.120.34), and GaAlxAsSb (x50.3420.5)
the conductivity is determined mainly by doubly charg
acceptors, which are natural structural defectsVGaGaSb ~gal-
lium vacancy and gallium replacing antimony! with activa-
tion energiesEA250.035 eV andEA350.07 eV.

2. We have shown that the number ofVGaGaSb structural
defects in the solid solutions GaInxAsSb, GaAlxSb, and
GaAlxAsSb decreases with increasingx as the Ga atoms ar
replaced respectively by indium or aluminum; the hole co
centration decreases in this case and the mobility increa
For x.0.22 in GaInxAsSb and forx.0.1 in GaAlxSb and
GaAlxAsSb we see a clustering of point defects, which lo
ers the mobility.

3. We were able to reduce the concentration of structu
defects in GaSb by two orders of magnitude~from 2.831017

to 231015 cm23) by introducing the neutral solvent lea
into the solution–melt, altering the ratio of group-III and
elements in the solution–melt.

4. The concentration of shallow acceptor impurities
the solid solutions was controlled by the purity of the starti
ingredients and was significantly lower in solid solutions o
tained from binary compounds.

5. Doping of GaSb and the solid solutions GaInAsSb
rare-earth impurities~Gd, Yb! made it possible to increas
the mobility of the current carriers by lowering the conce
tration of natural structural defects:VGaGaSb in GaSb and the
acceptor structural defectVGaTe, formed in the solid solution
GaInAsSb by diffusion of tellurium from the GaSb:Te su
strate.

6. We have demonstrated the possibility of doping Ga
and solid solutions isoperiodic with it with donor and acce
tor impurities and have determined the segregation coe
cients of Te, Zn, Cd, and Ge.
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Low-frequency noise has been investigated in the hexagonal polytype ofn-type gallium nitride
~GaN! with equilibrium electron concentration at 300 Kn0.731017 cm23. The frequency
and temperature dependence of the noise spectral densitySI /I 2 was studied in the range of analysis
frequenciesf from 20 Hz to 20 kHz in the temperature range from 80 to 400 K. Over the
entire temperature range the frequency dependence of the dark noise is close toSI /I 2;1/f ~flicker
noise!. The rather weak temperature dependence of the noise level is characterized by very
high values of the Hooge constanta.527. These largea values indicate a rather low level of
structural quality of the material. The effects of infrared and band-to-band illumination on
low-frequency noise in GaN are studied here for the first time. The noise level is unaffected by
illumination with photon energyEph,Eg (Eg is the band gap! even for a relatively high
value of the photoconductivityDs/s.50%. Band-to-band illumination (Eph>Eg) influences the
low-frequency noise level over the entire investigated temperature range. At relatively high
temperatures the influence of illumination is qualitatively similar to that of band-to-band
illumination on low-frequency noise in Si and GaAs. At relatively low temperatures the
influence of illumination on the noise in GaN is qualitatively different from the results obtained
earlier for Si and GaAs. ©1998 American Institute of Physics.@S1063-7826~98!00503-1#
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Gallium nitride ~GaN! is one of the semiconductor ma
terials that has been studied intensively in recent ye
Progress in the technology of this direct-band semicondu
having a wide band gap (Eg53.4 eV! has demonstrated it
potential for use in the fabrication of blue and violet ligh
emitting diodes and lasers,1,2 ultraviolet photodetectors, an
devices using surface acoustic waves, etc.~see, e.g., the se
ries of review articles1–3 in the MRS Bulletin, No. 2, Febru-
ary 1997!. The high value of the maximum electron veloci
vmax and the saturated velocityvs (vmax.2.73107 cm/s,
vs.1.53107 cm/s; Refs. 4 and 5! in combination with the
large width of its band gap make GaN a uniquely promis
material for use in high-temperature, high-frequency el
tronics. Gallium nitride~GaN! and compounds based on
have already been used to build field transistors with gen
tion frequencies exceeding 70 GHz~Ref. 6!.

It is well known that the low-frequency noise level
one of the most important parameters of any microwave g
erator or photodetector, and often determines the possib
of practical use of the device. In addition, the low-frequen
noise level allows one to judge the degree of structural p
fection of the material,7,8 and measurements of the surfa
noise and contact noise can be used for nondestructive
ing of the quality of individual manufacturing operations
well as the finished devices.9,10 This is especially importan
for GaN since, despite the impressive technological prog
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as methods of surface processing and fabrication of cont
are in need of substantial improvement.11,12 Nevertheless,
data on the low-frequency noise level in GaN are, to the b
of our knowledge, not available in the literature. In this stu
we have investigated the low-frequency noise in sample
gallium nitride with n-type conductivity and room-
temperature electron concentrationn05731017 cm23.

2. CONDITIONS OF THE EXPERIMENT

We examined samples of the hexagonal polytype
n-GaN, obtained by epitaxy on a sapphire substrate. A bu
layer of GaN of 250-Å thickness were grown on the substr
at 600 °C followed by a layer of GaN of 0.8-mm thickness at
1080 °C, followed by a layer of AlN of 200-Å thickness
also at 1080 °C. A 1.0-mm-thick layer of GaN with room-
temperature electron concentrationn05731017 cm23 was
grown on top of the AlN layer at 1080 °C. Ni–Au contac
were deposited on the surface of the film. The distance
tween the current contactsL was 2240mm, and the distance
between the potential contactsl was 140mm. The two pairs
of potential contacts and two pairs of current contacts m
it possible to judge the degree of homogeneity of the elec
cal parameters of the sample.

The mean value of the Hall mobility atT5300 K was
mH.45 cm2/(V•s). As the temperature is lowered,mH

grows and reaches the maximum valuemH.60 cm2/(V•s)

257257-04$15.00 © 1998 American Institute of Physics
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at T.100 K. The depth of the donor level, calculated fro
the Hall measurements, wasDEd.260 meV.

The measured value of the mobility at 300 K and t
weak temperature dependence of the mobility are evide
of a significant level of compensation of the material.13 Mea-
surements carried out on various pairs of Hall and poten
contacts indicate substantial inhomogeneity of the electr
parameters.

3. RESULTS AND DISCUSSION

A. The role of contacts

The inset in Fig. 1 shows the current–voltage charac
istics ~CVC’s! of the sample at 77 and 300 K. At voltage
V&0.7 V precise measurements indicate weak superlinea
of the CVC’s. At voltagesV*1.522 V the current–voltage
characteristic is essentially linear. The level of non-ohmic
defined as the ratio of the resistance of the sampleRc at
V,kT (;10 mV! to the resistanceR0 at V*2 V, is essen-
tially constant over the entire investigated temperature ra
772400 K and is equal toR1c /R0.1.1521.20. The value
of the resistance, calculated on the basis of the geomet
dimensions of the sample, the values of the mobility, and
measured values of the concentration, coincides with
measured value ofR0. All this indicates high-quality con-
tacts and a relatively low potential barrier in the near-cont
region.14

It is well known, however, that even relatively wea
non-ohmicity of the contacts can lead to an abrupt growth

FIG. 1. Dependence of the relative spectral density of the noiseSI /I 2 on the
current flowing through the sampleI for different analysis frequenciesf ,
Hz: 1—20, 2—160, 3—2560, 4—20 000. T5300 K. T, K: 18—300,
28—77.

258 Semiconductors 32 (3), March 1998
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the low-frequency noise15 and a deviation from the ‘‘classi
cal’’ dependence of the spectral density of the noise (SI) on
the current through the sample (I ): SI;I 2 ~Ref. 16!.

Figure 1 plots the dependence of the relative spec
density of the noiseSI /I 2 on the current through the samp
I for measurements on the same contacts through which
current passes. It can be seen that at small curr
(I &2 mA!, which corresponds to voltages on the sam
V&2 V, the quantitySI /I 2 grows as the current is decrease
This is a direct indication of the defining contribution of th
contact noise to the total noise. In contrast, forI *2 mA the
quantitySI /I 2 does not depend onI . It thus follows that the
contribution of the contact noise can probably be ignor
Noise measurements on a four-point~potential! scheme,
when the sample is fed from a current generator and
input resistance of the measurement scheme exceeds th
sistance between the potential contacts by many order
magnitude, revealed complete coincidence with the result
two-point measurements at high voltages (V*2 V!.

The noted trends are characteristic of the entire temp
ture range 77<T<400 K.

B. Low-frequency dark noise

Figure 2 plots the frequency dependence of the rela
spectral density of the noise atT577 K ~curve1!, at room
temperature~curve2!, and atT5387 K ~curve3!, measured
on the potential contacts. It can be seen that at all temp

FIG. 2. Frequency dependence of the relative spectral density of the n
SI /I 2 at temperaturesT, K: 1—77, 2—293, 3—387. The inset plots the
dependence of the absorption coefficienta on the photon energyEph for
pure GaAs with doping levelNd.531013 cm23 (18), doped GaAs with
Nd.6.731018 cm23 (28), and pure GaN withNd.231016 cm23 (38) at
T5300 K; the arrows pointing at the horizontal axes show the width of
band gapEg for GaAs and GaN at 300 K.
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The dependence of the noise level on the temperatur
weak and nonmonotonic.

The noise properties of various materials are often ch
acterized by the dimensionless Hooge parametera ~Ref. 17!:

a5
SI

I 2
f N, ~1!

where f is the analysis frequency, andN is the total number
of carriers.

For the same material, depending on the level of str
tural perfection of the material, the presence of inter
stresses, the dislocation density, etc. the values ofa can
differ by many orders of magnitude. For silicon, for e
ample, the measured values ofa lie between 1028 and 1021

~see the bibliography in Ref. 8!, for GaAs—between 1028

and 1021 ~Ref. 18!, and for SiC—between 1026 and 1~Refs.
19 and 20!. The higher the level of structural perfection, th
lower the value ofa.

The volume of the GaN sample between the poten
contactsV was 140370031 mm3.1027 cm23, which cor-
responds to total number of carriers in the measured volu
N5n0V.731010. Thus, the measured room-temperatu
value ofa is a.527. This value is an order of magnitud
greater than that found for SiC in Ref. 19. Nevertheless, s
a large value of the Hooge constant, considering the pre
level of GaN technology, is not unexpected. Even for be
samples of GaN the dislocation density lies in the ran
1082109 cm22. For samples of gallium nitride a high leve
of internal stresses, significant inhomogeneities, etc. is c
acteristic.

One more parameter, sensitive to the level of structu
perfection of the material, is the density of statesr(E) in the
tails of the density of states in the band gap of the semic
ductor near the edges of the conduction band and the val
band. Moreover, there exists a direct connection between
level of volume noise 1/f in semiconductors andr(E) ~Ref.
8!. The density of statesr(E) can be inferred from the ab
sorption coefficient of light, whose photon energyEph is
somewhat less than the width of the semiconductor band
Eg . The inset in Fig. 2 plots the absorption coefficient a
function of the photon energy,a(Eph), for pure and doped
GaAs ~Ref. 21! and pure GaN~Ref. 22!. It can be seen tha
even in pure GaN with residual impurity concentrati
Nd.231016 cm23 the density of states near the edge of t
conduction band is substantially higher than in GaAs w
doping levelNd.731018 cm23.

C. Low-frequency noise under conditions of illumination

To determine the nature of the 1/f noise in Si and GaAs
Hooge and Tacano18 successfully applied the technique
recharging the levels forming the tail of the density of sta
with minority carriers~holes!. Holes were created in Si an
GaAs with the help of band-to-band illumination~see Ref.
18, for example!.

In the present work we have examined for the first tim
the effect of infrared and band-to-band illumination on lo
frequency noise in GaN.

259 Semiconductors 32 (3), March 1998
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Illumination by a point-source incandescent lamp w
100 W power led to noticeable photoconductivi
(Ds/s.25% at 300 K!; however, it had no effect on the
low-frequency noise in GaN in the temperature range fr
77 to 400 K.

Band-to-band illumination was realized with the help
a GKL-100 halogen lamp with a quartz bulb, which allowe
us to record transmission spectra all the way down to wa
lengths ;0.31mm (Eph.4 eV!. SZS-251UFS-5 filters
were positioned between the lamp and the sample.
UFS-5 filter absorbs radiation almost completely in t
wavelength interval 0.4220.65mm; the SZS-25 filter ab-
sorbs quite efficiently in the wavelength regionl*0.7mm.
Under such conditions the main illumination component co
sists of photons with energy close to the width of the G
band gap (Eg.3.4 eV,l.0.36mm!.

Figure 3 plots the frequency dependence of the rela
spectral density of the noise in darkness and under condit
of band-to-band illumination atT5102 and 370 K. The pho-
toconductivity atT5102 K wasDs/s.37%. In this case,
according to Eq.~1! the noise level should be lowered at a
analysis frequencies by approximately 1.4 dB simply b
cause of the increase in the number of carriersN. In the
construction of curve18 the values ofSI /I 2 were increased
by 1.4 dB at all analysis frequencies, i.e., curve18 is reduced
to the initial dark carrier concentration. AtT5370 K
Ds/s.9%. At such a value ofDs/s the error due to the
increase in the number of carriers is less than the noise m
surement accuracy (65 dB!.

The main qualitative result of this study is that band-

FIG. 3. Frequency dependence of the relative spectral density of the noi
darkness~solid curves! and the noise under conditions of band-to-band ill
mination~dashed curves! at T5102 (1,18) and 370 K (2,28). The inset plots
analogous dependences for GaAs with doping levelNd51015 cm23 at 300
K ~Ref. 24!; a—in darkness, b—at maximum illumination intensityJ5J0,
c—for the illumination intensityJ51023J0.
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noise level and that the nature of the effect of illuminati
depends strongly on temperature. On the basis of this re
we may conclude that, as in Si and GaAs, the noise obse
in GaN is generated by fluctuations of the population
some groups of closely lying levels or bands of the density
states in the band gap.

However, the available data do not make it possible
come to any conclusions about the nature of these band
about their localization.

In the case in which fluctuations of levels forming th
exponential tail of the density of states~exponentially falling
into the band gap! are responsible for the 1/f noise, the
theory23 ~see also Ref. 8! predicts a nonmonotonic depen
dence of the noise level on the illumination intensity. At ea
analysis frequency, as the intensity is increased, the nois
first grows, then reaches a maximum, and then with furt
increase of the intensity falls to a level below the dark lev
Also, the lower the analysis frequency, the weaker the i
mination intensities at which the noise reaches its maxim
and begins to decrease. This prediction of the theory acc
well with the experimental results for Si and GaAs.8

The inset in Fig. 3 shows the experimental results
GaAs obtained in Ref. 24. The effect of illumination on t
noise at high temperatures in GaN~Fig. 3, curve28) is quali-
tatively similar to the analogous effect of band-to-band il
mination in GaAs~compare curvec of the inset!. The fact
that noise suppression upon illumination is not observed
GaN atT5370 K is probably explained simply by the fa
that the flux intensity of photons withEph>Eg is too small.

At low temperatures~curves1 and1 8) the experimental
results for GaN are qualitatively at variance with t
theory.23 It can be seen that at high frequencies band-to-b
illumination suppresses noise while at high analysis frequ
cies light has no effect on the noise. Such a situation
incompatible with the prediction of the theory.23

CONCLUSIONS

This study of low-frequency noise in GaN testifies to t
low level of structural perfection of the material. A study
low-frequency noise, including 1/f noise, in samples with
different doping levels and mobility is extraordinarily urgen
The first experiments on the effect of band-to-band illumin
tion on low-frequency noise in GaN withn-type conductivity
are indicative of the substantial difference between such
havior in GaN and in silicon and GaAs.
260 Semiconductors 32 (3), March 1998
ult
ed
f
f

o
or

h
at
r

l.
-
m
ds

r

-

in

d
n-
is

-

e-

assistance with this work and to S. Rumyantsev for a disc
sion of the results.

This work was supported by the Russian Fund for Fu
damental Research~Grant No. 06-02-18563!.

E-mail: melev@nimis.ioffe.rssi.ru
a
E-mail: sylvie.jarrixcem2.univ-montp2.fr

†

E-mail: bbcrheal.unice.fr

1S. J. Pearton and C. Kuo, MRS Bull.~February, 1997!, p. 17
2S. Nakamura, MRS Bull.~February, 1997!, p. 29.
3M. S. Shur and M. A. Khan, MRS Bull.~February, 1997!, p. 44.
4M. A. Littlejohn, J. R. Hauser, and T. H. Glisson, Appl. Phys. Lett.26,
625 ~1975!.

5B. Gelmont, K. S. Kim, and M. Shur, J. Appl. Phys.74, 1818~1993!.
6M. A. Khan, M. S. Shur, J. N. Kuznia, J. Burn, and W. Shaff, Appl. Phy
Lett. 66, 283 ~1995!.

7L. K. J. Vandamme and S. Oosterhoff, J. Appl. Phys.59, 3169~1986!.
8N. V. D’yakonova, M. E. Levinshte�n, and S. L. Rumyantsev, Fiz. Tekh
Poluprovodn.25, 2065~1991! @Sov. Phys. Semicond.25, 1241~1991!#.

9L. K. J. Vandamme, IEEE Trans. Electron Devices41, 2176~1994!.
10D. Ursutiu and B. K. Jones, Semicond. Sci. Technol.11, 1133~1996!.
11F. A. Ponce, MRS Bull.~February, 1997!, p. 51.
12D. B. Ingerly, J. A. Chang, N. R. Perkins, and T. F. Keuch, Appl. Ph

Lett. 70, 108 ~1996!.
13D. K. Gaskill, L. B. Rowland, and K. Doverprike, inProperties of Group-

III Nitrides, edited by J. H. Edgar@EMIS Data Reviews Ser.~INSPEC
Publication, 1994! N 11#.

14Yu. A. Gol’dberg, Fiz. Tekh. Poluprovodn.28, 1681~1994! @Semiconduc-
tors 28, 935 ~1994!#.

15R. D. Black, M. B. Weissman, and P. J. Restle, Appl. Phys. Lett.53, 6280
~1982!.

16R. F. Voss and J. Clark, Phys. Rev. B13, 556 ~1976!.
17F. N. Hooge, T. G. M. Kleinpenning, and L. K. J. Vandamme, Rep. Pr

Phys.44, 479 ~1981!.
18F. N. Hooge and M. Tacano, Physica B190, 145 ~1993!.
19S. Tehrani, L. L. Hench, C. M. Van Vliet, and G. S. Bosman, J. Ap

Phys.58, 1571~1985!.
20J. V. Palmour, M. E. Levinshtein, S. L. Rumyantsev, and G. S. Sim

Appl. Phys. Lett.68, 2669~1996!.
21H. C. Casey, D. D. Sell, and K. W. Weight, J. Appl. Phys.46, 250~1975!.
22O. Ambacher, W. Rieger, and M. Stutzman, inAbstract Book Topical

Workshop on III-V Nitrides~Nagoya, Japan, September 1995!, p. F-5.
23G. V. D’yakonova and M. E. Levinshte�n, Fiz. Tekh. Poluprovodn.23,

283 ~1989! @Sov. Phys. Semicond.23, 175 ~1989!#.
24G. V. D’yakonova, Fiz. Tekh. Poluprovodn.25, 358 ~1991! @Sov. Phys.

Semicond.25, 219 ~1991!#.

Translated by Paul F. Schippnick
260D’yakonova et al.



Equation of state of an electron gas and theory of the thermal voltage in a quantizing

in
magnetic field
B. M. Askerov, M. M. Machmudov, and Kh. A. Gasanov

Baku State University, 370073 Baku, Azerbaijan
~Submitted September 23, 1997; accepted for publication October 2, 1997!
Fiz. Tekh. Poluprovodn.32, 290–291~March 1998!

@S1063-7826~98!00603-6#

In a quantizing magnetic field the kinetic equation is thermoelectric voltage in the absence of a magnetic field
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inapplicable. Therefore, a consistent quantum theory of th
momagnetic phenomena, in particular, the thermal emf, d
not exist. There are only various approaches. The first
tempt to construct a quantum theory of the thermoelec
voltage was undertaken in Ref. 1, where the thermomagn
current was calculated; however, the expression obta
there does not satisfy the Einstein relation. An account of
diamagnetism of the electron gas eliminated this shortc
ing and made it possible to show that the thermoelec
voltage in a quantizing magnetic field can be expressed
terms of the entropy.2 Such an approach is quite cumbersom
and less intuitive.

In the present paper we calculate the thermoelectric v
age in a quantizing magnetic field on the basis of a m
intuitive approach. Since this voltage in a strong magne
field is a nondissipative effect, i.e., it does not depend on
mechanisms of current carrier scattering, it can be relate
the equation of state and other thermodynamic functions
we start with a valid definition of the thermoelectric field,3

E52¹S w2
j

eD5a¹T, ~1!

as the gradient of the electrochemical potential, wheree is
the electron charge,j is the chemical potential, anda is the
thermoelectric voltage, we obtain

a¹T5E01
1

e

]j

]T
¹T. ~2!

Here E052¹w is the electric field. In the presence of
steady-state temperature gradient in the sample the follow
condition should be satisfied:

2enE05
]P

]T
¹T, ~3!

wheren is the free electron concentration, andP is the pres-
sure of the electron gas. The right-hand side of condition~3!
is a statistical force associated with the temperature grad

SubstitutingE0 from Eq. ~3! into Eq. ~2!, we obtain for
the thermoelectric voltage coefficient

a52
1

en

]P

]T
1

1

e

]j

]T
. ~4!

It is thus clear that in the nondissipative region, if the eq
tion of state of the electron gasP5P(T,V,H,j) in a strong
magnetic field is known, it is possible to calculate the th
moelectric voltage. Equation~4! was used to estimate th
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Ref. 4. However, it should be noted that Eq.~4! is valid only
in strong magnetic fields and is inapplicable in the abse
of a magnetic field, when the thermoelectric voltage depe
strongly on the scattering mechanisms.

To determine the explicit form of the equation of sta
we use the grand thermodynamic potential of the elect
gas in a quantizing magnetic field5

Ve52
2k0TV

~2pR!2 (
N,s

E
«0~N,s!

` dkz~«,N,s!

d«

3 lnF11expS j2«

k0T D Gd«, ~5!

where the lower limit of the integral«0(N,s) is the root of
the equationkz(«0 ,N,s)50, R5(\c/eH)1/2 is the magnetic
length,N50,1,2, . . . is the Landau oscillator quantum num
ber, ands561 is the spin quantum number. We integra
Eq. ~5! using integration by parts; we then obtain

Ve52
2V

~2pR!2 (
N,s

E
«0~N,s!

`

kz~«,N,s! f 0~«!d«, ~6!

where f 0(«)5$11exp@(«2j)/(k0 /T)#%21 is the Fermi
distribution function. KnowingVe , we can calculate the
pressure P52(]Ve /]V)j,H,T , the concentration
n52 1/V (]Ve /]j)T,V,H , and the entropy of the electro
gasS52(]Ve /]T)j,H,V on the basis of Eq.~6!:

P5
2

~2pR!2 (
N,s

E
«0~N,s!

`

kz~«,N,s! f 0~«!d«, ~7!

n5
2

~2pR!2 (
N,s

E
«0~N,s!

` S 2
] f 0

]« D kz~«,N,s!d«, ~8!

S5
2

~2pR!2 (
N,s

E
«0~N,s!

`

kz~«,N,s!S «2j

T D S 2
] f 0

]« Dd«.

~9!

In obtaining the expression forS from Eq. ~6! we took into
account that

S ] f 0

]T D
j

5S «2j

T D S 2
] f 0

]« D . ~10!

SubstitutingP from Eq. ~7! into Eq. ~4! and noting that

] f 0

]T
5S «2j

T
1

]j

]TD S 2
] f 0

]« D , ~11!
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we obtain for the thermoelectric voltage

in

1A. I. Ansel’m and B. M. Askerov, Fiz. Tverd. Tela.2, 2310~1960! @Sov.
Phys. Solid State2, 2060~1960!#.

a

a52
1

en

2

~2pR!2 (
N,s

E
«0~N,s!

`

kz~«,N,s!

3S «2j

T D S 2
] f 0

]« Dd«, ~12!

and it follows from a comparison of Eqs.~12! and ~9! that
a52S/en. This result coincides with that obtained
Ref. 2.
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Diffusion saturation of nondoped hydrated amorphous silicon by tin impurity

A. N. Kabaldin, V. B. Ne mash, V. M. Tsmots’, and V. S. Shtym

Institute of Physics, Ukrainian National Academy of Sciences, 252650 Kiev, Ukraine
~Submitted June 10, 1997; accepted for publication August 28, 1997!
Fiz. Tekh. Poluprovodn.32, 292–295~March 1998!

The effect of radiation defects on the field and temperature dependences of the magnetic
susceptibility of single-crystal Si was studied. A nonlinear magnetic-field-dependence of the
magnetic susceptibility of irradiated Si was observed. This behavior can be explained by
magnetic ordering ofA centers. It was concluded that clusters of these centers with a local density
of the order of 1021 cm23 exist. An explanation of the ‘‘diffusion paradox’’ in the formation
of oxygen-containing thermal donors was proposed on the basis of micrononuniformities
of the spatial distribution of thermal donors and interstitial oxygen in Si. ©1998 American
Institute of Physics.@S1063-7826~98!01803-1#

1. INTRODUCTION in the fluence rangeFe510162531016 cm22. The accumu-
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Interstitial oxygen Oi is the main residual technologica
impurity in commercial Si. A characteristic feature of inte
stitial oxygen is its nonuniform spatial distribution in cry
tals. Technological progress in recent years has made it
sible to obtain Si crystals whose macroscopic nonuniform
with respect to the Oi distribution on a scale of~102121)
cm does not exceed 10%.1 At the same time, as miniaturiza
tion of the components of solid-state electronics proceed
becomes important to monitor micrononuniformities of t
Oi distribution several and tenths of a micron in size,
indirect manifestation of which are clusters of oxyge
containing thermal donors~TDs!.2,3 However, the question
of the uniqueness of the correlation between TD microcl
ters and oxygen distribution micrononuniformities in the in
tial material remains open. This is because the nature
mechanism leading to TD formation are not completely u
derstood. Specifically, the so-called TD ‘‘diffusion paradox
has not been explained: the inconsistency between the v
of the Oi diffusion coefficient calculated from the kinetics o
generation of TDs viewed as SiOn complexes distributed
uniformly over the crystal and the substantially lower val
obtained from direct experiments.4 If at least one model of
accelerated low-temperature Oi diffusion in Si is
confirmed,5–7 then it will impossible to connect existence
clusters of TDs unequivocally with the existence of Oi dis-
tribution nonuniformities in the initial Si. For this reason, o
objective in the present work is to endeavor to find mic
clusters of oxygen-containing defects whose formation d
not require diffusion of Oi . Such defects could be seconda
radiation defects with participation of oxygen atoms.

2. EXPERIMENTAL PROCEDURE

Samples of commercial KE´ F-0.3, KÉF-1, and KÉF-45 Si
~phosphorus-doped Si; the numbers indicate the resistivit
V•cm! with the initial parameters presented in Table I we
used in the experiment. The table indicates the electron d
sity n300 at T5300 K, the oxygen impurity densityNO, and
the carbon impurity densityNC.

To introduce radiation defects~RDs! the samples were
irradiated with 3.5 MeV electrons at temperatureT,80 °C
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lation of secondary radiation defects~SRDs! was monitored
according to the temperature dependences of the Hall c
ficient in the range 80–300 K. The field and temperatu
dependences of the magnetic susceptibility~MS! of the irra-
diated and control samples were determined by measu
the static MS, as described in Ref. 8. The relative meas
ment error did not exceed 3% and the sensitivity was eq
to 331015mB . The total MS, which we shall denote belo
asx, was measured.

3. EXPERIMENTAL RESULTS AND DISCUSSION

Figure 1a showsx versus the magnetic field intensityH
for the initial silicon samples~see Table I! at 300 and 80 K.
One can see that at these temperaturesx does not depend on
H, and for all materials studied as well as in order of ma
nitude it corresponds to the values characteristic for the
xL of the Si crystal lattice.

Figure 1b showsx(H) for the irradiated samples
(Fe5531016 cm22). One can see that irradiation has n
effect on x(H) at 300 K, but it does changex(H) in the
KÉF-0.3 and KÉF-1 samples at 80 K. In this case, in the fir
place, a nonlinearity appears inx(H) and, in the second
place, the diamagnetism of the samples in the region of s
ration ofx(H) at H54 kOe decreases. We denote byxp the
paramagnetic component responsible for the decrease in
diamagnetism of the irradiated samples and byxor the com-
ponent of the MS that is due to magnetic ordering and de
mines the behavior ofx(H). In this notation the experimen
tally measured values ofx(H) are the sum of three terms:

x~H !5xL1xp1xor~H !.

The susceptibilityxp was determined for each experiment
sample as the difference

xp5x~4 kOe!2xL ,

and, correspondingly,

xor5x~H !2x~4 kOe!.

The values ofxp and

xor~0.3![x~0.3!2x~4 kOe!

263263-04$15.00 © 1998 American Institute of Physics
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TABLE I.
for each sample are correlated with the initial density of f
current carriers.

Figure 2 shows similar curves for the KE´ F-0.3 samples
irradiated with different fluences:Fe5531016 cm22 ~1, 2!
andFe5331016 cm22 ~3, 4!. One can see that the values
xp andxor(0.3) are correlated with the irradiation flux, i.e
the density of radiation defects.

To determine the type of RDs which are responsible
the change in the MS after irradiation we conducted iso
ronous annealing of the experimental samples. It was fo
that whenE centers are annealed in the temperature inte
120–150 °C the parameterxor(0.3) increases by approxi
mately 30%, while the parameterxp remains unchanged
One can see from the curves ofn(1/T) that negative anneal
ing of A centers with their densityNA almost doubling oc-
curs. In the case of the annealing ofA centers in the interva
330–370°C bothxp andxor(0.3) decrease to zero.

The results obtained can be interpreted as follows. T
appearance of a paramagnetic componentxp can be ex-
plained by the paramagnetism of unpaired electrons occu
ing deep levels of A and E centers with energies
Ec20.17 eV andEc20.44 eV, respectively. The tempera
ture dependence of the parameterxp in this case is explained
by the Curie–Weiss law and the freeze-out of electrons o
a level of A centers as temperature decreases from 30
80 K. The dependence ofxp on the resistivity of the initial
materials~Fig. 1b! is apparently due to the electron occ

FIG. 1. Field dependences of the magnetic susceptibilityx for the following
samples: a — initial, b — irradiated withFe5531016 cm22; Si brands:
1 — KÉF-0.3, 2 — KÉF-1, 3 — KÉF-45. The open symbols represe
measurements atT580 K and the filled symbols represent measurement
T5300 K.

Sample No. Material n300, cm23 NO , cm23 NC , cm23

1 KÉF-0.3 1.531016 931017 ,531016

2 KÉF-1 531015 131018 ,531016

3 KÉF-45 731013 831017 ,531016
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in sample No. 3~see Table I! the free-carrier density, deter
mined by the phosphorus impurity, is too low for rechargi
a number of RDs that is adequate for the sensitivity of o
apparatus. For this reason, in sample No. 3xp50, while in
sample No. 2xp50.331028 cm3g21 and in sample No. 1
xp51.131028 cm3g21. The fact that the parameterxp does
not change whenE centers are annealed~accompanied by an
increase inNA) apparently signifies that spins are transferr
from E to A centers, i.e. vacanciesV which are liberated
during annealing ofE centers are mainly trapped by Oi at-
oms, resulting in the formation ofA centers. As a result, the
total paramagnetism remains unchanged.

As one can see from Figs. 1b and 2, the field dep
dencesx(H) have the form characteristic of ferromagne
and other materials with cooperative-type magne
ordering.9 The quantityxor(0.3) characterizes the degree
this ordering. For this reason, the correlation of this para
eter with the annealing ofA centers, with the accumulatio
of A centers under irradiation, and with the electronic occ
pancy of the energy levels ofA centers~depending on the
temperature and the resistivity of the material! is in our view
sufficient proof of the fact thatA centers are responsible fo
the indicated ordering.

Figure 3 shows the temperature dependences of the
rameterxor(0.3) ~curve1! and the electron occupancy of th
levels of a A center ~curve 2! in an irradiated KE´ F-0.3
sample. One can see that the MS becomes tempera
dependent atT,160 K, where many electrons are now fro
zen out onA centers with energyEc20.17 eV, i.e. the pres-
ence of electrons onA centers is a necessary but n
sufficient condition for magnetic ordering of the centers. E
dently, there exists a critical temperature above which ord
ing of A centers does not appear.

We were not able to measure sufficiently accurately
temperature dependence of the parameterxp and to deter-
mine its conformance to the Curie–Weiss law because
sensitivity of our experimental apparatus was too low.

t
FIG. 2. Magnetic susceptibilityx versus magnetic field intensityH for
KÉF-0.3 samples irradiated with fluencesFe , 1016 cm22: 1, 2 — 5; 3, 4 —
3. The open and filled symbols have the same meaning as in Fig. 1.
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The main result of the experimental work presented h
is the observation in irradiated Si of a nonlinearity in t
field-dependence of the MS that correlated with the den
and charge state ofA centers. As we have already me
tioned, the nonlinearity ofx(H) in weak fields is a charac
teristic indicator of cooperative-type magnetic ordering. A
cording to Ref. 9, the cooperative magnetic state is
consequence of the exchange interaction. Exchange inte
tions in turn can be divided into two classes:

1. Direct ~or contact! exchange between magnetic m
ments of ions separated by a small enough distance for
wave functions to overlap;

2. Indirect exchange coupling magnetic moments se
rated by relatively large distances, occurs through mediat
such as delocalized electrons or nonmagnetic ions in the
tice.

Our experimental results are best explained in terms
the hypothesis of magnetic ordering as a result of the di
exchange interaction. This is because the density of impu
atoms (Np'1016 cm23), which in the Si lattice can be non
magnetic ions, as well as the conduction electron den
(n300'1016 cm23), which are present even in the KE´ F-0.3
sample, are inadequate for the indirect exchange interac
to occur.10

The following main types of magnetic ordering whic
are realized by means of the direct exchange interaction
distinguished:9 a! ferromagnetism, b! antiferromagnetism, c!
ferrimagnetism, d! metamagnetism, e! superparamagnetism
f! asperomagnetism, g! helimagnetism, and h! sperimag-
netism.

Analysis of the above-indicated mechanisms of magn
ordering as well as comparison of the field- and temperat
dependences of MS characteristic of them with the exp
mentally obtained dependences show that our experime
results are best explained by the mechanism of asperom
netic ordering ofA centers as a result of a direct exchan
interaction. However, to establish an interaction of this ty
between separate paramagnetic centers their electronic
functions must partially overlap. According to Ref. 11, t

FIG. 3. Temperature dependences of the parameterxor(0.3) ~curve1! and
electron occupancy of the levels ofA centers NA

2/NA ~curve 2! in
KÉF-0.3 Si.
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orbital of broken Si–Si bonds in the vacancy part of t
complexV–O closed on one another. Therefore the locali
tion radius of an electron in this level can be assumed to
equal in order of magnitude to the lattice constant. In t
case overlapping of the electronic clouds of theA centers
requires a densityNA of the order of 1021 cm23. Hall mea-
surements show that the densityNA of chargedA centers
does not exceed 1016 cm23. This discrepancy is removed if i
is assumed that a definite fraction ofA centers is located in
clusters, where their local density reaches the values requ
to establish an exchange interaction. These clusters ap
ently ‘‘follow’’ O i distribution nonuniformities of type
‘‘oxygen clouds’’ in the initial Si ~the term introduced in
Refs. 12 and 13!.

The results obtained could signify the existence
smaller but more ‘‘dense’’~concentrated! oxygen clouds
than the clouds which are detected indirectly by small-an
light scattering.12 The results presented here make it possi
in our view to answer affirmatively the question, posed at
beginning of the paper, concerning the existence of a spa
correlation between microclusters of thermal donors a
nonuniformities of the Oi distribution in the initial Si. Cor-
respondingly, an explanation of the TD ‘‘diffusion paradox
can be proposed on the basis of the data from Refs. 2 a
on the presence of TD microclusters in Si. This explanat
reduces essentially to the following. For a sufficiently hi
local density of Oi atoms in the initial oxygen clouds th
distance between the atoms may be sufficient for forma
of thermal donor complexes of the type SiOn even for low
values of the Oi diffusion coefficient. The fraction of Oi
atoms located in clouds, as estimated from the TD genera
kinetics, does not exceed 1–2% of the total oxyg
content,14 so that clusters of these atoms are not seen in o
experiments, including electrical. However, they are capa
of determining the TD generation rate at the initial stages
calculations of the Oi diffusion coefficient from the TD gen-
eration kinetics the existence of oxygen clouds is neglec
which could be the reason why the paradox arises.

This interpretation is valid if the mean-free path leng
LV of a radiation vacancy is comparable to the average
tancer between oxygen clouds. Indeed, the above-descri
behavior of MS is observed even forNA'1016 cm23, when
the formation ofV–O complexes is determined by the b
havior of the minority component. We employed unifor
irradiation, so that forLV!r andNV!NO ~whereNV is the
total vacancy density during irradiation! the spatial nonuni-
formity in localization ofA centers does not depend on th
nonuniformity of the oxygen localization. The nonuniformi
in the distributionNO affects the localization ofV–O com-
plexes~for irradiation fluences such thatNV,NO) only when
LV>r . From this condition we can estimate the densityNagg

of clusters ofA centers, using the relationNagg;r 23. There
is no unanimity of opinion in the literature on the value
the parameterLV . Specifically, in Ref. 15 it is estimated
that in crucible Si LV.102421023 cm, which gives
Nagg.10921012 cm23.

In summary, the following results were obtained in th
work.
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1. A nonlinear field dependence of the magnetic suscep-
r-

a

he

o

S.

.

S

6B. Pajot, H. Compain, J. Leroweille, and B. Clerjawd, Physica B & C
117/118, 110 ~1983!.

n.

.

-

.

tibility ~MS! in irradiated Si was found, and it was inte
preted by asperomagnetic-type magnetic ordering ofA cen-
ters.

2. Analysis of the experimental data on the MS in irr
diated Si leads to the conclusion that clusters ofA centers
with local densityNA.1021 cm23 exist.

3. An explanation based on micrononuniformities of t
spatial localization of TDs and interstitial Oi oxyen atoms in
Si was proposed for the diffusion paradox in the formation
thermal donors~TDs!.

We thank A. N. Kra�chinski� for a helpful discussion of
the results.
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Role of light fluctuations in the appearance of the bistability of the photocarrier

distribution

Yu. V. Gudyma and D. D. Nikirsa

Yu. Fed’kovich Chernovtsy State University, 274012 Chernovtsy, Ukraine
~Submitted May 5, 1997; accepted for publication July 29, 1997!
Fiz. Tekh. Poluprovodn.32, 296–298~March 1998!

The effect of light fluctuations on the light-induced bistability of the photocarrier distribution is
studied. The bistability can be explained by the threshold character of interband transitions
and narrowing of the band gap of the semiconductor with increasing photocarrier density. The
stationary probability density of the states and the mathematical expectation of the transition
time between states are calculated. It is shown that external noise induces a strongly absorbing
state of the semiconductor below the critical intensity of the incident radiation and
suppresses stationary states above this value. ©1998 American Institute of Physics.
@S1063-7826~98!01903-6#

The intrinsic absorption of a semiconductor due to inter-cients, respectively. We assume that the surface (z50) of
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band electron transitions exhibits a marked threshold cha
ter. On the other hand, as the photocarrier density increa
narrowing of the band gap of the semiconductor on acco
of the Coulomb interaction between the photocarriers is
served in a number of materials.1 Such a combination o
nonlinearity and internal positive feedback should produc
multivalued distribution of the nonequilibrium carriers
semiconductors and the associated cavityless op
bistability2 ~see also the review Ref. 3!. After the discovery
and first investigations of bistability with increasing lig
absorption in semiconductors, the latter came to be view
as a natural optical material for practical bistable devices
became clear that as a result of the cavityless character
high degree of focusing of beams without substantial los
due to beam divergence, only highly efficient waveguide s
tems can compete with such semiconductor crystals.4 Inves-
tigations of the intrinsic and hybrid bistability led in a natur
manner to the problem of the effect of external noise~fluc-
tuations of the cooperative parameter! on the intensity of
transmitted radiation. In a semiconductor with nonline
threshold interband absorption, as will be seen below,
intensity of the incident laser beam plays the role of a c
trolling parameter, and the system must be studied relativ
the fluctuations of the squared amplitude of this parame
The problem has not been solved in this formulation, wh
in the light of what we have said above such an investiga
is certainly of interest. The light intensity is assumed to be
high that the electron and hole densities,n andp, are much
higher than the equilibrium values~and thereforen.p).

In this formulation of the problem the transfer equati
for radiation with intensityI (z) and the transport equatio
for the free-photocarrier densityn(z,t) are

dI~z!

dz
52a~v,n!I ~z!, ~1!

]n

]t
5D

]2n

]z2 1a~v,n!I ~z!2bn2, ~2!

wherea(v,n), b, andD are the light absorption coefficien
and the interband carrier recombination and diffusion coe
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the semiconductor plate of thicknessl is illuminated uni-
formly by light with intensityI 0.

The frequency dependence of the absorption coeffic
a(v,n) in the case of direct interband absorption is given
the function

a~v,n!5a0A\v2Eg*

Eg
. ~3!

The renormalized value of the band gap

Eg* 5Eg~12cn!, ~4!

signifies that a light beam with photon energy greater th
the band gap is intense enough so that all lower states o
conduction band are filled more rapidly than they decay.
shall assume that the intraband absorption is constant,

a~v,n!5a1 , ~5!

and weak,a1!a0.
Assuming that the diffusion length is greater than t

plate thickness and introducing the thickness-averaged l
intensity we obtain a nonlinear generation-recombinat
balance equation

dn

dt
5I 0l 21$12exp@2a~v,n!l #%2bn2, ~6!

which has from one to three stationary solutions, depend
on the intensity of the incident light.

Fixing the frequency of the incident light, we rewrite E
~6! in terms of the dimensionless variablesh5n/n0 ,
u5bn0t, b5I 0b21n0

22L21, l5a0L, andV5cn0 as

dn

du
5b$12exp@2l~V„11h!…1/2#%2h2, ~7!

where

n05
~\v2Eg!

cEg
.

Let us examine the changes produced in the state of
system by intensity fluctuations of light incident on the fa

267267-03$15.00 © 1998 American Institute of Physics
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this parameter is an external parameter and appears in Eq~7!
as a multiplicative factor. We shall describe the nondeter
nate breakdown of light coherence by the proc
b(t)5b1sj(t), where the external noisej(t) is character-
ized by very rapid, compared with the characteristic evo
tion time of the systemt5(bn0)21, fluctuations~the case of
quasiwhite noise!. We note that the result depends strong
on the character of the fluctuations. For this reason, the
sults obtained below are valid only ford-correlated noise.
Approximating the random disturbances by white noise ty
processes, the variablesh should be interpreted as rando
variables which are described by a stochastic equation in
Stratonovich sense. In this case the Fokker–Planck equa
for the probability distribution functionP(h,uuh8u8) of the
states has the form

]P~h,uuh8,u8!

]u
52

]

]h
@A~h,u!P~h,uuh8,u8!#

1
1

2

]2

]h2 @B~h,u!P~h,uuh8,u8!#,

~8!

where

A~h,u!5b$12exp@2l~11h!#1/2#} 2h21
s2

4
Al2V

11h

3exp@2l~11h!#1/2$12exp@2l~11h!1/2#%,

B~h,u!5
s2

2
$12exp@2l~11h!1/2#%2 .

The theory of the correspondence between a stochastic
ferential equation and the Fokker–Planck equation is w
developed and is presented in a number of books~see, for
example, Ref. 5!.

The stationary distribution in a steady-state proces
determined by the function

PS~h!5N$12exp[2l(11h)]1/2} 21

3expS 2
2

s2 E
0

hb$12exp@2l~11U !#1/2%2U2

$12exp@2l~11U !#1/2%2 dUD .

~9!

The integration constantN is obtained from the normal
ization condition

E
0

b

PS~h!dh51, ~10!

where the upper limit is determined by the limitations im
posed by the physical conditions of the problem~for ex-
ample, the maximum possible density of photogenerated
riers!. However, we shall confine our attention to the case
the nonnormalized probability density. The solution~9! is of
the potential form, i.e., it can be put into the well-know
form of the canonical distribution from equilibrium thermo
dynamics

PS~h!5N exp@22V~h!/s2#. ~11!
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Clearly, the maxima of the probability density corr
spond to stable stationary states, while the minima co
spond to unstable stationary states~Fig. 1!. Thus, the ex-
trema of the stationary probability density can be identifi
with macroscopic stationary states of the system.5 For calcu-
lations we chosel50.2 andV50.1. In Fig. 1 the left-hand
maximum corresponds to weakly absorbing and the rig
hand maximum to strongly absorbing states. For subcrit
values of the controlling~bifurcation! parameter, in the ab
sence of external multiplicative noise the system is char
terized by one stationary state, but growth of fluctuations
the incident light leads to the appearance of bistability. T
effect could be of interest from the practical standpoint, sin
it attests to external-noise-induced strongly absorbing s
below the critical intensity of the incident radiation.

On the other hand, for supercritical values of the contr
ling parameter the action of the external noise is to shift
region of bistability in the direction of somewhat higher va
ues of the intensity of the incident light~suppression of bi-
stability by noise!.

The phenomena described by Eq.~8! occur on two time
scales: The fast scale is related with the inverse relaxatio
a local minimum of the potential functionV(h) after the
perturbation and the slow scale is related with a transit
from a metastable to a global minimum. This is indicated
the presence of two terms on the right-hand side of Eq.~8!
— drift and diffusion.

The Fokker–Planck equation method makes it poss
to calculate the mathematical expectation of the transit
time T(h) ~average first emission time! of the system from a

FIG. 2. Mathematical expectation of the transition time of the system fr
a weakly in to a strongly absorbing state.

FIG. 1. Stationary probability distribution of the states. Since a nonnorm
ized probability density is plotted, numbers are not indicated along the
dinate.
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weakly into strongly absorbing state, fixing the slow time
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scale. It is described by an ordinary differential equation

1

2
$12exp@2l~11h!#1/2%2

d2T

dx2

1@b$12exp@2l~11h!#1/2%2h2#
dT

dx
521. ~12!

A plot of the solution~11! ~Fig. 2! shows that most of
the time the system endeavors to self-overcome the bar
As the intensity of the fluctuations decreases (s→0), the
memory time of the system increases.

The phenomena occurring as a result of narrow
~renormalization! of the band gap occur in a number of sem
conductor crystals, but because of their relatively simple
269 Semiconductors 32 (3), March 1998
er.
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CdSe, or ZnSe are best suited for experimental observa
of the stochastically induced effects described above.
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Laser-modulated epitaxy of lead telluride

he
S. V. Plyatsko

Institute of Semiconductor Physics, Ukrainian National Academy of Sciences,
252028 Kiev, Ukraine
~Submitted February 7, 1997; accepted for publication July 14, 1997!
Fiz. Tekh. Poluprovodn.32, 299–302~March 1998!

The dependences of the density and mobility of free current carriers in PbTe/KCl~KBr! layers,
grown by epitaxy modulated by infrared laser radiation, on the power densityW of the
laser radiation at the target and the substrate temperatureTs were investigated. It is shown that
the free-carrier density in the regions of both electronic and hole conductivity
(1016,N, P,1019cm23) with mobility at 77 K corresponding to the most perfect crystals can
be controlled over wide limits by varyingW andTs . © 1998 American Institute of
Physics.@S1063-7826~98!02003-1#

The possibility of using laser radiation for evaporation of cently, wide application of laser radiation for sputtering t
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different materials, including PbTe, followed by condens
tion in the form of thin films was demonstrated back in t
mid-1960s.1–3 In the 1970s4–8 these investigations becam
purposeful and integrated from the standpoint of study
both the interaction of laser radiation with a solid and t
mechanisms of growth of thin films from vapor-plasm
flows. This led to the development of two independent dir
tions in the technology — laser-stimulated transformation
the properties of a solid as well as laser epitaxy~this term is
now firmly established, but it essentially does not reflect
physical essence of the method!.

Laser-modulated epitaxy~LME! is more versatile than
the conventional thermal methods of epitaxial growth
IV–VI semiconductor compounds. In the LME method it
possible to change an entire series of parameters~power den-
sity of the laser radiation, pulse duration and repetition f
quency, substrate temperature, substrate–target distance! and
to obtain within the parameter limits perfect layers with p
scribed electrophysical properties.

In thermal growth methods, there exist strictly dete
mined temperature regimes outside of which the layers
not single-crystalline, while the carrier density can be co
trolled only by additional sources of components, mainly
chalcogen.

The laser radiation employed for sputtering semicond
tor sources can be divided according to spectral region
application into two ranges: a! laser photon energy (\v)
greater than the band gapEg and b! laser photon energy les
than the band gap (\v,Eg). Most works concerning this
problem were performed for\v.Eg . The most important
results on laser epitaxy of semiconductor compounds w
obtained for epitaxy of CdMnTe,13 CdHgTe,9,10 PbCdSe, and
PbSe.11,12 True, in the case of epitaxy of the narrow-ga
compounds CdHgTe, together with laser epitaxy, molecu
beam epitaxy~MBE! was was used.

The laser epitaxy results for other semiconductors
more modest. In areas of thin-film technology where MB
and MOS hydride method encounter difficulties, as a r
this stimulates the development of new unconventio
methods for obtaining epitaxial layers. This is true in fu
measure for superconducting materials, where, especiall
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source material has started.
The present paper reports on investigations of the dep

dence of the electrophysical parameters of PbTe films on
power density of laser radiation at the target (\v,Eg

PbTe)
and on the substrate temperature. The source–target
sputtered with modulated infrared~IR! laser radiation
(\v50.118 eV!, which was introduced through a focusin
optical system into the vacuum chamber with a residual
por pressureP51026 torr.

The structural perfection of the films was investigated
transmission electron microscopy and x-ray diffraction
flection methods. The half-width of the diffraction reflectio
peak depended on the layer thicknessh. For the thinnest
layers (h.30 Å! Du540 s, while for the thickest layers
(h57 mm! Du did not exceed 2 min.

Figure 1 shows the dependence of the current-car
density and mobility (T577 K) on the power densityW of
the laser radiation at a single-crystal PbTe target. Dur
epitaxy the temperature of the KCl and KBr substrates w
~100! orientation was equal toTs5150 °C. For low power
densities (104,W,33104 W/cm2) the films arep-type. In
this range of values ofW the hole densityP decreases by
three orders of magnitude in films on KBr substrates and
two orders of magnitude in films on KCl substrates. Th
could be to the fact that the free surface energys of the
~001! plane in KBr is lower than for the corresponding pla
in KCl (sKBr,sKCl ~Ref. 19!!. For power density
W5(323.5)3104 W/cm2 an inversion of conduction type
occurs, after which the electron densityN increases withW.
One can see from Fig. 1 that the dependencesP(W) and
N(W) have a pronounced plateau at the minimum, with
which layers with low current-carrier density with both ho
and electron conductivity can be obtained reproducibly. T
carrier mobility atT577 K corresponds in a quite wide re
gion of W to the most perfect single crystals and film
(m77.104 cm2/V•s!. The highest mobility obtained forn-
PbTe/KCl~KBr! corresponded tom7754.53104 cm2/V•s
and was observed in films grown on structurally perfect s
strates with surface microreliefd,1000 Å.

The decrease in hole density with increasing power d
sity (T5 const! attests to a decrease in the density of acc

270270-04$15.00 © 1998 American Institute of Physics
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tor centers. They cannot be thermal Pb vacancies dire
since their density should be much lower at such epit
temperatures.15 Moreover, it is difficult to imagine that the
number of thermal vacancies decreased asW increased. On
the other hand, acceptors of a different nature have not b
shown to exist in nondoped crystals. Therefore the beha
of P(W) ~Fig. 1! can be explained by taking into account t
characteristics of the growth technology which stem from
laser sputtering of the source material.

On account of the strong intramolecular bonds and
‘‘inert electron pair’’ effect, IV–VI compounds vaporize
mainly in the form of molecules. But the minority compo
nents from decomposition of the vapors M, X, X2, MX2, and
M2X2 are also nevertheless observed in small quantities
vestigation of the mass spectra of the modulated be
formed by Knudsen evaporation of PbTe showed that
components in the beam are distributed as follows:20

PbTe : Pb : Te2 : PbTe2 : Pb2Te2

5100 : 13 : 1.0 : 0.14~,0.03!.

The dissociation energies of PbTe and Te2 molecules are
quite high (EPbTe5246 kJ/mole~Ref. 20! andETe25219 kJ/
mole ~Ref. 21!!. For this reason, the main source of chalc
gen during sputtering or thermal annealing is apparently
chalcogen that is present in the crystal in the form X2 and
does not form with lead strong intramolecular bonds.
shown in Refs. 23 and 24, there are more than enough
formations in narrow-gap IV–VI compounds.

Dureing laser sputtering of a material evaporation occ
only from the zone of action of the radiation without form
tion of a liquid phase and in consequence without the sp
ing effect. Under these conditions the composition of
vapor flux will remain unchanged during deposition~during
depostion the source undergoes a rotational-translational
tion! and is displaced in the direction of enrichment by t
chalcogen not only near the source but also on the subst
This happens because of the high temperature of the mat
in the zone of action of the laser radiation (TPbTe.2500 K!,
at which the vapor pressure of the main material as well a
the metal and chalcogen exceeds 103 Torr. The chalcogen

FIG. 1. Current-carrier density~1, 2! and mobilitym ~3! at T577 K versus
the laser power density on the target–source for different samples:1 —
PbTe/KBr and2 — PbTe/KCl.
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the source temperature, but it will be equally determined
the substrate temperature or, more accurately, the ratio o
chalcogen reaching the substrate and re-evaporating from
This mechanism provides the basis for controlling the el
trophysical properties of epitaxial structures of le
chalcogenides.22

However, when laser radiation is used to sputter se
conductor sources it is necessary to take into account the
that the growth process occurs under conditions far fr
equilibrium, and this can result in the formation of new d
fects of a different nature, including interstitial. Their dens
and arrangement will be determined by many external f
tors, primarily the power density of the laser radiation a
the epitaxy temperature. Unfortunately, these contributi
are difficult to distinguish, especially at low epitaxy temper
tures, since besides the stationary substrate temperaturTs

there exists a correctionDTpul , which at high power densi-
tiesW can be comparable toTs . The correctionDTpul arises
because energy is exchanged between the substrate an
products of the sputtering, and it will depend on bothW and
the durationtpul of the laser pulse.

In our casetpul5 const. Therefore, since the values ofW
employed are much lower than the values at which ‘‘d
etching’’ and implantation occur, an increase of power de
sity W will give rise only to an increase of the substra
temperature in a pulse. This will decrease the attachm
coefficient of tellurium (kTe,kPb, kPbTe). This will show up
in the dependencesP,N(W) as a decrease in the hole de
sity, subsequent inversion of conduction type, and an
crease of electron density. This behavior ofP,N(W) shows
that donor and acceptor mechanisms of defect formation
the films compete with one another when IR laser radiat
is used for sputtering the source material withTs5150 °C.
Investigations of the temperature dependence of the H
constant in the region of electronic conductivity show th
interstitial Pb can play the role of the donors.

On the other hand, on the basis of what we have s
above, increasing the epitaxy temperature (W, DT5 const!
likewise should result in a change in the current-carrier d
sity in the film, but now because the attachment coefficie
of Pb and Te and formation enthalpies of thermal vacanc
of the intrinsic components are different.

Figure 2 shows the current-carrier density and mobi
as a function of the temperature of the KCl substr
with constant laser power density at the targ
W58.53104 W/cm2 and pulse durationtpul 5331023 s.

These deposition conditions corresponded to an effec
growth rateVe f f5160 Å/s. Just as in the first case, stoichi
metric Czochralskip-PbTe single crystals with hole densit
P7752.531016 cm23 and mobility m7751.23104 cm2/V•s
at T577 K were used as the target–source. During dep
tion the target executed a rotational-translational motion.

The electron density in the filmN51.131018 cm23 re-
mains practically unchanged up to the deposition tempe
ture Ts5180 °C~Fig. 2!. A further increase of the substrat
temperature (180,Ts,280 °C! results in a quite sharp de
crease of the electron density followed by inversion of t
conduction type (280,Ts,330 °C!, after which the conduc-

271S. V. Plyatsko



is

m
ro

n
g
e

l b
de

creases with temperature, and by the generation of new do-
den-

to
an-

nce
-
en-
ra-
xy

on-

ha-
is
un-
his
ent
al

ors.
of

-
s

m-
b-
be
or

nd
fect

p-

f
an
ora-
nt-
pu-
a,
d in

Te
tion type reverts back at the epitaxy temperatureTs.330 °C.
The carrier mobility in this range of growth temperatures
virtually temperature-independent~Fig. 2, curve2!.

It is known that the attachment coefficient of Pb ato
decreases with increasing temperature, approaching ze
Ts.310 °C.16 Figure 2 shows that indeed nearTs.300 °C
the electron density decreases rapidly, reaching the regio
inversion of conduction type. In this temperature ran
280,Ts,330 °C the PbTe films exhibit stable hole-typ
conduction (P775101621017 cm23). The existence of re-
peated inversion with increasing epitaxy temperatureTs in-
dicates that the hole density in this temperature range wil
determined by the resulting density of acceptors, which

FIG. 2. Current-carrier density~1! and mobility~2! at T577 K versus KCl
substrate temperatureTs with a constant laser power densityW58.53104

W/cm2 on the target.3, 4 — Hole and electron densities due to Pb and
vacancies versus the temperatureTs .15
TABLE I.
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nor centers. The density of these centers is close to the
sity of thermal Te vacancies, but still does not correspond
it and has a tendency to saturate, while the density of vac
cies grows exponentially with temperature~Fig. 2, curve4!.
Furthermore, the experimentally obtained depende
P,N(Ts) with W,DT5 const shows that the region of hole
type conduction is not related with Pb vacancies, whose d
sity, just as that of Te vacancies, should grow with tempe
ture and predominate in the entire range of epita
temperatureTs ~Fig. 2, curve3!.

Since the composition of the vapor phase remains c
stant during the deposition process (W5 const), the results
obtained suggest that in LME-grown PbTe films the mec
nism leading to the formation of electrically active defects
complicated and depends on the technological conditions
der which the films are obtained. The role of acceptors in t
case can apparently be attributed to the tellurium enrichm
of the vapor flow produced by the laser radiation. Therm
Te vacancies and interstitial Pb most likely appear as don
This latter conjecture is also confirmed by an investigation
the ESR ofnPbTe:Mn films grown withW5(7210)3104

W/cm2 and Ts5150 °C, in which only the hyperfine struc
ture of the Mn12 ions corresponding to Mn ions in interstice
was observed.

As far as the production of doped PbTe layers with i
purities distributed uniformly over the sites of the metal su
lattice is concerned, it was shown earlier that PbTe can
grown from sources doped with Mn and Eu, whose vap
pressure is much lower than that of the main material.18 But
in the case of substitution for the metal component Mn a
Eu are pseudodonor impurities and therefore do not af
the electrical properties of the films.18 It is also known that
group-I and -III impurities manifest their electroactive pro
erties at densities above (123)31019 cm23, since they have
a tendency to cluster,17 on account of which the density o
the impurity introduced is almost always much higher th
the current-carrier density. In the case of congruent evap
tion this difference should be eliminated and the curre
carrier density should correspond to the density of the im
rity introduced. The results concerning the use of In, Tl, N
and Cr doped single crystals as sources are presente
Table I.
rate
rial

272Plyatsko
Impurity and type Impurity density Laser power Type of conduction Subst
of conduction in in target–source, density, and carrier density in mate
the source 1018, cm23 104 W/cm2 the film, 1018 cm23

Tl, p 4.8 4.5 p, 3.42 KBr
Tl, p 4.8 5.1 p, 1.42 KCl
Tl, p 9.6 8.8 p, 11.7 KCl
Tl, p 9.6 8.8 p, 13.6 KBr
Tl, p 4.8 9.1 n, 1.55 KBr
Na, p 15.0 9.1 p, 11.8 KBr
Na, p 15.0 4.3 p, 15.2 KCl
In, p 8.6 9.2 n, 13.4 KCl
In, p 8.6 2.1 n, 7.15 KBr
Cr, n 6.0 1.2 n, 4.45 KCl

uctors 32 (3), March 1998 S. V.
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tion for sputtering of a PbTe source-target followed by co
densation of the vapor flux on dielectric substrates has sh
that it is possible to obtain structurally perfect PbTe layers
a wide range of substrate temperaturesTs and laser power
densities on the target. The electrophysical properties op-
and n-type PbTe are determined by the intrinsic point d
fects, whose density depends on the technological condit
of growth. The films obtained from doped sources are ch
acterized by the type of conduction and the current-car
density, determined by the nature of the impurity and
density in the source, respectively.
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Optical properties of crystals of the solid solutions „InSb …12x„CdTe…x
V. A. Brodovo , N. G. Vyaly , and L. M. Knorozok

Taras Shevchenko Kiev State University, 252022 Kiev, Ukraine
~Submitted February 3, 1997; accepted for publication July 14, 1997!
Fiz. Tekh. Poluprovodn.32, 303–306~March 1998!

The reflection and absorption spectra of crystals of the solid solutions~InSb!12x~CdTe!x in the
wavelength interval 2.5–25mm were measured within the limits of solubility of CdTe in
InSb (x<0.05) at room temperature. Analysis of the experimental results confirmed the
applicability of the Kane theory for all compositions investigated. The variation of the
optical band gapEg

opt and the effective massmc at the Fermi level as a function of composition
was determined. It is shown that the minimum valuesmc50.831022m0 andEg

opt50.07 eV
are reached forx50.0220.03. Information about the predominant mechanism of scattering for
each alloy is obtained from the absorption curves in the region of absorption by free
charge carriers. X-Ray crystallographic investigations were performed and the changeDa(x) in
the lattice constant of the solid solutions relative to pure InSb was determined. It is shown
that the behavior ofmc(x) andEg

opt is uniquely determined byDa(x). In turn,Da(x) is determined
by the complicated character of the interaction of the dopants with one another and with the
InSb lattice. © 1998 American Institute of Physics.@S1063-7826~98!02103-6#

It is well known that any deviations from an ideal crystal transmission spectraT(\v) according to the formula

structure in narrow-gap semiconductors can have an appre-
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ciable effect on the formation of the energy spectrum
charge carriers if the fluctuations of the potential energy
the electrons and holes are comparable to the band gap,
the band gap is small. An example of such disordered s
tems, where configurational disorder is realized in one
several crystal sublattices, are solid solutions~SSs! of semi-
conductors.

In the present work, the reflection and absorption spe
of ~InSb!12x~CdTe!x crystals, forming a continuous series
SSs forx<0.05,1–3 were investigated for the purpose of o
taining information about the effect of composition on t
band structure parameter of the alloys.

Single crystals of the SSs obtained by directed crysta
zation of InSb melt containing Cd and Te impurities in
equiatomic ratio were investigated. The total impur
density varied from 3.7531019 cm23 (x50.0025) to
7.531020 cm23 (x50.05). Synthesis was conducted
quartz ampuls evacuated to 1023 Pa. The melt was homog
enized at 1100 °C for at least 100 h. The composition a
homogeneity of the alloys were monitored by x-ray cryst
lographic and microchemical analyses. After mechanical p
ishing, the samples were worked with a SR-4A polishi
etchant. The dimensions of the wafers were 0.830.430.3
cm23. To measure absorption the wafer thicknessd was de-
creased to 70mm. All crystals weren-type. The free-electron
densityn and mobility mn were calculated as a function o
the composition from measurements of the conductivitys
and the Hall coefficientRH .

The reflection and absorption spectra were measured
SPEKORD two-beam spectrometer at room temperatur
the wavelength interval from 2.5 to 25mm.

Nine groups of samples, whose parameters are prese
in Table I, were investigated. In each group the reflect
spectra were measured as a function of the electron de
n. The absorption coefficientK was found from the optica
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T5
~12R!2e2Kd

12R2Kd
. ~1!

The transmission spectra were measured in the phonon
ergy interval 0.1–0.5 eV, where the reflection coefficientR
was constant and equal to 0.36.

Figure 1a shows the reflection coefficient as a funct
of the energy\v of the incident photons for a series of sol
solutions with different composition. All curves had a pr
nounced characteristic minimum corresponding to resona
absorption by free charge carriers. The effective massmc of
the charge carriers at the Fermi level was determined fr
the positionvmin of the minima for different values ofx.
According to Ref. 4

mc5e2n/«0vmin
2 ~«`21!. ~2!

The value of«` for each composition was calculated b
the method described in Ref. 4. It is well known that
frequencies close toEg /\, whereEg is the band gap of the
experimental material, the coefficient of normal reflectionR
equals R5(A«`21)2/(A«`11)2. One can see from the
curves in Fig. 1a that as the energy increases, for all com
sitionsR approaches 36%, which gives«`516. We note that
according to Ref. 4 the error in determiningmc and «` by
the methods indicated does not exceed 10–15%, if the e
tron gas is strongly degenerate, which was always so in
case. The values ofmc /m0 calculated from Eq.~2! are pre-
sented in Fig. 1b.

Assuming a Kane dispersion law, the relation betwe
mc andn can be represented in the form5

S mc /m0

12mc /m0
D 2

532.5310232
Eg

P4
18.25310230

n2/3

P2
,

~3!
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TABLE I. Electron density and Hall mobility in~InSb!12x~CdTe!x crystals
at T5300 K.

r
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nd
f

where the matrix element of the momentum operatorP for
InSb and other III–V compounds equals 8.731028 eV•cm
to within 20%.

Figure 2a shows the experimental dependen
@(mc /m0)(12mc /m0)#25 f (n2/3). One can see that the ex
perimental points fall on a straight line, confirming the a
plicability of the Kane theory for all compositions invest
gated. The band gapEg

opt for each composition was
determined from the intercepts of straight lines on the o
nate~Fig. 2c!.

Figure 3b shows typical curvesK(\v) for three crystals
with different Cd and Te content. Two rising sections can
distinguished in the absorption curves in the regions of h
and low energies, characterizing interband transitions
absorption by free charge carriers, respectively. Using at
energies (\v,0.3 eV! the well-known relation betweenK
and the wavelengthl of the incident radiation in the form

Electronic density Electron mobility
Sample group Composition, in a group in a group

No. x n, cm23 mn , cm2/V•s

1 0 (7.264.6)31016 (2.361.1)3104

2 0.0025 (3.561.2)31018 (6.263.8)3103

3 0.005 (8.467.3)31018 (8.267.1)3103

4 0.0075 (6.461.9)31018 (3.262.4)3103

5 0.01 (2.860.8)31018 (3.561.8)3103

6 0.02 (7.261.6)31017 (6.665.4)3103

7 0.03 (6.662.1)31017 (6.465.2)3103

8 0.04 (7.763.4)31017 (6.064.3)3103

9 0.05 (1.160.7)31019 (8.766.3)3102

FIG. 1. a — Reflection coefficientR versus photon energy fo
~InSb!12x~CdTe!x crystals.x: 1 — 0.03, 2 — 0.02, 3 — 0.01, 4 — 0.04,
5 — 0.05. Composition dependence of the effective mass: b — at theFermi
level, c — at theconduction-band bottom.
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K5Ala, where the exponenta depends on the mechanis
of scattering of the charge carriers, information can be
tained about the predominant mechanism of scattering
each alloy. The curvesK(\v) plotted in double-logarithmic
coordinates were straight lines, which made it possible
determine the parametera. Calculations gavea52 for
x50.0025,a 51.94 for x50.05, a53.6 for x50.02, and
a53.5 for x50.01. Values ofa close to 2 are characteristi
for strongly degenerate materials. For the same SSs the

FIG. 2. a — Electron effective mass at the Fermi level versus elec
density for differentx: 1 — 0.05,2 — 0.01,3 — 0.04,4 — 0.0025. b —
Lattice parameter of the solid solutions versus composition. c — Optical
band gapEg

opt of the solid solutions versus composition.

FIG. 3. a — Position of the Fermi level relative to the conduction-ba
bottom versus composition. b — Typical absorption curves for crystals o
the solid solutions~InSb!12x~CdTe!x . x: 1 — 0.0025,2 — 0.05,3 – 0.01.
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duc-
ture in a wide temperature interval 100–400 K.The expo-
nentsa5323.5 are observed if the carriers are scattered
ionic impurities. This result also follows from analysis of th
temperature dependence of the mobility. In the tempera
interval 100–400 Kmn;Tg, whereg is close to 1.5.3

At higher energies (\v.0.3 eV) it is difficult to analyze
the form of the long-wavelength intrinsic absorption edge
a number of reasons, including the fact that absorption w
the participation of the tails of the density of states can
superposed on absorption accompanying direct transit
between corresponding states in bands with the same w
number. Another substantial complication is that und
strong degeneracy conditions absorption by free charge
riers is superposed on absorption near the long-wavele
edge. Analysis showed thatK2;\v starting with
K>200 cm21. This is characteristic for direct transition
The optical band gapEg

opt was found from the intercepts b
straight linesK2;\v on the energy axis taking account
the position of the Fermi level in the conduction band. T
latter was estimated using the experimental values of
effective massmc at the Fermi level. According to Ref. 6
the relation between the effective masses at the Fermi l
and at the conduction-band bottom is given by the expres

mc5mc~0!S 112
Ef

Eg
D . ~4!

The value ofmc(0) was found from the formula6

1/mc~0!5
1

m0
S 11

Ep

Eg
D . ~5!

For all crystals with diamond and zinc blende structu
EP520 eV to within 20%.6 The values obtained in this man
ner for Ef andmc(0) are presented in Figs. 1c and 3a. T
value obtained forEg

opt by analyzing the absorption curve
was virtually identical with respect to the character of t
energy dependence and the absolute values to values
sented in Fig. 2c.

It follows from Figs. 1c and 2c that the compositio
dependence of the effective mass and optical band gap
a complicated, nonmonotonic character. The minimum v
uesmc50.831022m0 andEg

opt50.07 eV are reached in th
regionx50.0220.03. To determine the reasons for the o
served features we performed x-ray crystallographic inve
gations and determined the change in the lattice paramet
the solid solutionsDa(x)5ax2a0, where ax and a0 are,
respectively, the lattice parameters of the alloys and of p
InSb ~Fig. 2b!. Comparing the curves in Figs. 1c, 2c, and
shows that the behavior ofmc(x) andEg

opt(x) is determined
uniquely by Da(x). It can be conjectured in turn that th
dependenceDa(x) is due to the complicated character of t
276 Semiconductors 32 (3), March 1998
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lattice.
It is known that Te atoms replace Sb atoms in the In

lattice and determine then-type conductivity of the crystals
and that the Cd atoms at In sites play the role of accept
The tetrahedral and ionic radii of the interacting atoms a
respectively, RSb51.36 Å, RTe51.32 Å, RTe150.5 Å,
RIn51.44 Å, RCd51.48 Å, andRCd51.8 Å.7 Under these
conditions replacement of Sb atoms by positive Te1 ions
will result in a stretching of the lattice and an increase inDa.
The minimum atx50.01 can be explained by an increase
the Cd content in solution in the form of Cd2 ions and a
decrease in the amount of Te1 as a result of Coulomb attrac
tion and formation of neutral complexes~CdTe!0 with lattice
constant close to that of InSb (aCdTe56.4822 Å!. The in-
crease inDa (0.01,x,0.03) is apparently due to the pro
duction of high concentrations of the neutral complexes
the type In2Te3, consisting of three Te1 ions at Sb sites, two
In atoms, and a negatively charged In vacancy, in the m
Since for In2Te3 two cubic modifications with lattice con
stantsa56.15 Å anda518.40 Å are characteristic,8 it can
be expected that in the first case the lattice of the SS
expand becauseaInSb.aIn2Te3

, while in the second case th
lattice of the SS will contract, sinceaIn2Te3

.aInSb.The effect
will occur if the density of complexes with a large lattic
constant in the SS increases with increasing degree of d
ing.

In conclusion, it should be noted that in samples s
cially saturated with Cd during preparation the maximum
the curveDa(x) and the minima in the curvesEg

opt(x) and
mc(x) at x50.0025 were not observed.

This work showed that in solid solutions an interacti
exists between donors and acceptors. This interaction
stantial changes the lattice structure and physical prope
of the corresponding materials.
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Effect of metastable states on the de-excitation of excitons in n -GaAs
V. V. Krivolapchuka) and N. K. Poletaev

A. F. Ioffe Physicotechnical Institute, Russian Academy of Sciences, 194021 St. Petersburg, Russia
~Submitted June 30, 1997; accepted for publication July 14, 1997!
Fiz. Tekh. Poluprovodn.32, 307–310~March 1998!

The decay of the spontaneous emission of excitons inn-GaAs was investigated as a function of
temperature and excitation intensity. We report the first experimental observation of the
effect of a metastable state in resonance with the conduction band on the exciton de-excitation
process. ©1998 American Institute of Physics.@S1063-7826~98!02203-0#

The luminescence and photoelectric properties of GaAsare present inn-GaAs. The anomalously long decay
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are determined, first and foremost, by the characteristic
the recombination of photoexcited carriers. At low tempe
tures the main recombination channel in perfect epita
n-GaAs layers with a low compensation is the formati
~followed by annihilation! of free excitons (X) and excitons
bound on shallow donors (D0,x) as well as the recombina
tion of an electron of a shallow donor and a valence-ba
hole (D0,h). The characteristic times of these processes
in the range 102921028 s.1 In many cases the probability o
recombination of a carrier trapped in a localized state
small. Then the lifetime of a carrier in this state becom
long (te.1026 s!, which means that the carrier is in a met
stable state. Metastable states in GaAs are of a very div
nature and they appear in investigations of different phen
ena. An interesting and important type of metastability
states are states which are in resonance with the condu
band. The great progress made in the study of such stat
due to the investigation ofDX centers.2 The main results for
DX centers have been obtained in investigations of
photoconductivity and relaxation spectra of deep lev
~DLTS! in the compounds AlGaAs and strongly doped Ga
layers.3,4

The purpose of the present work is to investigate exp
mentally the manifestation of metastable electronic state
spontaneous edge photoluminescence~PL! of nondoped epi-
taxial n-GaAs layers.

The samples consisted of 10–100mm thick epitaxial
n-GaAs layers grown by vapor-phase epitaxy~VPE!. The
impurity density wasNd2Na,1014 cm23. We investigated
the PL spectra with continuous excitation by a He–Ne la
~632.8 nm! and the PL decay kinetics with pulsed excitati
by semiconductor~804.4 nm!, YAG ~530 nm!, and nitrogen
~337.1 nm! lasers. Detection was performed by the tim
correlated photon-count method. The temperature was va
in the interval 2–25 K. The PL decay time in the micro- a
nanosecond ranges~the half-width of the instrumental func
tion was equal to 1.3 ns! as well as the total intensity of th
lines of a free exciton and an exciton bound on a shal
neutral donor were measured as a function of the tempera
and the excitation intensity.

The method employed in the present work is based
studying the characteristic features of the decay of edge p
toluminescence. In Ref. 5 it was shown in an investigation
the decay of photoluminescence~PL! that local metastable
states (Ems

h ) which effectively trap minority carriers~holes!
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(.10 s! of PL observed in theD ,h line is due to the time
for nonactivational transfer of holes from metastable sta
into the valence band, after which these holes are bound
electrons of shallow donors and theD0,h line is formed in
the delayed PL spectra as a result. Moreover, the dela
spectra contain a line of an exciton bound on a shallow do
— D0,x as well as a line of a free exciton. It is obvious th
in order to observe excitonic lines in substantially delay
(.2 ms) spectra long-lived electrons must be present in
dition to long-lived holes.6 The purpose of the present wor
is to study the effect of long-lived electronic states — t
process of excitonic emission.

The decay curveI (t) of theD0 ,x line at 2 K is displayed
in Fig. 1. As one can see from the figure, a rapid dropoff~the
section a–b! is observed in the decay of the PL. This dropo
reflects the characteristic radiative decay of the correspo
ing impurity complexes and for the indicated lines it lies
the range (9254)31029 s. Next follows a slow tail~the
section b–c!, reflecting the liberation of holes from a meta
stable state (.1026 s!.

The slow-decay time and the area under the decay cu
~Fig. 1! were determined from the luminescence kinetics
should be noted that the slow decay is not exponential
that an adjustable parameter which can be interpreted as
decay time is determined by mathematical analysis of a
lection of points. This parameter reflects the hole trans
time into the valence band from metastable hole sta
(MSh).

The integral of I (t) is determined by the expressio
I t5* t1

t2I (t)dt and reflects the quantum yield of delayed P

which is proportional to the density of holes trapped in me
stable states and therefore is a good measure of the pro
of slow depopulation of hole statesEms

h .
As one can see from Fig. 2b, the integralI (t,T) exhibits

unusual behavior with increasing temperature. A pronoun
minimum is observed at a temperature near 6 K~0.51 meV!
against the background of a monotonic decrease of this i
gral. Moreover, at a definite intensity of continuous exci
tion the total intensity of the lines of a free exciton on
shallow donor (D0,x) likewise has a minimum at tempera
ture T56 K ~Fig. 2c!. This minimum is observed compara
tively far from the edge of thermally activated decay of t
complex (D0,x).

As shown in Ref. 5, since the hole transfer time from

277277-03$15.00 © 1998 American Institute of Physics
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metastable stateEms
h (th51026 s) is several orders of mag

nitude longer than the radiative decay time of the impur
complexesD0,x andD0,h (102821029 s!, the timeth char-
acterizes the hole contribution to the process leading to
formation of the line in delayed spectra. We underscore
the hole transfer time determined from the PL decay cu
~section b–c in Fig. 1! is virtually temperature-independen
~Fig. 2a!. This suggests that the temperature depende
I (t,T) is due to the contribution of not holes but electron

Let us see how the temperature can influence the be
ior of the exciton bound on a shallow donor —D0,x. The
temperature dependence of the intensity of theD0,x line
corresponding to thermally activated decay of the cor
sponding impurity complex is described by the expressio7

FIG. 1. Kinetics of the photoluminescenceI 0(t) of the line D0,x on a
semilogarithmic scale withE52 K. The hatched region represents the in
gral of I (t), wheret i and t r are the limits of integration~equal to 3 and 10
ms, respectively! measured from the end of the excitation pulse~point a!.
Inset: Typical PL spectrum of the experimental GaAs samples atT52 K.

FIG. 2. Temperature dependences of a — slow hole transfer timeth out of
a metastable hole state, b — the value of the areaI (t,T) under the curve of
the slow decay of the PL of theD0,x line, and c — the total intensityI (T)
of the D0,x line with continuous excitation by a He–Ne laser.
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whereE is the thermal activation energy of the level andC is
the temperature-independent constant. It is obvious that
expression can be used to describe the continuous dec
of the quantum yield but it cannot explain the existence o
minimum. Phenomenologically, the existence of a minimu
in this case can be explained by the fact that at tempera
T56 K electrons do not participate in the formation of e
citonic lines. For electrons not to participate in the formati
of excitonic lines they must be transferred as a result
heating into a state that does not contribute to radiation. T
ing into consideration the energy imparted to the electr
~0.51 eV!, this state can be an excited state of a shall
donor.

In this case the electrons can leave the donor nonra
tively by an Auger process.8 The characteristic time of this
process (,10210 s! is much shorter than the radiative recom
bination time. For this reason, there is a high probability t
electrons will be transferred into a band and as a result,
gether with a decrease of the PL intensity, the free-car
density will increase, as was observed in Ref. 7. Howev
investigations showed that the expected increase in the f
carrier density, an indicator of which is the free-exciton lin
does not occur. Moreover, an increase in the excitation
tensity and therefore the carrier density causes the minim
to vanish with both continuous and pulsed excitation. On
basis of known mechanisms of exciton formation~see be-
low! and the totality of experimental facts the Auger proce
~the case of a short time! must be ruled out as the mai
process. Moreover, in this case it is difficult to explain t
decrease atT56 K of the intensity of the free-exciton line
This latter circumstance is very important, since it indica
that the electrons are trapped in a state whose energy
near the conduction-band edge and as a result they do
participate in radiative recombination. In this case th
should be manifested not only in a slow kinetics but also
rapid decay of excitons. To prove this we investigated
decay of the D0,x line in the nanosecond range. T
increase the accuracy of the analysis of the experime
results we employed the convolution operati
S(t)5*0

` f (t)F(t2t)dt. For f (t) we used the experimen
tally obtained laser pulse, and we took forF(t2t) the func-
tion exp2$(t2t0 /t)%2, since such a function best describes t
decay of the PL. The result of analyzing the PL decay cu
in this manner for one value ofT is displayed in Fig. 3. The
inset shows the variation of the decay timet obtained in this
manner versus temperature. As one can see from the fig
the decay time of a bound exciton decreases rapidly
T>6 K.

Let us consider the explanation of such a temperat
dependence of the decay time. Under our experimental c
ditions a free exciton is formed from free carriers9 A bound
exciton (D0,x) is formed by trapping of either a free excito
as a whole or free carriers by a donor. The lifetime of fr
excitons and electrons in high-qualityn-GaAs samples is
longer than the radiative recombination time of a bound
citon D0,x. For this reason, the probability of de-excitatio
~and therefore the radiative lifetime! of an exciton (D0,x)
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reflects the lifetime of free excitons; this is confirmed by t
large value of the decay time of the radiation in the lineD0,x
as compared with the known valuetex5(0.821)31029 s.10

The sharp decrease of the decay time of theD0,x line in the
nanosecond range indicates a decrease in the lifetime
free exciton at the thermostat temperatureT>6 K. This is
also indicated by the decrease in the intensity of the radia
of a free exciton with increasing temperature up to 6 K in the
case of continuous weak excitation. As a result of the mec
nism of formation of a bound exciton (D0,x), this should
result in a decrease of the decay time of the latter. As one
see from Fig. 3!, we have indeed observed a decrease in
decay time of the PL in the line of a bound exciton (D0,x).
This attests to the fact that, just as the decrease in the in
sity of the radiation of a free exciton at this temperature,
decay of the integralI (t,T) as the temperature 6 K is ap-
proached from below is determined by the thermally stim
lated trapping of electrons~excitons! in a state with a long
lifetime relative to recombination; this is equivalent to
metastable state. The increase in the value of the integra
T.6 K can be explained as follows. As one can see from
figure ~Fig. 2c!, the depth of the minimum on a comparab

FIG. 3. Decay of the PL of the lineD0,x in the nanosecond range.L —
laser pulse. The solid line shows the experimental decay curve atT57 K.
The dashed lines show the computational results obtained for the con
tion with different values of the parametert. Inset: Temperature dependenc
of the decay.
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trapped in the stateEms is also small. In this case the sma
increase inI (t,T) nearT.6 K ~condition of a minimum!,
just as the vanishing of the minimum at high excitation
tensities, is explained by the fact that heated electrons w
energy E.Ems

e do not decay into this state and the d
excitation process proceeds in the conventional manner.

In summary, it can be concluded from the totality of th
experimental data presented that an electronic metast
stateEms

e has an appreciable effect on the de-excitation
excitons in n-GaAs. Since free excitons are formed fro
itinerant carriers, it must be assumed that the stateEms

e is in
resonance with the conduction band. We can say the foll
ing about the nature of this state. Since the energy of th
mally stimulated trapping in the stateEms

e ~0.51 meV! is
much less than the value obtained forDX centers,3 it is un-
likely that this state can be associated with these center
can be conjectured that the stateEms

e could be due to the
content of the residual transition-metal impurities~for ex-
ample, Cr!, which can give rise to a resonance state in
conduction band.11 However, taking into consideration th
low degree of compensation and the high quality of the e
taxial layers of gallium arsenide, we assume that the s
Ems

e is due to the presence ofD centers.12

In closing, it is our pleasant duty to thank V. V. Travn
kov and A. V. Akimov for fruitful discussions.
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Transport phenomena in the solid solution „Pb0.78Sn0.22…0.97In0.03Te in the hopping

conduction region

S. A. Nemov, Yu. I. Ravich, V. I. Proshin, and T. G. Aba dulina

St. Petersburg State Technical University, 195251 St. Petersburg, Russia
~Submitted October 15, 1997; accepted for publication October 20, 1997!
Fiz. Tekh. Poluprovodn.32, 311–314~March 1998!

Data on the electrical conductivity, the thermoelectric power, and the Hall and
Nernst–Ettingshausen effects in the temperature range from 77 to 400 K for the a solid solution
PbTe–SnTe with a high In content~3 at. %! and additional doping with chlorine and
thallium are presented. Specifically, the Nernst–Ettingshausen coefficient exhibits properties
which are unusual for IV–VI semiconductors: It is positive and decreases rapidly with increasing
temperature. The experimental data are discussed on the basis of a model in which the main
transport mechanism is hopping conduction along strongly localized electronic states of the In
impurity. Conduction along delocalized states of the conduction band makes a substantial
contribution to the effects observed in a transverse magnetic field. The model gives satisfactory
agreement with experiment, including the sign, magnitude, and temperature dependence of
the Nernst–Ettingshausen coefficient. ©1998 American Institute of Physics.
@S1063-7826~98!02303-5#

In lead telluride and its solid solutions with a high in- above approximately 150 K the curve of lns versus 1/T is a
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dium impurity content, hopping conduction has been o
served along strongly localized In states1–4 lying near the
edge of the band gap. The double-doping method was u
to study in greater detail the mechanisms of hopp
conduction and the density of localized states
(Pb0.78Sn0.22)0.97In0.03Te.5,6 In the double-doping method, lo
calized or resonance levels appear on account of one im
rity, in this case In, while the other additional impurit
which does not produce energy levels near the chemical
tential, makes it possible to change the position of the che
cal potential and thereby probe the existing electron ene
spectrum. In Ref. 5 the additional impurity was Cl, which
a donor and increases the chemical potential, and the ac
tor impurity was Tl, which does not produce levels in t
conduction band or in the top part of the band gap.

In Ref. 5 experimental data mainly on the thermoelec
power in Pb0.78Sm0.22Te with 3 at. % In and with additiona
impurities at temperatures 100–400 K were presented
analyzed. In the present paper we present and discuss ex
mental results for four transport coefficients~the electrical
conductivity, the thermoelectric power, and the Hall a
Nernst–Ettingshausen coefficients! in the same materials an
in the same temperature range.

Figures 1–3 show the temperature dependences of
electrical conductivitys, the Hall coefficientR, and the
Nernst–Ettingshausen coefficientQ for different amounts of
the additional impurity. Similar curves for the thermoelect
power S have been published earlier5 and will also be
brought into the analysis of our experimental data.

In the temperature interval 150–400 K the electrical co
ductivity of the materials investigated grows exponentia
It was concluded earlier2,3 on the basis of all experimenta
data that the electrical conduction is mainly of a hopp
character, i.e., the hopping conductivitysh is much larger
than the band componentsb ands'sh . At temperaturesT
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straight line. The activation energy«h of hopping conduction
is independent of the content of the additional impurity
and equal to approximately 3563 meV. Since the activation
energy is determined by the spread of the localized lev
this means that the impurity Cl does not influence the ene
spectrum of the levels produced by the In impurity atom
Additional doping with thallium somewhat increases the a
tivation energy, up to 50 meV with 1.5 at. % Tl. This cou
be explained by the shift of the chemical potential into t
energy range where the spread of the levels is larger.

With the exception of the sample with the highest
concentration~2 at. %!, the thermoelectric power for the In
content studied in the present work~3 at. %! is negative
(S,0) in the entire temperature range 100–400 K. As
have already mentioned, the dependences of the thermo
tric power on the temperature and the concentration of a
tional impurities was discussed earlier5 on the basis of the
assumption that the processes determining the thermoele
power are of a hopping character so thatS'Sh .

The Hall coefficient is negative (R,0) and decrease
rapidly in absolute magnitude as a function of temperatu
Therefore it can be stated that the Hall electron den
grows exponentially with temperature. This behavior can
explained by assuming that hopping conduction increa
with temperature more rapidly than conduction along de
calized band states. As is well known,7,8 the Hall coefficient,
which is proportional to the off-diagonal componentsxy of
the electrical conductivity tensor in a magnetic field, is ne
ligibly small in the case of purely hopping conduction. Sin
the probability of a hop between two sites does not dep
on the magnetic field in weak magnetic fields, to calcul
sxy it is insufficient to study the two-site problem, the pro
lem of hops between three and more sites must be sol
The fact thatRh is small while the electrical conductivitysh

is relatively high makes it necessary to calculate the H

280280-04$15.00 © 1998 American Institute of Physics
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coefficientR using a model similar to the diffusion model fo
semiconductors.7 This model takes into account both th
hopping componentsh of the conductivity and the band con
ductivity sb , which is due to electrons with energies abo
the mobility threshold«c . As a result, we have for the Ha
coefficient

R5
Rbsb

21Rhsh
2

~sb1sh!2 . ~1!

SinceRh is small andsh@sb , we obtain

R'RbS sb

sh
D 2

. ~2!

Assuming that the electron density in the conduction ba
above the mobility threshold increases with temperature w
activation energy«b , we obtain that the activation energy o
the Hall density 1/euRu equals«R52«h2«b .7 According to
our experimental data, the activation energy«R is approxi-
mately twice the conduction activation energy«h . The accu-
racy with which the parameters«h and «R are determined
does not permit finding the activation energy«b of the band
conductivity according to the difference 2«h2«b ; one can
only conclude that this quantity is relatively small or th
band conductivity is not of an activational character at al

The formula for the Hall mobilityRs will be helpful for
what follows. According to Eq.~1!

FIG. 1. Temperature dependence of the electrical conductivitys in
Pb0.78Sm0.22Te samples doped with 3 at. % In and additional Cl or Tl imp
rity. Additional impurity contentNad , at.%:1—0, 2—1, 3—2, 4—3, 5—1,
6—1.5. Type of additional impurity:2–4 — Cl, 5–6 — Tl.
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d
h

Rs5Rbsb

sb

s
~3!

and is much smaller in absolute magnitude than the H
mobility for the band conductivityRbsb . From what we
have said above about the activation energies for conduc
and Hall density, it follows thatuRsu decreases rapidly with
increasing temperature.

We shall now discuss a different effect in a transve
magnetic field — the Nernst–Ettingshausen effect~NEE!. In
contrast to the conventional NEE with single-band cond
tion in lead chalcogenides, the NEE coefficientQ in the solid
solutions~Pb0.78Sn0.22)0.97In0.03Te is positive (Q.0) and de-
creases rapidly with increasing temperature over the en
range 100–400 K. This temperature dependence of the N
occurs for the same reason as the analogous dependen
the Hall coefficient. Indeed, the expression for the NEE
efficient contains two terms, one of which is proportional
the termsxy mentioned above in connection with the discu
sion of the Hall coefficient, while the other is the of
diagonal tensor componentbxy . Just as the Hall componen
sxy , the quantitybxy gives a current component along thex
axis with a generalized force directed along they axis. The
quantity sxy can be represented as an integral over the
ergy

FIG. 2. Temperature dependence of the Hall coefficientR in
(Pb0.78Sn0.22)0.97In0.03Te samples additionally doped with Cl or Tl. The num
bers on the curves have the same meaning as in Fig. 1.

281Nemov et al.
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sxy5E S 2
] f

]« Dsxy~«!d«, ~4!

and the smallness ofsxy in the case of hopping conduction
due to the smallness of the functionsxy(«). The component
bxy can be expressed in the similar form

bxy5
1

eT E S 2
] f

]E D ~«2m!sxy~«!d«, ~5!

wherem is the chemical potential. As a result of the sma
ness of the functionsxy(«), bxy and therefore the NEE co
efficient are small. Despite the approximate character of
formulas~4! and ~5!,9 they can be used to draw the qualit
tive conclusion that the Nernst–Ettingshausen coefficientQh

for hopping conduction is small.

FIG. 3. Temperature dependence of the transverse Nernst–Ettingsh
effect coefficientQ in ~Pb0.78Sn0.22)0.97In0.03Te samples additionally doped
with Cl or Tl. The numbers on the curves have the same meaning as in
1. Inset: ln@Q/(e/k)# as a function of 103/T.
TABLE I. Results of measurements of the transport coefficients and the
without additional impurity.
e

just asR, it is necessary to use a model with two types
conduction. This gives the formula

Q5Qb

sb

s
1 Qh

sh

s
1

sbsh

s2 ~Sb2Sh!~Rbsb2Rhsh!.

~6!

Eliminating Rh and Qh from the relation~6! and using Eq.
~3!, we obtain

Q'Qb

sb

s
1~Sb2Sh!Rs. ~7!

The quantityQ in Eq. ~7! consists of three terms,Q5Q1

1Q21Q3. SinceSh'S, we shall express the third term as
product of three directly measured quantities

Q352SRs. ~8!

This negative term is lower in absolute magnitude for
compositions than the measured coefficientQ. Table I gives
as an example the experimentally measured transport co
cients in a sample with no additional impurities.

Next, we shall estimate the first and second terms in
~7!. To estimate electronic transport phenomena, we s
regard the mobility threshold as the edge of an allowed b
and we shall employ forQb and Sb the standard formulas
obtained for semiconductors in the absence of statistical
generacy

Qb'2
k

e
rRbsb , ~9!

Sb'2
k

eS 5

2
1r 1

«c2m

kT D . ~10!

The formulas~9! and~10! include the scatter parameterr . It
can be expected that as energy increases above the mo
threshold,s(«) will increase and the quantity

r'
d lns~«!

d ln«
,

will be positive. Since the Hall coefficientsR and Rb are
negative, we conclude the termsQ1 andQ2 are positive.

The materials investigated are apparently strongly n
uniform, and the mobility threshold is associated with t
percolation level. At the percolation levels(«c)50, while
above it current flows along percolation channels10,11 so that
the functions(«) increases as («2«c)

t, wheret is the criti-
cal exponent for electrical conductivity and equals 1.7

Measuring energy from the percolation level, we can use
number as an estimate of the parameterr . The quantity«c

sen

ig.
oretical estimates of terms in the relation~7! for a ~Pb0.78Sn0.22)0.97In0.03Te sample
T, s, S, R, uRsu, Q/(k/e), Q1 /(k/e), Q2 /(k/e), Q3 /(k/e), (Q11Q21Q3)/(k/e),
K V21cm21 mV/K cm3/C cm3/V•s cm2/V•s cm2/V•s cm2/V•s cm2/V•s cm2/V•s

150 5 280 217 85 300 140 340 280 400
200 12 241 22.1 25 150 40 100 212 130
300 28 245 20.35 10 80 16 40 25 50
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2m equals the activation energy«b of band conduction. As
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noted above, according to the experimental data, this par
eter is small and the third term in Eq.~10! can be neglected
in a rough estimate. Using the formulas and parameters
sented above, we obtain forQ1 andQ2

Q1'1.6
k

e
uRsu, ~11!

Q2'4.1
k

e
uRsu. ~12!

The estimates~11! and~12! show that the positive termsQ1

and Q2 are greater in absolute magnitude thanuQ3u ~see
Table I!. As a result of these terms, the total Nerns
Ettingshausen coefficientQ is positive and close to the ex
perimental value. The decrease in the Hall mobilityuRsu
with temperature results in a corresponding decrease inQ.

In summary, the positive sign, the order of magnitud
and the temperature dependence of the Nern
Ettingshausen coefficient, just as the other electrophys
properties studied, can be explained on the basis of the
sumption that hopping conduction plays a dominant role
that band states with energies above the mobility thresh
283 Semiconductors 32 (3), March 1998
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SEMICONDUCTOR STRUCTURES, INTERFACES, AND SURFACES

the
Local neutrality and pinning of the chemical potential in III–V solid solutions: interfaces
and radiation effects

V. N. Brudnyi and S. N. Grinyev

V. D. Kuznetsov Siberian Physicotechnical Institute, 634050 Tomsk, Russia
~Submitted March 6, 1997; accepted for publication June 30, 1997!
Fiz. Tekh. Poluprovodn.32, 315–318~March 1998!

In the virtual crystal approximation the mole fraction (X) of the local neutrality levelElnl :
Elnl(X)ABC5XElnl

AC1(12X)Elnl
BC2CABCX(12X) has been calculated in ABC solid solutions for

18 pairs of III–V semiconductors. An interpolation formula is proposed for the nonlinear
coefficientCABC ~in eV!: CABC520.0310.04uDau11.4uDau2 as a function of the lattice mismatch
uDau ~in Å! for boundary compositions of the solid solutions. It is shown that the numerical
values ofElnl obtained provide good agreement with the experimental values of the heights of the
Schottky barriers (FbS) and the limiting Fermi level positions (F lim) in irradiated III–V
solid solutions. ©1998 American Institute of Physics.@S1063-7826~98!00703-0#

Local neutrality in semiconductors is manifested in pin-by the band spectra of the crystal and does not depend on
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ning of the chemical potential~Fermi level! on the metal–
semiconductor interface of a heteropair, on the surface,
also on its stabilization in the ‘‘limiting’’ positionFlim in a
semiconductor irradiated by high-energy particles. It is
sumed here that pinning of the chemical potential on in
faces and in bulk defect-containing material occurs near
level of local neutralityElnl , a concept that was formulate
by the authors of Ref. 1. Therefore, calculations of the
ergy levelElnl in semiconductors take on a level of impo
tance for applied purposes, and the quantityElnl itself is one
of the fundamental characteristics of a crystal.

A model for estimatingElnl in semiconductors has now
been used extensively.2 In this model the value ofElnl is
found from the condition that the Green’s function of t
crystal averaged over the unit cell vanish:

U(
nck

exp~ ik•Rm!

@Enc
~k!2Elnl #

U5U(
nvk

exp~ ik•Rm!

@Env
~k!2Elnl #

U. ~1!

Here k is the Bloch wave vector,n is the number of the
energy band,Rm5(1/2)ma(110),m51,2,3. . . , a is the lat-
tice constant, andEnc

(k) andEnv
(k) are the energies of th

conduction band and the valence band, respectively. E
tion ~1! is widely used to estimate the height of the Schot
barrierFbS and the band discontinuity in heteropairs

DEv5Ev
AC2Ev

BC.

HereEv
AC andEv

BC are the energies of the tops of the valen
bands of the semiconductors AC and BC, respectively. In
model of rigid pinning of the Fermi level to an interfac
which is characteristic of semiconductors with diamo
structure and III–V compounds, it is assumed thatFbS5Elnl

and

DEv5Elnl
AC2Elnl

BC,

where the energy is reckoned from the levelG8v . It is sig-
nificant here that the quantityElnl is completely determined
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work function of the metal or the nature of damage on
interface. Despite the large number of assumptions mad
the derivation of expression~1! and in subsequent numerica
calculations of Elnl , the accuracy of the metal–
semiconductor barrier heights and band discontinuities
heteropairs in this model is several times higher than in
classical models of Schottky and Anderson.

A more rigorous expression for estimating the ener
level Elnl , which coincide with the chemical potential of th
electrons~holes! localized on the levels of the defect states
the band gap of the crystal and which is based on the s
dard approach for determining the chemical potential in s
tistical physics, was proposed in Ref. 3. Accordingly, t
standard condition for electron balance

E~N!2E~N21!5E~N11!2E~N!

was modified to the case where the total energiesE(N61)
are found from the local electron and hole states located
the band gap. The above relation corresponds to the co
tion of global neutrality in a solid body, whereE(N) is the
total energy of a system ofN electrons, in accordance wit
the Bloch nature of the wave functions of free electrons. T
allows one to obtain a new equation for determining the le
of local neutrality in a semiconductor, which is differe
from Eq. ~1!

(
nck

@Enc
~k!2Elnl #

225(
nvk

@Env
~k!2Elnl #

22. ~2!

We used Eq.~2! to estimate values ofF lim(>Elnl) in irradi-
ated bulk semiconductors which are in good agreement w
the corresponding experimental data for a large group
materials.4 The calculated values ofElnl obtained on the ba-
sis of Eqs.~1! and~2! are in good agreement with each oth
~Table I!.4,5

The present work addresses the problem of estima
the dependenceElnl(X) in III–V semiconductor solid solu-
tions; hereX is the mole fraction of the solid solution. Suc

284284-04$15.00 © 1998 American Institute of Physics



calculations hav

TABLE I. Calculated values of the level of local neutralityElnl , the width of the band gapEg , and experi-
mental values ofF lim andFbS in C, Si, Ge and in III–V semiconductors. Values reckoned from the top of the

e

valence band~the levelG8v).

Semiconductor Eg , eV Elnl , eV Elnl
T , eV Elnl

S , eV F lim , eV FbS , eV

C 5.45 2.11 2 1.96 2 1.71
Si 1.20 0.41 0.36 0.39 0.39 0.3220.4
Ge 0.78 0.09 0.18 0.18 0.13 0.0720.18
BN 7.99 4.18 2 4.34 2 3.10
BP 1.99 0.89 2 0.81 2 0.87
BAs 1.82 0.23 2 0.00 2 2

AlP 2.48 1.10 1.27 1.20 2 2

AlAs 2.24 0.83 1.05 0.88 2 0.96
AlSb 1.60 0.42 0.45 0.47 0.5 0.55
GaP 2.37 0.86 0.81 1.00 1.010.2 0.9421.17
GaAs 1.51 0.51 0.50 0.63 0.6 0.5220.62
GaSb 0.87 0.05 0.07 0.14 0.0220.05 0.0720.1
InP 1.43 0.72 0.76 0.89 1.0 0.7620.98
InAs 0.39 0.55 0.50 0.50 0.51 0.47
InSb 0.14 0.03 0.01 0.15 0.0 0.00

aRemark. Elnl
T —our calculations based on expression~1! using the~100!–spin–orbit functions obtained by th

EMP method;Elnl
S —the same, but based on expression~2!; see Ref. 4. Experimental values:Elnl—data of

Refs. 2 and 5 obtained using expression~1! and energy bands calculated by the SPW method;F lim—limiting
position of the Fermi level in the irradiated semiconductors;4,9 FbS—height of the Schottky barrier~Al and
Au!.2,5,8
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Elnl(X) the linear approximation is typically used togeth
with boundary compositions of the solid solutions.

We used Eq.~1! to calculateElnl in semiconductors, bu
recalculated the values ofElnl for the investigated material
since the authors of Ref. 2 used insufficiently accurate cry
band spectra, obtained by the method of summed p
waves~SPW!, for which the error in the calculation of th
interband gaps reaches about 1 eV. This necessitated s
quent ‘‘improvement’’ of resulting values by rigidly shifting
the conduction bands relative to the valence bands until
sonable values of the interband gaps were obtained.
procedure is not unique and is realized by fitting the cal
lated values to the experimental values. In addition,
spin–orbit splitting of the valence band was taken into
count in this work semi-empirically. All this puts in doub
the predicted capability of using Eq.~1! to estimateElnl in
semiconductors.

In our calculations we used band spectra obtained by
empirical model pseudopotential~EMP! method, which pro-
vides accurate estimates of the energy of interband gap
average not worse than 0.1 eV~Ref. 4!, which enables us to
obtain values ofElnl in the investigated materials withou
any subsequent fitting procedures. In the calculations ofElnl

we allowed for 100 spin–orbit interactions, and in the calc
lation of the integrals over the Brillouin zone we used t
method of special points.6 For semiconductors in which th
level of local neutrality falls in the band gap we used
special points to calculateElnl . To monitor the accuracy o
the results so obtained, we compared them for the cas
GaAs with the results of a calculation based on the b
structure calculated on a fine grid ink-space~about 150
points in the irreducible part of the Brillouin zone! and found
good agreement~at the level of 0.02 eV! with the value of
Elnl calculated using 10 special points. The dependenc
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GaAs the valueElnl(m52)50.52 eV and Elnl(m53)
50.50 eV; therefore, for the final value ofElnl we took their
mean value~Table I!.

For InAs the energy levelElnl falls in the continuum of
the conduction band; therefore, to enhance the accurac
the calculations we used 29 special points generated by
extended unit cell method.7 We applied the procedure o
smoothing the Green’s function with a Lorentzian wi
broadening equal to 0.2 eV.

Our values ofElnl and also the values from Refs. 2,
and 5, together with experimental data for the heights
Schottky barriersFbS based on Al and Au5,8 and values of
F lim in irradiated bulk semiconductors,4,9 and also calculated
values of the minimum width of the band gapEg for the
investigated materials, which illustrate the goodness of
band spectra used in the calculations ofElnl , are presented
in Table I. The energy levels are reckoned from the top
the valence band~the level G8v) since in the investigated
materials these bands are similar. The experimental value
F lim andFbS were obtained at temperatures near room te
perature, with the exception of InAs and InSb, and the c
culated values ofElnl—at 0 K. To adapt the theoretical to th
experimental data, we calculated the temperature depend
of Elnl for two compounds: InAs and GaAs. We showed th
in the temperature interval 02300 K the temperature deriva
tive (]Elnl /]T)<21024 eV/K; i.e., the temperature correc
tion is found within the limits of accuracy of the calculation
of Elnl itself and, consequently, the level of local neutrality
essentially ‘‘stuck’’ to the top of the valence band as t
temperature of the material varies. This allows us to use
obtained calculated values for comparison with the exp
mental values~Table I!. When necessary, in the case of sm
values ofElnl , as in InSb and GaSb, temperature correctio
can be taken into account.
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We used val

TABLE II. Calculated values of the nonlinearity coefficientCABC @eV# in expression~3! for III–V solid
solutions.
Semiconductor AlAs GaAs InAs AlP GaP InP AlSb GaSb InSb

AlAs 0 20.02 0.22 20.02 2 2 0.44 2 2

GaAs 20.02 0 0.20 2 20.02 2 2 0.22 2

InAs 0.22 0.20 0 2 2 0.04 2 2 0.24
AlP 20.02 2 2 0 20.10 0.24 0.62 2 2

GaP 2 20.02 2 20.10 0 0.22 2 2

InP 2 2 0.04 0.24 0.22 0 2 2 0.52
AlSb 0.44 2 2 0.62 2 2 0 0.00 0.26
GaSb 2 0.22 2 2 0.52 2 0.00 0.00 0.10
InSb 2 2 0.24 2 2 0.52 0.26 0.10 0
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solid solutions in calculations of the dependenceElnl(X) in
III–V semiconductor solid solutions. Various interpolatio
schemes are widely used to describe the dependence of
ous parameters on the mole fraction (X) of the solid solu-
tions. In this context such parameters as the lattice cons
the density of the material, the elastic constants, and the
electric constant obey Ve´gard’s rule, whereas the energy p
rameters of the band spectrum, such as the width of the b
gap and the ionization energy of the impurity levels, a
characterized by a quadratic dependence on the m
fraction.10 The dependenceElnl(X) for solid solutions has so
far not been examined; therefore, besides the boundary c
positions of the solid solutions we also calculatedElnl for
equimolar concentrations (X50.5) in the virtual crystal ap-
proximation using Ve´gard’s law for the lattice constant. Fo
solutions with isovalent substitution the virtual crystal mod
provides a satisfactory description of the concentration
pendence of the band spectrum.11 On the basis of the ob
tained data we propose a quadratic interpolation formula
the dependenceElnl

ABC(X) in the investigated solid solutions

Elnl
ABC~X!5XElnl

AC1~12X!Elnl
BC2CABCX~12X!. ~3!

HereCABC @eV# is the nonlinearity parameter, whose valu
for the investigated pairs of solid solutions are given in Ta
II. A direct check of Eq.~3! for intermediate values ofX
against exact calculations shows that the quadratic de
dence with the coefficientCABC from Table II describes
Elnl(X) in the entire region of compositions with an error n
greater than 0.02 eV. From this table it follows that the line
approximation can be used for a limited number of so
solutions, such as~GaAl!As, Al~AsP!, Ga~AsP!, ~AlGa!Sb,
and some others, while in the remaining cases it is neces
to use the general expression~3!.

We analyzed the connection between the nonlinear c
ficient CABC and the lattice mismatch parameteruDau for the
boundary conditions in the investigated solid solutions a
obtained the following interpolation formula:

CABC520.0310.04uDau11.4uDau2, ~4!

which can be used for approximate estimates ofElnl(X)
from the boundary values ofElnl and for other pairs of solid
solutions of the given group of compounds~see Fig. 1!; here
uDau is in Å. Expression~4! agrees qualitatively with a simi
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structure of the solid solutions of III–V compound
~Ref. 12!.

The results of our calculations, presented in Tables I–
and expressed in Eqs.~3! and~4! can be used to estimateFbS

and DEv in solid solutions of the investigated semicondu
tors. For example, a comparison of the calculated value
Elnl(X) and the experimental dataFbS(X) for the well-
studied solution~GaAl!As, in which the level of local neu-
trality is found in the band gap for all values ofX, and for a
solution with peculiarities, InxGa12xAs, in whichElnl falls in
the region of allowed energies of the conduction band
X,0.25 ~at 300 K!, shows reasonable agreement betwe
theory and experiment.13

The calculated values ofElnl(X) can also be used to
estimateF lim(X) in irradiated solid solutions and, conse
quently, to predict their electronic properties after irradiati
with high-energy particles. Thus, according to the mo
data, InxGa12xAs solid solutions upon radiation treatme
should acquiren1-type conductivity forX,0.25 and be-
come highly resistive forX.0.25, while~GaAl!As-based so-
lution becomes an insulator over the entire composit
range. Note that despite the large number of studies of ra
tion effects in semiconductors, there are practically no dir

FIG. 1. Correlation between the nonlinearity coefficientCABC ~eV! ~Table
II ! and the lattice mismatch parameteruDau ~Å! for the boundary composi-
tions of the III–V solid solutions. The solid curve corresponds to Eq.~4!.
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TABLE III. The notation is given in Fig. 1.
experimental studies ofF lim in their solid solutions at
present; therefore, the above calculations ofElnl(X) are of
great practical importance.

In conclusion, we note that studies presented here
find use in predictive estimates of the electronic propertie
irradiated semiconductors and their solid solutions, and a

Semiconductor Symbol

Al ~AsP! a
Al ~PSb! b
Al ~AsSb! c
Ga~AsP! d
Ga~PSb! e
Ga~AsSb! f
In~PAs! g
In~PSb! h
In~AsSb! i
~AlGa!P k
~GaIn!P l
~AlIn !P m
~AlGa!As n
~GaIn!As o
~AlIn !As p
~AlGa!Sb q
~GaIn!Sb r
~AlIn !Sb s
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riers and heteropairs, including quantum wells based on s
solutions of III–V semiconductors. Here the corrections
sociated with charge redistribution on the interface should
taken into account, as well as deformation effects for se
conductor pairs with large values ofuDau.
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Two- and three-dimensional conduction channels at block boundaries in „CdHg …Te

the
mosaic crystals
V. A. Pogrebnyak,a) D. D. Khalame da, and V. M. Yakovenko

Institute of Radio Physics and Electronics, Ukrainian National Academy of Sciences,
310085 Khar’kov, Ukraine

I. M. Rarenko

Chernovtsy State University, 274012 Chernovtsy, Ukraine
~Submitted June 2, 1997; accepted for publication September 9, 1997!
Fiz. Tekh. Poluprovodn.32, 319–325~March 1998!

Additional electronic conduction has been observed along the block boundaries in mosaicn-type
CdxHg12xTe crystals. Conduction along block boundaries is two-dimensional~2D! in one
group of samples and three-dimensional~3D! in another group. The main parameters of the 2D
and 3D channels—electron density cyclotron mass, relaxation time, and mobility—were
determined by analyzing the Shubnikov–de Haas oscillations. In strong magnetic fields at liquid-
helium temperatures conduction occurs mainly along a network of conducting channels at
block boundaries. The resistance of such a network of 2D channels in a 631.530.5 mm3 sample
equals approximately 110V and is virtually temperature-independent. ©1998 American
Institute of Physics.@S1063-7826~98!00803-5#
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CdxHg12xTe ~CMT! narrow-gap semiconductors a
widely used for fabricating infrared photodetectors. Asi
from their importance for applications, the low effectiv
mass of these crystals makes them unique objects for in
tigating the fundamental physical properties of electrons
crystal. The electronic energy spectrum of CMT is qu
complicated. The study of transport phenomena is an imp
tant method for determining the electronic energy spectr
However, the investigation of transport phenomena in CM
is far from a simple problem because of the presence
large number of electrically active intrinsic point defects d
to deviation from the stoichiometric composition, which
turn largely depends on the technological process use
grow the CMT. In this connection, a great deal of attent
has been devoted in the literature to the study of the pro
ties of point defects in these crystals and the effect of th
defects on transport phenomena.1–4 Their electronic proper-
ties of extended defects, such as small-angle and b
boundaries, have received less attention. The important
of block boundaries in the mechanism of conduction in CM
was first pointed out in Ref. 5, after which investigations
this direction were elaborated in Refs. 6 and 7, where i
shown that conduction along block boundaries inp-type
samples can lead to anomalous transport phenomena. H
ever, it should be noted that the conductivity along blo
boundaries inp-type crystals was determined indirectly. Th
is because inp-type samples, which the indicated studi
involved, the conduction channels are only slightly fille
with electrons and it is impossible to observe them direc
However, inn-type samples the conduction channels at
block boundaries are completely filled and the electron ga
them is degenerate, so that measurements can be perfo
directly, for example, according to the Shubnikov–de Ha
~SdH! oscillations.8
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existence of conducting electronic channels at block bou
aries were performed by means of an analysis of SdH os
lations. The parameters of the electronic channels—elec
density, cyclotron mass, and mobility—were determined a
the character of the conduction was also established—
some cases conduction along the block boundaries is
two-dimensional~2D! character and in other cases it is of
three-dimensional~3D! character. It is shown that the con
ductivity along the channels is comparable to the volu
conductivity of the crystal at liquid-helium temperatures.

2. SAMPLE PREPARATION. X-RAY AND METALLOGRAPHIC
INVESTIGATIONS

It is well known that CMT single crystals have a larg
number of small-angle boundaries, forming the mosaic str
ture of the crystal. The presence of block boundaries is
to the characteristic features of the technology used to g
CMT single crystals and the specific nature of the physi
chemical properties of CMT alloys. The volatility of mercur
plays an important role. The excess Cd or Te arising for t
reason can lead to concentration supercooling near the c
tallization front and to the formation of cellular or mosa
structure. The appearance of dislocations and a mosaic s
ture in a crystal gives rise to a low value of the critical she
stress for the appearance of dislocations in CMT. This le
to the generation of dislocations by the thermoelastic str
field near the crystallization front.9

CdxHg12xTe ingots were grown by a modified vertica
zone melting method10,11from prepurified components of th
solid solution. The modification consisted of the fact that t
cell with the growing crystal was rotated at a rate of 2–
rpm and was tilted at an angle of 0–60 °C. The growth r
was equal to 0.035 mm/h with temperature stability of
worse than60.25 °C. The grown single crystals were c

288288-07$15.00 © 1998 American Institute of Physics
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into disks perpendicular to the direction of growth. Aft
mechanical and chemical polishing the disks were anne
in mercury vapor for 15–20 days in order to approach s
ichiometry. The annealing regimes were selected in ac
dance with the composition of the disks, which was det
mined from measurements of the transmittance near
intrinsic absorption edge or by x-ray microprobe analys
After annealing the disks were again checked for uniform
of composition along the diameter. Samples in the form
631.530.5 mm3 parallelepipeds were cut out of the centr
regions of the disks, which were subjected beforehand
preliminary galvanomagnetic measurements by the van
Pauw method at 296 and 77 K.

To reveal the structural features of the material, such
the dislocation density and the presence of blocks and sm
angle boundaries, the crystals were subjected to x-ray c
tallographic and metallographic investigations. The x-r
crystallographic investigations were conducted by the Be
Barret topographic analysis method. The topograms mad
possible to reveal small-angle boundaries and blocks, the
orientation angles between which ranged from several an
lar minutes to 10 angular seconds. The arrangement of
angular boundaries depends on the direction of growth of
ingot. In ~CdHg!Te crystals grown in the@111# direction the
small-angle boundaries lie in three$100% planes parallel to
the growth axis of the crystal. Ordinarily, mosaic structu
arises in single crystals possessing a high dislocation den
of the order of 105 cm22. The dislocation density was dete
mined by counting etch pits. Figure 1 shows photograph
the surface of a crystal, preetched with a selective etch
with ~111! orientation. The dislocation density was equal
approximately 105 cm22 within the confines of the blocks
The dimensions of the blocks lie in the range 50–400mm. A
rough calculation of the number of dislocations per u
length givesND.104 cm21. The value ofND is related to
the disorientation angle u by the relation12

ND51/D5(2/b)sinu/2, whereb is Burgers vector, andD is
the distance between the dislocations. For our crystals
relation is satisfied withu'108, i.e., for the maximum
angles obtained from the x-ray crystallographic investi
tions.

FIG. 1. Mosaic structure of CdxHg12xTe crystal. Photograph of a surfac
pretreated by selective etching;367 magnification.
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The samples possessed current and two pairs of pote
contacts. The ohmic contacts were deposited with a lo
temperature solder based on Bi and In. Au from a wa
solution of gold chloride was deposited beforehand on
contact pads. The pads were 0.1 mm in size. We investig
CdxHg12xTe samples withx50.1320.19 in semimetallic
and semiconductor phases with electron dens
n5101421016 cm23 at liquid-helium temperatures and wit
mobility m51052106 cm2/~V•s!.

It is well known12 that small-angle boundaries and bloc
boundaries are dislocation walls. In crystals with a partia
ionic bond, which CMT alloys are, the dislocations becom
charged. The charge of a dislocation is determined by wh
type of bond is unsaturated in a specific case. Experime
investigations13,14 indicate that dislocations in CMT crystal
form donor-type levels. The accumulation of charge dislo
tions on block boundaries leads to the formation of tw
dimensional space-charge layers and to bending of the
duction band bottom, as well as to the possibility
formation of conducting channels on the block boundari
The degree of bending of the conduction band bottom or
other words, the depth of the potential well on a blo
boundary depends on the dislocation charge and on the
orientation angle between neighboring blocks. Depending
the values of these parameters, 3D15 or 2D16 conduction
channels can arise on the block boundaries in the crys
The experimental samples can be divided into two gro
accordingly: with 2D or 3D conduction along block boun
aries. The character of the conduction and also the densit
both groups of electrons can be determined by analyzing
SdH oscillations in bulk and thin samples.8 For such inves-
tigationsn-type samples are most suitable, since the Fe
level «F,n in these samples lies above the conduction ba
bottom. In this case both 2D and 3D channels are comple
filled with conduction electrons~see Fig. 2a!. Conduction
channels inp-type samples are much less filled with ele
trons, since the Fermi level«F,p in this case lies below the
valence band top~Fig. 2b!. In the latter case the block
boundaries become potential barriers for holes, the sam
becomes strongly nonuniform, and conduction is of a per
lation character.17

FIG. 2. Band diagram of electronic states at a block boundary. In then-type
semiconductor~a! the electrons completely fill the potential well; in th
p-type sample~b! there are very few electrons in the conduction channe
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3. TWO-DIMENSIONAL CONDUCTION ALONG BLOCK
BOUNDARIES

Samples exhibiting 2D conduction along block boun
aries were prepared from crystals with the minimum volu
electron densityn51.431014 cm23 and with a relatively
low electron mobilitym51.053105 cm2/~V•s! at T54.2 K.

The density of both groups of electrons~3D and 2D! in a
n-type sample can be determined and the two-dimension
of conduction along block boundaries can be ascertained
analyzing the SdH oscillations.8 Figure 3~curve1! shows a
curve of the derivative of the transverse magnetoresista
]r' /]H for samples withx50.185. The SdH oscillations a
H.1.5 kOe correspond to the bulk value of the electr
densityn51.431014 cm23. Oscillations of]r' /]H, barely
distinguishable at the maximum sensitivity of the appara
can be seen in fieldsH.10 kOe~curve1!. These oscillations
are due to quantization of the electron gas in the 2D chan
at the block boundaries. The very small amplitude of th
oscillations is explained by the fact that only relatively fe
boundaries are perpendicular to the given direction of
magnetic field and quantization of electron motion occurs
them. Twice as many boundaries are oriented parallel toH;
quantization along the magnetic field does not occur in th
they possess a lower resistance, and they shunt the cha
that give oscillations ofr'(H). The shunting effect of the
indicated portion of the channels can be eliminated by
creasing the thickness of the samples to less than the ave
block size.

Curve 2 in Fig. 3 shows a tracing of]r' /]H for a
65 mm-thick layer obtained from a bulk sample, which h
been mechanically polished and chemically etched. Curv2
corresponds to the case whereH is parallel to the surface o
a thin layer, and curve3 was obtained for a perpendicula
orientation. The oscillations in curve2 have the characteris
tic form for the magnetoresistance of 2D channels, wh
electrons fill several quantum-well subbands. The anisotr
of the oscillatory pattern as a function of the orientation ofH
and the appearance of the oscillations can be explaine
follows. When the thickness of the sample decreases
monolayer with respect to the blocks, almost all bounda

FIG. 3. Derivative]r' /]H versus the transverse magnetic field versus
magnetic fieldH for CdxHg12xTe samples:1—bulk, 2, 3—thin layer.H
orientation:2—parallel to the surface of the layer,3—perpendicular to the
surface. Layer thickness 65mm, x50.185,T54.2 K.
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will be oriented perpendicular to the film surface. This
because the sample is oriented, as was mentioned in the
section, in a manner so that the plane of the film is perp
dicular to the direction of growth@111# and the extended
boundaries are arranged mainly parallel to@111# ~see Fig. 4!,
but they are oriented in a arbitrary manner in thexy plane
~the anglew in Fig. 4!. If the magnetic field is oriented
perpendicular to the surface of the film, then it will not giv
rise to quantization in the channels, since in this case
channels are oriented parallel toH ~curve3!. However, if the
magnetic field is directed parallel to the surface of the fil
then for a random orientation of block boundaries, so
boundaries will be oriented perpendicular to the fixed dir
tion of the magnetic field and they will make a contributio
to the oscillatory pattern, whereas the oscillations from
remaining channels, which are tilted at different anglesw,
will extinguish one another. This can be easily verified
averaging the oscillatory part of the 2D magnetoresista
;cos(2p«F /\vc) over the anglew. This procedure is similar
to integrating over the longitudinal quasimomentum wh
calculatingr'(H) in the 3D case.18 Averaging gives the ex-
pression

^r'&w5r'
0F 128p3/2A \vc

2p«F

3

cosS 2p«F

\vc
1

p

4 D
sinhS 2p2T

\vc
D expS 2

p

vct
D G , ~1!

where«F is the Fermi level of the 2D gas,r'
0 is the mono-

tonic component of the magnetoresistance,t is the 2D-
electron pulse relaxation time, andvc5eH/mc. As one can
see from the expression~1!, averaging has decreased the a

e

FIG. 4. Schematic diagram of 2D and 3D electronic channels on the b
boundaryDD8 in a thin layer of CdxHg12xTe: n—normal to the plane of a
2D channel. The hatched region represents the cross section of a 3D
nel; w—angle between the normal and thex axis; J—direction of current
flow.
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plitude of the oscillations, just as in the 3D case, by
factor A2p«F /\vc. Thus, it follows from Eq.~1! that, as
observed in the experiment, the oscillation picture for ide
tical 2D channels remains unchanged as the direction of
magnetic field varies in the plane of the film.

The dependence of the frequency of the SdH oscillati
on the angleu ~Fig. 5! between the normal to the surface
the layer and the direction of the magnetic fieldH serves as
proof of the two-dimensionality of the electron gas at t
block boundaries. The frequency of the SdH oscillations
pends on the angleu in accordance with the variation of th
normal component, with respect to the 2D channel, of
magnetic fieldHsinu, confirming the two-dimensional char
acter of electron motion on the block boundaries.

Analysis of the oscillation pattern makes it possible
determine the main parameters of a 2D channel. The elec
density in the 2D subbands can be found19 from the period of
the oscillations of]r/]H in terms of the reciprocal of the
magnetic fieldD i(1/H):

ni5e/pc\D i . ~2!

Analysis of the oscillations gives the valu
of ni : ng58.231011 cm22 in the main subband an
n15431011 cm22 in the first subband. The oscillations from
higher subbands are smeared, making it impossible to
the corresponding densities. The electron cyclotron ma
in the subbands can be found from the ratio of the amplitu
of the oscillations for fixed values of the magnetic field b
different values of the temperatures. AtT54.2 K, in addition
to the dependence~curve2 in Fig. 3!, measured atT54.2K,
we have accordingly measured the dependences]r' /]H at
T52.5 and 1.67 K. Calculation gives the cyclotron mas
mg50.046m0 and m150.041m0, where m0 is the free-
electron mass. The relaxation time~ratio of the amplitudes a
different values ofH) t'1.5310212 s was also determine
by analyzing the SdH oscillations. The parameters obtai
make it possible to calculate the electron mobility in a ch
nel m563104 cm2/~V•s! and the resistivity of a 2D channe
rh583 V. From these data it is possible to estimate
resistance of the network consisting of 2D channels~along
which current flows! in a 631.530.5 mm3 sample with an
average block size of 200mm. Assuming that the blocks in
the sample are cubic, the resistance of a such a netw

FIG. 5. Amplitude of SdH oscillations in a thin layer of CdxHg12xTe ~same
as in Fig. 3! for different anglesu: 1—0°, 2—52°, 3—62°, 4—90°.
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50 V of the sample. It is obvious that the resistance of
network depends strongly on the average block size. As
latter quantity decreases, the resistance of the network
decreases, since the number of 2D channels connecte
parallel increases. For example, if the characteristic bl
size is 100mm, then the resistance of a network consisting
2D channels will equal 39V.

A real sample is not such an ideal model with cub
blocks. The network consisting of the block boundaries co
prises a structure consisting of flat channels with joints a
random discontinuities of the planes. The conductivity
such a structure is described by percolation theory. This
plains the static character in the observation of the ano
lous properties of CMT crystals for different samples as w
as the dependence of these properties on the geometri
mensions, as was observed in Ref. 20. As the thicknes
the sample decreases, the three-dimensional network tr
forms into a two-dimensional network. Since the critical e
ponent of the appearance of a connected conducting clu
is higher in the 3D case than in the 2D case,21 as the dimen-
sions of the sample decrease, a discontinuity can appear
conducting cluster. As a result, the conductivity can decre
abruptly20 or it can change fromn- into p-type or vice versa.

4. PHOTOTHERMOMAGNETIC EFFECT IN 2D CHANNELS

Two-dimensional channels in CMT crystals can be o
served and investigated not only according to the SdH os
lations but also by a different, independent method
according to oscillations of the photothermomagne
~PTM! emf.

Let microwave radiation be incident on the top bounda
of a thin layer in manner so that the wave vectork is parallel
to thez axis~see Fig. 4!. The damping of the electromagnet
wave in the sample results in the appearance of a grad
¹zu of the electron temperature in the 2D channels. If t
magnetic fieldH is directed perpendicular to the plane of
2D channel and therefore also to the gradient of the elec
temperature, then a photothermomagnetic fieldEy and a cor-
responding emf appear in a direction perpendicular to¹zu
andH.22 Physically, this is the Nernst–Ettingshausen effe
on hot electrons. Just as in the case of the SdH oscillation
random orientation of the channels in thexy plane~the angle
w in Fig. 4! decreases the amplitude of the oscillations b
factor ofA2p«F /\vc. The oscillations of the PTM emf are
of the same nature as the SdH oscillations. However, in c
trast to the latter, the PTM emf does not have a cons
component~at H50 the PTM emf likewise equals zero!. For
this reason, the PTM effect is a more sensitive method
investigating the electronic properties of a crystal.

The experimental thin sample ofn-CdxHG12xTe, cut
into disks withx50.185, was inserted into a waveguide in
manner so that the wave vectork of the electromagnetic
wave was oriented perpendicular to the surface of the
layer ~see Fig. 4!. The frequency of the incident radiatio
was f 5136 GHz and the powerP.10 mV. The sample was
irradiated in a pulsed regime in order to avoid heating
crystal lattice of the sample. Figure 6 shows the phototh

291Pogrebnyak et al.
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momagnetic emf signalVP5Eyl versus the magnetic field (l
is the length of the sample!. The oscillations ofVP have the
typical form for 2D systems in which electrons fill sever
subbands. Theoretical analysis of the photothermomagn
effect ~Nernst–Ettingshausen effect! shows18 that the oscil-
lations of VP are determined by the oscillations of the d
rivative of the density of states of the 2D gas with respec
the Fermi energy in a magnetic fiel
Vp;]g/]«F'g0sin(2p«F /\vc). The oscillations ofVP in
Fig. 6 are more informative than curve2 in Fig. 3. This
makes it possible to determine the electron density in
subbands. Using Eq.~2!, we find the electron density in th
2D channels in the ground and three excited subba
ng50.7ns , n150.19ns , n250.07ns , and n350.04ns ,
where ns52.731012 cm22 is the total surface density o
electrons.

Thus, the existence of 2D channels can be confirm
independently by investigating the PTM emf.

5. THREE-DIMENSIONAL CHANNELS AT THE BLOCK
BOUNDARIES

In more perfect CdxHg12xTe crystals, not only are fewe
small-angle boundaries observed but the disorientation a
between neighboring blocks is also smaller. The depth of
potential well, which determines the character of the loc
ization of electrons at the block boundary, depends on m
parameters that characterize the dislocation structure of
boundary and the corresponding Cottrell atmosphere.23 How-
ever, the main parameter is the disorientation angle betw
neighboring blocks forming a boundary. The depth a
width of the potential well increase with the disorientati
angle between the blocks.12 This gives rise to a variance i
the parameters of the potential wells. This results, first
foremost, in the broadening of the SdH oscillations in the
channels and, second, in the fact that for small disorienta
angles~the most perfect crystals! the depths of the potentia
wells may not be sufficient for a 2D gas to form. In this ca
enriched three-dimensional conduction channels will a
along the block boundaries. The width of a channel depe
on the majority carrier density in the semiconductor, the d
orientation angle between the blocks, and the degree of
ing of the unsaturated bonds of edge dislocations, form
the block boundaries. In view of the fact that the linear de

FIG. 6. Photothermomagnetic emfVp versus magnetic fieldH for
CdxHg12xTe samples:1—bulk, 2—thin layer with 2D channels. Laye
thickness 65mm, x50.185,T54.2 K.
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sity of unsaturated bonds of dislocations is much higher t
the donor density per unit lengthND, the well width can
reach the size of a block.15

Thus, in more perfect crystals charge carriers will acc
mulate in the potential wells~3D channels!, forming a non-
uniform conducting medium. Just as in the case of 2D ch
nels, a unique classical magnetoresistance size-effect sh
be expected to appear as the thickness of the sample
creases to dimensions less than the average size of
blocks. Indeed, for bulk samples the transverse magnet
sistance does not depend on the orientation of the magn
field H in a plane perpendicular to the current. Magneto
sistance anisotropy arises as the sample thickness decr
to sizes less than the average block size~see Fig. 7!. This is
because in a thin sample an isotropic three-dimensional c
ducting cluster becomes a two-dimensional cluster. ForH
oriented perpendicular to the plane of the thin layer, the m
netic field will be directed perpendicular to the current in
sections of current flow; i.e.,H'J everywhere. However, if
H is oriented parallel to the plane of the layer, then for
equally probable distribution of directions of the bloc
boundaries in the plane of the film the caseH'J materializes
in approximately half of the current flow paths and the ca
H i J materializes in the other half. For this reason, a m
netoresistance anisotropyDr' /Dr i.2 will be present in
strong magnetic fields,vct@1, as happens in the experime
~Fig. 7, curves1 and2!.

It should be underscored that the 3D channels form
along dislocation walls~block boundaries! possess an intrin-
sic conductivity anisotropy in the case of current flow alo
and across a dislocation wall.12 An enriched 3D channel is
shown on the sectionDD8 in Fig. 4. The conductivity an-
isotropy is due to the nonuniform structure of the chann
The dislocation wallDD8 separates the channel into tw
symmetric parts in the direction of the vectorn ~normal to
the surface of the channel!. The effect of such a channe
structure is that the properties of the channel are isotropi
a plane perpendicular ton, whereas the channel is strong

FIG. 7. Transverse magnetoresistancer' versus magnetic fieldH for a thin
layer of CdxHg12xTe with 3D channels for magnetic field orientationsH
relative to the direction of the normaln to the plane of the layer:1, 3—
H'n; 2, 4—H i n. Curves3 and4—initial sections of the curves1 and2,
respectively. Layer thickness 100mm, x50.13, n52.131015 cm23,
m55.431022m0 , T54.2 K.
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nonuniform alongn as a result of the nonuniform distribu
tion of the potential in this direction. In addition, an electr
moving alongn crosses the dislocation wall. As a result
the indicated channel nonuniformity, a relaxation time a
isotropy arises for electron motion along and across a di
cation wall ~DW!. The relaxation timet' for electron mo-
tion perpendicular to a DW is shorter than the relaxat
time t i for electron motion along the DW.24 This anisotropy
of t is manifested in different values of the Dingle tempe
ture, which determines the different broadening of the S
oscillations in the two cases of orientation of the magne
field H'n andH i n. This is clearly seen by comparing th
curves3 and4 in Fig. 7 and the curves1 and2 in Fig. 8.

6. CONCLUSIONS

Our investigations show that conductivity in mosa
CdxHg12xTe ~CMT! crystals is made up ofp- of n-type 3D
conductivity and an additional electronic 2D or 3D condu
tivity along block boundaries. The 3D electronic conduct
ity can be substantially diminished at liquid-helium tempe
tures in strong magnetic fields. In crystals with volum
density n.1014 cm23 electron localization in the wells o
the fluctuation potential appears in fieldsH.1 kOe.25 In this
case conduction will occur primarily along 2D or 3D ele
tronic channels along the block boundaries. In a bulk sam

FIG. 8. Anisotropy of SdH oscillations in a thin layer of CdxHg12xTe with
3D channels for magnetic field orientationsH relative to the direction of the
normaln to the plane of the layer: 1—H'n; 2—H i n. Layer thickness 30
mm, x50.14, n55.431014 cm23, m5431023m0 , m.106 cm2/~V•s!,
T54.2 K.
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pic with respect to the direction of the magnetic field in
plane perpendicular to the current. Anisotropy of the tra
port and high-frequency properties as a function of the dir
tion of the magnetic field appears in samples with thickn
less than the average block size.

In closing, we note that the conduction channels
block boundaries can strongly influence not only the tra
port properties of CMT crystals but also other properti
such as the photoelectric properties. Specifically, we call
tention to studies of the relaxation time of photoconductiv
in CMT. As note in Refs. 17 and 26, besides the usual ch
acteristic relaxation timet0, photoelectrons with lifetimes
100 times longer thant0 were also observed. Such trans
tions in all probability could be associated with photoele
trons that became localized in a 2D well and then tunnel i
the valence band~recombine!, overcoming a substantial po
tential barrier of the order of«g , as shown by the wavy line
in Fig. 2b. This barrier is the factor that substantially i
creases the recombination time of photoelectrons.

We express our appreciation to E´ . Tal’yanski� for pre-
paring the samples and for participating in the investigat
of their structure.
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Preparation and photosensitivity of heterostructures based on anodized silicon carbide
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Heterojunctions were obained by mechanical clamping of anodized 6H-SiC wafers to wafers of
layered III–VI semiconductors~InSe and GaSe! at 300 K. On account of the high degree
of perfection of the cleavage surfaces, a strong and quite perfect electrical contact is formed. The
photo-emf spectrum of the heterojunctions has the form of a wide band. The long-
wavelength edge of this band is due to the narrow-gap component and the short-wavelength edge
is due to the narrow-gap component and the short-wavelength edge is due to absorption in
SiC. © 1998 American Institute of Physics.@S1063-7826~98!02403-X#

During a study of the possibilities of anodic etching of in direct contact with layered III–VI semiconductors — InS
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silicon carbide it was discovered that under certain con
tions layers cleaving in the~0001! plane in the form of thin
wafers with mirror-smooth surfaces and lattice parame
corresponding to the initial material are formed on the s
face of 6H-SiC wafers.1 However, even the first investiga
tions showed that the physical properties of these layers
different from those of the initial bulk crystal. Specifically,
was established in Ref. 2 that, just as in the case of po
silicon,3 layers obtained in this manner~layers of anodized
silicon carbide! are characterized by a reproducible increa
~by up to a factor of 30! in the efficiency of photolumines
cence without large changes in its spectral distribution. T
can be used in devices for short-wavelength luminesce
electronics. In the present paper we report the results of
first investigations of the photosensitivity of heterostructu
produced by joining via an optical contact wafers of ano
ized SiC with the cleavage surfaces of layered III–VI sem
conductors — InSe and GaSe.

Wafers of 6H-SiC, grown by the Lely method,4 with
~0001! crystalline orientation and free electron density of t
order of 1018 cm23 at T5300 K were used to obtain th
anodized silicon carbide. The initial crystals possessed a
hardness typical for SiC; scratching with corundum did n
leave any tracks on their surface. After these crystals w
etched1 in the mixture 2HF1 3C2H5OH 1 0.1HNO3 ~the
volume fractions are indicated! for 40–120 min with current
densities 20–120 mA/cm2 at room temperature, a gold
colored region formed on their surface. In some cases s
ration of the anodized layer was observed and transpa
colorless wafers floated up to the surface of the etchan
most cases, however, after etching wafers with perfect mi
faces and average dimensions of 43430.05 mm3 could be
cleaved from the surface of the bulk crystal with a me
needle. The thicknesses of these wafers were further
creased by splitting them under a microscope with a sh
blade. In this manner we were able to obtain a wafer dow
10 mm thick withno microcleavages anywhere on the s
face. The preparation of silicon carbide wafers with ve
perfect surfaces served as a prerequisite for studying the
sibility of producing heterostructures by putting these waf
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and GaSe. For these substances, the property of forming
fect cleavage surfaces has been known for a long time an
attributed to the fact that van-der-Waals forces act betw
the layers.5 This made it possible to obtain thin wafers wi
perfect~0001! surfaces for heterostructures of InSe and Ga
crystals.6,7

Electrically homogeneousn-InSe single crystals~resis-
tivity perpendicular to the layersr'.102103 V•cm, elec-
tron densityn.101321014 cm23 at 300 K! and n-GaSe
(r'.1042105 V•cm, electron densityn.1013 cm23 at
300 K!, which were specially not doped and were grown
the method of directed crystallization from nearly stoich
metric melts with a vertical arrangement of the quartz c
cible, were used to produce the heterostructures. The wa
obtained by cleaving in air, with mirror~0001! surfaces were
20–50 mm thick. To produce heterostructures from th
III–VI material and SiC, each wafer was fitted with an ohm
contact on one side while the other side was used to ma
contact with another wafer. A special holder was used
obtain uniform mechanical clamping of the wafers to o
another over the entire area. After the pressure was remo
the InSe or GaSe wafer remained in close contact with
and approximately the same force as that for cleaving
III–VI wafers themselves from the ingot was required
separate them. This shows that quite stable InSe/SiC
GaSe/SiC contacts were obtained. Crystallographic pola
had no effect on the procedure for forming such a conta

A photovoltaic effect is produced when the heterostru
tures are illuminated. The effect is stronger when the S
side is illuminated. The sign of the photovoltage does
depend on either the energy of the incident photons or
location of the light probe~1 mm in diameter! on the surface
of the structures. This shows that the photoeffect is due
the fact that in such structures there exists only one ac
region separating the nonequilibrium carriers. To determ
the relative quantum efficiencyh of the structures the pho
tovoltage was measured on the linear section of the volta
illumination characteristic and the values obtained were n
malized to the number of incident photons. Typical spec
dependencesh(hn) at 300 K with SiC side illumination are

295295-02$15.00 © 1998 American Institute of Physics
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presented in Fig. 1, while some parameters of the struc
are presented in Table I. The main characteristics observe
the investigations can be summarized as follows.

As follows from Fig. 1, a wide-band photovoltaic effe
appears when the heterostructures are illuminated from
SiC side.8 The exponential behavior ofh(hn), the spectral
position of the long-wavelength photosensitivity edge, a
the slopes5d(lnh)/d(hn) of the edge can be attributed t
direct interband transitions in the narrow-gap component
the heterostructures. The presence of a narrow peak on
long-wavelength edge of the spectral dependences ofh for
both heterostructures is interesting. Such peaks have
observed in the photosensitivity spectra of InSe and G
and have been attributed to excitonic absorption.9 The fact
that excitonic peaks appear in the photosensitivity spectr
the heterostructures itself shows that putting layered III–
semiconductors into mechanical contact with SiC does
result in any appreciable damage to their structures nea
heteroboundary. Therefore, there are grounds for believ
that the well-known conditions for the formation of perfe
heterojunctions can be substantially ‘‘weakened’’ by putti
semiconductors with high quality surfaces in contact w
one another,10 while the differences in the type and param
eters of the crystal lattice is not critical for producing ef
cient phototransducers.

FIG. 1. Spectral dependence of the relative photoconversion quantum
ciency of InSe/SiC~1! and GaSe/SiC~2! heterostructures. The structure
were illuminated with unpolarized radiation on the SiC side. Wafer thi
nesses~in mm!: InSe — 0.05, GaSe — 0.02, SiC — 0.015~1! and 0.02~2!.

TABLE I. Photoelectric parameters of heterostructures based on anod
silicon carbide wafers at 300 K. .

Da, % Dc,% s, eV21 Su
m , V/W d1/2 , eV hnm , eV

InSe/SiC 27 211.2 40 10 1.7 2.2–2.9
GaSe/SiC 19.9 25.3 115 100 0.8 3.1

Note.Da,Dc — mismatch of the lattice parameters for conditions of e
taxial formation of a heteroboundaryaccording to Ref. 8;hnm — energy of
maximum photosensitivity
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structures are illuminated on the SiC side. This indicates
existence of a quite perfect, with respect to recombinat
processes, heteroboundary. The widthd1/2 at half-height of
the photosensitivity spectra of the heterostructures is la
in InSe/SiC structures~see Fig. 1 and Table I! and smaller in
GaSe/SiC, where the band gap of the narrow-gap compo
is larger. The maximum value ofh is obtained at the funda
mental absorption depth of III–VI crystals. The sho
wavelength dropoff ofh in both heterostructures starts
hn.3.1 eV. This dropoff could be due to an increase in t
optical absorption in the bulk of the SiC wafer. As one c
see from the figure, the photoconversion efficiency of
heterostructures obtained drops practically to zero when
photon energy reaches;3.7 eV. This quantity can be viewe
as an estimate, obtained for the first time, of the band gap
SiC wafers obtained by anodized etching.

Since directed deformations can arise in the SiC an
ized layers when the layers are formed, we also perform
polarization measurements of the photosensitivity of hete
structures illuminated in a direction normal to the plane
the SiC wafers. Natural photopleochroism was not obser
in this case. This is because the linearly polarized radia
propagated along the isotropic direction of the media in c
tact and it attests to the absence of large deformations in
plane of the layers.11

In summary, putting SiC wafers in direct optical conta
with III–VI semiconductors makes it possible to obtain
wide-band photovoltaic effect with maximum sensitivi
Su

m.102100 V/W at 300 K. The long-wavelength photo
sensitivity edge of these heterostructures is determined
direct optical transitions in the III–VI crystals, while th
short-wavelength edge is determined by the band gap of
anodized silicon carbide.

This work was performed as part of the program ‘‘Phy
ics of solid-state of nanostructures’’~Project No. 1-079/5!
and with the partial support of the University of Arizon
~USA!.
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LOW-DIMENSIONAL SYSTEMS

and
Properties of periodic a-Si:H/a-SiNx :H structures obtained by nitridization of amorphous-
silicon layers

D. I. Bilenko, O. Ya. Belobrovaya, Yu. N. Galishnikova, É. A. Zharkova, N. P. Kazanova,
O. Yu. Koldobanova, and E. I. Khasina

Scientific-Research Institute of Mechanics and Physics, N. G. Chernyshevski� Saratov State University,
410026 Saratov, Russia
~Submitted July 18, 1996; accepted for publication July 3, 1997!
Fiz. Tekh. Poluprovodn.32, 329–333~March 1998!

The kinetics of nitridization ofa-Si:H layers, the properties of the structures that are formed and
a-Si:H in them have been investigated. The changes occurring in the resistance of the
a-Si:H layers in the course of nitridization are described in terms of the competition between
doping, transport, and change in the thickness of the remaininga-Si:H layer. The
experimental data on the band spectrum of superlattices witha-Si:H anda-SiNx :H layer
thicknesses;35 Å and;5 Å, respectively, are in agreement with calculations in a model of
interacting quantum wells withm* 5(0.3660.1)m0. Comparison of the properties of
superlattices obtained by deposition of successive layers and nitridization of thea-Si:H layers
showed that the latter can have a higher ‘‘structural perfection.’’ ©1998 American
Institute of Physics.@S1063-7826~98!00903-X#

The properties of periodic structures are determined notsamples for investigating the room-temperature electric
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only by the composition and thickness of the layers but a
by the properties of the interfaces between the layers.1–4 Or-
dinarily, the methods used to produce periodic structures
based on successive deposition of layers of differ
materials.5,6 It is of interest to look for and study new poss
bilities for producing periodic structures by obtaining a ne
material by modification of the composition of a previous
deposited layer. This could be especially helpful for obta
ing structures with low dimension, specifically, superlattic
~SLs!. The possibility of obtaining a-Si:H/a-SiNx :H
multilayer structures by layerwise nitridization ofa-Si:H in a
NH3 plasma has been demonstrated in Ref. 7 . However, the
kinetics of nitridized-layer formation as well as the optic
electric, and photoelectric properties of structures with s
layers have virtually been ignored.

In the present paper we report the results of an exp
mental study of the processes leading to the formation of
the properties of nitridizeda-Si:H layers, as well as periodi
structures of the typea-Si:H/a-SiNx :H obtained by layer-
wise partial nitridization ofa-Si:H.

The structures were fabricated by alternating plasm
chemical deposition of amorphous silicon followed by mo
fication of the silicon in the plasma of highly pure ammon
gas. The substrate temperature during nitridization was of
order of 300–320 °C, the ammonia flow rate was equa
2 liters/h, and the pressure in the reaction chamber was e
to 25 Pa. The microwave power was varied from 15 to 30
Helium served as a diluent gas. The nitridization time w
varied from 1 to 60 min, and 10 to 22 pairs of the layers w
produced. As substrates we used single-crystal silicon wa
and optically polished quartz and glass, coated with plas
chemically depositeda-SiNx :H, with comb-shaped elec
trodes consisting of deposited layers of chromium. T
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photoelectric properties possessed additional Al and Ni c
tacts deposited successively in a comb-shaped pattern o
of the layers or with overlapping in specially produced cha
nels passing through the entire structure.

The less than 50-Å thickness of the amorphous-silic
layers in the periodic structures was found from the depo
tion rate which in turn was determined, while growing laye
of the order of 400–1200 Å, fromin situ measurements o
the a-Si:H thickness according to the interference
l50.6328mm laser radiation. The accuracy of this meth
was confirmed by studying thea-Si:H deposition kinetics
and by the fact that the layer thicknesses in the lattices w
virtually identical ~to within 62 Å! at the level 80–130 Å,
as determined from the deposition rate and from x-ray an
sis by the total external reflection method.

The optical properties~spectral dependences of the r
fractive indexns , absorption indexxs , and the absorption
coefficient a), the parameters of the band structure of t
a-Si:H layers, and the thicknessdN of the nitridized layer
obtained in multilayer periodic structures were determined
the region of the fundamental absorption band according
the spectral dependences of the reflection and transmis
coefficients.

The problem of determiningns andxs was complicated
by the fact that in order to find them it is necessary to kn
the insulating layer thicknessesdN , which in the experimen-
tal structures can equal several angstroms.7 For this purpose,
a procedure based on a computational experiment using
direct-optimization method was developed.8 The sum of the
squared deviations of the experimentally obtained value
the reflection and transmission coefficients from the co
puted values was chosen as the target function. The se
region for the parameterdN was determined from additiona

297297-05$15.00 © 1998 American Institute of Physics



physical considerations imposed on the quantitiesns andxs
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in the short-wavelength region of the fundamental absorp
band.

This method makes it possible to determine the refr
tive and absorption indices ofa-Si:H layers and the thicknes
of the nitridized layer in periodic structures to within65%
and61 Å, respectively, and to correct the value obtained
the thickness of thea-Si:H layer from the deposition rate
The discrepancies between thea-Si:H layer thicknesses de
termined in the course of the process and on the basi
calculations of the optical properties were equal to sev
angstroms.

The band structure parameters of thea-Si:H layers in
lattices with nitridized layers—the band gapEg and the Ur-
bach parameterE0 characterizing the smearing of the ba
edges—were calculated from the spectral dependences
tained for the refractive index and the absorption coefficie
The density of SiH, SiN, NH, and SiO bonds and the to
concentrationCH of bound hydrogen in structures wit
a-Si:H layer thickness greater than 1000 Å were determi
from the corresponding IR absorption bands, taking into
count the absorption cross sections for the correspon
bonds.9 The hydrogen concentration for structures w
a-Si:H layer thicknesses less than 1000 Å was found fr
the dependenceEg(CH) obtained in Ref. 10 .

The time dependence of the resistance of a structure
measured in the course of the formation of the structu
Measurements of the resistanceR were performed after a
definite time intervals during deposition and nitridization
thea-Si:H layers with the microwave generator switched o
For the arrangement employed for the contacts on the
strate, the resistance in the plane of the structure is de
mined not only by the resistance along thea-Si:H layers but
also by the resistanceRN of the nitridized silicon layers in
the transverse direction. The parameters of the multila
periodic structure—the heightew0 of the potential barrier a
the boundary with the substrate, the conductivitys0 of the
structure with an infinitely large number of pairs, the effe
tive thicknessxN of the depletion layer and the nitridize
layers, and the resistanceRN—were found from the depen
dence of the resistanceR of the structure on the numberM
of pairs of layers, using the conductivity model that tak
into account the transport doping and a recurrence rela
which relatesR and the resistances of thea-Si:H layers
andRN .11

The field and time dependences of the dark conducti
and photoconductivity, according to which the ratiosd,ph/sd

and the residual photoconductivity~RPC! were determined,
were measured on the finished structures in which the e
trodes short-circuited thea-Si:H layers. The quantity
Q5(sp,ph2sd0)/sd0 was used as a measure of the RP
here,sd0 is the dark conductivity prior to photoexcitatio
andsd,ph is the dark conductivity after photoexcitation whe
the long-time stable value is reached.10 The radiation used
for photoexcitation was close to the radiation from an AM
type source.

New information about the nitridization kinetics and th
properties of the nitridized silicon layers was obtained
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conducting the processes in a controlled manner and by
vestigating the prepared layers.

1. The kinetics of nitridization of amorphous silicon ca
be approximated at the initial stage by a parabolic law w
an initial delay time~Fig. 1!. We obtained the empirical re
lation

dN
2 5210tN2600, ~1!

wheredN is the thickness of thea-SiNx :H layer ~in Å!, and
tN is the nitridization time~in min!. The relation~1! holds for
silicon nitride thicknesses less than 50 Å, which correspo
to a nitridization time of less than 15 min. The relative err
in describing the kinetics by the relation~1! in this range is
less than 10%. Subsequently, the rate of nitridization
amorphous silicon decreases and the thickness of the sil
nitride layer formed saturates.

The data obtained attest to the fact that the rate of nit
ization of the amorphous silicon is determined by the rate
mass transfer of nitrogen-containing particles or the ini
material in the volume of the nitride layer formed. As
grows, the silicon nitride film becomes an obstacle to
motion of the particles, and when a definite thickness
reached the nitridization process virtually stops. The nat
of the time delay in the formation of silicon nitride in th
process of nitridization is still not clear.

2. It was established that nitridization can change
properties of the remaining layer of amorphous silico
These changes are all the greater, the more prolonged n
ization and the smaller the thickness of the remaining la
are. This is manifested in a number of properties associa
with disordering and losses of hydrogen. Thea-Si:H layer
thicknesses prior to nitridization varied from 70 to 300 Å. A
the nitridization time increases, all properties ofa-Si:H
change: The amplitude of the maximum of the reflecti
coefficient decreases in the region of interband transiti
and in the process the reflection maximum shifts into

FIG. 1. Thickness ofa-SiNx :H layer formed versus nitridization time.
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region of low frequencies; the parameterE0 increases andEg

decreases. The dependenceEg(tN) is displayed in Fig. 2,
which also gives the dependence of the hydrogen conce
tion in thea-Si:H layers on the nitridization time. As one ca
see,CH in a-Si:H decreases from 15 to 3–4% after 45 m
utes of nitridization, and the properties of the material a
proach those of nonhydrated amorphous silicon. Loss of
drogen leads to disordering of thea-Si:H network. This is
manifested as an increase inE0 ~up to ;0.22 eV! and, cor-
respondingly, an increase in the concentration of bro
bonds.

3. A characteristic feature of the time dependence of
resistanceR of the a-Si:H layer measuredin situ in the pro-
cess of nitridization is that the resistance passes throug
minimum, increases, and then saturates~Fig. 3!. A sharp de-
crease~by 1–2 orders of magnitude! of the resistance of the
structure is observed when a seconda-Si:H layer is deposited
on the nitridized first layer.

One possible explanation of the observed minimum
the resistance of the structure accompanying nitridiza
could be competition between two phenomena: a decreas
the resistance of thea-Si:H layer as a result of doping of th
layer by transport from the silicon nitride formed5 and an
increase of the resistance of thea-Si:H layer as a result of a
decrease of the layer thickness accompanying conversio
part of thea-Si:H layer into silicon nitride. Taking this facto
into account and using the expression for the conductivity
a periodic structure,5,11 we can represent the time depe
dence of the conductivitys of onea-Si:H layer in the course
of nitridization of the layer in the form

s5s0exp~2ew0 /kT!

3expS 2
dN

1/2~ tN!@dn~ tN!1ds~ tN!«N /«s#
1/2

xN
D ,

ds~ tN!5ds02dN~ tN!, ~2!

FIG. 2. Hydrogen concentration and band gap in thea-Si:H layer remaining
after nitridization versus nitridization time.
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whereds(tN) and dN(tN) are the thicknesses of thea-Si:H
layers and silicon nitride during nitridization in accordan
with Eq. ~1!, ds0 is the initial thickness of thea-Si:H layer
prior to nitridization, and«N and «s are the dielectric con-
stants of the silicon nitride and amorphous silicon.

The relations~1! and ~2! made it possible to determin
the values of the parametersew0 , xN , ands0 from the ex-
perimental time dependences of the resistance ofa-Si:H in
the course of its nitridization. The calculation was perform
according to the least-squares criterion for the relative de
tions of the experimental values of the resistance from
computed values with the values of the desired parame
varying over a wide range. Figure 3 shows together with
experimental time dependences the computed time de
dences of the resistance ofa-Si:H in the course of nitridiza-
tion. The inset in Fig. 3 shows the dependence of the re
tance of a two-layer structure on the thickness of the grow
layer of silicon nitride. The rms relative deviations of th
experimental values from the computed values do not exc
9.5%, which attests to a good correspondence of the m
adopted to the real process. Thus, the following values w
obtained for the parameters of the structu
ew05(0.2060.01) eV,xN5(5061) Å, ands05(8.660.1)
31023 V21

•cm21.
4. The room-temperature data showed that ina-Si:H/

a-SiNx :H bilayer structures perfect boundaries were o
tained between the layers with nitridization durations for t

FIG. 3. Resistance ofa-Si:H/nitridized layer/a-Si:H structure versus time in
the process of deposition and nitridization of the layers. Thicknessesds0 of
the first and seconda-Si:H layers:1—70 Å/300 Å; 2—70 Å/1600 Å. The
arrows mark the start and end of nitridization. Inset: Resistance o
a-Si:H/nitridized layer bilayer structure versusdN according to~1!; the solid
line was computed.
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first a-Si:H layer not exceeding 10 min. In these structures
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the average resistivityrT.7310 V•cm, the photoconduc
tivity sph/sd.105 with an AM51 source, and the residua
photoconductivity is virtually zero (Q.0.01). Increasing the
nitridization time of the firsta-Si:H layer probably results in
disordering of the boundary and changes the properties o
material. This is manifested as an increase in the resid
photoconductivity toQ5122 and agrees with the increas
of the Urbach parameterE0.0.220.25 eV compared with
E0.0.120.15 with tN .3 min.

Studying the nitridization kinetics ofa-Si:H layers made
it possible to choose regimes for obtaining multilayer pe
odic structures with layerwise partial nitridization ofa-Si:H.

Investigations of the optical and electrical properties
the periodic structures in the course of and after the form
tion of the structures allowed us to draw the following co
clusions:

1. The thickness of the nitridized interlayers in period
structures as determined from the transmission and reflec
spectra equals 5–6 Å with 3-min nitridization.

2. The optical properties of multilayer periodic structur
with a-Si:H layer thickness less than 40 Å are described
the model of a superlattice with interacting quantum we
The computational results obtained using models of isola
quantum wells taking into account the collective interact
by the Kronig–Penney method11–13 were compared with the
experimental data for structures with dielectric barrier thic
nesses 5–10 Å anda-Si:H layer thicknesses 35 Å. Kink
corresponding to transition energiesEi and characteristic o
superlattices are observed in the experimental curves of
absorption coefficienta, described by a piecewise-linea
function, in the coordinatesa•\v versus\v.14 Very good
agreement between the calculations and the experime
data was obtained by varying the effective massm* and the
barrier height V. For m* 5(0.3660.1)m0 and
V5(1.2060.05) eV the computed values ofEi are 1.98, 2.3,
and 2.6 eV and the experimental values are 1.98, 2.26,
2.64 eV, respectively.

3. Transport doping, manifested as a change in the re
tancein situ ~Fig. 4!, is observed ina-Si:H/a-SiNx :H lattices
with nitridized amorphous-silicon layers~SL!N , just as in
lattices with plasma-chemical deposition of the layers~SL!p

~Ref. 6!. Upon formation ofa-Si:Ha-SiNx :H superlattices in
which the silicon nitride layers were obtained by nitridiz
tion of a-Si:H or plasma-chemical deposition of the laye
the resistance of the structure decreases monotonically~Fig.
4, curves1 and 4!. When the silicon nitride layers are pro
duced alternately by plasma-chemical deposition and nit
ization of a-Si:H, nonmonotonic variation of the resistan
of the growing structure arises~Fig. 4, curves2 and3!. This
could be due to the fact that the combination of differe
methods of obtaining silicon nitride in the superlattice resu
in the appearance of a different built-in-field asymmetry
neighboring interfaces than in the case of identical layers
silicon nitride. As we showed earlier,4 a change in the asym
metry of the interface charge can result in a substantial~by
several orders of magnitude! change in the resistance of th
a-Si:H layers. In addition, the transport doping effec
change and the thickness of thea-Si:H layer decreases as th
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layer is nitridized. These phenomena collectively could
responsible for the resistance jumps observed at the sta
growth.

4. The resistance of the structure measured after e
process of growth and nitridization of thea-Si:H layer made
it possible to determine the parameters of the structure.
following sets of parameters at the deposition tempera
with nitridization over the first six pairs of layers were o
tained for the structures whose dependencesR(M ) are pre-
sented in Fig. 4:ew051.02, 0.84, 0.45 eV;s051.231022,
2.231022, 231023 V21

•cm21; xN512, 11, 19 Å;
RN55.33105, 1.63107, and 5.23106 V. The rms relative
deviations of the experimental values ofR from the values
computed using these parameters equal 4–9%. The con
tivity of the nitridized silicon interlayers, calculated accor
ing to the parameterRN , under nitridization conditions cor
responds tosN.4.531021021.5310211 V21

• cm21, in
agreement with the results of Ref. 15 on the temperat
dependence of the electrical conductivity of silicon nitrid
The electrical conductivity of the obtained dielectric inte
layers is four to five orders of magnitude lower than that
the first, highest-resistancea-Si:H layer in the structure:
ss1;531026 V21

• cm21.
Therefore the measurements of the resistance of

structure confirm the formation of a periodic structure w
insulating layers during layerwise nitridization ofa-Si:H.

5. At room temperature the superlattices witha-Si:H ni-
tridization with 10 pairs of layers and a total thickness of t
a-Si:H layers of approximately 400 Å possessed an aver
resistivityrT;1072108 V• cm, which is approximately 100
times lower thanrT in a homogeneousa-Si:H layer of the
same thickness. The~SL!N obtained possess a very low re
sidual photoconductivityQ.0.05– 0.2 compared withQ
from 0.2 up to several units for~SL!p .6 Together with the
low values ofE0, this shows that superlattices obtained

FIG. 4. Resistance ofa-Si:H/a-SiNx :H superlattices versus the number o
pairs of layers in the process of formation of the layers. The circles mark
a-SiNx :H layers. Structures:1—quartz/~CL!N (ds555 Å, dN55 Å!;
2—glass/~a-SiNx :H!p/~SL!N (ds535 Å, dN55 Å!; 3—
quartz/(a-SiNx :H!p/~CL!N (ds535 Å, dN55 Å!; 4—quartz/~CL!p

(ds530 Å, dN550 Å!.
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nitridization of alternatinga-Si:H layers have a higher de-
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sina, inProceedings International Semiconductors Dev. Res. Symp., Char-
lottesville, 1995.

lids
gree of structural perfection than superlattices obtained
conventional sequential deposition of layers.

In summary, nitridization ofa-Si:H layers makes it pos
sible to obtain superlattices in which the thickness of
layers is less than the electron wavelength, resulting in
lective interaction effects. The degree of structural perfect
can be quite high, as is reflected in the fact that the exp
mental data can be described on the basis of the effec
mass approximation. The results obtained expand the po
bilities for obtaining superlattices with different function
and physical properties.

We thank N. V. Lykova and V. Yu. Smirnov for assis
ing in the experiments.
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Ionization of impurity centers in a semiconductor quantum superlattice by nonlinear

electromagnetic waves

S. V. Kryuchkov and K. A. Popov

Pedagogical University, 400013 Volgograd, Russia
~Submitted June 26, 1996; accepted for publication September 9, 1997!
Fiz. Tekh. Poluprovodn.32, 334–337~March 1998!

The ionization of impurity centers in a semiconductor superlattice by nonlinear electromagnetic
waves, which are the most general solution of the sine-Gordon equation and can be
expressed in terms of the Jacobi elliptic functions, is investigated. The problem is solved in a
quasiclassical approximation for arbitrary ratio ofV ~depth of the impurity energy level!
andD ~half-width of the conduction miniband!. Results in agreement with those for solitary waves
and sinusoidal~linear! electromagnetic waves are obtained in limiting cases. The effect of a
uniform high-frequency electric field on the processes leading to the ionization of impurities by
solitary waves is also investigated. ©1998 American Institute of Physics.
@S1063-7826~98!01003-5#

1. In recent years quantum semiconductor superlatticesfunctions sn(x), cn(x), and dn(x). In the present paper we
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~SLs! have been used as working components in optoe
tronics devices~filters, polarizers, IR photodetectors, an
others!. The unique properties~including optical! of the su-
perlattice are determined by the presence of an additio
periodic potential along one of the axes, which results in
formation of a miniband structure of the energy spectrum
the charge carriers. A review of the main experimental st
ies of the optical properties of regular type-I, -II, and -
semiconductor superlattices, formed by AlGaAs/GaAs, In
GaAs, and HgTe/CdTe heterostructures, respectively,
published by Voos.1. The absorption and indirect
luminescence spectra of strained GaAs/AlAs-based supe
tices with layers of different thicknesses were investiga
experimentally in Ref. 2. Many important properties of s
perlattices are due to the presence of impurity centers
defects of different types. For example, impurity centers p
duce peaks in the photoluminescence spectrum of supe
tices with smooth heteroboundaries,3 and they also lead to
the appearance of bands in the absorption spectrum
GaAs.4 Experiments studying the photoluminescence of
materials used in the production of superlattices are
scribed in Refs. 5 and 6.

A characteristic feature of semiconductor superlattice
their capability to exhibit nonlinear optical properties even
the presence of weak electromagnetic~EM! signals. In addi-
tion, the relaxation times of the nonlinear effects are found
be short.7 A possible nonlinear optical effect—two-photo
absorption of EM radiation—was investigated experime
tally in Ref. 8.

Nonlinear EM waves propagating through a superlatt
can give rise to ionization of impurity centers, which in tu
can be manifested in the damping of the EM waves a
luminescence. The equation describing an EM wave i
superlattice is the well-known sine-Gordon~SG! equation.
The simplest particular solutions of the SG equation are s
tons and breathers. The ionization of impurities in a sup
lattice by solitons and breathers has been investigated t
retically in Refs. 9–11. The most general solution of the
equation can be expressed in terms of the Jacobi elli
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investigate the ionization of impurity centers by nonline
EM waves expressed in terms of the Jacobi elliptic functio
The problem is solved in the quasiclassical approximati
when multiphoton processes are important, with an arbitr
ratio of V ~the depth of the impurity energy level! andD ~the
half-width of the conduction miniband!. Results in agree-
ment with those for solitary waves and sinusoidal~linear!
EM waves are obtained in limiting cases. The effect of
uniform rf electric field on the processes leading to the io
ization of impurities by solitary waves is also investigated

2. Let the electronic energy spectrum be described by
expression

ep5
py

21pz
2

2m
1D@12cos~pxd!#, \51, ~1!

whered is the period of the superlattice. Then, according
Ref. 12, the propagation of an EM wave in the collisionle
regime is described by the unperturbed SG equation, wh
most general solution can be expressed in terms of the Ja
elliptical functions: cn(x), sn(x), and dn(x).

For fast waves@b5(U/c).1, whereU is the propaga-
tion velocity of the electromagnetic wave, andc is the ve-
locity in the absence of electrons# the solutions are

w~z,t !52 sin21H ¸snF2Kv0

p S t2
z

U D ,¸G J ,

0,¸<1, ~2!

w~z,t !52 sin21H snF2K¸v0

p S t2
z

U D ,¸21G J ,

¸.1. ~3!

For slow waves (b,1) we have

w~z,t !52 sin21H dnF2Kv0

p S t2
z

U D ,¸G J ,

0,¸<1, ~4!
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w~z,t !52 sin21 cn
2K¸v0

t2
z

,¸21 ,

,
s

th
c

rg
rit

in

p
io
to

th

e,

e~ t !5e@p ~ t !#52D¸2sn2
2Kv0

t,¸ . ~13!

.

ial

n

ng
H F p S U D G J
¸.1, ~5!

where

w5edE
2`

t

Ex~ t !dt, v05
pvpl

2K~¸!

b

u12b2u1/2
,

¸5
edE0

2vpl

u12b2u1/2

b
,

K5K(¸) is the complete elliptic integral of the first kind
vpl is the generalized plasma frequency of the electron
the miniband,12 andE0 is the amplitude of the electric field
of the EM wave. The collisionless regime presupposes
n!vpl (n is the frequency of collisions between the ele
trons and the irregularities of the crystal lattice!.

We assume that the wavelength of the EM wave is la
compared to the period of the superlattice and the impu
localization radius. We can then ignore spatial dispersion
the expression for the field of the nonlinear wave, sett
z50 in Eqs.~2!–~5!.

In the case of deep impurity (V@\v0) the ionization
process consists of tunneling of an electron through the
tential barrier and is of a quasiclassical character. The
ization probability in this approximation can be written,
exponential accuracy, as

W5exp@22Im~S!#, ~6!

where

S5E
0

t0
@e~ t !1V#dt, ~7!

S is the classical action acquired by the particle during
subbarrier motion, and the momentt0 at which tunneling
starts is determined by the condition

e~ t0!52V. ~8!

To find the functione(t) it is sufficient to study the
one-dimensional classical equation of motion10

dpx

dt
5eEx~ t ! ~9!

with the initial condition

px~0!50. ~10!

We shall now find the ionization probability for a wav
which is described by the expression~6!. The electric field
intensity for it is

Ex~ t !5E0cnS 2Kv0

p
t,¸ D . ~11!

We find from Eq.~9!

px5
2

d
sin21H ¸snF2Kv0

p
t,¸G J , ~12!

and therefore
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Solving simultaneously Eqs.~8! and~13! using the equa-

tions from Ref. 13, we obtain the timet0

t05
ip

2Kv0
FF tan21S 1

¸
A V

2D D ,¸8G , ~14!

where F(w,¸) is an elliptic integral of the first kind, and
¸85A12¸2. We note thatt0 is a purely imaginary quantity

Integrating Eq.~7!, we obtain the following expression
for the action:

S5
ipV

2Kv0
H FF tan21S 1

¸
A V

2D D ,¸8G
1

2D

V
EF tan21S 1

¸
A V

2D D ,¸8G
2A2D

V
A V12D

V12D¸2J , ~15!

whereE(w,¸) is an elliptic integral of the second kind.
The ionization probability can be written to exponent

accuracy in the form

W5exp@2u f ~g!#, ~16!

where

u5
pV

2Kv0
, g5A V

2D
,

f ~g!5FF tan21
g

¸
,¸8G1g22EF tan21

g

¸
,¸8G

2g21A g211

g21¸2
.

For ¸51 Eq. ~15! passes into the formula for the actio
in the case of ionization of an impurity by a soliton.10

For fast waves witḩ .1, after similar transformations
we obtaint0

t05
ip

2¸Kv0
FF tan21A V

2D
,
A¸221

¸ G , ~17!

and the actionS

S5
ipV

2¸Kv0
H FF tan21A V

2D
,
A¸221

¸ G
1¸2

2D

V
EF tan21A V

2D
,
A¸221

¸ G
2¸A2D

V
AV12D¸2

V12D J . ~18!

We can see that foŗ51 the expression~17! passes into
the expression~14! and the expression~18! passes into the
expression~15!.

Curves of the imaginary part Im(S) of the action versus
the ratioV/D are presented in Fig. 1 for waves propagati
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with the same velocity but different amplitudes and cor
spondingly different ‘‘nonlinearity coefficients’’̧ . We see
that for the same value ofV/D the action decreases wit
increasinģ ; i.e., the ionization probability increases. In a
dition, since for¸!1 a wave of the type~11! passes into a
linear wave, one can see that the probability of ionization
an impurity by a nonlinear wave is higher than the proba
ity for a transition to occur under the action of a linear p
turbation.

The use of this quasiclassical method to calculate
ionization probability for impurity centers is limited by th
condition imposed on the argument of the exponential in
~16!, u f !1, which holds if the inequalityV.\vpl is satis-
fied.

For slow waves, described by the expressions~4! and
~5!, we obtain in a similar manner the expressions for
action ~15! and ~18!, respectively.

Let us now make a numerical estimate of the absorp
coefficient a for an electromagnetic wave. The absorpti
coefficient can be written as the ratio of the energy absor
per 1 cm3 of matter per 1 s

NWV/t0

@N is the density of impurity atoms,t05Im(t0)] to the inci-
dent energy flux density

c

«

E0
2

4p

(« is the dielectric constant of the superlattice!. Thus, we
have

a5
4p«NV

ct0E0
2

exp@22Im~S!#. ~19!

For N51015 cm23 ~Ref. 4!, «53, V50.1 eV ~Ref. 4!.
D50.025 eV,v051013 s21, ¸50.5, andE520 cgs units
(63103 V/cm!, we obtain for the absorption coefficien
a'33103 cm21 in order of magnitude, which is accessib
to measurement.

FIG. 1. Imaginary part of the action versus ratioV/D with V50.1 eV and
v051013 s21 for different values of̧ : 1—0.6, 2—0.9, 3—1.2, 4—1.5.
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sharply increases the probability of quasiclassical tunne
processes. We shall examine in greater detail the effect o
uniform rf field on the ionization of an impurity by a solitar
wave~soliton!, which is a particular case of a nonlinear wa
corresponding to̧ 51. The importance of this problem i
determined, among other things, by the fact that the effec
a rf field on a semiconductor superlattice is, as shown
Refs. 15 and 16, to stabilize the shape of solitons, wh
decay very rapidly in the absence of variable perturbat
due to the electron collision.

In the case of a sufficiently low intensityE1 of the al-
ternating field, the value of Im(S) can be found analytically
using the procedure from Ref. 14. According to this proc
dure, the action can be written as

S5S01S1 , ~20!

whereS0 is the action in the case of ionization of an impuri
by a soliton,10

S05
4iD

eE0dF S V

2D
11D tan21A V

2D
2A V

2DG , ~21!

andS1 has the form

S1522eE1E
0

t0
x~ t ! cos~vt !dt, ~22!

where t05( iL /U)tan21AV/2D, and x(t) is a trajectory in
the absence of a rf field. From Eq.~9! we find the momentum

px5
2

d
tan21FsinhS Ut

L D G ,
acquired by an electron under the action of the soliton fie
and the velocity component of the electron along thex axis
has the form

vx52Ddsech2S Ut

L D sinhS Ut

L D .

We thus find the unperturbed trajectory

x~ t !5
2DdL

U S sech
Ut0

L
2sech

Ut

L D . ~23!

Substituting the expression~23! into Eq. ~22! ,we obtain
for S1

S152
4ieE1DdL

Uv
A11

V

2D
sinhS vL

U
tan21FA V

2DG D
1

4ieE1DdL2

U2 E
0

c cosh~vLt8U21!

cos~ t8!
dt8, ~24!

wherec5tan21AV/2D.
Let us now examine the limiting cases. For a shallo

impurity (V!2D) it follows from Eq. ~24! that

S152
2ieE1dVL

Uv
sinhS vL

U
A V

2D D . ~25!

In the case of a deep impurity (V@2D) andU/L@v the
integration in Eq.~24! gives the expression
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4ieE1DdLA V

sinh
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tan21 A V
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agrees with the conclusion reached in Ref. 14 that even a
of
.

.

g,

ro-
1 Uv 2D S U F 2DG D
1

4ieE1DdL2

U2
lnS p

2
1

1

2
tan21FA V

2DG D . ~26!

It follows from the expressions~25! and ~26! that the
effect of the rf field leads to an exponential increase in
ionization probability. By increasing the electron density a
hence the plasma frequencyvpl , which determines the pa
rameters of the soliton, this increase in turn can underm
the stabilization of the shape of the soliton by the exter
alternating field. The latter circumstance must be taken
account in attempts to stabilize soliton motion by applying
uniform rf field to a doped superlattice.

Let us now estimate the transit time of a soliton, w
allowance for the rf perturbation, determined by t
formula10

t* 5
E0

2L

4pNUVW
~27!

For the soliton amplitude E0519 cgs units
(5.73103 V/cm! and the superlattice parameters presen
above, the transit time reaches, in order of magnitu
t* '10210 s. Over this time a soliton traverses a distance
1 cm. Changing the amplitude of the rf field from 2 to 4 c
units, with the frequency of the external fieldv51013 s21,
decreases the transit time by an order of magnitude. T
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weak rf field can increase exponentially the probability
overcoming potential barriers in a quasiclassical situation
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Harmonics generation in quantum-size structures in a strong electromagnetic field

ap-
V. V. Kapaeva) and A. E. Tyurin

P. M. Lebedev Physical Institute, Russian Academy of Sciences, 117924 Moscow, Russia
~Submitted May 25, 1997; accepted for publication September 9, 1997!
Fiz. Tekh. Poluprovodn.32, 338–344~March 1998!

Harmonics generation in a system of tunneling-coupled quantum wells is investigated by solving
numerically the nonstationary Schro¨dinger equation, without using perturbation theory, in
an external electromagnetic field. The time-dependence of the dipole moment is calculated and a
method is proposed for calculating the radiation intensity at a fixed frequency. For systems
containing three equidistant energy levels, it is shown that the effect of the field on the energy
spectrum becomes substantial at intensities of several hundreds V/cm; the system falls out
of resonance. The field-dependence of the second harmonic amplitude becomes nonquadratic, in
contrast to the dependence predicted by perturbation theory, and the system passes into a
stable level. In the quasienergy-crossing regime, it is shown that even-harmonics generation is
possible in a symmetric system in a strong field. The amplitude of the harmonics is
largely determined by the initial state of the system. It is possible to have a situation where the
amplitude of the generated harmonic can even be greater than in structures with a resonance
configuration of energy levels~three equidistant levels for the second harmonic!. © 1998
American Institute of Physics.@S1063-7826~98!02503-4#

1. INTRODUCTION the splitting between the levels occurs as resonance is
a
on
.
id

ra
r
b

ro

ica

n

he
in

s
th

m

o
n
a
ns
th

i
tie
ole

ic
r
l t

t the
re-
of
ree
he
on
for
In
of

ory.
d to
e
-
ra-
m
In
the

the
for

re-
ls

me
ra-
in-
le-

ergy

the
tem
he
that
ible
m-
era-
res,

30
In the last few years substantial progress has been m
in the theoretical and experimental investigation of the n
linear optical properties of quantum-size structures1–3

Quantum-size structures make it possible to study a w
spectrum of quantum effects without turning to natu
atomic and ionic systems.4 This could serve as a basis fo
producing new optoelectronic devices, and it can also
used for developing and implementing new information p
cessing and transmission methods.

As a rule, perturbation theory is used to describe opt
nonlinearities in quantum-size heterostructures.1,3,5 The cri-
terion for applicability of perturbation theory is that in a
expansion in terms of a small parameter~amplitude of the
external perturbation! each subsequent correction to t
wave function must be small compared with the preced
correction:uak

n11u!uak
nu. The field amplitude obtained from

this condition can range from;10 up;103 V/cm, depend-
ing on the parameters of the system. Optical nonlinearitie
quantum-size structures are intensified compared with
bulk material. This was first predicted in Ref. 6 for an asy
metric structure based on GaAs/AlxGa12xAs. This is due to,
first and foremost, the fact that the region of localization
the wave functions in quantum-size structures is tens of
nometers in size instead of several picometers in atomic
ionic systems. The matrix elements of intersubband tra
tions are of the same order of magnitude as the width of
structure.

For clarity and simplicity, second harmonic generation
studied most often. In this case the nonlinear permeabili
in the perturbation theory are cubic functions of the dip
matrix elements, so that there is no effect if the system
invariant under inversion.5 The maximum second harmon
generation obtains in a system with three equidistant ene
levels, where absorption of two photons with energy equa
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proached and the radiation is subsequently re-emitted a
doubled frequency — the so-called ‘‘double resonance’’
gime. As shown in Ref. 1, in this regime the magnitude
the second-order nonlinear permeability is more than th
orders of magnitude greater than that in a bulk material. T
intensities of the radiation sources used in experiments
quantum-size structures are such that the formal criterion
applicability of perturbation theory may not be satisfied.
this connection it is of interest to calculate the intensities
the generated harmonics without using perturbation the
In the literature a number of schemes have been propose
solve the nonstationary Schro¨dinger equation in the presenc
of an external periodic field.4,7,8 In Refs. 9 and 10 an analyti
cal method is proposed for investigating harmonics gene
tion, including at low frequencies, for a two-level syste
with no restrictions on the amplitude of the perturbation.
the present paper we shall employ the temporal analog of
Kronig–Penney model, proposed in Ref. 7, to calculate
electronic wave functions. The advantage of this method
calculating the radiation intensity at one or another f
quency without limit on the number of quasienergy leve
will be indicated in Sec. 2. We shall compare in the sa
section the intensities of the second harmonic of dipole
diation that could be achieved in a strong field with the
tensity that is observed in the above-mentioned doub
resonance regime in a system with three equidistant en
levels.

In Sec. 3 a calculation and quantitative analysis of
radiation harmonics generated in a strong field in a sys
consisting of two tunneling-coupled quantum wells in t
quasienergy-crossing regime are performed. It is shown
generation of one or another radiation frequency is poss
in a strong field, depending on the initial state and para
eters of the structure. It is noted that even-harmonics gen
tion can be observed in the case of symmetric structu

306306-06$15.00 © 1998 American Institute of Physics
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that an optical rectification regime can be realized in a str
field for a special choice of the relative position of seve
quasienergy levels and the initial state of the system.

2. SECOND HARMONIC GENERATION

Let us consider a heterostructure consisting of two qu
tum wells separated by a tunneling-transparent barrier
subjected to an external periodic perturbation. We shall m
a direct calculation of the total radiation intensity and fr
quencyv using the spectral decomposition11,12

dEv5
4

3c3Ud2Pv~ t !

dt2 U2 dv

2p
. ~1!

We shall calculate the time-dependence of the dip
moment of the structure on the basis of the temporal ana
of the Kronig–Penney method.7 This method is based on th
assumption that a periodic sequence of rectangular pu
acts on the system

U~ t !5H U1 , nT,t,nT1t1 ,

U2 , nT1t1 ,t,~n11!T,
~2!

where n is an integer andT5t11t2 is the period of the
external perturbation. This model has the advantage tha
computational methods are simpler than in the case whe
potential of the formU(t)5U0sin(vt) is used, and the basi
results obtained are similar. If the quasienergy spectrum
known,10 then it is possible to perform a qualitative analys
of the behavior of the system at any moment in time. In
case when two size-quantization levels play the main r
this method makes it possible to perform the analysis a
lytically. The wave function of the system in an external fie
can be represented in the form

C~x,t !5 (
m51

`

gm exp~2 i emt/\!Fm~x,t !, ~3!

where«m is the quasienergy,Fm(x,t) is the corresponding
Floquet function and is periodic in timeFm(x,t)5Fm

(x,t1T), andgm are the expansion coefficients of the initi
state of the systemC(x,0) in the basisFm(x,0). Substituting
the expansion~3! into the expression for the dipole mome
P(t)5e*C* (x,t)xC(x,t)dx and expandingFm(x,t) in a
Fourier series, we obtain

P~ t !5e (
m,n`

gm* gn exp@2 i ~en2em!t/\#

3 (
k51

`

ak
mn exp~2 ivkt!, ~4!

where

ak
mn52/TE

2T/2

2T/2

dt E exp~ ivkt!Fm* ~x,t !xFn~x,t !dx.

As one can see from Eq.~4!, in the case when only two
quasienergy levels play the main role and«15«2, the behav-
ior of the dipole moment in time becomes periodic, while t
amplitude of thek-th harmonic is simply determined by th
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quasienergy levels play a role in the expansion~3!, the Fou-
rier integral expansion ofP(t) on a finite time intervalT0

can be used to calculate the amplitudes of the harmonic
In the general case the wave functions of the si

quantization levels in the well may not form a complete o
thonormal system. Then the wave functions of the conti
ous spectrum must be taken into account. We shall emp
the model of a quasicontinuous spectrum produced by i
nite potential barriers at a definite distance from the edge
the structure. This distance is chosen so as to obtain con
gent results.

When the number of quasienergy levels is large, di
culties arise in choosing an appropriate time intervalT0 on
account of the fact that the quasienergies are incomme
rate. To circumvent this difficulty we shall use as the r
sponse of the structure at a given frequencynv0 a convolu-
tion of the spectral density from Eq.~1! with the function

s~v!51/A2pDv0
2 exp@2~v2nv0!2/2Dv0

2#, ~5!

whereDv0 is the spectral width of the line of the detectin
device,n is the harmonic order of the radiation, andv0 is the
frequency of the external perturbation. It is reasonable
choose the spectral width of the detector line to be of
order of the ‘‘natural widths’’G of the energy levels. The
total intensity of the radiation at frequencynv0 is obtained
by substituting the second time derivative of the dipole m
mentP(t) in Eq. ~1!, premultiplying the expression obtaine
by the expression~5!, and integrating over the entire fre
quency range. The result for the intensity is

I 5 (
m,n,k

`

uvn,m,k
2 gm* gnak

n,mu2s* ~vn,m,k!, ~6!

where

s* ~vn,m,k!5s~cn,m,k!Y (
m8,n8,k8

`

s~vn8,m8,k8!,

vn,m,k5~1/\!~en2em!1vk.

We shall employ one or another computational meth
depending on the conditions of the problem. To decrease
number of parameters in the numerical calculation we int
duce the dimensionless coordinate and time:x* 5x/l, where
l5(2p\2/m* DEc)

2 and t* 5t/t0 ,where t052p\/DEc .
For GaAs/AlxGa12xAs-based structurest0.0.041 ps forx
50.1 and l.15 nm and t0.0.016 ps for x50.3 and
l.9 nm.

We shall examine first a two-well structure with thre
equidistant energy levels:a150.4l, a250.88l, and
b50.2l, wherea1 is the width of the left-hand well,a2 is
the width of the right-hand well, andb is the width of the
barrier. For such a structureE22E15E32E25DE, and the
period of the perturbation, corresponding to\v5DE, equals
T53.75t0. The expression for the second-order nonline
permeability, obtained in perturbation theory taking acco
of relaxation processes, has the form1
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~2!5

e3Z12Z23Z31

\2~v122v2 iG21!~2w2322w2 iG32!
, ~7!

where e is the electron charge,Z12, Z23, and Z31 are the
dipole transition matrix elements, andG i j 5\/Ti j is the re-
laxation time. Ordinarily, it is assumed13 that G215G32

5\/Toffdiag, whereToffdiag;10212 s.
It is difficult to make a direct quantitative comparison

our results with Eq.~7!, since we neglect relaxation pro
cesses. This situation corresponds toG i j 50 in Eq. ~7!. Then
the expression~7! will be valid for any detuning of the fre-
quencyv from resonance. In the region where perturbat
theory and Eq.~7! are applicable, the quadratic dependen
of the dipole momentP2v on the amplitude of the field
should remain. Our calculation is valid for anyv2v12. For
a small perturbation amplitude our computational res
should agree with Eq.~7!. Just as in the case of Eq.~7!, for a
small detuningv2v12 from resonance the amplitude of th
second harmonic is large, and even for low amplitudesP(E)
differs substantially from a quadratic law. When compari
with the results of perturbation theory, it is reasonable
chooseDv0 to be of the order of magnitude ofG i j /\, where
G i j is the width of the energy levels and is proportional to t
reciprocal 1/Toffdiag of the relaxation time. Thus, our calcula
tions make it possible to refine the criterion for applicabil
of perturbation theory for calculating the amplitude of t
second harmonic.

To take account of the quasicontinuous spectrum
shall employ a convolution of the spectral density with t
transfer function~5!. Figure 1 shows the dependence of t
intensity of the second harmonic on the amplitude of
external perturbation~solid line!. We took for the initial state
C(x,0)5u1&0 in the absence of an external perturbation. E
timating the limits of applicability according to the formula
of perturbation theory we obtain the field;103 V/cm

FIG. 1. Second harmonic intensityI versus the amplitude of the field for
double-well structure with three equidistant levels. Solid line — calculat
with Eq. ~6! ~see text!; dot-dashed line — perturbation theory calculatio
Inset: Second harmonic intensity as a function of the amplitude of the
for a structure with three equidistant levels (a150.4l, a250.8821l,
b50.2l) ~1! and for a structure with the parametersa150.4l, a250.8l,
andb50.6l ~2!. The period of the perturbation isT53.74t0.
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the second-harmonic intensity calculated in perturbat
theory. Above some value of the field the second-harmo
dependence~solid line! deviates from the dot-dashed curv
The value of the field at which this dependence no lon
reflects the quadratic dependence of the dipole momen
the structure on the field intensity is;73102 V/cm. As the
field amplitude increases further, the second-harmonic in
sity reaches a stable level. The formula~6! agrees well with
the experimental results presented in Ref. 1. The experim
was performed in a field;103 V/cm, which corresponds to
the theoretical limit of applicability of perturbation theory
The system falls out of resonance~and the dependence dev
ates from a quadratic dependence! because the distance be
tween the quasienergy levels depends on the amplitude o
field and because the matrix elementsak

n,m change as a resul
of the field-dependence of the Floquet functions.

Thus, a three-level system falls out of resonance a
finite amplitude of the external perturbation. This sugge
choosing the parameters of the system so that resonance
be achieved at a fixed amplitude of the perturbation.

Such a situation can be realized in a structure with
parametersa150.4l, a250.8l, and b50.6l at the same
frequency of the perturbation.

The inset in Fig. 1 shows the second-harmonic intens
for a system with three equidistant levels~curve 1! and for
the structurea150.4l, a250.8l, and b50.6l ~curve 2!.
Curve1 is a continuation of the solid line in Fig. 1 into th
region of high fields. As expected, for small perturbations
intensity of the radiation of the system with three equidist
levels is much higher than that of the second harmonic g
erated by a structure which is ‘‘nonresonant’’ in this regio
However, as the amplitude of the field increases, there
pears a region of amplitudes where the intensity of the s
ond harmonic of this structure is higher than the intensity
the system of three equidistant levels.

Thus, there exists a two-well structure in which the se
ond harmonic generation is intensified in a strong field ev
compared with the resonance regime in a system with th
equidistant levels. A similar calculation can be used for no
linear effects of a higher order, for which a similar kind
amplification can also be expected.

It should be noted that the use of square pulses instea
a sinusoidal perturbation can affect the final result, sin
higher-order harmonics are present in the perturbation its
However, for a pulse period-to-pulse duration ratio of 1 f
electromagnetic radiation, the second Fourier componen
the initial signal equals zero. To obtain additional confirm
tion of the validity of this model we performed calculation
with a sinusoidal perturbation, for which the qualitative d
pendence of the second-harmonic amplitude on the fiel
similar.

3. HARMONICS GENERATION IN A DOUBLE-WELL SYSTEM

Let us analyze in greater detail harmonics generation
structures containing two spatial-quantization levels. In t
case, as a rule, only the first two terms play the main role
the expansion~3!. This is the clearest situation, and the sam

ld
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FIG. 2. Dipole momentP versus timet for a symmetric structure with parametersa150.4l, a250.4l, andb50.4l with T546t0 and eU050.05DEc .
Initial state: a —C(x,0)5u1&0, b — C(x,0)5(u1&01u2&0)/A2. Insets: Fourier coefficients in the expansion of the corresponding dipole moments.
general approach can be used when studying a large number
t i
im
m
ud
t

e

ri
n

n

to
th

re
io

en
of
r-

e

pe

th
d

harmonics are present in the radiation in one case and only
the

n a
tric

-
-
d in
the
rnal
first
ven
are
the

ral-
st
ics
ar
ts,
sult
ar-

es
c-
of

he

tric

uals
n

of Floquet modes. The analysis simplifies substantially if i
assumed that the system is in a quasienergy-crossing reg
since the behavior of the dipole moment as a function of ti
becomes periodic, as mentioned earlier, while the amplit
of the generated harmonic is determined by the coefficien
the corresponding exponential in Eq.~4!.

Let us examine as an example a symmetric double-w
structure with well widtha15a250.4l and barrier widthb
50.4l. For a symmetric structure under a symmetric pe
odic perturbation the condition for crossing of two quasie
ergy levels can be found analytically:7

D15D252m\v, ~8!

D15E2
~1!2E1

~1! , D25E2
~2!2E1

~2! ,

wherev52p/T is the frequency of the external perturbatio
andEi

( j ) is the corresponding value of the energy level (i ) in
the first and second half-periods of the perturbation (j ).
Thus, the crossing of energy levels can be associated
2m-quantum process, in which over each half-period of
perturbation the system undergoes an identical numberm of
complete oscillations, i.e., generation of a harmonic with f
quency 2mv can be expected. Since the Fourier expans
P(v) is determined by the coefficientsgi , the result will
depend on the initial conditions.

So as not to limit the analysis to second harmonic g
eration only, let us consider the case of the generation
harmonic with frequency 4v. The parameters of the pertu
bation T546t0 and l 050.05DEc correspond to a four-
quantum process. Figure 2a shows the time-dependenc
the dipole moment withC(x,0)5u1&0 as the initial state in
the absence of the external perturbation. The same de
dence but with the initial stateC(x,0)5(u1&01u2&0)/A2 is
shown in Fig. 2b. The insets in Figs. 2a and b show
expansion of the dipole moment in a Fourier series. Only o
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even harmonics are present in the other; in addition,
fourth harmonic will be strongest.

To explain the presence of even or odd harmonics i
symmetric structure we note that the problem is symme
under the transformationC5Tsz , whereT is the shift in
time by a half-period of the external perturbation andsz is
the spatial parity operator,14 i.e., the problem exhibits so
called generalized parity.15 The Floquet functions are or
thogonal to one another. In our case they were constructe
a manner so that the first Floquet function corresponds to
ground state of the system in the absence of an exte
perturbation, and the second function corresponds to the
excited state. The wave function of the ground state is e
and that of the first excited state is odd. Both functions
antisymmetric under a displacement by a half-period, and
temporal oscillations ofF1(x,t) and F2(x,t) are in an-
tiphase. Thus, we have two states with a different gene
ized parity. Hence it follows that when the ground or fir
excited state is taken as the initial state, only odd harmon
of the radiation are present. If the initial state is a line
combination of two of these states with equal coefficien
one Floquet function is subtracted from the other, as a re
of which all odd harmonics vanish and only an even h
monic, determined by the quantum numberm in Eq., ~8!,
appears. A linear combination of the Floquet functions giv
a wave function which is delocalized over the entire stru
ture. This is reflected in a large increase of the amplitude
the even harmonics relative to the odd harmonics.

Let us now consider an asymmetric structure with t
parametersa150.5l, a250.4l, andb50.6l. The condition
of crossing of the quasienergy levels for an asymme
structure is satisfied when the ratioD1 /D2 of the energies of
the stationary states in the first and second half-wave eq
the ratiol /m of integers.7 Then the period of the perturbatio
should equalT54p\ l /D1. As an example let us takeeU0
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pole

FIG. 3. Dipole momentP versus timet for an asymmetric structure with parametersa150.5l, a250.4l, and b50.6l with T540.6t0 and eU0

50.075DEc . Initial state: a —C(x,0)5u1&0, b — C(x,0)5(u1&01u2&0)/A2. Insets: Fourier coefficients in the expansion of the corresponding di
moments.
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will be D2 /D153. Just as in the case of a symmetric stru
ture, we shall perform the calculation for different initi
conditions C(x,0)5u1&0 and C(x,0)5(u1&01u2&0)/A2.
The computational results are presented in Fig. 3. As we
see from Fig. 3a, forC(x,0)5u1&0 the system completes on
oscillation during the first half-period and three over the s
ond half-period; this corresponds to quantum numbersl 51
and m53, respectively. The inset in Fig. 3a shows the e
pansion of the dipole moment in a Fourier series, in wh
the first, second, and third harmonics of the oscillations
present. For the initial stateC(x,0)5(u1&01u2&0)/A2 the
amplitudes of the Fourier coefficients are much larger a
the even harmonics are more intense~Fig. 3b!. This is ex-
plained by the fact that, as already mentioned above,
wave function is delocalized over the structure when the
tial state is a linear combination of stationary states. T
increases the dipole moment and results in a large partic
tion of even harmonics.

Thus, symmetric systems in a strong field are a go
object for producing even harmonics of radiation with a qu
large amplitude, ‘‘distinguished’’ against the background
all other frequencies. The structure becomes asymmetric
ing each half-period of the perturbation. This results in a l
of the spatial center of inversion. In the case when the fi
does not strongly affect the energy level of a symme
structure, the product of the transition dipole matrix eleme
in Eq. ~7! vanishes, so that generation of a second~even!
harmonic is impossible. The frequency spectrum in the c
of asymmetric structures is richer than that of symme
structures, which makes it possible to use asymmetric st
tures for generating a wider spectrum of harmonics. The
quired frequency distribution with distinguished harmon
corresponding to quantum numbersl andm can be obtained
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ent values of the ratioD2 /D1.
We have examined a regime with behavior of the wa

functions is periodic, which obtains under conditions wh
the first two quasienergy levels cross. The analysis p
formed above shows that in this case integer harmonics
distinguished in the spectrum. Although in practice the
quired initial state is quite difficult to obtain, the case wh
for a specially chosen relative arrangement of seve
quasienergy levels and a definite choice of an initial state
possible to obtain a regime with generation of low freque
cies ~optical rectification regime! is also of interest. The dy-
namics of the wave functions is determined by the relat
arrangement of the quasienergy levels, so that by control
the splitting between them it is also possible to achieve g
eration of frequencies which are lower by an integer num
of times than the frequency of the external perturbation
structure in which for an amplitude of the external perturb
tion eU050.05DEc only the first three terms make the ma
contribution to the expansion~3! was chosen for the calcu
lation: a150.7l, a250.5l, andb50.3l. In this case, since
the number of quasienergy levels is small, it is convenien
use a Fourier integral expansion of the dipole moment. T
regime which we require should be realized when two of
three quasienergy levels considered converged toward
another substantially. The first such convergence occurs f
period of the perturbationT52.06t0. A special choice of the
initial state gives a large value of the coefficient of the e
ponential with a low oscillation frequency and a small val
of the coefficient of terms with frequencieskv, wherek is an
integer. Such a situation obtains if the first excited st
C(x,0)5u2&0 in the absence of an external field is taken
the initial state. The computational results are displayed
Fig. 4. An electron initially localized in the right-hand we
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undergoes a continuous relocation from one well into
other with very small oscillations at integer-valued freque
cies. The period of continuous relocation is determined
the relative arrangement of the quasienergy levels. The
tance between the quasienergies equals 0.21DEc , which cor-
responds toT596.82t0 .

4. CONCLUSIONS

In the present paper the generation of harmonics of
pole radiation by a strong external electromagnetic field
the case of two tunnelling-coupled quantum wells was st
ied by solving the nonstationary Schro¨dinger equation nu-
merically. The total intensity of the radiation was calculat
by means of the temporal analog of the Kronig–Penn
model for the example of second harmonic generation.
magnitude of the second harmonic generation effect in a

FIG. 4. Dipole moment versus time for an asymmetric structure with
rameters a150.7l, a250.5l, and b50.3l with T52.06t0 and
eU050.05DEc . Initial state:C(x,0)5u2&0. Inset: Spectral density of the
dipole moment.
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compared to the ‘‘double resonance’’ effect in a system
three equidistant levels, where the maximum radiation
tains at frequency 2v with small perturbations. It was note
that second harmonic generation in a strong field can
much stronger than in the case of a resonance radiation
gime.

Harmonics generated in a two-level system in a stro
field in a quasienergy level crossing regime was analyzed
was established that the generation of the required harm
of dipole radiation can be achieved in a controllable man
by using a controllable evolution of the electronic states
quantum-size structures. It was shown that symmetric st
tures in a strong field can serve as a good object for gen
tion of even harmonics of radiation, which is in princip
impossible with weak perturbations. It was noted that an
tical rectification regime can be obtained with a special re
tive arrangement of three quasienergy levels and a defi
choice of the initial state.
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AMORPHOUS, GLASSY, AND POROUS SEMICONDUCTORS

of
Effect of the charge state of defects on the light-induced kinetics of the
photoconductivity of amorphous hydrated silicon

O. A. Golikova

A. F. Ioffe Physicotechnical Institute, Russian Academy of Sciences, 194021 St. Petersburg, Russia
~Submitted May 29, 1997; accepted for publication June 7, 1997!
Fiz. Tekh. Poluprovodn.32, 345–348~March 1998!

The photoconductivity and defect density in films of nondopeda-Si:H soaked with light
~W5114 mW/cm2, l,0.9 mm! for 5 h were investigated. It is shown thatsph;t2g andND;tb,
whereg.b or g.b, depending on the position of the Fermi level prior to light soaking,
i.e., depending on the charge state of the defects:D2 andD0 or D1 andD0. It is also shown that
the light-induced kinetics ofsph is affected by a transition of the defects into theD0 state
because of a corresponding shift of the Fermi level during light soaking. ©1998 American
Institute of Physics.@S1063-7826~98!01103-X#
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The stability of the photoelectric parameters of am
phous hydrated silicona-Si:H subjected to an external pe
turbation ~light, electric field, and others! remains a key
problem concerning device applications of this material. T
Staebler–Wronski effect~SWE!, discovered 20 years ago
consists of a drop in both the dark photoconductivitysd and
the photoconductivitysph of a-Si:H under exposure to in
tense illumination, i.e., degradation ofsph accompanying a
shift of the Fermi level«F toward the center of the mobility
gap occurs. Later it was established that the density
defects—broken Si–Si bonds (ND)—increases under illumi-
nation. Since the ESR method was used, it was conclu
that the light-induced defects are in theD0 state and the
degration ofsph is due to an increase inND .

Despite the very large number of studies on the SW
the nature of this effect remains unclear. The literature c
tains ambiguous and sometimes even contradictory dat
the role of different structural characteristics for the SW
Even the role of hydrogen is still being debated.

It has recently been pointed out again that under illum
nation sph decreases at a much higher rate thanND in-
creases; i.e., the light-induced kinetics ofsph is different
from that of ND .1 Therefore, it is natural to assume tha
aside from an increase inND , other changes influencingsph

occur in the structure of ana-Si:H film. Indeed, some light-
induced changes in the structure ofa-Si:H have been ob-
served, but their influence onsph remains unknown. For ex
ample, in Ref. 2 it was established that the SWE
accompanied by a decrease in the entropy ofa-Si:H; it is
assumed that short-range ordering of the structure occ
Moreover, in Ref. 3 it was concluded on the basis of NM
data that the SWE is accompanied by changes in the s
ture of the film at the level of midrange ordering; it is a
sumed that this occurs as a result of a change in the ch
state of defects. In Ref. 5 the characteristic features of
light-induced kinetics ofsph of nondopeda-Si:H films with
different microstructure, determined by the deposition te
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a model of light-induced charge transfer on defects.
In the present study we investigated the light-induc

kinetics ofsph andND of a-Si:H films, which were depos-
ited at Ts5300 °C and described in detail in Ref. 6. Th
position of the Fermi level of nondopeda-Si:H was varied in
the limits«c2«F50.4520.85 eV~«c is the conduction band
edge!. The charge state of the defects was varied correspo
ingly: in the direction fromD2 to D0 and then toD1.7 The
objective of the present work is to determine the effect of
charge state of the defects on the light-induced kinetics
sph of a-Si:H.

2. EXPERIMENT

The films were soaked at room temperature for 5 h by
light from a source withW5114 mV/cm2 and l,0.9 mm.
The conductivitysph measured as a function of the ligh
soaking time was approximated by a power-law functi
sph;t2g, whereg characterizes the degradation rate.8 The
photoconductivity was measured at room temperature.
charge carrier generation rate wasG51019 cm23

•s21 and the
photon energy washn52 eV. The defect density was als
approximated by a power-law function:ND;tb. The defect
density ND was measured by the constant-photocurr
method, which in contrast to ESR yields information abo
the density of defects, irrespective of their charge state.
dark conductivity was measured in order to determine
light-induced shift of the Fermi level:«c2«F5kT ln s0 /sd ,
whereT5300 K ands05150 V21

•cm21.

3. EXPERIMENTAL RESULTS AND DISCUSSION

Figure 1 shows curves ofND /ND(0) versus the light-
soaking time for a series of experimentala-Si:H films @here
ND(0) is the presoaking defect density#. The parameterb,
characterizing the rate of growth ofND , was determined as a
function of the position of the Fermi level«c2«F ~Fig. 2! on
the basis of these data. We see that as«c2«F increases,b at
first increases and then decreases somewhat. The maxi

312312-04$15.00 © 1998 American Institute of Physics
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value of b is attained for ‘‘intrinsic’’ a-Si:H
(«c2«F50.70 eV), which prior to soaking has the min
mum defect density.6 It should be noted that on this segme
of the soaking timeb does not exceed 0.1, i.e.,ND grows
very slowly. One would expect that the rate of growth ofND

should increase with a further large increase in the soak
time, as in, for example, Ref. 9. However, in most cas
ND(t) can no longer be approximated by a simple power-l
function @ND(t) is represented in the form of a so-calle
‘‘extended’’ exponential#. The is also true forsph(t). We
will therefore confine our attention to a comparatively sh
light-soaking time, for which the rates of change ofsph and
ND ~the quantitiesg andb! can be conveniently compared

Figure 3 showssph/sph~0! versus the light-soaking time
for a series of experimental films@sph(0) is the presoaking
photoconductivity#. Figure 4 showsg as a function of
«c2«F . We see that two regions can be distinguished in F
4: g50.620.4 in region I, after whichg is observed to drop
rapidly, andg,0.1 in region II. Thus,g.b in region I and
g.b in region II; i.e., a large disparity between the rate
growth of the defect density and the rate of decrease of
photoconductivity is observed only for region I.

The ‘‘boundary’’ between the regions I and II corre
sponds to the value of«c2«F in intrinsic a-Si:H. This is the
‘‘singular’’ point on the curves showing nonmonotonic b
havior of a number of structural parameters as a function
«c2«F ~Fig. 5!: the density of defects, the content of bou
hydrogen in the film, the Urbach parameter, the Raman
quency vTO , and the widthDvTO of the corresponding

FIG. 1. Light-induced kinetics of defect density ina-Si:H films. «c2«F ,
eV: 1—0.45,2—0.55,3—0.65,4—0.70,5—0.76,6—0.82,7—0.85.

FIG. 2. The parameterb (ND;tb) versus the position of the Fermi leve
(«c2«F).
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band. Differences are also observed in the values of the
crostructural parameter,R, and the optical mobility gap,EG .
Furthermore, as analysis of infrared and Raman spe
showed, region-II films are distinguished from region-I film
by a larger scale of the structural nonuniformities. Nonet
less, the photoconductivity decreases monotonically
«c2«F increases.6 In the region I it drops together with th
defect density and in region II it drops with increasing defe
density. It is obvious that in the regions indicated the defe
are in different charge states: In ‘‘intrinsic’’a-Si:H
(«c2«F50.70 eV) defects are in the neutral stateD0,
whereas as«F shifts toward«c or «n , an increasingly larger
fraction of the defects is in the charge statesD2 or D1, just
as ina-Si:H doped with donor or acceptor impurities.10

Indeed, the photoconductivity in region I is determin
not by all defects~D2 andD0! but rather only by the defect
with a larger electron trapping cross section—D0, whose
relative fraction increases rapidly as«c2«F50.70 eV is ap-

FIG. 3. Light-induced kinetics of the photoconductivity ofa-Si:H films. The
numbers of the films and the corresponding values of«c2«F are the same
as in Fig. 1. The arrows mark the limits of the changes in logsph /sph~0! for
films Nos. 5–7.

FIG. 4. The parameterg (sph;t2g) versus the position of the Fermi leve
(«c2«F). The regions I and II are shown in the figure~see text for expla-
nation!.

313O. A. Golikova



is

o
ne
in
gl
is

c
ng

n

e
u

t

-

he
e

fo

re-
g

-

-

-
s
the

ic

n-I

e

not

-
ist-
ing

o-

e

er

-
f

.

proached. In contrast, the photoconductivity in region II
determined by all defects~D0 and D1!, whose density in-
creases with distance from the point«c2«F50.70 eV
~Fig. 5!.

Let us now return to the discussion of the results
light-induced kinetics of photoconductivity and re-exami
the region I~Fig. 4!. Since the light-induced defects are
the stateD0, even a small number of such defects stron
increases the effective electron trapping cross section. Th
the reason why there is a large disparity betweeng andb. In
region II, as stated above, a large disparity betweeng andb
is not observed, since the formation of light-induced defe
(D0) cannot strongly alter the effective electron trappi
cross section.

Thus, the data on the light-induced kinetics ofsph ~Fig.
4! correspond to the data presented in Fig. 5, and they ca
interpreted on the basis of the same ideas.

Next, the results obtained for region-Ia-Si:H films were
analyzed in order to determine the explicit form of the d
pendence of the photoconductivity on the defect density
der light-soaking. In Fig. 6~curve1! sph/sph~0! is plotted as
a function ofND /ND(0) for one of the films. Before light-
soaking it is characterized by the value«c2«F50.65 eV
and, according to Ref. 10, for itND

0 /ND
2.0.1. We see tha

sph/sph~0! decreases rapidly with increasingND /ND(0): A
power-law relation close tosph;ND

25 corresponds to the ex
isting large disparity betweenb andg ~Figs. 2 and 4!. Since
sph is determined not by all defects but only by those in t
stateD0, one would expect an inverse proportionality b
tweensph/sph~0! andDND /ND(0), whereDND is the den-
sity of photoinduced defects, but this is not observed
region-I films. A relation close tosph;(DND)22 ~Fig. 6,

FIG. 5. Pre-light-soaking structural parameters of the films versus the F
level.6 1—Defect density,2—bound hydrogen content,3—Urbach param-
eter,4—TO-phonon Raman frequency,5—width of TO peak. Data on the
microstructural parameterR and the optical mobility gapEg are also pre-
sented in the figure and regions I and II are shown~see Fig. 4!.
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curve2! is obtained for the films examined above.
However, the foregoing analysis of the results dis

garded the light-induced shift of the Fermi level. Accordin
to the the data onsd for the film under study, after light
soaking for 5 h«F shifts to the point corresponding to intrin
sic a-Si:H, where all defects~presoaking and light-induced!
are in the stateD0. Therefore, if at the initial stage of soak
ing, whenND0 /ND2.0.1, the density of defects in theD0

state can be assumed to equalDND , then at the end of soak
ing it equalsND . Curve3 in Fig. 6 was constructed on thi
basis. It indeed reflects, to a high degree of accuracy,
inverse proportionality betweensph and the density of de-
fects in the stateD0.

Let us now consider the data obtained for intrins
a-Si:H. Figure 6 shows logsph/sph~0! versus logND /ND(0)
for film N4 ~curve 4!. We see thatsph;ND

21 ~this corre-
sponds tob5g, Figs. 2 and 4!, and since hereND5ND0, we
havesph;ND0

21.
As shown above, a similar result is obtained for regio

films provided that the change in the ratio betweenND2 and
ND0 at the initial stage of light soaking and the shift of th
Fermi energy into the point«c2«F50.70 eV at the end of
soaking are taken into account. It is obvious that this is
required for intrinsica-Si:H. In the case of light-soaked
region-II films the effect ofD0 defects on their photoconduc
tivity cannot be determined, since the simultaneously ex
ing D1 defects are even more effective electron trapp
centers.

4. CONCLUSIONS

Investigations of the light-induced kinetics of the phot
conductivity (sph;t2g) and defect density (ND;tb) for
nondopeda-Si:H films variations of the position of the
Fermi level («c2«F50.4520.85 eV) established that th

mi

FIG. 6. Photoconductivity versus defect density during light soaking~film
No. 3, see Figs. 1 and 3! ~s~0! andND(0)—pre-light-soaking photoconduc
tivity and defect density!. Curve 1 was constructed as a function o
ND /ND(0), 2—as a function ofDND /ND(0), 3—as a function ofD0 de-
fect density~see text for explanation!. Curve 4 was constructed for film No
4 ~see Figs. 1 and 3! as a function ofND /ND(0).
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ratio of g and b depends strongly on«c2«F . In region I,
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where «c2«F50.4520.69 eV, g is much larger thanb.
Then, b decreases rapidly and in region II, for a larg
«c2«F , g.b. The characteristic features of the ligh
induced kinetics ofsph can be explained by the difference
of the charge states of the defects, depending on the pos
of «F : predominantlyD2 in region I, D0 for the intrinsic
material («c2«F50.70 eV), and predominantlyD1 in re-
gion II. As a result, in region I even a comparatively sm
light-induced increase inND results in a large increase in th
effective electron trapping cross section, while for intrins
a-Si:H and in region II this does not occur, since intrins
a-Si:H and region-II films are distinguished by a higher s
bility of sph. It was also established that not only the pr
soaking charge state of defects but also the change in
charge state during soaking and as a result of Fermi le
shifts, which occur so that the Fermi level ultimately is l
cated at the point«c2«F50.70 eV, influences the light
induced kinetics of the photoconductivity ofa-Si:H. Taking
this circumstance into account, it was shown that the pho
conductivity and density of defects during soaking are
lated assph;ND0

21, which is obtained automatically for in
trinsic a-Si:H, since for itg5b and all defects~presoaking
and induced! are in the stateD0.

In summary, the interpretation of the data on the lig
induced kinetics of the photoconductivity ofa-Si:H, which
were obtained by us, does not require making any assu
315 Semiconductors 32 (3), March 1998
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other than an increase in the density of defects. However,
changes occurring in the kinetics ofsph as a function of the
position of the Fermi level are due to the above-listed str
ture features of the films prior to light-soaking, which al
depend on«c2«F : The different charge states of defects a
interrelated with the characteristic structural features
a-Si:H films.
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Effect of ion irradiation of amorphous-silicon films on their crystallization

N. V. Bakhtina, A. I. Mashin, A. P. Pavlov, and E. A. Pitirimova

N. I. Lobachevski� Nizhegorod State University, 603600 Nizhni� Novgorod, Russia
~Submitted April 3, 1996; accepted for publication October 2, 1997!
Fiz. Tekh. Poluprovodn.32, 349–352~March 1998!

The change in the structure of amorphous Si films implanted with inert-gas ions and chemically
active impurity was investigated by transmission electron microscopy and electron
diffraction methods. It was shown that as a result of radiation-induced formation of thermally
stable vacancy complexes, Si films irradiated with Ar1 and P1 ions with doses above
731015 cm22 do not crystallize up to temperature 680 °C. It was established that crystallization
of Si films after implantation of lower doses of P1 ions accelerates the growth of grains in
the films as a compared with the unirradiated films. A model of the mechanism by which the ion
irradiation influences the crystallization of Si films is discussed. ©1998 American
Institute of Physics.@S1063-7826~98!01203-4#
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Polycrystalline Si is a promising material for mode
microelectronics. It is used for gates in MOS transitors,
couplers for interconnections, resistors, and so on. One o
most important parameters of polycrystalline Si is its fi
structure. To obtain polycrystalline-Si films with satisfacto
performance characteristics the grain size must be no
than 20–30 nm. To achieve such characteristics in mod
technology it is necessary to employ temperatures excee
800 °C, which has a deleterious effect on other structure
the electronic devices fabricated.

The objective of the present work is to investigate t
effect of ion irradiation of amorphous Si films on their cry
tallization and to determine the physical processes
mechanisms of the effect of ion implantation on heat tre
ment.

2. EXPERIMENTAL PROCEDURE

The initial films were obtained by molecular-beam dep
sition of Si from a sublimating source on a silicon substr
coated with a thin (;0.1 mm) layer of SiO2. Films of the
order of 100 nm thick were used. The substrate tempera
in the process of formation of the layers did not exce
200 °C. The residual-gas pressure in the growth cham
was equal to (1.622.5)31024 Pa. The Si films obtained
were irradiated with 40-keVP and Ar ions with doses in t
range 1015– 1016 cm22. Ion implantation was performed in
an ILU-3 accelerator with a room-temperature target. Po
implantation annealing was conducted in a 1024 Pa vacuum
at temperatures of 680 and 800 °C. The annealing times w
equal to 60 min atT5680 °C and 30 and 60 min a
T5800 °C.

Films for electron-diffraction and transmission electr
microscopy investigations were separated from the substr
by etching off the intermediate SiO2 layer. The atomic-
distribution function was reconstructed from the electro
scattering data by the Fourier analysis method.1–3 It should
be noted that most electron-diffraction investigations of
structure of amorphous substances are performed taking
account the intensity up to values of the parame
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and l is the electron wavelength. The radial distribution
calculated by integrating up to the most diverse values of
upper limit and corrections for the effect of the cutoff, whic
investigators always encounter, are disregarded. A co
quence of the experimental cutoff of the intensity curve is,
pointed out in Ref. 4, that the coordination number is ov
estimated~in some cases by up to 18%!. In Ref. 4 a correc-
tion factor, which we employed for determining the coord
nation number, is introduced in this connection.

We employed the methods proposed in Refs. 5 and 6
obtain information about the value of the dihedral angleu,
characterizing the rotation of the silicon tetrahedra relative
one another, and about the structure of the third coordina
sphere.

The investigations of polycrystalline Si were perform
on an ÉM-200 electron microscope with an accelerating vo
age of 150 kV. Grain size was measured with a spectr
projector, giving a twentyfold magnification, and histogram
of the grain-size distribution in polycrystalline-Si film wer
constructed from these data.

3. EXPERIMENTAL RESULTS AND DISCUSSION

The initial amorphous-Si films were irradiated with A
and P ions with dosesD51015, 331015, 531015, 731015,
and 1016 ions/cm2. The films retained their amorphous stru
ture after irradiation. Post-implantation annealing
T5680 °C for 60 min led to crystallization of the films ir
radiated with the three lowest doses from the chosen ra
~irrespective of the type of ion!. In this case, sharp ring
characteristic of a polycrystalline structure are observed
the electron diffraction patterns. Complete crystallization d
not occur in films irradiated with the two higher doses fro
the chosen range~irrespective of the type of ion!. Separation
of the second and third diffraction rings was not observed
the electron diffraction patterns, and the first ring was fou
to be diffuse, suggesting that the structure of these fi
remained amorphous. To explain this fact, which we
tribute to the influence not only of irradiation but also th

316316-04$15.00 © 1998 American Institute of Physics



TABLE I. Short-range order parameters of initial and irradiated amorphous-Si films.

5

Irradiation with ions D, cm22 r0 , Å23 n1 r 1 , Å n2 r 2 , Å wb , ° Dwb , ° ū, °

Nonirradiated Si 0 0.045 3.95 2.35 12.00 4.04 119 36 1
Ar1 131015 - - - - - - - -
Ar1 331015 - - - - - - - -
Ar1 531015 0.045 3.94 2.35 12.04 3.89 112 33 14
Ar1 731015 0.043 3.93 2.35 12.00 4.00 116 34 16
Ar1 131016 0.043 3.92 2.35 11.85 4.03 117 34 31

P1 131015 - - - - - - - -
P1 331015 0.043 3.93 2.35 12.02 4.06 119 36 33
P1 531015 0.042 3.63 2.35 12.10 4.00 116 34 37
P1 731015 0.041 3.92 2.35 12.03 4.16 122 31 36
P1 131016 0.039 3.76 2.35 11.93 4.15 121 30 36
parameters of the annealing process, structural investigations
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of the films were performed after irradiation and after a
nealing.

The radii~r 1 andr 2! of the first and second coordinatio
spheres, the first and second coordination numbers~n1 and
n2!, the anglewb between the bonds, and the dihedral an
u were determined from the radial distribution curves~the
results are presented in Table I!. The data obtained agai
confirm that short-range order, characteristic of crystal
remains ina-Si. Structural disorder is manifested as a sm
deviation ofn1 from the value 4, which is characteristic o
crystalline Si and as a deviation of the average angleū be-
tween the bonds from the ideal tetrahedral angle 109°28.
The decrease in the coordination number can be explaine
the presence ina-Si of dangling bond~or vacancy! type de-
fects. Thus, some atoms will have not 4 but 3 nearest ne
bors. But the relative fraction of such atoms is very small,
that the resulting coordination number will be slightly le
than 4. The value of the dihedral angleu515° for the initial
a-Si indicates that an obstructing configuration of tetrahed
which is characteristic of an amorphous structure consis
of five-unit rings,7,8 predominates in this material. An est
mate of the variance in the values of the valence angles g
Dwb536°. This value is greater than the value fora-Si ob-
tained by high-frequency ion-plasma deposition in Ref.
whereDwb522°. This indicates that the structural disorde
ing is greater in our initial films.

The choice of Ar1 and P1 impurities for deeper study o
the structural rearrangements arising in amorphous Si w
ion implantation was not made randomly. Phosphorus
tively incorporates itself into the Si lattice. Having approx
mately the same covalent radius as Si, it does not gene
high local stresses. Argon, however, because of its inertn
does not form any bonds with Si and does not affect
length of the Si–Si bond.

Ion implantation in a film introduces radiation-induce
defects~vacancies and vacancy complexes!. Since the bond
length in a continuous network remains virtually unchang
the appearance of such defects can be interpreted as
crease in the average atomic density. In addition, the hig
the ion ~Ar1 or P1! irradiation dose, the more defects a
produced and the lower the density of the film is~as one can
see from Table I!. In this connection, the average number
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a-Si film; the second coordination numbers also decre
with increasing dose.

Moreover, as a result of irradiating the films, the dih
dral angle increases with dose. This attests to an increas
the number of star-shaped configurations of tetrahedra.6 For
u531° or 36° ~which is characteristic of films irradiate
with a high dose of Ar and P, respectively! the relative frac-
tion of star-shaped configurations becomes equal to tha
blocking configurations. However,u increases with dose dif
ferently for films irradiated with different ions. Because of i
chemical activity and capability to incorporate itself in th
lattice, phosphorus promotes rotation of the tetrahedra. T
shows up even at low doses, when the tetrahedra are foun
be rotated relative to one another by an angle of the orde
33°; i.e. the number of star-shaped configurations charac
istic of the crystal increases. This is manifested as an
crease in grain size during the subsequent annealing~see
below!. Because of its inertness, argon retards the restruc
ing process, and rotation of the tetrahedra occurs gradu
with increasing irradiation dose.

When amorphous films are annealed, they should c
tallize and polycrystalline grains should form. Annealing
T5680 °C for 60 min is found to be sufficient to produce
crystal structure of the initial films with an average grain s

TABLE II. Structural parameters of Si films after irradiation and anneal
at T5680 °C for 60 min.

Irradiation
with ions D, cm22

Film
structure

Grain sized, Å

variance average

Nonirradiated
Si

0 Polycrystalline 240–280 260

Ar1 131015 Polycrystalline 120–160 140
Ar1 331015 Polycrystalline 200–240 220
Ar1 531015 Polycrystalline 200–280 240
Ar1 731015 Amorphous - -
Ar1 131016 Amorphous - -

P1 131015 Polycrystalline 160–280 220
P1 331015 Polycrystalline 200–280 260
P1 531015 Polycrystalline 300–440 360
P1 731015 Amorphous - -
P1 131016 Amorphous - -
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TABLE III. Short-range order parameters of Si after irradiation with Ar and P ions and annealing atT5680 °C for 60 min.
Irradiation
with ions D, cm22 r0 , Å23 n1 r 1 , Å n2 r 2 , Å wb , ° Dwb , ° ū, °

Ar1 731015 0.045 3.99 2.35 12.09 3.94 113 33 33
Ar1 131016 0.046 3.98 2.35 12.08 3.93 114 35 31
P1 731015 0.043 4.06 2.35 11.98 4.11 113 28 38
P1 131016 0.044 4.062 2.35 12.08 3.97 116 35 31
of the order of 260 Å. However, it should be noted that a
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large variance is observed in the grain-size distribution.
The situation is more complicated in the case of irra

ated Si. In the case where samples irradiated with the th
lowest doses~irrespective of the type of ion! are annealed, a
crystalline structure, whose parameters are given in Tabl
is formed and the average grain size is observed to incr
with dose. The effect of P is manifested in the fact that
average grain size in films irradiated with P ions is larg
than in the initial films. The effect of P first appears at t
irradiation stage, when P is capable of increasing the num
of star-shaped configurations of tetrahedra and there
making the structure approach a crystal structure. This
plus the additional thermally stimulated formation of Si–
bonds in the process of crystallization probably have the
fect that the average grain size in the irradiated films is lar
than in the nonirradiated films. On the other hand, by vir
of its inertness, argon retards the crystallization process.
this reason, here the grain size is on the average smaller
in the nonirradiated annealed samples~see Table II!. These
data correlate well with the changes in the dihedral angle
Ref. 9 it is noted that for polycrystalline Si films the perfe
tion of the crystals and the grain size increase as the dep
tion temperature increases from 800 to 1100 °C. In
present work we achieve the same effect by using only lo
temperature processes, which is very important for the te
nology of fabrication of integrated circuits.

The defect density increases with irradiation dose10

During heat treatment some defects are annealed and s
participate in the formation of more intricate complexe11

TABLE IV. Structural parameters of Si films after irradiation and anneal
at T5800 °C.

Irradiation
with ions D, cm22

Annealing time
t, min

Grain sized, Å

variance average

Irradiated
Si

0 30 180–240 210

P1 131015 30 180–240 220
P1 331015 30 200–240 229
P1 531015 30 200–260 240
P1 731015 30 200–280 240
P1 131016 30 200–320 256
Nonirradiated
Si

0 60 380–460 420

P1 131015 60 360–480 420
P1 331015 60 300–480 437
P1 531015 60 360–560 466
P1 731015 60 360–600 500
P1 131016 60 360–720 569
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the defect-formation power of Ar is approximately the sam
as that of P,12,13 the situations in films irradiated with Ar an
P are similar. We assume that in our case a complex defe
a pentavacancy, whose annealing temperature is>750 °C.14

The results of structural investigations of these films are p
sented in Table III. Since annealing decreases the defect
sity, the density of these films is higher than that imme
ately after irradiation~see Table I!. This shows up in the
coordination number—it also increases. The valence an
decreases and becomes closer to the ideal tetrahedral a
All these factors attest to onset of rearrangement of the st
ture from amorphous to crystalline.

To check our assumption that a defect such as a pe
vacancy interferes with the annealing of samples irradia
with high doses, annealing was performed at a tempera
higher than the annealing temperature of the pentavaca
i.e., atT.750 °C. Treatment of the samples atT5800 °C
for 30 and 60 min results in complete crystallization of t
films irradiated with all doses from the chosen range.
should be noted that doubling the annealing tim
(T5800 °C) approximately doubles the average grain s
~Table IV!, and the average grain size after irradiation a
annealing is larger than in the nonirradiated annealed fil
In addition, it should be noted that annealing atT5800 °C
for 30 min leads to the formation of a structure with appro
mately the same average grain size as that obtained
annealing for 60 min atT5680 °C. Therefore, to obtain a
polycrystalline-Si structure with prescribed parameters th
is no need to increase the temperature, it is sufficient to
crease the annealing time at lower temperatures.

4. CONCLUSIONS

1. It has been established that irradiation with P1 ions
with dose less than 731015 cm22 followed by annealing of
amorphous Si films increases the average grain size as c
pared with annealed nonirradiated samples. This is cause
the chemical activity of P, which promotes an increase in
dihedral angles.

2. Irradiation with Ar1 and P1 ions with doses
731015– 1016 cm22 has the effect that, as a result o
radiation-induced formation of thermally stable vacan
complexes, Si films do not crystallize with an annealing te
peratureT5680 °C.
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Photosensitivity of porous silicon–layered III–VI semiconductors heterostructures

PS
A. A. Lebedev and Yu. V. Rud’

A. F. Ioffe Physicotechnical Institute, Russian Academy of Sciences, 194120 St. Petersburg, Russia

V. Yu. Rud’

St. Petersburg State Technical University, 195251 St. Petersburg, Russia
~Submitted June 6, 1997; accepted for publication June 10, 1997!
Fiz. Tekh. Poluprovodn.32, 353–355~March 1998!

Rectifying heterojunctions with photosensitivity 1–5 V/W atT5300 K were obtained by
forming optical contacts between free porous silicon and layered InSe and GaSe semiconductors.
A wide-band photovoltaic effect was obtained when these heterostructures were illuminated
on the free porous silicon plate side. The long-wavelength photosensitivity edge of these devices
is determined by direct transitions in InSe or GaSe, respectively. It is concluded that
heterojunctions based on free porous silicon plates can be used as wide-band phototransducers.
© 1998 American Institute of Physics.@S1063-7826~98!02603-9#

The discovery of efficient visible-range radiative recom-nated. The photosensitivity was higher in the case of F
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bination at first in silicon and then in binary diamond-lik
semiconductors after anodic etching is unquestionably of
terest for studying the potential applications of such mat
als in optoelectronics.1–3 To this end, the possibilities of pro
ducing and the properties of different types of ener
barriers on porous silicon and other substances are u
study. In the present paper we report the results of an in
tigation of the photosensitivity of heterojunctions~HJs!, ob-
tained by the method of putting plates of free porous silic
~FPS! into optical contact with plates of direct-gap com
pounds InSe and GaSe with a band gap at 300 K of 1.23
2.0 eV, respectively.4

InSe and GaSe single crystals were grown by direc
crystallization of nearly stoichiometric melts. The elect
cally homogeneous crystals were ofn-type with free electron
density'101421016 cm23 at 300 K. To produce HJs, thin
~40–80mm! plane-parallel wafers with average dimensio
of 434 mm2 and high-quality~0001! planes were pricked
from the ingots. The high quality of the~0001! faces is due
to the strong anisotropy of the interatomic forces in III–
semiconductors.4

Free porous silicon films 40–100mm thick were used as
the second component of the HJs. The free films were
tained by anodic etching of the initialp-Si wafers with~111!
orientation.5 The optical quality of the surface of the FP
wafers, which is formed by etching on the single-crystal s
con side and remains after separation from the substrate,
found to be approximately the same as that of III–VI wafe
The exterior surface of the FPS wafers was apprecia
worse in most cases.

The heterojunctions were obtained by uniform mecha
cal clamping of FPS wafers and III–VI crystals together in
special holder. Contacts with each component of the HJ w
soldered using pure indium. The structures obtained in
manner had diode current-voltage characteristics with a
tification coefficient of the order 5–10 at.10 V. The for-
ward direction in both types of structures was obtained w
a negative polarity of the external voltage on the III–VI cry
tals. A photo-emf with the III–VI crystals being charge
negatively relative to the FPS appears when the HJ is illu
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side illumination and reached.125 V/W. The sign of the
photo-emf did not depend on the photon energy and the
cation of the light probe on the surface of the HJ. In Ref. 6
was shown that the InSe–InSe and GaSe–GaSe struc
obtained by putting these crystals into optical contact h
linear current-voltage characteristics, i.e. rectifying barri
do not form on the InSe and GaSe surfaces. It can be c
cluded from these facts that the photovoltaic effect is due
the separation of nonequilibrium pairs by the active reg
forming in the HJ between the FPS and III–VI surfaces.

The quantum efficiencyh was measured on the linea
section of the curve of the photo-emf versus the intensity
the light incident on the sample and was normalized to
incident photons. Theh spectra for several samples are d
played in Figs. 1 and 2. In the case of InSe/FPS HJs
long-wavelength photosensitivity edge is characterized by
exponential photon energy dependence and it possess
\v51.23 eV a sharp step or inflection in the spectral dep
dences ofh for different HJs~Fig. 1!. The position of the
long-wavelength edge ofh on the energy axis makes it pos
sible to attribute this edge to the onset of interband tran
tions in InSe. In the experiments, contacts of different F
wafers were used~Fig. 1, curves1 and2! or the same FPS
wafer was put into contact with the same InSe surface
using different surfaces~Fig. 1, curves2 and3!. The slope of
the exponential edge ofh varies from 11.5 to 38 eV21,
which could be due to variations in the quality of the conta
boundary. On the whole, in contrast to the current-volta
characteristics, the photo-emf spectra of these HJs were
producible when one FPS wafer was replaced by anothe
when the different FPS–InSe contact surfaces were u
~Fig. 1!.

The main feature of the spectra ofh in these structures is
that the photoresponse increases in the experimental ran
\v right up to 3.5 eV. The step near\v.1.6 eV corre-
sponds to the spectral position of the wide band of station
photoluminescence of FPS, while the increase in photo
sponse for\v.2 eV falls in the range of the ‘‘fast’’ com-
ponent of photoluminescence of porous silicon.7 Therefore,
there are grounds for assuming that the photosensitivity

320320-02$15.00 © 1998 American Institute of Physics
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these HJs and the photoluminescence of FPS are due t
same optical transitions in FPS.

A HJ of a different form was obtained by putting th
same FPS wafers in contact withn-GaSe wafers. The spec
tral curves ofh for these junctions are similar to the prece
ing curves ~Fig. 2!, but the exponential long-wavelengt

FIG. 1. Spectral dependences of the relative photoconversion quantum
ficiencyh for InSe/FPS heterojunctions atT5300 K. Inset: Construction of
the HJ and its illumination scheme. FPS–InSe contact surface:1, 2—plane
on the substrate side,3—plane on the etchant side. Wafer thicknesses,mm:
1 — 40, 2, 3 — 80, InSe — 80.

FIG. 2. Spectral dependences ofh for GaSe/FPS heterojunctions a
T5300 K. Inset: Construction of the HJ and its illumination scheme. Nu
ber of HJs:1—25–11,2—27–5. FPS–GaSe contact occurs along the pl
on the substrate side. Wafer thicknesses,mm: 1—80, 2—40, GaSe—25.
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accordance with the increase inEG . Its slope in such HJs is
usually of the order of 35–40 eV21 and is determined by
direct interband transitions in GaSe. As the photon ene
increases above the band gap of GaSe, the photosensi
either increases~Fig. 2, curve1! or remains virtually un-
changed in the region\v.222.6 eV and a short-
wavelength dropoff is observed only for\v*2.6 eV. Figure
2 shows the typical spectrah(\v) for two HJs differing
only by the FPS wafers used for contact, which were o
tained in different processes, and ‘‘set’’ with the same si
which was turned toward the silicon substrate during
preparation of the FPS, on the same face ofn-GaSe. Since no
differences were observed in the spectrah(\v) for the same
FPS wafers in contact withn-GaSe, there are grounds fo
assuming that the dropoff ofh for \v.2.6 eV~Fig. 2, curve
2! is due to the appearance of interface recombination
nonequilibrium carriers when the FPS is joined with GaS
The fact that in the second type of HJ~Fig. 2, curve1! for
\v.2.6 eV we no longer observe the short-waveleng
growth of h ~Fig. 1! appearing for InSe/FPS structures
likewise consistent with the conjecture made above that
increase in recombination occurs at the interface when I
replaced by GaSe.

The photosensitivity of the obtained HJs under illumin
tion with linearly polarized radiation in a direction normal
the plane of the FPS does not show any dependence on
position of the polarization plane in the entire region of ph
tosensitivity. This is due to the fact that the light enters t
active region of the HJ along the isotropic direction of t
III–VI crystals and therefore there is no natural photople
chroism.

In summary, a wide-band photovoltaic effect is observ
in III–VI/FPS heterojunctions obtained by the optica
contact method. This indicates that an effective energy b
rier forms at the boundary of the two semiconductors. Su
structures can be used to produce wide-band phototrans
ers, whose long-wavelength sensitivity edge can be regul
between certain limits by varying the composition of t
solid solutions InSe–GaSe.4

We thank E. V. Astrov for providing the FPS sampl
and for a discussion of the results of the investigations.

This work was supported in part by the program ‘‘Phy
ics of solid-state nanostructures’’~Project No. 1-079/4!.
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Magnetic-resonance spectroscopy of porous quantum-size structures

he
A. I. Mamykin, V. A. Moshnikov, and A. Yu. Il’in

St. Petersburg State Electrical Engineering University, 197378 St. Petersburg, Russia
~Submitted September 9, 1997; accepted for publication October 2, 1997!
Fiz. Tekh. Poluprovodn.32, 356–358~March 1998!

The results of investigations of nuclear magnetic resonance of water protons in porous silicon are
reported. It is shown that magnetic-resonance spectroscopy with a ‘‘flexible probe’’
consisting of water molecules is an effective method for analyzing porous quantum-size structures
with a complicated spatial configuration of the pores. The ‘‘NMR isotherms’’ of hydrated
layers of porous silicon obtained in different technological regimes are presented and discussed.
Sorption processes are studied and a model is proposed for forming water monolayers on
a porous surface. It is established that a por fine structure with an average diameter of 1.4 nm is
present in the layers. ©1998 American Institute of Physics.@S1063-7826~98!02703-3#

The interest shown in quantum-size structures in recentfeatures of the formation of layers of sorbed water. In t
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years, specifically, porous layers formed in crystalline s
con, has stimulated an intense search for methods of in
tigating such objects. The method of nuclear magnetic re
nance~NMR!, used for detecting water molecules sorbed i
porous layer of silicon,1 makes it possible to develop
unique ‘‘flexible probe’’ that can penetrate into atomic-si
pores with configurations of unlimited complexity. The cha
acteristic features and the character of the experime
NMR spectra of hydrated layers of porous silicon, employ
for moisture sensors, have been discussed in Ref. 2.

This paper reports the results of magnetic-resona
spectroscopy of porous silicon layers in connection with
technological conditions of production of the silicon and p
poses a model for the formation of water monolayers sor
by the porous surface. Predehydrated samples~heating for 3
h at 600 K! were saturated in a moist medium with a relati
humidity of 14–98% at 300 K. The NMR spectra of th
moisture-saturated samples were obtained on a wide
spectrometer with a working frequency of 37 MHh. Th
spectra had the form of single narrow lines~about 0.02 mT
wide! with a signal/noise ratio exceeding 70. The experim
tal data are presented in the form of isothermal curves of
intensity of the water-proton line in the NMR spectra vers
the partial water vapor pressure for sorption and desorp
processes.

The experimental ‘‘NMR isotherms’’ for porous silico
samples produced by anodization with different current d
sities are shown in Fig. 1. The figure also shows an isoth
for a single-crystal silicon sample subjected to electropoli
ing. In the latter case the intensity of the NMR line rema
practically unchanged in a wide pressure range. The
therms of porous silicon demonstrate a number of featu
including pronounced hysteresis, indicating capillary co
densation. This attests to the fact that besides the nanop
with an average diameter of 10–30 nm well-known fro
electron-microscopic measurements porous silicon cont
much smaller pores~subnanopores!.3

Taking account of the existence of subnanopores in
rous silicon, we shall examine a porous model of the proc
leading to the establishment of dynamic equilibrium betwe
the gas phase and the sample as well as the characte
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presence of surface adsorption, the total surface areaSt of
the sample consists of the active surface areaSa , including
the surface area of the nanopores and the external nonpo
surface area~it is in constant equilibrium with the gas phas
because of rapid particle exchange! as well as the surface
area of subnanoporesSs ~it is filled much more slowly in the
process of self-diffusion of sorbed molecules, which beha
as a classical two-dimensional Langmuir gas!.

The kinetics of the population density on the active s
face is described by the equation

dNa

dt
5

1

6
a

p

kT
^v&Sa~Na02Na!2

Na

t
, ~1!

wherea is the probability that a molecule is trapped by
adsorption center,p is the partial pressure of the water vapo
^v& is the average thermal velocity of molecules in the g
phase,Na0 is the number of adsorption centers on the act
surface,t is the residence time of a molecule on the surfa
k is Boltzmann’s constant, andT is the absolute temperature

The rate of change of the number of particles on
surfaces of the subnanopores is expressed by the equat

dNs

dt
5bNaS 12

Ns

Nse
D , ~2!

where the coefficientb takes account of the probability fo
molecules to escape into nanopores andNse is the equilib-
rium number of molecules in subnanopores.

Since the sorption mechanisms on an active surface
on the surface of the subnanopores are different and

dNs

dt
!

dNa

dt
,

the total number of molecules sorbed on the surface equ

Nae1Nse5Na0S 11
Ss

Sa
D p/ps

p/ps1A/tps
, ~3!

whereps is the partial pressure of saturated vapor above
flat surface at 300 K andA is Avogadro’s number. The ex
pression obtained corresponds to a Langmuir isotherm.

322322-03$15.00 © 1998 American Institute of Physics
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As follows from the expression~3!, in the case of sur-
face adsorption the sorption capacity of the sample is s
rated even at low pressures~less than 1% relative humidity!.
In the process a monolayer of mobile molecules, which v
tually do not interact with one another, is formed. The pro
erties of this monolayer do not change with pressure. T
intensity of the NMR absorption line also does not chan
The horizontal section~or the section close to it! observed
for all experimental samples determines the surfa
adsorption isotherms. In the case of single-crystal silicon
horizontal section is a larger fraction of the curve — ov
virtually its entire extent the isotherm is described by t
Langmuir law, while the monolayer exists in a wide press
range. The situation is different for porous silicon — t
Langmuir isotherm corresponds only to the initial part of t
curve, while the monolayer remains only up to pressures
than 0.35ps . Above this value a jump occurs in the intensi
of the NMR line, attesting to the onset of capillary conde
sation.

FIG. 1. NMR isotherms of sorbed water in porous silicon. The isothe
were obtained with different current densitiesj a ~a–d! and in single crystal
silicon ~e!. j a , mA/cm2: a — 20, b — 15, c — 10, d — 5.1—sorption,
2 —desorption.
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water molecules can start both at the bottom and at the w
of the pores, depending on the cross-sectional sizes of
pores.4 It can be shown that for subnanopores the sec
mechanism, which is accompanied by the formation o
cylindrical meniscus in the case of adsorption or a he
spherical meniscus in the case of desorption, is more lik
The saturated-vapor pressure above the cylindrical and h
spherical menisci is determined by Kelvin’s formulas, r
spectively, as

p

ps
5expH 2

snm

rRTJ and
p

ps
5expH 2

2snm

rRT J , ~4!

where s is the surface tension of water,nm is the molar
volume of the water,r is the pore radius, andR is the uni-
versal gas constant.

Filling of the subnanopores corresponds to a sharp
flection of the isotherm, whose slope is determined by
pore-size distribution. The difference in the shape of the m
niscus in the case of adsorption and desorption results in
appearance of a hysteresis loop appears in the isotherm
one can see, a hysteresis loop is characteristic for all exp
mental samples of porous silicon and increases with incre
ing density of the anodic current, while the region of cap
lary condensation remains the same in all cases.
quantitative estimate of the sizes of subnanopores can
obtained by a simple calculation using Eqs.~4!. Their aver-
age diameter determined in this manner equals 1.4
which correlates with the description of the crystal matrix
porous silicon as a system of quantum wires with aver
diameter ranging from 1.4 to 8 nm.5,6

At moderate pressures the NMR line intensity decrea
with increasing relative humidity. The dropoff of the iso
therm on this section can be explained keeping in mind
fact that only the narrow NMR component, which is due
mobile water molecules, is recorded in the measureme
For this reason, the decrease in intensity attests to a decr
not of the total number of sorbed particles but rather only
number of mobile molecules. This leads to the followin
hypothetical picture of the formation of the adsorbed lay
The concave menisci formed as a result of condensation
the open ends of subnanopores play the role of adsorp
centers, binding water molecules migrating along the surf
by means of hydrogen bonds parallel to the surface. In
manner islands of molecules with limited mobility appe
near the locations of emergence of subnanopores on the
face of porous silicon. This process leads to the formation
a coordination-saturated monomolecular layer with a co
sponding increase in moisture content.

The NMR line intensity once again increases at hi
pressures. In our opinion this section of the isotherm co
sponds to capillary condensation in nanopores. Since the
nopore sizes are much larger than the interproton distanc
a water molecule, filling of nanopores~in contrast to subna-
nopores! starts from the bottom of the pore and procee
with the formation of a hemispherical meniscus. At a vap
pressures close to saturation polymolecular condensatio
the coordination-saturated monolayer is also possible.

s
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Our results attest to the fact that magnetic-resonance
ot
an
on

a
su

Mokrousov, Fiz. Tekh. Poluprovodn.29, 1874 ~1995! @Semiconductors
29, 979 ~1995!#.
spectroscopy is an effective method for investigating b

the structure and surface properties of porous silicon
other similar quantum-size structures. It yields informati
about pore sizes and mechanisms of sorption processes
enables identifying water monolayers adsorbed by the
face.
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THE PHYSICS OF SEMICONDUCTOR DEVICES
Properties of p 1 – n structures with a buried layer of radiation-induced defects

A. M. Ivanov, N. B. Strokan, and V. B. Shuman

A. F. Ioffe Physicotechnical Institute, Russian Academy of Sciences, 194021 St. Petersburg, Russia
~Submitted April 18, 1997; accepted for publication May 21, 1997!
Fiz. Tekh. Poluprovodn.32, 359–365~March 1998!

The p1 –n structures based onn-type Si with dopant density 1.731013– 1.231014 cm23 were
irradiated with238Pu a particles. A layer containing radiation-induced defects with a
density of the order of 331013 cm23 was produced at a depth of 20mm. This defect density
gave rise to intense draining of nonequilibrium carriers in the injection-extraction regime
with stationary injection as well as with pulsed generation by single particles. This makes it
possible to treat the damaged layer as a plane, introduced into the bulk, with an infinite
surface recombination rate. The radiation-induced defects also participated in decreasing the
conductivity. A characteristic space charge distribution and, correspondingly, a bias dependence of
the capacitance are observed in the structure under reverse bias. Despite the presence of
formally three charge regions, four sections appear on the capacitance curve. This latter effect is
due to the ‘‘additional’’ charge step arising in the contact potential difference field and is
characteristic of compensated deep levels in semiconductors.@S1063-7826~98!01303-9#
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The production of a prescribed profile of deep centers
Si is a complex technological problem. At the same time
practice it is often necessary to introduce recombination c
ters~RCs! or to vary the conductivity of the material. In thi
connection, we note that there is great interest in so-ca
‘‘buried layers.’’1,2 The possibilities of the conventional dif
fusion method are found to be very limited here. For e
ample, it is possible to obtain an U-shaped Au profile w
short diffusion from an unbounded source.3 However, it is
impossible, in general, to produce a prescribed RC profile
the diffusion method. At present, a promising solution of t
problem is to use radiation-induced defects~RDs!, which can
serve as RCs, and to influence the conductivity.

It is well known that radiation-induced defects form co
tinuously along the track of an ion—their density increas
toward the end of the track. It is obvious that the profile
RDs in Si subjected to irradiation will depend on the relat
arrangement of the source and the sample. Such a profile
first investigated in Ref. 4, where a plate-shaped sourcea
particles~light ions! was used. The dimensions of the pla
were much larger than those of the sample, which was pla
directly on the source-plate. Thus, irradiation was perform
by a noncollimated beam ofa particles. This explains the
RD profile, which resembles a Gaussian profile~the maxi-
mum RD density was located at the Si surface!, observed in
Ref. 4. A collimated beam can be obtained by placing
sample sufficiently far away from the source~in vacuum!. In
this case, a different RD profile is obtained—the profile p
sesses a maximum located in a plane parallel to the sur
of the sample at a distance determined by the initial part
energy. In principle, any RD profile~square, triangular, and
so on! can be obtained by varying the sample-source dista
according to a definite program~as well as by using ions o
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using ion accelerators, where the type and energy of the
can be easily varied.

The presence of a DC profile in turn influences the ch
acteristic features of carrier transport. For example, we
served an unconventional dependence of the charge ca
lifetime on the irradiation dose.5 We used a diode structure t
study the effect of a buried layer of RDs on the transport
nonequilibrium carriers, on the effective lifetime, and on t
space charge distribution under a reverse bias.

In connection with this problem, we employed de
level transient spectroscopy~DLTS! and stationary capaci
tance methods. We analyzed the transport of holes in
base through the damaged layer under conditions of h
injection-extraction and also the transport of magnitud
calibrated charge, using ap1 –n diode as a detector of singl
a particles, were analyzed.

2. IRRADIATION OF THE SAMPLES AND CAPACITANCE
MEASUREMENTS

Radiation-induced defects produced in Si by irradiati
with a particles from a238Pu ~5.5 MeV! source were used to
produce nonuniformities of the electrical properties in t
base of thep1 –n structure. Fora particles with natural-
decay energies, energy losses in Si characteristically occ
events of ionization of electronic shells in the process
stopping. The main interaction with the Si nuclei occurs
the end of the path, where the particle energyE is low. This
is due to the fact that the differential cross sectiondsns for
nuclear scattering with energy transferT is inversely propor-
tional to E and can be expressed as

dsns;~dT/T2!/E. ~1!

It follows from the relation~1! that small portions of energy
T are most likely to be transferred to the Si atoms. U

325325-07$15.00 © 1998 American Institute of Physics
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mately, Frenkel’ pairŝinterstitial atom&-vacancy are concen
trated in a narrow region at the end of the particle pa
Increasing the dose to a certain level, where the track
separate particles overlap (F>109 cm22), produces a layer
of width d, which is saturated with structural defects. T
components of Frenkel’ pairs rapidly enter into physic
chemical reactions leading to the formation of complex
with impurities P, O, and C, and they also form associatio
in the form of divacancies. The density of centers in the la
is estimated asM5bF/d, whereb is the number of Fren-
kel’ pairs ~per particle! participating in the formation of cen
ters. This number is small in view of the substantial reco
bination of pairs along the track of ana particle,6 it is b52
~Ref. 7!.

Silicon diodes with a diffusedp1 layer with surface bo-
ron density 1020 cm23 and a 350-mm-thick n-base with P
density 1.231014 and 1.731013 cm23 ~for group I and II
samples, respectively! were irradiated. The initial hole life-
time in the base of the diodes ist0520 ms. Irradiation was
conducted in vacuum in a close to orthogonal geometry.
effect of low doses on the properties of thep1 –n structure
was followed. The dose was monitored using the sa
p1 –n structure. Here the diode was used in the detec
mode. We note that the particle energy released in then-base
was less than 5.5 MeV due to self-absorption in the sou
and in thep1 layer of the diode. All experiments were con
ducted at room temperature.

Our first problem was to check the corresponding s
tems of radiation-induced defects, according to the pict
which has emerged in the literature, and also to establish
density profile of electrically active centers in Si. Since the
measurements are associated with the DLTS method, it
important to follow the effect of the appearance of ad-layer
in the p1 –n structure on the capacitance of the structure

The DLTS spectrum for a group-II sample irradiat
with a particle dose 23109 cm22 is presented in the inset i
Fig. 1. In sum, four levels are observed in the top half of

FIG. 1. Variation of the hole lifetimet in a sample irradiated witha particle
flux F51.43109 cm22 and subjected to isochronous annealing for 1
Injection-extraction measurements with forward current densityj , A/cm2:
1—0.3, 2—0.4 and forward to reverse current ratio:1—3, 2—2. Inset:
DLTS spectrum of deep centers~1—signal intensity! lying in the top half of
the band gap in Si: The sample was irradiated witha particle flux
F523109 cm22.
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with energyEc– 0.18 eV and electron trapping cross secti
sn52310214 cm2. The next level is an E2 level
~Ec20.22 eV, sn52310216 cm22!, belonging to a doubly
negatively charged state of a divacancy. This is followed
a peak corresponding to anE3 level ~Ec20.29 eV,
sn52310217 cm22!, which is associated with âinterstitial
C&–P pair. At least two defects are responsible for the po
tion of the E4 peak~Ec20.4 eV, sn52310216 cm22!: an
E center ~vacancy—P! and a divacancy~singly negatively
charged state!. It follows from the figure that under the mea
surement conditions the highest density of deep centers
responds to theE4 level. This should be manifested as
change in the recombination lifetime in Si and in a decre
of the conductivity as a result of compensation by deep c
ters.

In addition, the energy levels in the bottom half of th
band gap were investigated in a hole-injection regime. H
only a Ci – Oi center was clearly manifested:^interstitial
carbon&–^interstitial oxygen& with energy Ev10.4 eV and
sp53310214 cm22. We note that in our case very few cen
ters are due to single interstitial carbon (Ev10.33 eV,
sp59310214 cm2!. This can be explained by the fact th
the defects Ci and Oi are already bound in the irradiatio
cycle, which was performed at room temperature, where
migration of Ci centers is high. The second factor could
the high concentration of oxygen in the sample.

On the whole, the observed system of defect levels
characteristic of puren-Si.8,9 Their comparative recombina
tion activity is manifested in the behavior of the lifetimet of
the minority charge carriers. Thus, for a sample irradia
with a flux 1.43109 cm22 t dropped to 5ms. Isochronous
annealing in air for 1 h restoredt up to 22.5ms. The stage of
the greatest increase occurs at the temperatureTan5350 °C
~see Fig. 1!, which corresponds to the main annealing
centers such as divacancies andA centers.8,10 This agrees
with the existing belief that the recombination rate throu
the levels of a divacancy and aA center is high.11 On the
other hand, we did not observe, as was the case in Ref.
activity of the deepest RD—anE center. Annealing at
Tan5200 °C changedt very little. This should be attributed
to weak production ofE centers in the damaged layer.

In connection with what we have said above, it can
assumed that under our conditions the main radiati
induced defect is a divacancy. Aside from the above-no
recombination activity, it should also be manifested~as a
deep center! in the compensation of Si. Ultimately, the sp
tial distribution of the divacancies characterizes the geom
of the buried layer. We underscore that divacancies
formed directly in the particle track and are not associa
with diffusion outside the track, i.e. broadening of the profi
of the primary defects.

Figure 2 shows the density of defects forming theE4
peak versus the coordinate of the boundary of the sp
charge region~SCR! of the p1 –n junction. This boundary
was determined from the values of the capacitance versus
reverse bias~see the inset in Fig. 2!. As noted above, the
divacancies were found to be concentrated in a very nar
region at the end of the particle path.

.
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FIG. 2. Track depth distribution of the number o
centers forming the peakE4 in a sample irradiated
with a particle fluxF523109 cm22. The measure-
ments were performed by the DLTS method
T'210 K. Inset: WidthW of the space charge region
versus the applied voltageU; the I–IV mark different
sections of the curve.
However, the data in Fig. 2 require a number of expla-
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nations, primarily with respect to the difference of the dep
dence of the SCR boundary on the applied voltageU in the
coordinatesW5 f (AU1Uc), whereUc is the contact poten
tial difference, from the conventional linear function. Th
observed dependence has four distinguishing sections.
tially, at low voltages, thep1 –n junction expands in the
region where there is very little damage. Approximately
20 mm W starts to grow rapidly with voltage. This is due
the compensation of shallow donors by deep acceptors
25 mm growth starts to slow down, and this is followed
W.28 mm by a section associated with expansion of
p1 –n junction into the region of undamaged Si.

To explain the behavior ofW(U), we examined the situ
ation, which we expected, in which three regions with d
ferent values of the space charger are present in the SCR o
an asymmetricp1 –n structure~see insetA in Fig. 3!. For
simplicity, the charge distribution in each region was a
sumed to be uniform with a sharp transition to new value
the boundariesa, b, andW. In this model the initial value
r5r3 remains in the region (b,W) beyond the limits of the
particle path (b>R). The region (a,b) is the damaged layer
and in the zone (0,a) very small number of radiation
induced defects can form andr1Þr3 . Correspondingly, it is
assumed thatr2,r1,r3 .

Solving the Poisson equation leads to an expression
the distribution of the applied potential differenceU over the
regions

U/U0511@~b22a2!r21~W22b2!r3#/a2r1 . ~2!

Here the voltageU0 corresponds to depletion of the zon
(0, a) with space charger1 . We obtain from Eq.~2! the
normalized total lengthW/a of the SCR as

~W/a!25~r1 /r3!~U/U021!

1~b/a!2~12r2 /r3!1r2 /r3 . ~3!

This function is plotted in the coordinatesW/a5 f (AU/U0)
in Fig. 3 for the caseb/a51.5 andr1 :r2 :r350.75:0.3:0.1.
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U: In the first section—the SCR spreads in the zone (0,a)—
W/a;AU/U0; this is obvious. As the SCR moves into th
region (a,b), where 1<W/a<1.5, the SCR grows with a
larger slope (r2,r1) but the function is now nonlinear:1

W/a5@11r1 /r2~U/U021!#1/2. ~4!

Finally, after the damaged layer is depleted a third s
tion is observed. HereW/a grows according to Eq.~3! and
approachesW'AU/r3 for U/U0@b/a. It is easy to see tha
the dependences given by the expressions~2! and ~3! above
rectify in the coordinatesW25 f (U/U0).

FIG. 3. Computed dependence of the widthW of the space charge region
versus the applied voltageU for the case where three regions with differe
space charges are present in the base of the diode. The numbers o
curves correspond to the relationsW5 f (U) with different values of the
parametersr i : 1—W/a5(U/U0)1/2 with r15r25r3 ; 2—~4! with r25r3 ,
r1 /r252.5; 3—~3! with r1 /r350.75,r2 /r350.3. The dashed straight line
corresponds toW5(U/r3)1/2. InsetA: Diagram of the charge distribution
see text for explanation. InsetB: Arrangement of the energy bands an
filling of the deep level in thep1 –n junction; EFp , EFn—Fermi quasi-
levels.
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the same for the initial and final sections. This is additional
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perimental curveW(U) in Fig. 2 must be attributed, in ou
view, to a characteristic feature of the compensation of
nors by deep acceptor levels. The region of the field of
p1 –n junction is where the level of a DC can cross t
Fermi level. Then, for a stationary state the filling of t
levels with electrons will look like that shown in insetB in
Fig. 3 ~see, for example, Ref. 13!. The width of the zone
(0, d) ~see inset! will be determined by the initial density o
ionized shallow donors, and the filling of deep accept
with electrons in the region (d,W) will be preserved. The
voltage drop across it is small (EF2EA>0.1 eV) and does
not depend on the applied voltage.14 However, its extent can
be substantial whenND

12NA
2 is small.15

In capacitance measurements there arise two oppo
cases where the period of the probe signal is greater or
than the ejection time of electrons from the levelEA . In the
first case the boundaryd changes predominantly; in the se
ond case the region (0,W) reacts as a whole. Ultimately
depending on the frequency of the probe signal, the temp
ture, and the depth of the level, a value of the order ofd or
W can be obtained for SCR~the so-called low- and high
frequency capacitance; see Ref. 13 for a more detailed
cussion!. Under our conditions with f 5100 kHz and
T'200 K there is too little time for electrons to be tran
ferred from levels lying deeper than 0.25 e
(s53310215 cm2) into thec band. In other words, the ca
pacitance measurements gave us the right-hand bounda
the SCR, i.e., the quantityW.

In application to the question of the production of
space charge in thed layer, the situation with deep compen
sation, when the weak-field region

D5F 2«~EF2EA!

e2~ND
12NA

2!G
1/2

.d,

is simplest. Then the electric field extends immediately to
entired layer from the moment the SCR touches its left-ha
boundary. Under these conditions the section II in Fig. 2
represented by a vertical line. AsU increases further, the
field of the applied potential difference penetrates into thd
layer. In the process, the regionD is displaced ouside the
layer ~where it cannot exist!, and thereby decreases in abs
lute magnitude. This process of redistribution of the field
the d layer under our measurement conditions does not
fluence the values of the capacitance and correspond
W5const, i.e., to the horizontal section III. Finally, when t
field enters the undamaged Si,W grows, which is reflected a
the appearance of section IV. In the case of shallower c
pensation withD,d the sections II and III will not form
steps. The finite slope of section II reflects the abo
indicated redistribution of the space charge in the layed,
and the horizontal section should be shorter along the vol
axis.

The experimental data in Fig. 2 refer to a real situation
which the edges of the distribution of DCs are somew
diffuse. For this reason, there is only a qualitative corresp
dence to the picture presented above, as is observed
respect to the number and character of the sections. It is
significant that the rates of growth of the functionW(U) are
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evidence that there is very little damage in the volume of
right up to the end of the particle path.

The considerations stated above were also taken into
count in determining the coordinates of the maximum d
sity of the centerE4. The position of this center, calculate
from the measured value of the capacitance, will lie deep
the base, since the DCs with coordinatesx,d will contribute
to the DLTS signal~see the inset in Fig. 3!. Deep centers in
the section fromd to W do not ionize when a reverse bias
applied and do not participate in the formation of the sign
The DLTS signal appears when the value ofd coincides with
the left-hand edge of the peak corresponding to the DC d
sity, but the thickness of thep1 –n junction obtained from
the capacitance measurements will be greater by the th
ness of the regionD. Estimation of this quantity, following
Ref. 13, givesD>4 mm, which was used to correct the po
sition of the maximum of the densityNg in Fig. 2.

On the whole, it can be concluded from the capacitan
measurements that the profile of radiation-induced DCs~di-
vacancies! along a particle track has the character of a rat
sharp peak. The position of the top of the peak correspo
to the rangeR. When observing divacancies, the contour
the peak most accurately describes the distribution of
mary defects~Frenkel’ pairs! along the track.

3. HOLE TRANSPORT IN THE INJECTION-EXTRACTION
REGIME

Let us now turn to the manifestation of induced cent
in charge-carrier recombination processes. The valuest
presented in annealing experiments~see Fig. 1! were deter-
mined by the injection-extraction method. In addition,
customary in the literature, the quantity

1/t51/t021/tfin ,

wheret0 andtfin are the initial and measured values of t
lifetime, was plotted. It was expected that 1/t, which is pro-
portional to the total density of induced recombination ce
ters, will grow linearly with dose. However, substantial no
linearity, which eventually reaches saturation, is obser
~see Fig. 4!. It was found that in the dose interva
F553108– 1010 cm22 the quantity 1/t is close to a power-
law function with exponent 1.7. To explain this behavior
1/t5 f (F), it is necessary to consider the basic formula
the method~see, for example, the monograph Ref. 16!:

erfAT/t5I f /~ I f1I r !, ~5!

whereT is the duration of the shelf of the reverse phase a
I f and I r are the currents of the forward and reverse pha
~see the inset in Fig. 4!. The expression~5! was obtained
under the condition that the diode base is long compa
with the diffusion lengthLD5(Dt)1/2, where the hole diffu-
sion coefficient in Si isD511.6 cm/s. For initial values
t0520– 30ms we haveLD<185 mm and the conditions un
der which Eq.~5! is derived hold satisfactorily. As defect
are introduced, a layer with a low value oft is erected in the
base at a depth equal to the particle rangeR>20 mm. This
violates the conditions of the initial model, since a drain f
holes is produced at a distanceR!LD near thep1 –n junc-
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tion. In the limit thed layer can be treated as a plane w
surface recombination rateS→`, which reduces the prob
lem to the case of a ‘‘thin’’ diode with a recombination-typ
back contact. This problem is solved in Ref. 17.

The following approximate formula relating the duratio
of the shelf and the depth of thed layer is presented in Ref
16:

T5 ln@0.8~11I f /I r !#R
2/2.5D. ~6!

For our measurements this signifies that the funct
1/t(F) should saturate. This corresponds to the momen
which 1/t in the d layer decreases to a level formally d
scribed by the valueS→`. Saturation was clearly observe
in the dose rangeF>231010 cm22 ~see Fig. 4!. The value
of t in the layer can be estimated ast5(VthsM )21. Taking
the thermal velocityVth533107 cm/s and trapping cros
sections53310215 cm2, we obtaint51.431027 s. The
two orders of magnitude difference from the initial valu
~which remains in the main, undamaged part of the base! is
sufficient for an intense hole drain in the damaged layer
quantitative estimate also confirms this. Thus, substitu
into the expression~6! the shelf durationT50.2 ms, we ob-
tain R522.3mm. This value is in good agreement with th
value R523.2mm for group-I samples on which the me
surements were performed.

4. TRANSPORT OF NONEQUILIBRIUM CHARGE DURING
PULSED GENERATION

Another possibility of tracing the contribution of th
damaged layer to the characteristic features of charge tr
port is to detect the signal from singlea particles. Here the
main mechanism of energy losses during stopping in
solid—ionization, which we mentioned earlier, is used. T
structure of thep1 –n diode acts as a detector of separa
particles, the SCR of the diode serving as the ‘‘worki
zone.’’ By varying the reverse bias it is possible to cont
the value ofW and determine the desired conditions of tran
port. From the technical standpoint it is important that m
noenergetic particles contribute a pulse of charge of elect

FIG. 4. Reciprocal 1/t of the hole lifetime in the diode base as a function
the a particle irradiation doseF. Measurements by the injection-extractio
method; see Eq.~5!. The forward current density equals 0.3 A/cm2. Inset:
Form of the current pulseI , elucidating the notation in Eq.~5!.
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hole pairs that is calibrated in magnitude. This pulse
detected with apparatus that is conventionally used
nuclear spectrometry. The final characteristic of the struct
as a detector is the shape of the spectrum of signal am
tudes.

4.1. Let us trace first the behavior of the average amp
tude of the spectrum with increasing doseF in Fig. 5. Let
the geometry of the experiment be such that the part
tracks emerge behind the defective layer~see the inseta in
Fig. 6!. We used244Cm a particles. Under the conditions o
complete transport thesea particles released in group-I
structures 5.11-MeV particles (R524.6mm). Let W be less
than the coordinatex1 . Then, the ionization produced by th
particle spreads over three regions: in the SCR zone (W); in
the undamaged zone (x12W); and, finally, directly in thed
layer and to the right of this layer in the regionR2x2 .

FIG. 5. Recombination charge lossesl as a function of the extent of the par
of the track extending beyond the boundary of the region of the fieldR2W.
The a-particle irradiation doseF, 109 cm22: 1—0, 2—1, 3, 4—3, 5—6,
6—10.

FIG. 6. FWHM of the spectral line of ap1 –n diode as a function of the
width W of the region of the field. The diode was irradiated witha particle
flux 1.731010 cm22 and used as a detector of single 4.5-MeVa particles
with range R521 mm. Insets: Geometry of experiments. Thea-particle
track: a—Extends beyond the buried layer~see Fig. 5!; b—lies in the region
in front of the buried layer.
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The signal amplitude is determined by the integrated
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charge flowing in an external circuit—as the resultant of f
drift transport of carriers in the electric field of the SCR a
the slower diffusion transport in the zoneR–W. The latter is
associated with recombination losses, which is reflected
Fig. 5 ~curve1!. As recombination centers are introduced
a result of radiation-induced defects, the charge lossel,
naturally, grow~curves2–6!. It is significant thatl saturates
even at a fluxF>33109 cm22 ~see the inset in Fig. 5!.
Here, the value ofl corresponds to a transport pattern
which the charge introduced into the regionR2x1 is com-
pletely lost. At the same time, charge is completely tra
ported into the zone (0,W). Only half of the charge in the
layer (x12W) flows onto thep1 –n junction. This picture is
correct to a high degree of accuracy. Thus, a calcula
based on a Bragg ionization distribution forR2W510 mm
gives lossesl50.12 as compared to the experimental va
l50.145. Thus, the damaged layer is manifested as an
cient drain for carriers even at fluxesF>33109 cm22. We
recall that in the injection-extraction method this state
peared atF>231010 cm22.

The high sensitivity to DCs in thed layer in the case of
pulsed injection of charge bya particles should be attribute
to the difference in the filling of the trapping centers. In t
injection-extraction method filling occurs during the phase
a stationary forward hole current. In the phase of a reve
current through a layer with centers, which is already fill
with holes, holes flow out of the regionLD2d. When charge
is generated bya particles, the initial filling of the centers i
determined by the equilibrium conditions. Centers below
Fermi level are filled with electrons and can effectively tr
holes. The trapping is increased by a high injection level i
track, when the diffusion current densities in thed layer
equal tens of A/cm2.

4.2. In the above discussion we traced the behavior
the average amplitude of a pulse. However, the amplit
spectrum also gives a second parameter—the line wi
This quantity is determined as the product of the cha
lossesl to hole trapping and the nonuniformity factorF of
the losses.18 In practiceF>1 and the smearing of the line i
directly attributable to incomplete charge transport.

Let us now choose thea particle energy so that the rang
of the a particles falls in the region below the coordinatex1

~see the inset in Fig. 6!. Let us distinguish two cases accor
ing to the position of the regionW of the field relative to the
d layer: In the first caseW also does not reachx1 , i.e. R,
W2,x1 . In the second case, conversely, the damaged la
is captured by the region of the field andW3.x2 . Under
conditionsW2,x1 the electrons flowing from the region o
the field are the majority carriers in the base. For this reas
an equal number of electrons is removed into then1 contact
over the Maxwellian relaxation time. Ultimately, the defec
in the d layer will have no effect on the signal. In the ca
W3.x2 the electrons must drift out of the track through t
d layer as a packet of nonequilibrium carriers. In the proce
they will be subject to trapping, which should be manifest
first and foremost, in broadening of the spectral line.

Figure 6 illustrates the behavior of the FWHM of th
line ~expressed as the number of channels of the amplit
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field for a group-I sample. For thea particles the tracks were
19-mm long, which was close to the range of the partic
producing the damaged layer~23.2mm!. However, the char-
acteristic behavior of the line width can be clearly followe
The line is wide until the track settles completely in th
region of the field (W1,R). This is due to the contribution
of the losses resulting from diffusion transport for the part
the track that penetrates into the base. AsW increases, the
line narrows sharply and the minimum values are obser
for W2>R. When trapping centers in thed layer are drawn
into the working zone, the line width approximately double

5. CONCLUSIONS

Irradiation with a particles with natural-decay energie
makes it possible to obtain a ‘‘buried layer’’ of radiation
induced defects with a sharp profile. Deep centers are
dominantly observed. They are manifested, first and fo
most, in the recombination of nonequilibrium carriers b
also in a decrease of the conductivity as a result of comp
sation of current carriers. Very moderate flux
F533109– 331010 cm22 are sufficient for the buried laye
to be treated as an internal boundary with an infinite surf
recombination rate. The correctness of this assumption
checked for two typical variants of carrier transport: for in
tial filling of centers under stationary current conditions a
for pulsed generation in a volume which was at equilibriu
earlier.

The manifestation of deep centers in the decrease of
conductivity was also observed at low fluxes according to
characteristic features of the production of space charge
reverse-biasedp1 –n structure. It was shown that under co
ditions of incomplete depletion of the damaged layer
presence of space charge, arising in the field of the con
potential difference, in it must be taken into account.

The above-noted facts are also helpful in the procedu
sense. It was shown how a layer of deep centers influen
the results obtained by widely used methods, such as DL
and injection-extraction of charge carriers.

1!The nonlinearity of the second section is hardly discernible in Fig. 3
cause of the smallness of the values of (U/U0)1/2.
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Lifetime of nonequilibrium carriers in semiconductors from the standpoint of a

n

collective interaction in the process of radiative recombination
S. V. Za tsev and A. M. Georgievski 

A. F. Ioffe Physicotechnical Institute, Russian Academy of Sciences, 194021 St. Petersburg, Russia
~Submitted June 25, 1997; accepted for publication July 14, 1997!
Fiz. Tekh. Poluprovodn.32, 366–368~March 1998!

InGaAsP/InP laser heterostructures in the continuous pumping regime were investigated by
autocorrelation methods. It was shown that below and above the lasing threshold the laser radiation
consists of ultrashort coherent pulses and the temporal coherence of these pulses was
measured. The dependence of the pulse duration on the pump current was also investigated. The
results obtained can be interpreted in terms of collective resonances in the process of
radiative recombination. To explain the observed effects the carrier lifetime was treated as a
combination of the accumulation time and the collective emission time. ©1998 American
Institute of Physics.@S1063-7826~98!01403-3#
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The conventional working electron-hole pair densities
semiconductor lasers are much higher than the radiat
dipole densities in gas and solid-state lasers. An estimat
the nonequilibrium charge-carrier density in the active la
shows that the distance between charge carriers is m
smaller than the wavelength of the radiation emitted
them. Therefore, they should interact during the radiat
recombination process, just as in the case of Dic
superradiance.1,2 As Dicke showed for two-level systems,
the dipole density is high, resonance interaction of the
poles occurs and short pulses of coherent radiation
formed. However, this theory cannot be applied to semic
ductors because of the wide energy distribution of the ca
ers. Nonetheless, a similar pulse structure of the radia
from semiconductor lasers has been observed,3 although the
formalism of such an interaction of the carriers in a semic
ductor has still not been developed.

To investigate this phenomenon experimentally the
tocorrelation functions~ACFs! of continuously pumped la
sers have been studied.4 It was first shown in Ref. 4 tha
ultrashort radiation pulses appear below the lasing thresh
It has been proved recently that such pulses exist ab
threshold and two different regimes of evolution of su
pulses in a laser cavity have been observed.5

Detailed investigations of the temporal coherence of
radiation were performed in order to estimate the duration
the observed pulses and to study the dependence of the
duration on the pump current.

2. RESULTS

The experimental InGaAsP/InP (l51.3 mm) separate-
confinement injection laser was grown by liquid-phase e
taxy. The waveguide was 0.5mm thick, and the total thick-
ness of the active layer was equal to about 500 Å.6 The
sample consisted of a planar-geometry laser diode wit
365-mm-long cavity and a 20-mm-wide waveguide. The
threshold current densityJth was equal to 2750 A/cm2.

Measurements of the temporal structure of the radia
were performed above the lasing threshold with continu
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the two-photon absorption in AlGaAs waveguide was bu
for the experiment.7 The methods used for numerical pro
cessing and analysis of the ACFs are described in Ref. 5.
temporal coherence was also investigated as a function o
lengthDx of the delay line and was determined as the ra

I max2I min

I max1I min
5 f ~Dx!,

where I max and I min are the intensities at the maxima an
minima of the corresponding interference pattern. Figur
shows the ACF~solid line! and the temporal coherenc
~dashed line! as a function of the delay-line length for cu
rents 1.5•I th ~a!, 2•I th ~b!, and 3•I th ~c!, respectively. One
division on theX axis corresponds to the roundtrip tim
through the laser cavity (t58.8 ps). Unfortunately, mea
surements of the ACF could not be performed below
lasing threshold because the signal-to-noise ratio was
low. On the basis of the contrast, the observed ACF can
interpreted as being due to the presence of individual pu
of coherent radiation. The corresponding dependences o
temporal coherence on the length of the delay line for c
rents 1.5•I th and 2•I th ~Figs. 1a and 1b! show a temporal
structure similar to that of the ACF. The period of the puls
equals the roundtrip time through the cavity, and this atte
to the fact that at each moment in time only one pulse pro
gates in the cavity. The initial pulse must be engendere
the cavity mirror ~otherwise, the period would have to b
twice as short!. In the case of a pump current of 3•I th neither
the ACF nor the curve of the temporal coherence conta
maxima with the roundtrip period of the cavity.

Figure 2a shows the half-width of the main maximum
the temporal coherence versus the pump current. A sim
dependence was measured for the laser described in Ref.
is represented by the dashed line in the figure~Fig. 2b!. The
pulsed structure of the radiation for the sample was obser
below threshold down to 0.8•I th . Below this current the
ACF could not be measured because of the low signal
noise ratio.

332332-03$15.00 © 1998 American Institute of Physics
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3. DISCUSSION

The results obtained are due to the fundamental pro
ties of radiative recombination for the pump levels employ
and the positive feedback at the resonance of the laser
shown in Ref. 4, superluminescence in semiconduc
should be in the form of short coherent pulses. However,
development and transformation of the pulses depend on
properties of the waveguide and the Fabry–Perot cavity.8

FIG. 1. Autocorrelation functions~solid line! and temporal coherence
~dashed line! of radiation for pump currentsI th : a—1.5, b—2, c—3.

FIG. 2. Half-width of the central peak of the temporal coherence of the la
radiation versus the pump current.
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explain the experimental results. The current dependenc
the half-width of the central maximum of coherence and
ACF can then be regarded as being due to a change in
number of electron-hole pairs in the radiating aggregate.
numberN of oscillators in the aggregate can be determin
in terms of the modified lifetime of a radiating aggrega
consisting ofN pairs:2 tN5t1 /N. Thus, in this scheme the
spontaneous radiative lifetime is a function ofN.

Below the lasing threshold the number of carriers in t
aggregate~just as the local carrier density! gradually grows
in time at a rate determined by the pump current density.
the moment of the collective resonant emission of an opt
pulse the density in the corresponding spatial region
spectral interval will then drop rapidly. It will subsequent
gradually build up as a result of the continuing pump curre
thermal relaxation of the carriers and, possibly, spatial dif
sion, and the process repeats. In this case the pulses ca
have a sharp period, although a characteristic carrier a
mulation time should exist. The modulation of the carr
density should be strong in this case, while the peak den
should be high. This can explain the short radiative lifetim
of the aggregate as being due to the large value ofN.

A substantially different situation is observed near t
lasing threshold. After a round trip through the cavity t
optical pulses return, having now a substantial amplitude
their point of creation. This leads to induced emission a
prevents further accumulation of carriers. It is natural to
sume that at least in our case the characteristic carrier a
mulation time below the lasing threshold is much longer th
the roundtrip period of the cavity. Then, provided that t
carrier accumulation rate changes very little, a decreas
the accumulation time signifies a substantial decrease of
peak carrier density in this region and energy interval. F
this reason, the characteristic numberN of carriers in the
drops collectively, and the radiative lifetime of the grou
increases. Such changes are usually observed at the th
old, but they can also be observed below the threshold~Fig.
2b!, if the amplitude of the returning pulses is sufficient
high to disrupt the carrier accumulation process.

As the pump current increases further,N likewise should
increase and the radiative lifetime should gradually decre
The existence of a second maximum apparently reflects
possibility that more than one such pulse appears during
round trip through the cavity.

Assuming that the temporal profile of the observ
pulses is symmetric, we obtain a half-width of 0.4 ps for
current of 1.8•I th . The data obtained from the ACF an
coherence measurements with equal currents in this inte
are identical. The curve in Fig. 2a shows the presence
even shorter pulses atI .2.5 I th, but the central peak corre
sponding to the ACF~Fig. 1c! is broadened. This could b
due to the interaction of coexisting pulses in the laser cav

4. CONCLUSIONS

As shown in Refs. 4 and 5, superluminescence in se
conductors consists of ultrashort coherent pulses. Thus,

er
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recombination in semiconductors with typical levels
pumping.

In the present work it was demonstrated on the basi
an investigation of the ACF and the temporal coherence
optical pulses with a duration of 400 fs are formed w
continuous pumping of an injection laser.

To explain the experimental results, a model of a coll
tive interaction of carriers was proposed. The density of
variable number of oscillators in the radiating aggregate w
introduced in order to interpret the pump-current depende
of the coherence~pulse duration!. It was shown that the mea
sured hyperfine pulsed structure of the laser radiation ca
interpreted on the basis of a collective interaction under c
ditions of radiative recombination.

We thank N. A. Pikhtin and I. S. Tarasov for providin
the experimental samples of injection lasers.
334 Semiconductors 32 (3), March 1998
of
at

-
e
s

ce

be
n-

Wileym, N.Y., 1975.
3A. I. Gurevich, A. B. Grudinin, A. G. Deryagin, S. V. Za�tsev, V. I.
Kuchinski�, D. V. Kuksenkov, E. L. Portno�, and I. Yu. Khrushchev,
Pis’ma Zh. Tekh. Fiz.18, 38 ~1992! @Sov. Tech. Phys. Lett.18, 74
~1992!#.

4S. V. Zaitsev and A. M. Georgievski, inProceedings of the Int. Conf
SPIE on OPTDIM’95, Kiev, 1995, Vol.2648–50, p. 319.

5S. V. Zaitsev and A. M. Georgievski, inProceedings of the Internationa
Conference QDS’96, Sapporo, Japan, November 4–7, 1996, published
JJAP, part 1,36, 4209~1997!.

6I. S. Tarasov, L. S. Vavilova, N. I. Katsavets, A. V. Lyutetskiy, A. V
Murashova, N. A. Pikhtin, N. A. Bert, and Zh. I. Alferov, inProceedings
of the International Conference on Nanostructures, St. Petersburg, 1996
p. 351.

7A. M. Georgievski� and S. V. Za�tsev, Prib. Tekh. E´ ksp.1, 132 ~1996!.
8O. Hess and T. Kugn, Phys. Rev. A54, 3360~1996!.

Translated by M. E. Alferieff
334S. V. Za tsev and A. M. Georgievski 



Current-voltage characteristics of GaN and AlGaN p – i – n diodes

ea-
N. I. Kuznetsov
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Fiz. Tekh. Poluprovodn.32, 369–372~March 1998!

The current-voltage characteristics of GaN and Al0.08Ga0.92N p– i –n diodes were investigated.
The experimentalp– i –n structures were grown by MOCVD on 6H-SiC with Si and
Mg as dopants. Thei region was formed by simultaneously doping with donor and acceptor
impurities during growth. Analysis of the current-voltage characteristics showed that current flow
in the p– i –n diodes is due to either drift of thermally excited holes or electron-hole
recombination in thei region via impurity centers—just as predicted by the Ashley–Milnes
theory. These impurity centers are attributed to Mg acceptor levels. ©1998 American Institute of
Physics.@S1063-7826~98!01503-8#
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Group-III nitrides InN, GaN, and AlN and their soli
solutions InGaN and AlGaN, which are wide-gap semico
ductors with direct interband transitions, are now succe
fully used in optoelectronic devices emitting light in th
short-wavelength region.1–4 This progress was made possib
by the use of Mg as an acceptor impurity to obtainp-type
material.5–7 The development ofp–n junctions based on
GaN and AlGaN makes it possible to investigate their el
trical and optical characteristics.8–14

Our objective in the present work is to investigate t
current-voltage characteristics~IVCs! of GaN- and AlGaN-
basedp– i –n diodes. The strong scientific interest shown
current flow in p– i –n diodes is due to the fact that th
observed complicated structure of the IVCs is determined
the electronic properties of the semiconductor material its
Specifically, information about the ionization energies a
carrier trapping cross sections of recombination centers
be extracted from the IVCs ofp– i –n diodes.

2. EXPERIMENTAL PROCEDURE

The GaN- and AlGaN-basedp– i –n structures were
grown by gas-phase epitaxy using organometallic co
pounds ~MOCVD! on silicon carbide substrates.15 The
n26H-SiC wafers, produced commercially by Cree R
search Inc.~USA!, were used as substrates. The epitax
layers were deposited on the~0001! face of a Si substrate
Mg and Si were used as acceptor and donor impurities,
spectively. First, an-GaN layer, doped with Si to densit
Nd2Na5231018 cm23, were grown. This layer was
1.5 mm thick. A 0.5-mm-thick epitaxial layer ofp1-GaN,
doped with Mg to densityNa2Nd51019 cm23, was grown
last. Thep– i –n junctions based on GaN and AlGaN we
formed between these epitaxial layers, and thei region was
formed during epitaxial growth by simultaneously dopi
with donor and acceptor impurities. The AlN concentrati
in the AlGaN solid solution was equal to 8 mole %, as me
sured by Auger spectroscopy. Mesa structures 300mm in
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sure the electrical characteristics of thep– i –n junctions. To
prevent the isotypic heterojunction GaN/SiC from influen
ing the experimental results, a planar geometry was used
the mesa structures. Pd and Al were deposited as ohmic
tacts top1-GaN andn-GaN or n-AlGaN, respectively~see
Fig. 1!.

Measurements of the room-temperature capacitan
voltage characteristics~CVCs! at 1 MHz showed that the
dependence of the barrier capacitanceC of the mesa struc-
tures on the applied voltageV was linear inC22V coordi-
nates. Here, the capacitance cutoff voltage equals 4–7
This value is much higher than the built-in potential for Ga
and Al0.08Ga0.92N p–n junctions, whosep andn layers are
doped with Mg and Si, respectively.13,14 This indicates the
presence of ani region between thep andn layers. Analysis
of the CVCs showed thei region to be approximately
0.1 mm thick.

3. EXPERIMENTAL RESULTS AND DISCUSSION

Direct I-V characteristics of thep– i –n diodes were in-
vestigated in the temperature range from 77 to 600 K.
room temperature the mesa structures possess the typic
ode I-V characteristics. The cutoff voltage on the forwa
IVC varied from 4 to 7 V for different samples, in agreemen
with the data obtained from capacitance measurements.

The I-V characteristics measured at different tempe
tures are presented in Fig. 2 for GaN-basedp– i –n diodes
and in Fig. 3 for AlGaN-based diodes. As one can see fr
the figures, the IVCs consist of several sections, which
be described by a power-law functionI;Vb, whereb ranges
from 1 to 10. At temperatures below 100 K and when t
applied forward bias exceeds 15 V, the experimentalp– i –n
diodes switched rapidly into a state of higher conductivi
corresponding to the section of the IVC above the negat
resistance region (s-shaped IVC!. Such a behavior of the
forward current is characteristic ofp– i –n diodes and can be
described by the Ashley–Milnes theory.16 In this model, a

335335-04$15.00 © 1998 American Institute of Physics



n
lle

tio
t b
s
e
fo

an
se

n
n

with
in-
ole

t a
s

C
the
wn

d

sed
en-
pen-

b

ased
high-resistance semiconductor, which exhibits impurity co
ductivity and possesses compensation centers partially fi
by electrons, is studied. The position of the compensa
level in the band gap can be arbitrary, but the level mus
deep enough so that the density of thermally excited hole
much less than the density of the compensation centers th
selves. It is assumed in the model that in the case of a
ward current the compensation centers in thei region play
the role of recombination centers for injected electrons
holes. In order for a negative-resistance section to be pre

FIG. 1. Transverse section of mesa structures based on: a—GaN,
AlGaN. Numbers on the figures:1—Pd contact,2—p1-GaN, 3—p-GaN,
4—i region, 5—Al contact, 6—n-GaN layer,7—6H-SiC substrate,8—
p-Al0.08Ga0.92N, 9—n-Al0.08Ga0.92N.

FIG. 2. Forward current-voltage characteristics of GaN-basedp– i –n struc-
tures measured at temperaturesT, K: 1—300,2—400,3—500,4—600.

336 Semiconductors 32 (3), March 1998
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in the IVC, the hole trapping cross sectionsp must be much
larger than the electron trapping cross sectionsn of recom-
bination centers.

The IVCs of the experimentalp– i –n diodes possess a
ohmic current section (b51), a quadratic current sectio
(b52) and a transitional current section (b510), which at
temperatures below 100 K passes into a current section
negative resistance. The recombination-limited current of
jected electrons starts to dominate the thermally excited h
current on the section of the IVC whereI;V2. The transi-
tion of the ohmic section to the quadratic section occurs a
voltageVV where the lifetimetn of the electrons become
equal to the time it takes the electrons,L2/mnVV, to pass
through thei region. The voltageVV can be found from the
expression16

VV'
L2

mntn
5

L2snvnNte

mn
, ~1!

where L is the length of thei region, mn is the electron
mobility, nn is thermal velocity of the electrons, andNte is
the density of electronic traps.

The transitional section of the current on the IV
(b510) is characterized by a substantial increase in
number of injected holes. For voltages above the breakdo
voltage Vb the transit time of holes through thei region
becomes equal to the hole lifetimetp . The value ofVb can
be found from the expression16

Vb5L2S qspvp

4p«mp
D 0.5

Nth , ~2!

wherenp is the thermal velocity of the holes,« is the dielec-
tric constant,mp is the hole mobility, andNth is the density
of hole traps.

According to the Ashley–Milnes theory, the forwar
current at voltages less thanVb is directly proportional to the
density of thermally excited holes. This feature can be u
to determine the ionization energy of the recombination c
ters. We have therefore measured the temperature de

—

FIG. 3. Forward current-voltage characteristics measured on AlGaN-b
p– i –n structure at temperaturesT, K: 1—200, 2—300, 3—400, 4—500,
5—600.
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dence of the currentI with fixed voltageV ~see Fig. 4!. The
slope of the straight lines drawn in Fig. 4 through the expe
mental points corresponds to the ionization energies of
recombination levels:1—0.146 eV and2—0.191 eV, which
are attributed to acceptor levels of Mg in GaN a
Al0.08Ga0.92N, respectively.

The expressions~1! and~2! can be used to calculate th
electron and hole trapping cross sections of recombina
centers. The hole mobilities for GaN and Al0.08Ga0.92N
mp510 cm2/~V•s) were used to calculate the hole trappi
cross section.17 The following electron mobility in GaN was
used to calculate the electron trapping cross sectio18

mp5200 cm2/~V•s). Since the electron mobility in
Al0.08Ga0.92N is unknown, we assumed thatmn in
Al0.08Ga0.92N is close to the value ofmn in GaN. The com-
putational results are summarized in Table I.

Capacitance spectroscopy of deep levels—thec-DLTS
method, proposed by Lang19—is widely used to investigate
levels in the band gap of a semiconductor. However, cap
tance methods are limited in investigations of levels in hig
resistance semiconductor. For this reason, we employed
rent spectroscopy—thei -DLTS method—to investigate
levels in thei region.20 The i -DLTS measurements were pe
formed in the temperature range from 77 to 300 K. A reve

FIG. 4. Temperature dependences of the forward current with fixed vol
corresponding to the quadratic section of the IVC for diodes based
1—GaN (Ea50.146 eV), 2—Al0.08Ga0.92N (Ea50.191 eV). Dots—
experiment, the straight lines were drawn manually to determine the ion
tion energy.
TABLE I. Parameters of Mg acceptor center in GaN

337 Semicond
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bias of 25 V was applied to the mesa structure. To fill th
traps with carriers the reverse bias was switched in a pu
manner to a forward current of 10 mA. To determine t
parameters of the levels a family ofi -DLTS spectra with a
constant ratiot2 /t152 was recorded for different values o
t1 , which was varied from 10ms to 10 ms. Heret1 andt2 are
the times at which the amplitude of the relaxation curren
measured. The parameters of the observed levels were d
mined from an Arrhenius plot~Fig. 5!, which was con-
structed from the family ofi -DLTS spectra. The results o
the calculations of the parameters of a Mg acceptor cente
the basis ofi -DLTS are summarized in Table I. The ho
effective massmh* 50.8m0 was used to calculate the ho
trapping cross section in GaN.21 Since the hole effective
mass in Al0.08Ga0.92N is unknown, we assumed thatmh* in it
is close tomh* in GaN.

It should be noted that the ionization energies obtain
for the Mg acceptor level in GaN and Al0.08Ga0.92N from
IVC and i -DLTS measurements are in good agreement w
Hall effect measurements.17

4. CONCLUSIONS

The current-voltage characteristics ofp– i –n diodes fab-
ricated on the basis of GaN and Al0.08Ga0.92N layers grown
by the MOCVD method on silicon carbide substrates w
investigated. Analysis of the IVCs showed that current flo

e
n:

a-

FIG. 5. Arrhenius plots, obtained from the families ofi -DLTS spectra, for
hole traps for the following layers:1—GaN (Ea51.141 eV), 2—
Al0.08Ga0.92N (Ea50.207 eV).
and Al0.08Ga0.92N.

337G. Irvine
Parameter of acceptor center

GaN Al0.08Ga0.92N

I –V i -DLTS I –V i-DLTS

Ea , eV 0.146 0.141 0.191 0.207
sp , cm2 8310213 4310215 8310214 2310213

sn , cm2 3310214 3310215

The parameters were calculated according to the data:I –V—current-voltage characteristics,i -DLTS—current
deep-level spectroscopy.

uctors 32 (3), March 1998 N. I. Kuznetsov and K.



in the p– i –n diodes is due either to drift of thermally ex-

ts
el
v

n

es
.

te

h

a

Ma

s,

8I. Akasaki and H. Amano, J. Electrochem. Soc.141, 2266~1994!.
9S. Nakamura, T. Mukai, and M. Senoh, Jpn. J. Appl. Phys.30, L1998

tt.

.

.

-

.

p.

ki,
cited holes or electron-hole recombination in thei region via
impurity centers—just as the Ashley–Milnes theory predic
These impurity centers are attributed to Mg acceptor lev
The ionization energies determined for the Mg acceptor le
in GaN and Al0.08Ga0.92N from IVC and i -DLTS measure-
ments are in good agreement with Hall effect measureme

We thank V. E. Sizov for etching the mesa structur
E. V. Kalinin for depositing the ohmic contacts, and V. A
Dmitriev for helpful discussions of the measurements.
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Spatial distribution of the radiation in the far zone of InAsSb/InAsSbP mesastrip lasers

to
as a function of current
T. N. Danilova, A. P. Danilova, O. G. Ershov, A. N. Imenkov, V. V. Sherstnev, and Yu. P.
Yakovleva)

A. F. Ioffe Physicotechnical Institute, Russian Academy of Sciences, 194021 St. Petersburg, Russia
~Submitted August 4, 1997; accepted for publication September 15, 1997!
Fiz. Tekh. Poluprovodn.32, 373–376~March 1998!

The far-zone directional pattern of diode mesastrip lasers with a 10mm wide strip has been
investigated as a function of the current. The directional pattern in the plane of thep–n junction
contains one longitudinal mode, whose width depends on the current. It is shown by
comparing the theoretically computed and experimentally measured spatial modes that this
dependence is determined by the variation of the light flux intensity and the free-carrier density
distributions over the strip width as a function of the current. In the case when the
distributions are close to uniform the maximum narrow spatial longitudinal mode and a unimodal
radiation spectrum are observed. ©1998 American Institute of Physics.
@S1063-7826~98!02803-8#

1. A great deal of attention is now being devoted to theThe threshold current in the best lasers was equal
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investigation of current-tunable lasers, since such lasers
the key components of diode-laser spectroscopy. When
rent is used to tune the wavelength of the radiation, the s
tial distribution of the radiation changes with the current. It
important to investigate the current dependence of the sp
distribution of the radiation both in order to understand
physics of laser tuning processes and for applications of
sers in diode spectroscopy.

The present paper is a continuation of our investigati
of tuning by means of current1,2 and of the spatial
distribution3 of the radiation of InAsSb/InAsSbP lasers ope
ating in the spectral range 3.0–3.9mm. In Ref. 3 the spatia
modes of these lasers were investigated as a function o
geometric dimensions of the lasers. Our objective in
present work is to investigate the variation of the spa
distribution of the radiation of frequency-tunable diode las
as a function of the current strength.

2. Lasers based on the heterostructu
N-InAs0.52Sb0.18P0.30/n-InAs0.95Sb0.05/P-InAs0.52Sb0.18P0.30

were prepared by the method of liquid-phase epitaxy. T
active region was;1 mm thick and the wide-gap emitter
were ;3 mm thick. The active region was specially n
doped, and the electron density there was equal
;1016 cm23. TheN-InAsSbP layer was doped with Sn up
electron density (225)31018 cm23, and P-InAsSbP was
doped with Zn up to hole density;131018 cm23.

Mesostrips with a width of;10 mm were formed on the
grown structures using standard photolithography, since o
one longitudinal spatial mode has been observed in such
sers with 13–14mm wide strips.3 Cavities with a length of
225–300mm were obtained by cleaving.

The radiation of the lasers was investigated in a qu
continuous mode with the lasers powered by square cur
pulses of alternating polarity with a repetition frequency
80 Hz at liquid-nitrogen temperature.

3. The directional pattern, the intensity of the total rad
tion, and the radiation spectra of the lasers were measure
the current range from the threshold levelI th up to I .5I th .
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;12 mA, and the threshold current densityI th.530 A/cm
at 77 K.

The half-widthDu of the directional pattern~the width
of the directional pattern at half-height of the maximum to
intensity! was measured as a function of current~Fig. 1a!.
The measurements were performed in the plane of thep–n
junction ~curve 1! and in a plane perpendicular to thep–n
junction ~curve 2!. In the plane of thep–n junction Du
decreases rapidly from 50 to 20° whenI ,I th . At currents
above thresholdDu continues to decrease and reaches
minimum value of;17° in the current range~2.0–2.5!I th .
As current increases further,Du in the plane of thep–n
junction increases and once again reaches 20° forI /I th .4,
after which it increases strongly up to 40° atI /I th .5. In a
plane perpendicular to thep–n junction, for currentsI ,I th

Du increases with current from 40 to 46°. In the curre
interval from I th up to 3.4 I th Du remains unchanged an
approximately equals 45°, and as current increases furt
Du decreases to;36°.

The current dependence of the total intensityFS ~Fig.
1b! up to currents less thanI 52.5I th has a form characteris
tic for semiconductor diode lasers, but for higher curre
this dependence changes from linear to sublinear. For
rents(3.524.5)I th a shelf is observed in the curve. As curre
increases further, the total intensity once again starts to
crease with current.

The laser investigated emits at the waveleng
;3.3 mm. In the current range from 1.25I th up to 3.8I th the
same mode predominates in the radiation spectrum. H
ever, its intensityFmax as a fraction of the sum of the inten
sities of all modes(Fi increases from 0.5 to 0.98 as curre
increases from 1.25I th up to 2I th , and then decreases to 0.4
as current increases up to 3.8I th .

4. We shall now discuss the results obtained.
For currentsI ,I th the narrowing of the directional pat

tern is determined by the increase with current of the rela
fraction of the stimulated radiation. To analyze the expe
mentally obtained directional patterns in the plane of

339339-04$15.00 © 1998 American Institute of Physics



he
2

-

th

m
e

, the
of

he

de
th
ly
is

rn

u-

is-
ace
eas-
re

he

shed
ional

r

cal
p–n junction for I .I th we compared these patterns with t
theoretically computed patterns as done in Ref. 3. Figures
2b, and 2c show the theoretical curves~dashed and dot
dashed lines! of the total intensity distributionFS of the
radiation as a function of the angleu between the direction
of detection and the normal to the cacity plane, while
solid lines show the measured directional patterns.

The theoretical curve~dashed curve in Fig. 2a! corre-
sponds to a calculation with a cosine distribution of the a
plitude of the vectorE of the electromagnetic wave at th
output mirror of the cavity~see inset in Fig. 2a!. The calcu-
lation was performed according to the simplified formula

FIG. 1. The current dependence of the widthDu ~a! of the directional
pattern at half-height of the maximum intensity in the plane of thep–n
junction ~1! and in a plane perpendicular to the plane of thep–n junction
~2!, the intensity of the total radiationFS ~b!, and the curve of the ratio
Fmax/(Fi ~c! of the intensity of the maximum mode in the spectrum to t
sum of the intensities of all modes for a V12192-1 laser.
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a,

e

-

F~u!;F cosa

12~2a/p!2G 2

; a5
pb

l
sinu, ~1!

wherel is the wavelength of the radiation andb is the width
of the cavity. The curve is calculated forb510 mm, which
corresponds to the width of a mesostrip. As one can see
measured directional pattern, obtained with the current
1.1I th , agrees well with this theoretical curve. Therefore t
directional pattern with a current of 1.1I th corresponds to one
longitudinal mode with a cosine distribution of the amplitu
of the vectorE of the electromagnetic wave over the wid
of the strip; this is due to the fact that for currents on
slightly above the threshold current the refractive index
constant over the width of the strip.

Since the maximum narrowing of the directional patte
occurs for currents~2.0–2.5!I th ~Fig. 1, curve1!, the broad-
ening of the light flux is maximum. In this case the distrib
tion of the amplitude of the vectorE of the electromagnetic
wave over the width of a strip is not cosinusoidal. The d
tribution can be close to uniform because the role of surf
recombination at the edge of the strip decreases with incr
ing current, while the injection density increases mo
strongly at the edges than at the center of a strip.

FIG. 2. Total radiation intensity versus the angleu between the direction of
detection and the normal to the cavity plane. The dashed and dot-da
lines show the theoretical curves, the solid lines are the measured direct
patterns for a V12192-1 laser. Insets: Distribution over the strip widthb of
the amplitude of the vectorE of the electromagnetic wave at the exit mirro
of the cavity. The theoretical curves of the longitudinal mode~dashed line!
were calculated for strip widths (mm!: a — 10, b — 10, c — 7.9. The
experimental curves~solid lines! were measured at the currents: a —1.1I th ,
b —2.5I th , c —4.6I th . c: The dot-dashed line represents the theoreti
curve of the intensity of the transverse mode withb57.9 mm.
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The theoretical curve~dashed line in Fig. 2b! for a uni-
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form distribution of the amplitude of the vectorE ~see inset
in Fig. 2b! was calculated according to the formula

I ~u!.Fsin a

a G2

, ~2!

with a strip widthb510 mm.
The experimental directional pattern measured with c

rent I 52.5I th agrees well with this theoretical curve. Th
probably confirms the fact that the light flux is close to u
form for currents such that the narrowing of the direction
pattern is maximum.

The width of the directional pattern increases as the c
rent increases further~Fig. 1, curve1!. This can happen as
result of the narrowing of the light flux because of the a
pearance of lateral optical confinement caused by an incr
in the nonequilibrium carrier density at the strip edges a
decrease of the nonequilibrium current density at the ce
of the strip. For currents exceeding 2.5I th the losses to sur
face recombination become very small compared with
current strength and can be neglected. On the other han
the current increases, the carrier density can increase a
edges and decrease at the center of the strip, since the ra
stimulated recombination is higher at the center an lowe
the edges, whereE→0. As the carrier density increases, t
refractive index decreases.4,5 If the refractive index at the
strip edges decreases by more than (l/2b)2, then lateral op-
tical confinement forms within the strip, narrowing the lig
flux in the plane of thep–n junction. The decrease in refrac
tive index for high currents is also confirmed by the curre
dependence of the directional pattern in a plane perpend
lar to the plane of thep–n junction. In this region the width
of the directional pattern is determined by losses to diffr
tion by the slit, since the width of the light flux is the same
the thickness of the active region, i.e. it is of the order
1 mm. In this region the directional pattern becomes n
rower as the light flux expands, which is observed for h
currentsI .3.5I th ~Fig. 1, curve2!. In a plane perpendicula
to the plane of thep–n junction, the decrease in the refra
tive index with increasing current degrades optical confi
ment, and the light flux penetrates into the wide-gap regio
increasing losses due to absorption by free carriers in th
regions. This weakens the current dependence of the
intensity for I .3.5I th ~Fig. 1b!.

We endeavored to determine the narrowing of the li
flux in the plane of thep–n junction with high currents as a
result of the appearance of lateral optical confinement. It w
found that at currentI 54.6I th the experimental points fal
on the theoretical curve calculated from Eq.~1! with
b57.9 mm. This means that forI 54.6I th the width of the
light flux in the plane of thep–n junction decreases b
approximately 2mm. In addition, at this current the direc
tional pattern at the base is somewhat wider than that co
sponding to a cosine distribution. This is probably due to
appearance of a weak transverse mode of the first harmo
associated with an antisymmetric distribution of the lig
flux, shown in the inset in Fig. 2c, over the width of the str
The theoretical curve for this mode~dot-dashed curve in Fig
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according to the formula

F~u!;F sin a

12~a/p!2G 2

. ~3!

The relative fraction ofthis radiation does not exceed 6%
Let us consider the variation of the mode composition

the radiation as a function of the current~Fig. 1c!. The inter-
esting feature of this dependence is that in the current in
val I 5(2.022.5)I th , where maximum narrowing of the lon
gitudinal mode in the plane of thep–n junction occurs~Fig.
1a, curve1! and, as shown by comparing with the theore
cally computed mode, the distribution of the amplitude of t
vectorE over the width of the strip is uniform, the maximum
unimodal regime is observed in the spectrum of the radia
~Fig. 1c!. This could be due to the fact that in the case o
uniform distribution of the amplitude of the vectorE the
intensification is also distributed uniformly, and generati
conditions are produced only for one spectral mode, loca
at the maximum of the gain spectrum. The regime is found
be unimodal.

For higher and lower currents, the carrier density is d
pressed at the center of the strip, because the vectorE has a
maximum here, and it is insufficient for radiation generati
and adequate only for stimulation. In the stimulation regim
many spectral modes arise and are intensified near the to
the gain spectrum. On account of diffraction divergence,
flux of this radiation propagates over the entire width of t
strip, it is intensified at locations with high charge-carri
density, and its power is comparable to that of the radiat
in the fundamental mode. The regime becomes multimod

In summary, the investigations of the current depe
dence of the directional pattern of the radiation of diode m
sastrip lasers with a small strip width~10 mm! have shown
that the spatial distribution of the laser radiation in the pla
of the p–n junction consists of a single longitudinal mod
whose half-width varies with increasing current. Initially, fo
currents near threshold, the width of the pattern decrea
reaching its lowest value forI 5(2.022.5)I th , after which it
starts to increase. This current dependence of the half-w
of the directional pattern is due to the current dependenc
the current-carrier and light flux distributions over the wid
of the strip. For currents near threshold the light flux dist
bution is cosinusoidal, in the current interval~2.0–2.5!I th the
distribution becomes almost uniform, and for high curren
as a result of the fact that the carrier density at the strip ed
is higher than at the center of the strip, lateral optical co
finement appears, resulting in narrowing of the light flux, a
the light flux distribution over the width of the strip onc
again becomes cosinusoidal. For currents for which the
rectionality of the radiation is maximum, the radiation spe
trum has a maximum unimodal character, which is explain
by the nearly uniform distribution of the gain over the str
width.

This work was supported in part by a grant from t
Ministry of Science of the Russian Federation as part of
program ‘‘Optics and laser physics’’ and in part by a contra
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