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Transmission electron microscopy is used to study the microstructure of indliayers in

GaAg001) grown by molecular beam epitaxy at low temperat(®@0 °C. This material, referred

to asL T-GaAs, contains a high concentratios {0?° cm™3) of point defects. It is established

that when the material i§-doped with indium to levels equivalent to 0.5 or 1 monolayer

(ML), the roughness of the growth surface leads to the formation of InAs islands with
characteristic lateral dimensiors10 nm, which are distributed primarily within four

adjacent atomic layers, i.e., the thickness of the indium-containing layer is 1.12 nm. Subsequent
annealing, even at relatively low temperatures, leads to significant broadening of the indium-
containing layers due to the interdiffusion of In and Ga, which is enhanced by the presence of a
high concentration of point defects, particulakly,, in LT-GaAs. By measuring the

thickness of indium-containing layers annealed at various temperatures, the interdiffusion
coefficient is determined to H®,,_g;=5.1X 10" 2 exp(—1.08 eVkT) cn?/s, which is more than

an order of magnitude larger théh,_g, for stoichiometric GaAs at 700 °C. @998
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INTRODUCTION alently 6 doping the latter with indium during low-
temperature MBE. During subsequent annealing, the indium-
containing layers act as regions which accumulate excess
arsenic. This makes it possible to obtain two-dimensional
scribed in papers at the end of the 1980%%This interest is layers of arsenic clusters and to form As/GaAs heterostruc-
due to two unique properties &fT-GaAs: high resistivity —tUres. _ . _ _

and very short carrier lifetimegbout 100 fg As shown in It is obvious that annealing not only gives rise to the
Refs. 2 and 3, these properties are caused by the presencedéﬁUSion and precipitation of excess arsenic, but also to the
excess arsenitof order 1 at. % in the LT-GaAs host. The interdiffusion of indium and gallium, which leads to broad-
excess arsenic forms clusters that incorporate into the GaA@ning and spreading of the indium-containing layers and can
host with practically no defects when the material is an-thus influence how effectively they accumulate arsenic clus-
nealed at temperatures above 500 °C. The concentratiof€rs. In addition, on a more global scale, this concentration
size, and spatial distribution of these arsenic clusters play gisordering alters the electronic and optical properties of the
key role in shaping the properties of the material. Usually thematerial. For this reason, the self-diffusion processes in
concentration and size of the arsenic precipitates are corsemiconductor IlI-V compounds and their solid solutions
trolled by varying the growth conditions and the annealingare a subject of intense investigatitsee, for example, the
temperature of the material. It has been shtWrhat the  review in Ref. 7. The few papers on diffusion ibT-GaAs
spatial distribution of the clusters can be controlled by intro-have revealed that the huge concentration of point defects in
ducing thin layers of InGaAs into theT-GaAs or by isov- the material, particularly gallium vacanci#$)eads to a de-

Gallium arsenide grown by molecular beam epitaxy
(MBE) at low (about 200 °¢ temperatures(so-called
LT-GaAs has aroused great interest since it was first de
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crease in the activation energy for the diffusion of%l?
and to an increase in the diffusion coefficient by one to two
orders of magnitud@ Unfortunately, there are practically no
data on the diffusion of indium in low-temperature GaAs.
However, it has been obsen/éih ordinary gallium arsenide
near a layer oL T-GaAs, which serves as a source\&f,,
that the activation energy for In-Ga interdiffusion is greatly
decreased and that the effective diffusion coefficient in the
temperature rang&=700—-1000 °C exceeds that of Al-Ga
by one to two orders of magnitude. For this reason, investi-
gation of the behavior of thin layers of InAs inlal-GaAs
host during annealing is a subject of considerable current i
interest. —
This paper describes an investigation of the structure of :
indium & layers inLT-GaAs and how it changes during an-
nealing in the temperature range 500—700 °C. This research
was performed using transmission electron microscopy
(TEM), which has proven to be an effective t8bl® for
studying interdiffusion at the atomic level.

EXPERIMENT

The experimental samples were grown by MBE in a
two-chamber Katun’ system on semi-insulating G&8d)
substrates containing an 85 nm thick buffer layer of stoichio-
metric undoped gallium arsenidgrown at 600 °C and a
layer of LT-GaAs with a thickness of about &m. The
LT-GaAs was grown at a temperature of 200 °C at a rate of
1 wm/h under an As vapor pressureP=7x10"* Pa.
Indium-containings layers were created ihT-GaAs by in-
terrupting the Ga flux and depositing indium for 4 or 8 sec,
which ensured nominal In layer thicknesses of 0.5 and 1
monolayer (ML), respectively. The distance betweeh
layers varied from 20 to 60 nm.

The samples grown were divided into four parts, one o
which was not subjected to further procedutd® as-grown
sample. The other three were annealed in the growth cham
ber under an arsenic vapor pressure for 15 min, each at
different temperature: 500, 600, or 700 °C.

FIG. 1. Dark-field(020) TEM image of a transverse section of100) layer
of LT-GaAs §-doped with In to a nominal concentration of 0.5 ML.

of the A and B sublattices and is highly sensitive to the
fchemical composition of the material. Figure 1 shows the
dark-field image in th€020) reflection of a(100) transverse
section of an unannealed samplelLdf-GaAs with indiumé
Igyers having a nominal thickness of 0.5 ML.

Thin layers with dark contrast, whose spatial positions in

For the TEM studies a series of samples was prepared iwe -structure correspond to t.he positions of indidrtayers
the form of (110 transverse sections using mechanical pol_a55|gned by the growth regime, are clearly observed. The

ishing and a final milling by A ions with an energy of thickness of ad layer in an unannealed sample measured

4 keV at grazing angles on a Gatan Duo-Mill 600 machine.from this image turns out to equal k2.1 nm. In order to

In order to minimize the radiation damage, the sample Wagecrease the possibility of errors arising from the influence

cooled during the ion sputtering. In addition, a parallel seriesOf the sample th|ckness on t.he contrast of the Iayer IMages,
of samples was prepared in the form(@00) transverse sec- V& also determined these thicknesses from dark-field images

tion by cleavingt® Two transmission electron microscopes of cleaved samples using the02) reflection with the sample

were used in these studies: a JEM4000EX microscope Witﬂltedtrelatlr\]/_e to the 3??_5 perfpentd|culljar to tzifgrot\_/vth d_|rrhe_c-
an accelerating voltage of 400 kV, and an EM420 micro- lon 1o achieve conditions for two-beéam difiraction. This

scope operating with an accelerating voltage of 100 ofituation is |Ilustrated schematically in Fl_g. 2a: In this case,
120 KV. the observed thickness of the layer varies with the sample

thickness. At thicknesses small compared to the extinction
length, the contrast on the layer ceases to depend on thick-
ness; therefore, a value for the layer thickness is obtained by
Because strong contrast is needed in imaging epitaxiaxtrapolating the dependence of the measured layer thickness
layers of semiconducting heterostructures with a sphaleriten sample thickness to zero sample thickngsg. 2b. The
type of lattice, we chose a technique that is widely used fothickness values obtained in this way for indium-containing
this type of image generation: dark-field electron microscopylayers in an unannealed sample equaled D1 nm.
using the(002) reflection, whose amplitude is proportional to Samples were also studied in a high-resolution regime. The
the difference between the average atomic scattering factothicknesses of indium-containing layers on transverse sec-

RESULTS AND DISCUSSION
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FIG. 2. Schematic representation of the formation of an image in projection algh@0htransverse section of a sample prepared by cleatdngnd plot
of the measured thickness of a layer with a nominal In concentration of 0.5 ML versus the distance to the edge of thi)sdmplexperimental values,
straight line — least-squares averaging.

tions of LT-GaAs samples were determined from high- Thus, the deposition of indium during growth in
resolution[100] zone axis images. Under these conditions aramounts equivalent to 0.5 or 1 ML leads in both cases to the
image is formed by fouf220 beams and four “chemically formation of indium-containing layers, whose thickness turns
sensitive” (200) beams. This allowed us to change the rela-out to equal 4 ML. The spreading of thin layers and inter-
tive contributions of the spatial frequencies by choosing thdaces in heteroepitaxial structures observed in the electron
thickness of the portion of the sample being imaged and thenicroscope is difficult to interpret and is widely discussed in
degree of defocusing to thereby obtain markedly differenthe literature. Even when additional processing of the images
images for layers of diverse chemical composition. Figure 3 is used, as a rule it is not possible to determine unambigu-
shows a high-resolution image of an unannealed sample afusly whether this spreading is a result of interdiffusion or is
LT-GaAs with indiumé layers having a nominal thickness caused by interface morphologies whose characteristic lateral
of 0.5 ML and clearly demonstrates that most of the indiumdimensions are smaller than the sample thickness in the di-
atoms are actually distributed in four adjacéd®2 atomic  rection of the electron beam, because high-resolution images
planes, i.e., the observed thickness of the indium-containingre in reality projections of the atomic structure averaged
layer is 4 ML or 1.12 nm. over the sample thickness along the direction of the electron
Analogous studies of an unannealed sample with a nomibeam. Under our conditions, the epitaxial growth tempera-
nally deposited amount of indium equivalent to 1 ML showture is quite low(200 °Q, the interdiffusion of Ga and In
that the real thickness of é layer is also 4 ML. atoms is very improbable, and the observed broadening of

FIG. 3. High-resolution electron photomicro-
graphs ofLT-GaAs layers alon§i100] exhibiting
layers with a nominal In concentration of 0.5 ML
in the following samplesa — unannealed, b —
annealed at 600 °C for 15 min. The arrows show
the boundaries of the In-containing layer.
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the layers must be related to the morphology of the growtifABLE 1. Measured values of the thickness of an indium-containing layer
front. Additional confirmation of the small role played by &nd diffusion constants.

interdiffusion in the broadening of thé layers is provided
by the fact that their thicknesses in the two unannealed Nominal
samples are the same, despite the considerable, twofold, dif" conent, ML
ference between the nominal indium concentratithsnd
0.5 ML). Step-like interface morphologies with an amplitude 0.5 11 17 3.4 6
of several atomic layers and a characteristic lateral dimen- 11 22 42 -
sion of 1-5 nm along010] have been observed previously =~ Nominal

Thickness of In-containing layer, nm

as-grown 500 °C 600 °C 700 °C

in electron-microscopic studies of transverse sections ofin content, ML Diffusion coefficientD ,_ca, cnf/s
GaAlAs/GaAst’ GalnAs/AlinAs!* and CdHgTe/CdT¢

heterostructures using the high-resolution technique in pro- 0.5 3.6x10°%°  26x107%  1.2x107Y
jections along[100]. The structures investigated in Refs. 1 6.2<10°*°  3.5x10 '8

14,17, and 18 were grown by MBE at ordinary temperatures
(600-680 °Q on substrates oriented precisely alof@®l);
nevertheless, even under these conditions the growth front
can have bumps with heights as large as 4—5 ML, which are 5
not smoothed by interdiffusion, despite the fact that the (z)=iexp( _Z_) (1
L o In 5|

samples studied in Ref. 14 were additionally annealed at \/_770'0 207
700-900 °C. Decreasing the epitaxial growth temperature to
200 °C, as we have done in this work, significantly sup-wherec, is the nominal indium concentration is the stan-
presses the migration of deposited atoms over the growtdard deviation, and is the coordinate in the growth direc-
surface, and thus the formation of steps or bumps with &on. In this case the solution to the diffusion equation
height of several atomic layers at the growth surface is far
more natural. From this we conclude that #héayers prob- d &2
ably consist of InAs islands in GaAs, which are distributed EC'"(Z'U:D'“—Gagc'“(z't) @
primarily within four adjacent atomic layers.

An investigation of the samples annealed for 15 min atyj|| be a Gaussian, whose standard deviatiois related to
500 °C reveals a considerable increase in the thickness of thge diffusion coefficienD,,,_g, by
6 layers beyond the initial 4 ML. After annealing samples

with a nominal indium content of 0.5 and 1 ML, indium is 2D|n_04202—03- 3
observed in layers 6 ML thick, i.e., 1.7 nm, and 8 ML thick,
i.e., 2.24 nm, respectively. When experimental values of the layer thickness are

Annealing at 600 °C has the consequence of further inused to determine the diffusion coefficient, it is necessary to
creasing the thickness of the indium-containing layers. Irestablish the indium concentration level at which the layer
Fig. 3b we show a photomicrograph obtained using the highboundary is observed. In order to determine this level we
resolution technique of a sample with a nominal indium con-nvestigated samples &fT-GaAs containings layers with
tent of 0.5 ML. The indium-containing layer occupies 12 ML various indium concentrations from 0.5 down to 0.006 ML.
(3.4 nm. In a sample with a nominal indium content of 1 The (002 dark-field image of such a sample is shown in Fig.
ML, the experimental thickness comes to 15 NiL2 nm). 4, from which it is clear that the smallest nominal concen-

When the anneal temperature is increased to 700 °C angation of InAs in aé layer that can be reliably measured is
the & layers spread further, their visualization in the high-1.8 mole %. Taking into account that the thickness of &he
resolution regime turns out to be impossible due to the strongayer in an unannealed sample is at least 4 ML, the lowest
decrease in the indium concentration. The thickness obthe indium concentration that can be detected K082 dark-
layers in samples with a nominal indium content of 0.5 ML field image is estimated to be 0.5 mole %. Solving E).
determined from dark-field002) images is estimated to be 6 numerically with allowance for the fact that the thickness of
nm. The results of measuring the thickness ofdHayersin  an indium-containing layer deduced from electron-
samples with nominal indium contents of 0.5 and 1 ML for microscopic images corresponds to a width of the Gaussian
various anneal temperatures are listed in Table |. distribution at an absolute level of 0.5 mole % In, we obtain

Thus, in the temperature range 500—-700 °C we investithe values of the effective diffusion coefficients for the an-
gated,L T-GaAs exhibits significant interdiffusion of indium neal temperatures used. The effective diffusion coefficients
and gallium, which leads to an increase in the thickness ofietermined in this way for indium ih T-GaAs at 500, 600,
the & layers and, evidently, spreads the InAs islands into and 700 °C are listed in Table I. A plot of the temperature
In,Ga, _,As solid solution. Starting from measured values ofdependence of the effective diffusion coefficient in log
the thickness of the indium-containing layers for various an{D,,_g,) Vversus 1T coordinates is shown in Fig. 5. Because
neal temperatures, we can determine the In-Ga interdiffusiothe diffusion coefficient depends exponentially on tempera-
coefficient inLT-GaAs. We represent the initial profile of ture, i.e.,
the indium concentration in an unannealed sample as fol-
lows: Din_ca= Do exp(—Q/KT), (4)
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The value of the effective activation energy that we ob-
tain is considerably smaller than either of these values. In our
view there are two fundamental reasons for this. First, Ge-
baueret al® used experiments involving the annihilation of
slow positrons to establish thafT-GaAs grown at 200 °C
contains gallium vacancies with a density of (2)

% 10* cm~3, which exceeds their thermodynamic equilib-
rium concentration in ordinary GaAs at 600 °C by almost
two orders of magnitude. The migration ¥f;, should be
assumed to play a decisive role in the interdiffusion of In and
Ga atoms inLT-GaAs, enhancing it considerably. Unlike
Tsang etal,®® we studied interdiffusion directly in
LT-GaAs, where the concentration &fg, is obviously
higher than it is at some distance away. Second, in addition
to Vga, LT-GaAs contains a huge number of other point
defects, particularly As,, whose concentration reaches
107° cm™2 in our sample$. The interaction of these defects
with gallium vacancies and among themselves can turn out
to have a strong influence on the interdiffusion processes.
Thus, in Ref. 20 Fenget al. established that lowering the
growth temperature df T-GaAs from 400 to 270 °C with a
resultant increase in the concentration of point defects in the
latter leads to a decrease in the activation energy for the
interdiffusion of Al and Ga from 4.15 to 0.39 eV. The
samples we investigated were grown at 200 °C and obvi-
ously contain close to the maximum concentration of point
defects forL T-GaAs, which can result in a low value of the
effective activation energy.

FIG. 4. Dark-field(002 image of a(110) transverse section of laT-GaAs
layer containing Iné layers with various indium contents.

CONCLUSION
we can use an Arrhenius plot to find the pre-exponential
factorDg and the effective activation energy for diffusi@n
They turn out to equal 5410 *? cné/s and 1.1-0.3 eV,
respectively.

Our electron-microscopic investigations afT-GaAs
layers grown at 200 °C and-doped by indium have re-
vealed that the thickness of the indium-containing layers is 4
The activation energy for In-Ga interdiffusion in ordi- ML, i.e., 1.1 nm, regardless of whether the nominal indium

: . . : : content is 0.5 or 1 ML. Because the diffusion of indium from
nary gallium arsenide found experimentally in Ref. 13 is 1.9the surface into the bulk of a growing layer is highly improb-

eV. In the same paper it was shown that the activation energg{ble at 200 °C, this observation implies that during the MBE
drops to 1.6 eV when there is an excess concentration of Gaf LT-GaAs th;a th front h file with litud
vacancies supplied by a layer bffT-GaAs at a distance of 0 growth front has a profile with an amplitude
0.17 um from the indium-containing layer. of 4 ML and characteristic lateral dimensions less than 10
nm, and the deposition of indium leads to the formation of
InAs islands located in four adjacent atomic layers.
_1 Annealing for 15 min af =500- 700 °C gives rise to a
considerable broadening of the indium-containing layers
from the original thickness due to In-Ga interdiffusion,
e which is enhanced by the presence of a high concentration of

v
i point defects, particularly/g,, in LT-GaAs. The tempera-
S - ture dependence of the In-Ga interdiffusion coefficient is
5’1 70 o faithfully described by the expression
E .
) v D n_cs="5.1x10"12 exp(—1.08 eVKT) cn¥é/s (5)
10

and turns out to be more than an order of magnitude higher
thanD,,_g, for stoichiometric GaAs in the neighborhood of
1 1 1 1 1 { ] 700 OC
1.0 1.1 12 1.3 8 .
-7 This work was supported by the Russian Fund for Fun-
1000/7, K . ; ;
? damental Research, the Ministry of Science of the Russian
FIG. 5. Plot of the interdiffusion coefficient of In and Ga versus the recip- -€deration(under the “Fu”erengs_ and Atomic C!USterS”
rocal temperature. program) and the German Scientific Research Society.
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Self-compensation is studied in bulk samples of Pbds, Se,,) prepared by a metal-ceramic
method. The dependence of the carrier concentration on the amount of excess selenium

is investigated for various bismuth concentrations. Comparison of the experimental data with
calculated data shows that the donorlike activity of bismuth accommodated in the cation
sublattice is compensated by doubly ionized lead vacancies. Nonmonotonic behavior of the
dependence of the carrier concentration on the selenium excess is observed in some

series of samples due to the incorporation of Bi atoms into both the cation and anion sublattices.
© 1998 American Institute of Physidss1063-782@08)00207-3

This paper describes our studies of the phenomenon ahent, exhibits donorlike properties. We should expect that
self-compensation in PbSe doped by the amphoteric impuritgtoms of bismutia group-V elementshould exhibit either
bismuth. The essence of self-compensation can be stated dsnor- or acceptorlike properties in PbSe, depending on the
follows: when an electrically active impurity is introduced conditions of incorporation. When bismuth atoms are accom-
into a crystal, it is generally energetically advantageous fomodated in the cation sublattice, they display donorlike prop-
the crystal to change the concentration of electrically activeerties and donate one electron to the conduction band per
intrinsic defects which compensate the doping action of thémpurity atom®* However, in samples with excess lead, bis-
new impurity. muth can also be accommodated in the anion sublattice,

Previous studies of self-compensation in lead selenidevhere it should exhibit acceptorlike properties and contribute
focused on material doped with thallidrand chloriné im- holes to the valence band. Thus, when a bismuth atom moves
purities. Thallium exhibits acceptor properties in lead sefrom the cation to the anion sublattice, a donor should dis-
lenide and produces one hole in the valence band per impwappear and an acceptor should appear; therefore, we should
rity atom. In samples with the maximum level of com- expect additional compensation of the electrically active be-
pensation achievable in experiment, the typical electron antavior of bismuth due to the transfer of some atoms to the
hole concentrations ane,p~(1—3)x10¥ cm 3. In maxi-  opposite sublattice.
mally compensated samples the type of conduction depends The self-compensation in film samples of PbSe : Bi pre-
on the thallium contentN;; and undergoes a very abrupt pared by vacuum sputtering was investigated in Ref. 5. In
change neaNp=0.23 at. %. These peculiarities make thethis study, we established experimentally that bismuth impu-
PbSe (Tl, Ph,,) system less than promising from the point rities can redistribute between the sublattices. We showed
of view of photoelectric application’s.A detailed compari- that excess selenium and lead determine the number of va-
son of the experimental data with computations shows thatant sites in the cation and anion sublattices and, therefore,
the acceptorlike activity of thallium in PbSe is compensatecpermit the effective redistribution of bismuth between the
by doubly ionized intrinsic donorlike defects. sublattices. However, it should be noted that the interpreta-

In lead selenide doped with the donor impurity chlorine,tion of data in film samples is complicated by the high con-
a higher level of self-compensation is observed, and compercentration of nonequilibrium defects-(10*° cm™3). A de-
sated samples have been obtained with carrier concentratiotaled study of the behavior of bismuth impurities in
of (2—5)x 10 cm 3, i.e., an order of magnitude lower equilibrium bulk samples of lead selenide has not been made
than for PbSe(Tl, Ph.). The dependence of the carrier before.
concentration in the compensated samples on the amount of In this study we investigated bulk samples of PbSe : Bi
chlorine N¢, is a gently sloping curve with a point of com- prepared by a metal-ceramic method with grain sizes
plete compensation dflo~0.7 at. %. Theoretical calcula- d~0.1 mm. The samples were subjected to a homogenizing
tions show that the compensation mechanism is complicategnneal for 100 hours at a temperature of 650 °C. We assume
and that the high self-compensation level can be explainethat this time is long enough for thermodynamic equilibrium
only if we take into account not only single vacancies, butto be established in these samples. The bismuth impurities
also the formation of complexes. and excess selenium were introduced directly into the melt

In this study we chose to investigate the impurity bis-during the synthesis of the material. The composition of the
muth, because bismuth can exhibit amphoteric properties inamples corresponded to the chemical formula
lead selenide. Lead selenide is a type IV-VI semiconductorPb, ,Bi,Sg , with the ranges of variationx=0.075
therefore, thallium, a group-Ill element, exhibits acceptorlike— 1.0 at. % andy=0—2 at. %. The carrier concentrations
properties in lead selenide, while chlorine, a group-VII ele-were determined from measurements of the Hall coefficient

1063-7826/98/32(7)/3/$15.00 689 © 1998 American Institute of Physics
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n,om™ =0.5 at. % a we obtain a conduction-band electron concen-
2 .y tration ofn=3x 10" cm™3, whereas the experimental value
0 «2 is n=2.3x10"¥ cm™3. Thus, there is good agreement be-
A3 tween the experimental data and the results of calculations
v within the model of impurity self-compensation via isolated
5 doubly ionized vacancies.
0" Let us examine the experimental data in more detail.
A From Fig. 1 it is clear that for bismuth concentrations in

PbSe less than 0.75 at. % the introduction of excess selenium
lowers the carrier concentration and that for bismuth concen-
trations up to 0.3 at. % this trend can even lead to a change
in the type of conduction. This is evidence that the donorlike
behavior of Bi is compensated by acceptorlike Pb vacancies.
We note also that the carrier concentration corresponds ap-
OF ! L 1 1 L proximately to the amount of bismuth introduced into
0.5 1.0 15 2.0 samples not containing excess selenium. Nevertheless, at
y/x small bismuth concentrationdNg;<0.1 at. %), the plot of
n,p= f(NSee), WhereNSe,ex is the excess concentration of Se,

707" exhibits a region of nonmonotonicity in which the concen-

tration of electrons in the conduction band increases with

increasing excess seleniuwhich leads to acceptorlike be-

havior in PbSg

79 0 We note that at high bismuth concentrations, eNg,

-3 =0.75 at. %, our series of samples exhibits a higher level of

pyem compensation than follows from the self-compensation

FIG. 1. Dependence of the carrier concentration on the excess concentratiéneory' The carrier concentratiom (2_ 3)>< 10" cm™2 in

of selenium in samples of Rb,Bi,Se ., . Ng, at. %:1—0.075,2—0.1,  our series of samples turns out to be an order of magnitude

3—03,4—05,5—0.75. smaller than the amount of bismuth introduced and is prac-
tically independent of the amount of excess selenium. These
features of the experimental data can be explained if we as-

R at room temperature according to the expressiorsUMme that no_t all of the pigmuth introduced re;ideg in the

n,p=(eR) . cation sublattice and exhibits donorlike properties, i.e., the

The experiment provided the dependence of the Carriell‘.)ismuth atoms introduced redistribute between the cation

concentration on the content of bismuth and excess seleniufif’d @nion sublattices with mutual compensation of their dop-
in samples of PbSe(Bi, Se,,), which is shown in Fig. 1. In "9 action. _ _

our experiments on compensated samples, the typical carrier 11US, by performing these experiments we have
concentrations were (27)X 108 cm3, i.e., of the same established that at small bismuth concentrationdg; (
order of magnitude as in PbSe : Tl and an order of magnitudé 0-1 at- %) the bismuth atoms are accommodated predomi-

larger than in PbSe : Cl. This fact leads us to conclude thaf@ntly in the cation sublattice, and the doping action of bis-

self-compensation takes place predominantly through isgMUth i compensated by doubly ionized acceptorlike lead

lated vacancies in PbSe : Bi and that complexation processé@‘ca”deso' Conversely, at high bismuth concentratidiig (
do not play as important a role as it does in PbSe : Cl. Let us”0-2 at. %) some of the bismuth atoms are apparently ac-

estimate the carrier concentration in maximally compensatefiommodated in the anion sublattice. In this case, in addition
samples of PbSe : Bi within the self-compensation theory del© the self-compensation of bismuth in the cation sublattice,
an important role is played by the mutual compensation of

veloped in Ref. 6, assuming that the compensation of bis<" k ) )
muth takes place via doubly ionized lead vacancies. Accord?iSmuth atoms in both sublattices of lead selenide.

ing to Ref. 6, in this case the theory has one fitting

parameter—the point of complete self-compensatif,

which is unamblguously determlned_from expgrlment. The”Here and in what follows, the subscript “ex”” denotes an excess amount of
dependence of the carrier concentration on the impurity CoNn-the respective component.

centrationNg; is given by the expression

Nag; A% A A2
—=1-A+———\/1+—;, . ’ ,_
NZ* 2582 6 462 L. I. Bytenski, V. |. Kaidanov, R. B. Mel'nik, S. A. Nemov, and Yu. I.

Bi Ravich, Fiz. Tekh. Poluprovodi4, 74 (1980 [Sov. Phys. Semicond4,
in which A=(p—n)/Ng;, =n;/Ng;, andn; is the intrinsic 40 (1980].
; ; ; ; ; _“S. A. Nemov, M. K. Zhitinskaya, and V. |. Proshin, Fiz. Tekh. Polupro-
carrler Concentratlon.* Assumln((;:] n accordlanc-e with the ex vodn. 25, 114 (1991 [Sov. Phys. Semicon®5, 67 (1991)].
perimental data thallg;~0.2 at.%, and taking into account sy, | Ravich, B. A. Efimov, and I. A. SmimovSemiconducting Lead

that at 650 °C we haven,=3.5x10"8 cm 3, for Npg; ChalcogenidegPlenum Press, New York, 1970; Nauka, Moscow, 1968
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by molecular-beam epitaxy at low temperatures
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X-ray spectral microanalysis, optical transmission measurements at near-infrared wavelengths,
and x-ray diffractometry are used to show that the isovalent indium doping of gallium

arsenide during molecular-beam epitaxy at low temperatures leads to an increase in the
concentration of excess arsenic trapped in the growing layer1988 American Institute of
Physics[S1063-782808)00307-X

A fundamental feature of gallium arsenide layers grownof 85 nm was grown on the substrate at a temperature of
by molecular-beam epitaxy at lowdown to 250 °C) tem- 580 °C. Then the substrate temperature was lowered to
peraturegso-calledL T-GaAs9 is the large excess of arsenic 200 °C, and a layer df T-GaAs was grown under an arsenic
trapped in the crystal during epitaxial growtr’ In subse- pressure of ¥10™* Pa at a rate of um/h. Both undoped
guent thermal processing, the excess arsenic forms clusteleyers and layers doped with the isovalent impurity In, the
ranging in size from a few nanometers to tens ofshallow donorimpurity Si, and the shallow acceptor impurity
nanometer§.A material obtained in this way exhibits high Be were grown. The concentration of electrically active im-
resistivity (up to 1¢Q-cm) and extremely small charge- purities was & 10" cm 3. The concentration of indium,
carrier lifetimes(less than 1 ps® These unique properties of which was monitored by x-ray spectral microanalysis, was
LT-GaAs are already used in a number of GaAs-based semd.2 and 0.04 at. %. The samples were annealed in the mo-
conductor devices. There are examples of the successful uktular beam epitaxy machine at 500, 600, 700, or 810 °C for
of this material as a buffer layer in field-effect transistors andl5 min under an arsenic pressure.
as the active layer in ultrahigh-speed photodetectors. Since For a direct estimate of the excess arsenic concentration
the properties ofLT-GaAs are largely determined by the we used x-ray microanalysis. The x-ray diffraction studies
amount of excess arsenic trapped in the material duringvere made using a double-crystal diffractometer. An
growth, the ability to control this concentration is extremely asymmetric crystal of Ge was used as a monochro-
important. It is known that decreasing the growth temperamator-collimator, which ensured that the primary beam
ture of the epitaxial layer or increasing the As/Ga flux ratiofor the (004 Cu K, reflection had a divergence of
leads to an increase in the concentration of excess arsenic In0— 1.2 arc sec. The concentration of Asantisite defects
LT-GaAs>® However, the use of either of these methodswas determined by measuring the optical absorption in the
leads to a considerable degradation of the crystal perfectionear-infrared region at 300 K using Martin’s calibration.
of the epitaxial film: the formation of a surface relief, the The x-ray spectral microanalysis measurements showed
appearance of twinning, stacking faults, dislocations, andhat the concentration of excess arsenic in the layers was in
other extended defects. For this reason, there is interest ihe range 0.2—0.4 at. % and increased as the sample was
developing alternative approaches and possible ways to irdoped with indium. However, the low accuracy of this mea-
crease the concentration of excess arsenicTinGaAs. surement techniqué&he concentration of excess arsenic is

In this paper we show that the concentration of excesslose to the detection limitsprevented us from arriving at
arsenic inLT-GaAs can be increased by isovalent dopingquantitative estimates with sufficient accuracy. In order to
with indium. The indium-doped epitaxial layers are found tomake more accurate and quantitative measurements of the
have higher crystallinity than undoped layerslof-GaAs.  concentration of excess arsenic and the extent to which it is
We also examine how doping low-temperature gallium arsinfluenced by isovalent doping with indium, we undertook
enide with shallow Si donors and shallow Be acceptors afhigh-resolution x-ray diffraction and optical absorption mea-
fects the concentration of excess arsenic. surements in the near-infrarédear-IR region.

Layers ofLT-GaAs were grown in a Katun' molecular Figure 1 shows x-ray diffraction curves for unannealed
beam epitaxy machine on(400-oriented substrate of semi- samples ofLT-GaAs and samples annealed at various tem-
insulating gallium arsenide 40 mm in diameter. The proceperatures. Some samples were doped only with sili@n
dure for pregrowth sample preparation of the substrate wasome with silicon combined with indiurii). The two strong
described in Ref. 3. A buffer layer of GaAs with a thicknesspeaks observed in the unannealed samples correspond to a

1063-7826/98/32(7)/4/$15.00 692 © 1998 American Institute of Physics
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from x-ray diffraction studies of the annealddl-GaAs
FIG. 1. X-ray diffraction curves for undopetd) and indium-dopedb) ~ S@mples. It is known that the excess arsenic forms precipi-
samples ofLT-GaAs grown at 200 °C and then either left unannealed ortates during annealinand that thermal processing at tem-
annealed at various temperatures. The indium concentration in the dopggeratures above 500 °C removes the strain in the crystal lat-
samples was 0.04 at. %. tice caused by excess arsenic almost compldtsg Fig. L
Figure 2 shows how the lattice parameter mismatch between
the LT-GaAs epitaxial layer and the GaAs substrate depends
on the anneal temperature for epitaxial layers doped with
diffraction reflection from the GaAs substrate and from theindium (in amounts of 0.2 at. %), HBe, and Int+Si. In
LT-GaAs epitaxial layer. It is clear from the figure that the marked contrast to doping with indium, when the layers are
doping of LT-GaAgqSi) with indium leads to a considerable doped with the shallow donor Si or the shallow acceptor Be,
increase in the angular distance between the maxima of thibe lattice parameter mismatch in the unannealed samples
peaks. It is known that the trapping of excess arsenic in agaused by excess arsenic decreases. Similar results were re-
epitaxial layer leads to an increase in the lattice parameter gdorted previously in Ref. 8. For layers annealed at a tempera-
GaAs® Furthermore, doping with indium also has an influ- ture greater than 500 °C, the difference between the lattice
ence on the lattice parameter due to the difference betwegrarameters is determined almost completely by the amount
the diameters of the gallium and indium atoms. Howeverpof dopants in the epitaxial layer.
because the mismatch between the crystal lattices of GaAs Figure 3a shows the near-infrared optical absorption
and InAs is only 7%, and the concentration of indium in thespectra of undoped samples, both unannealed and annealed
samples whose x-ray diffraction spectra are shown in Fig. Bt various temperatures, and Fig. 3b shows the spectra of
is only 0.04 at. %, we infer that the replacement of galliumsimilar samples doped with indium. It is clear that indium
atoms by indium atoms can cause only a tenth of the effealoping leads to a considerable incre@sg more than a fac-
observed. Therefore, we can conclude that the increase in thier of 2 for the unannealed sampleis the characteristic
lattice parameter of T-GaAs is due primarily to an increase absorption associated with As antisite defectS. Con-
in the trapping of arsenic in the epitaxial layer during versely, samples doped with the donor impurity Si or the
growth. acceptor impurity Be have smaller optical absorption in this
In contrast to samples doped only with silicon, samplesvavelength range than do the undoped sampleg. 4
with additional indium doping exhibit not only the principal shows the spectra of the unannealed sampResed on op-
peak, but also an interference pattern, which attests to thical absorption data at a wavelength ojuln and the cali-
improved quality of the surface and boundary between thération introduced in Ref. 7, we determined the concentra-
substrate and theT-GaAs epitaxial film. A further indica- tion of Asg, antisite defects for all the samplésee Table)l
tion of the better crystallinity of the T-GaAg1In) layer isthe These data reveal that the #&sconcentration in undoped
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TABLE I.
Optical absorption
coefficient at a wave- Concentration of

Ty, °C Doping length of 1um, cm * Asg,, 10 cm™3
150 None 10 400 8.0

200 None 7300 5.7

200 In 8400 6.5

200 In, Si 6600 5.1

200 In, Be 5500 4.3

to a concentration of 0.2 at. % is equivalent to decreasing the
growth temperature by 20 °C while improving the crystallin-
ity of the material.

As the anneal temperature is increased, the optical ab-
sorption of the material falls to values characteristic of sto-
ichiometric gallium arsenide. This effect is known to be as-
sociated with the decrease in the concentration of Alsie
to precipitation of the excess arsefii©ur transmission elec-
tron microscopy studies showed that the concentration of
clusters was higher and their sizes larger in samples doped
with indium than in samples that were not doped with In,
which also confirms the increase in the trapping of arsenic in
the epitaxial layer during indium doping.

Thus, independent investigations all have shown that is-
ovalent doping with indium leads to an increase in the con-
centration of excess arsenic ifT-GaAs. We offer the fol-

FIG. 3. Optical absorption spectra of undofeiland dopedb) LT-GaAs  lowing possible explanation for this effect. It is known that
samples unannealed and annealed at various temperatures after being grotire distance between nearest-neighbor atoms in bulk arsenic

at 200 °C.

LT-GaAs grown at 200 °C comes to X710 cm 3. In-

is ~2.4% larger than the distance between gallium and ar-
senic atoms in gallium arsenide, while calculations sfd¥
that the Ag,— As bond length in GaAs exceeds the Ga—As
bond length by an amount of order 8&imilar results were

dium doping leads to a-15% increase in the concentration also obtained in Ref. 9 fok T-GaAs under the assumption
of excess arsenic trapped in the epitaxial layer compared tthat the increased lattice parameter of the material is caused

the undoped material. WhdnT-GaAs is doped with Si do-

by the presence of Ag antisite defecfs The isovalent im-

nors or Be acceptors, the concentration of excess arsenic urity In also increases thedg— As bond length in compari-
the layer decreases by 10 and 25%, respectively. Comparirgbn to Ga—As. Thus, doping with indium can ensure a
the parameters of the material doped with indium and growrsmaller energy of formation for Ag defects during the

at a temperature of 200 °C with the undofde@-GaAs ob-

growth of LT-GaAs. Since the In concentrations used here

tained at 150 °C, we conclude that isovalent doping with Inare comparable to the concentration of;Aantisite defects,

FIG. 4. Optical absorption spectra of undodet-GaAs samples grown at
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15000

10000

5000

LT GaAs grown at 200°C

doped with in |
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200 °C and doped with In, I Si, and In+ Be.

they can have a very strong effect. Conversely, the Coulomb
interaction between Ag antisite defects and shallow Si do-
nors or shallow Be acceptors can increase the energy of for-
mation of Ag, during the growth of the epitaxial layer,
thereby hindering the trapping of arseniclii-GaAs.

Thus, we have shown that isovalent doping with indium
leads to an increase in the concentration of excess arsenic
trapped in gallium arsenide grown by molecular-beam epi-
taxy at low temperatures, whereas doping with Si donors or
Be acceptors has the opposite effect and decreases the
amount of excess arsenic IfiT-GaAs. This effect is prob-
ably associated with the different mechanisms by which
these impurities interact with Ag antisite defects. In con-
trast to the traditional methods for controlling the concentra-
tion of excess arsenic ihT-GaAs by varying the growth
temperature or the As/Ga flux ratio, the use of isovalent in-
dium doping to increase the concentration of excess arsenic
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Stabilization of the physical properties of Cd  ,Hg;_,Se solid solutions doped with iron
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The electrical and galvanomagnetic properties ofHegd _,Se crystals X=0.23 doped with iron

in various concentrations are investigated in the temperature rangd00/K and in

magnetic fields up to 1.6 T. It is established that iron introduced into the crystal host stabilizes
its physical properties. It is shown that annealing the samples in selenium vapor has only

a small effect on their physical characteristics. 1®98 American Institute of Physics.
[S1063-7828800407-4

A new group of gapless and narrow-gap, dilute magnetiguch that the P& level is located near the bottom of the
semiconductors with the formulaA FeB"", in which the  conduction band in the temperature range-400 K and in
magnetic ions are iron, has generated much interest in receptagnetic fields up to 1.6 T. We investigated the variation of
years!~® However, only crystals of Relg,_,Se have been physical properties over the length of an as-grown crystal of
thoroughly investigated. Bé (3d°) ions are substitutional Cd,Hg,_,Se : Fe, as well as how thermal annealing in sele-
impurities in the HgSe lattice and act as neutral donors. Imium vapor affects these properties.
contrast to MA* ions, they form a donor level in the con- Mercury selenide with the sphalerite structure and cad-
duction band of HgSe at a depth 6f0.235 eV below the mium selenide with the wurtzite structure form Eig), _,Se
bottom of the band. The solid solutions,Hej; ,Se display solid solutions with one another over a comparatively wide
a whole spectrum of “anomalous” properties, which accord-range of values ok.> According to Ref. 6, there is a solu-
ing to Mycielski’s idea$ arise from Coulomb correlation be- bility gap in the rangex=0.77—0.81. Figure 1 shows the
tween the trivalent F& ions that form as the result of the change in band structure as we go from HgSe to CdSe at
autoionization of F&" ions. This correlation leads to order- 77 K. These energy-composition curves were calculated
ing of the FE" ions, i.e., to the formation of a localized from the dependence &g on x given in Ref. 7. The figure
Wigner crystal of charged ions. Spatial ordering of the ion-shows the position of the iron level in @dg; _,Se crystals
ized donors strongly influences the scattering of carrierswith various compositions, taking into account its values for
thereby giving rise to anomalous increases in mobility at lowthe pure componeni®.23 eV above the bottom of the con-
temperatures. duction band in HgSe and 0.64 eV above the top of the

The kinetic and magnetotransport properties of the solidvalence band in Cd$é From this plot it is clear that the iron
solutions ZpHg, _,Se : Fe and MgHg; _,Se : Fe have been level is close to the bottom of the conduction band in the
investigated over a wide range of temperaturds=4.2  composition range&=0.23—0.28.

—300 K) and compositions, where the?Felevel is located Single crystals of CHg, ,Se : Fe(with x=0.23 and

in the conduction ban®i.These investigations showed that the Fe concentratior$g.= 2 x 10' and 5x 10'° cm™ %) hav-
spatial correlation of donors analogous to HgSe : Fe occurig the zinc blende structure were grown by a modified
in these systems as well. Studies of the absorption spectra 8ridgman method at a growth rate of 1.2 mm/h and a tem-
Hg:x-yCd FeSe (y=0.5,x=0.05) at 4.2 K(Ref. ) reveal  perature gradient at the crystallization front of 30 °C/cm.
that for energies in the range 17@30 meV there is a The samples used for the measurements had dimensions
clearly marked threshold associated with transitions betweeh.5x2.5x 10 mn? and were cut perpendicularly to the
the Fé* level and the conduction band. Between 300 andgrowth direction. After mechanical processing the samples
450 meV absorption caused by tAE(“D)—°T,(°D) tran-  were chemically etched with a 5% solution of bromine in
sition between internal crystal-field levels is characteristic ofmethyl alcohol. The contacts consisted of copper wire elec-
all 1-vVI compounds containing €. At energies in the trodes soldered to the samples with indium. The values of the
range 776-780 meV transitions are observed from the va-free-carrier concentration, and the mobilityw were deter-
lence band to the conduction band. mined asn.=1/|R|e and u=Ro, respectively, wher® is

The goal of this work is to study how the presence ofthe Hall coefficient andr the conductivity; the Hall factor
iron atoms and an Fé level affects the physical properties was chosen to equal 1.
of the narrow-gap solid solutions (g, _,Se. Table | shows the electrical parameters of the

This paper describes our investigations of the transpor€d,Hg; _,Se samplesX=0.23 doped with Fe to a concen-
properties of CgHg,_,Se : Fe crystals with compositions tration Np=5x10*cm 3 at T=77 and 300K. The

1063-7826/98/32(7)/4/$15.00 696 © 1998 American Institute of Physics
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o ) ) FIG. 2. Temperature dependence of the free-carrier concentration in
FIG. 1. Variation of the band structure of {tf, _,Se solid solutions con-  cq Hg,  Se : Fe k=0.23) withNg=5x 10! cm3 [sample 151, 3)] and
taining a donor F&" level as we pass from HgSe to CdSe at 77 K. Neo=2x 10" cm™3 [sample 82, 4)]: 1, 2— before annealing3, 4— after
annealing in Se vapor.

samples were cut from various portions of a single crystal
(the samples are numbered according to crystallization diredhis dependence is similar to those for,Ag, ,Se : Fe and
tion). As follows from the table, samples taken from the Mn,Hg, _,Se : Fe(see Ref. 4 i.e., for the samplegboth
initial portion of the crystal ¢ 1/3 of its length had a carrier ~annealed and unannealesith Ng.=5x 10'° cm™2 the free-
concentration of about (58)Xx 10 cm 3, while for the carrier concentration increases with temperature, whereas for
rest of the samplegfrom the other 2/3 of the crystathe  the samples wittNg=2x 10" cm™2 it is practically inde-
carrier concentration stabilized at a level of (2.5.8) pendent of temperature. In this case the Hall coefficient var-
X108 cm 3. ies only slightly with magnetic field, having a tendency to
Figure 2 shows the temperature dependence of thiancrease with increasing field for the samples with an iron
free-carrier concentratiom, for samples of CgHg,_,Se  concentratiorNg=5X 10" cm 3.
(x= 0.23 with various iron concentrations. It is clear that Figure 3 shows temperature dependences of the conduc-

TABLE |. Variation of the electron concentratiam,, the conductivityo, and the mobilityx of samples of CgHg, ,Se x=0.23) along a crystal for
Nge=5x10° cm™3.

77K 300K
Sample Ne, o, M, Ne, o, “,
No. 108 cm2 100" t.cmt 10% cn?/V-s 108 cm™3 10°0"t.cm? 10%cn?/V-s
2 0.64 0.515 5.02 1.04 0.291 1.74
3 0.562 0.305 3.39 0.575 0.173 1.88
4 0.415 0.364 5.48 0.798 0.062 0.486
5 0.869 1.31 9.42 1.33 0.572 2.7
6 0.579 0.607 6.5 0.88 0.255 1.8
7 0.979 0.791 5.05 1.45 0.429 1.84
8 0.556 6.35 7.14 0.932 0.713 3.7
10 0.816 1.65 13.0 1.19 0.713 3.7
12 1.75 1.87 4.3 2.71 0.808 2.87
13 1.56 2.45 9.8 1.97 0.998 3.15
15 1.77 2.48 8.75 1.85 1.0 2.34
16 1.7 2.49 9.2 2.4 0.996 2.58
19 1.55 2.02 8.15 2.3 0.908 2.5
20 1.55 2.06 8.3 2.56 0.845 2.06
21 1.51 2.94 12.4 2.2 1.13 3.2
22 1.58 2.93 8.7 1.8 1.18 2.78
25 2.87 7.13 1.55 3.12 2.38 4.7
26 1.47 2.64 11.2 2.17 1.08 3.09
27 1.72 3.7 13.4 2.31 1.44 3.89

28 3.54 3.55 17.4 4.62 9.89 4.79
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FIG. 3. Temperature dependence of the conductivity ofHgg_,Se : Fe
(x=0.23) with Ng=5%x10"cm 3 [samples 15(1, 3) and 22 (2)],
Neg=2X 10" cm 2 (4, 5), andNg=0 (6, 7: 1, 2, 4, 6— before annealing,
3, 5, 7— after annealing in Se vapor.

FIG. 4. Temperature dependence of the mobility of i@y _,Se : Fe with
Nee=5X 10 cm™3 [sample 151, 3) and 22(2)], Npe=2Xx 10" cm™2 (4,
5), and Ng=0 (6, 7): 1, 2, 4, 6 — before annealing3, 5 7 — after
annealing in Se vapor.

tivity of pure samples of CdHg, _,Se (undoped by Fg as

5 lenium vapor, are shown in Table II. It follows from the table
well as samples of G#g; ,Se x=0.23 doped with iron

3 I X that annealing of the undoped samples can change the carrier
(NFe_:2>.<101 , 5X 10° cm™?) before and after thermal an-  oncentration by an order of magnitude, whereas in the iron-
nealing in selenium vapor. From the figure it follows that: doped samples of GHg, Se withNg=5x 101 cm™3 the

@ for all the samples studied the conductivity varies concentration of free carriers is scarcely altered by anneal-
with the temperature as in a semimetal, i.e., the electron 938g.

is strongly degenerate;

b) the values of the conductivity for the unannealed
samples practically coincid@urvesl, 2, and4);

¢) thermal annealing in selenium vapor turns out to af-  Replacing a portion of the mercury atoms in mercury
fect undoped samples most strongbpmpare curve$ and  selenide by cadmium atoms decreases the distance between
7), while the conductivity of samples with iron concentration the s- and p-symmetry bands, and the inverted band struc-
Ne=5x10" cm 2 is practically unchanged by annealing ture is converted into a direct band structure at a certain Cd
(curvesl, 2, and3). content(Fig. 1). For gapless crystals of Qdg; ,Se with

The carrier mobilities for all the samples studied had tharon concentrations sufficient to pin the Fermi level, the elec-
same temperature behavi@Fig. 4), i.e., the mobility de- tron concentration varies over a certain rather small interval
creased with increasing temperature, which is characteristias cadmium is added. This variation in the electron concen-
of mercury chalcogenides with-type conductivity. For the tration continues until spatial correlation begins to appear
samples prepared from different portions of a crystal withbetween charged donors. In our case, thé*Fievel in
Nee=5X%10"Ycm 3 the mobilities practically coincide Cd,Hg;_,Se x=0.23 is located at the bottom of the con-
(curvesl and?2). For the samples with carrier concentrationsduction band or slightly below it, since the crystal was ob-
<5x 10 cm™2 the mobility is somewhat highdcurve4).  tained by the Bridgman method and the initial portion of the
Annealing of the doped samples in selenium vapor, leads torystal is rich in Cd. When this is the case, the Fe ions are in
only a small decrease in mobilifgurves3 and5), whereas the Fe state with the same valence, i.e., all the donors are
in the undoped samples of @y, _,Se annealing in Se in- ionized. Since the system of ionized *Fedonors is not
creasesu considerably. strictly periodic, there is a certain contribution to the scatter-

The electrical characteristics of doped and undopedng of electrons from the disordered distribution of*Fe
samples of CgHg; _,Se, as well as samples annealed in seions, so that a decrease in the concentration of these scatter-

DISCUSSION AND CONCLUSIONS

TABLE I|l. Effect of annealing in Se vapor on the electrical properties ofHed ,Se : Fe k=0.23).

77 K 300K
NEee, Ne, o, M, Ne, a, My

Sample 1 em3 10 cm=3 1000 t-cm? 10° cn?/V-s 108 cm3 1000 t.cm? 10° cn?/V-s

22 5.0 1.58 2.93 8.70 1.80 1.18 2.78

15 5.0 1.77 2.48 8.75 1.85 1.00 2.34
15, anneal in Se 5.0 1.40 1.68 7.45 1.94 0.73 2.30

8 0.2 1.18 2.78 14.7 1.70 0.88 4.26
8, anneal in Se 0.2 0.67 1.36 12.6 0.58 0.26 2.86

6 0.0 0.475 0.81 10.7 0.495 0.19 2.39
6, anneal in Se 0.0 0.048 0.18 23.2 0.0527 0.0235 2.78
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ing centersNgz+=n, leaves the carrier mobility almost the Cd,Hg; _,Se decreases the number of intrinsic defétis
same for doped and undoped sampleg. 4. We associate example, Hg vacancigsas is confirmed by the weak influ-
the temperature dependence of the carrier concentration, i.ence of annealing in Se vapor on the transport phenomena
the increase in the concentration with temperature, with th&Table ).
fact that the iron is predominantly in the Festate. Experi- Thus, from these results it follows that no spatial order-
mental studies of the magnetic susceptibility have sifown ing of the system of F& donors is observed as the resonant
that the ground state of the Feion in a tetrahedral crystal level moves closer to the bottom of the conduction band and
field is a magnetic singlet. In this case, no variation in thethat the properties of GHig, _,Se are stabilized by iron dop-
concentration with temperature should be observed. As foing because of the decreased number of intrinsic defects.
Fe* ions, EPR measuremefitshow that the ground state
consists of an orbital singlet with sixfold spin degeneracy.
The local symmetry is cubic, and the spin splittings are;A- Mycielski, J. Appl. Phys63, 3279(1988. _ _
clearly expressed. Analysis of the temperature dependence ofé‘g nii'c'\é'r'] djoégcei' ?écJHn'\gé SSW;%(E’l”;ég' E. P. Gerrits, and A. Twardowski,
t_hg width .of the EPR lines Iead; us to conclude 'Fhat at Sufsa Twardowski, J. Appl. Phys7, 5108 (1990.
ficiently high temperatures the line caused by Féons is “W. Dobrowolski, R. R. Galazka, E. Grodzicka, J. Kossut, and
broadened by spin-flip collisions with band electrons. ,B- Witkowska, Phys. Rev. B8, 17 848(1993.

Our experimental results indicate that the phenomena N. P. Gavaleshko, P. N. GofleS. Yu. Paranchich, V. M. Frasunyak, and

. . ] . V. V. Khomyak, Neorg. Materl7, 327 (1983.

observed in direct-gap GHg, ,Se : Fe are not associated sa kalb and V. Leut, Phys. Status Solidi 8 K199 (1971.
with spatial correlation of the impurity ions, but rather with 7C. J. Summersand and J. G. Broerman, Phys. Re4,B559 (1980.
the number of intrinsic defects that form during crystalliza- 8é-z‘é‘g'atg;gkh W. Jantsch, and G. Hendorfer, Semicond. Sci. Tecsnol.
.tIOI’I. An analysis C?f the. crystal structure and Cheml?al blnd_9N. P. Gavaléshko, S. Yu. Paranchich, L. D. Paranchich, and M. F. Rybak,
ing allows us to identify the three defects most likely t0 |y, vyssh. Uchebn. Zaved., Fiz1, 48 (1990.
occur in CdHg;_,Se solid solutions: selenium vacancies'®v. D. Prozorovski I. Yu. Reshidova, S. Yu. Paranchich, and L. D.
(Vsd, which are donors, interstitial mercury atoms (Hg Paranchich, Fiz. Tverd. Teldeningrad 32, 3290 (1990 [Sov. Phys.

: . Solid State32, 1904 (1990)].
which are also donors, and mercury vacanciésgf, which

are acceptors. Iron that replaces mercury atoms ifTranslated by Frank J. Crowne
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Phase states and magnetic structure of superconducting lead inclusions in a
narrow-gap PbTe semiconducting host
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Samples of the narrow-gap semiconductor PbTe witland p-type conductivities are
investigated using a SQUID magnetometer in the temperature rang€Q.K and in magnetic
fields up to 1 kOe. It is shown that there are microscopic inclusions of superconducting

lead with minimum dimensions-1300 A containing~(1—5)Xx 10'® lead atoms/cr in the
lead telluride matrix and that the samples undergo a phase transition that is characteristic of
type-1l superconductors. €998 American Institute of PhysidS1063-78268)00507-9

1. INTRODUCTION metals, as well as, e.g., the concentration supercooling ob-
served when they are grown by the usual methods from a
There is much interest in investigating interactions inmelt or the vapor phase. When the components of the semi-
systems of semiconductor-superconductor contacts, bottonductor include superconducting metédts example, Hg,
from a scientific and an applications-oriented standpointPb, Sn, etg, it is possible in principle to observe the tunnel-
since it may be possible to control the nature of these intering of Cooper pairs between superconducting inclusions, as
actions by an external magnetic field. has been done, e.g., in studies of carrier transport in HgSe in
Such contacts are quite unlike Josephson contacts, which magnetic field,as well as of transport in low-dimensional
consist of a thin layer of an insulatéusually a metal oxide and epitaxial layers of PbT%'
with a thicknessd~10 A) between two superconducting However, investigations of these phenomena tell us
phases. The parameters of this layer are difficult to controhothing about the phase states of the inclusions in a magnetic
and are unstable. In contrast, when a semiconductor is uséigld at temperatures below the superconducting transition
as the medium that separates the superconducting phases, tbemperature. The achievement of this goal calls for investi-
thickness of the boundary layer can be greatly increased, anghtions of magnetization processes. Because of the small
consequently much more control of the junction parametersshanges in the diamagnetic component accompanying the
as well as improved stability of the junction characteristics,passage of microinclusions into the superconducting state
are possible. For this reason, there is interest in efforts tand because of their generally low concentration, the only
create ultralow-noise semiconductor transistors with a supefvay to probe the phase state and magnetic structure of su-
conducting source and drain. Such transistors have in fagerconducting microinclusions is by using high-sensitivity
been made, e.g., in structures based on InAs with a Nlpparatus, for example, a SQUID magnetometer.
source and drain, which utilize the interaction of a tunneling  In this work, we used a SQUID magnetométeo in-
current(of Cooper pairswith a 2D electron gas. vestigate the behavior of the diamagnetic component of the
Conclusions concerning the physical processes and nanagnetic susceptibility of microinclusions of leddhose
ture of the interaction in a semiconductor-superconductosuperconducting transition temperatifg=7.15 K) in un-
system in an external magnetic field can be drawn by studydoped PbTe semiconductor hosts withand p-type conduc-
ing the behavior of a semiconductor host with microscopictivity in the temperature range 1.7-20 K. For these investi-
superconducting inclusions. The behavior of such a system igations we used crystals grown by the Czochralski and
of interest in its own right, since the size of the inclusionsBridgman method.
should play an important role in determining the character of
their |n.t(.aract|on with the gleqtron subsystem. This is bec.ausg EXPERIMENTAL RESULTS AND DISCUSSION
the ability of the magnetic field to penetrate the inclusions
should depend on their siZe. Figure 1 shows the temperature dependence of the mag-
The most suitable objects for observing the tunneling ofnetization of one of the single-crystal samplesie®bTe cut
Cooper pairs between superconducting inclusions in a semin the (001) plane for various values of the external magnetic
conductor host are the narrow-gap semiconductors. This ield. Because the samples withitype conductivity were
because these semiconductors are characterized by the presually grown with a certain excess of the metallic compo-
ence of inclusions rich in metalsee, e.g., Refs. 3anddue  nent in the melt, microinclusions of Pb in the host are gen-
to the relatively small enthalpy of formation of vacancies inerally observed. In Fig. 1 the plots & =f(T) exhibit an

1063-7826/98/32(7)/4/$15.00 700 © 1998 American Institute of Physics
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FIG. 1. Dependence of the magnetizatignof a single-crystal sample of 4 L ) 14

n-PbTe on temperatur€ for the following values of the external magnetic
field H, Oe:1 — 600,2 — 200,3 — 80.
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abrupt increase in the diamagnetic signal against the back-

ground of constant diamagnetism from the PbTe host in the g

vicinity of T~7 K in relatively weak external magnetic ®
D
-
b3

N

fields H<600 Oe, which is due to the transition of the lead
inclusions to the superconducting state.

It is worth noting that the diamagnetic contribution de-
creases smoothly as the magnetic field increases, which is 1
characteristic of second-order phase transitions, even though
lead is a type-l superconductor. This kind of change in the
type of transition is associated with the decrease in the di- y
mensionality(the thickness of the superconductor in the di- 0
rection perpendicular to the magnetic field direction; see, 0 2 4 5 8
e.g., Ref. 8. In order to confirm this assertion, we investi- H, 10%ge
gated the magnetic-field dependence of the magnetization at
various temperature(§|g. 28, fro.m WhICh WFT' obtained the _crystal sample oh-PbTe at various temperaturésK: 1 —1.7,2—4.2,3
dependence of the diamagnetic contribution on magnetic_ 55 4 — 6.5; b — dependence of the diamagnetic correction to the
field (Fig. 2b, curvel). This in its turn allowed us to deter- magnetizationM on magnetic fieldH at T=4.2 K for the following
mine the value of the second critical fieli,,~950 Oe at samplesl—n-PbTe,2 — Pb.

T=4.2 K and the region for the existence of the mixed state

in the interval from 480 to 950 Oe. As is clear from the

figure, the values of the first and second critical fields in-quently, the real region for the existence of the mixed state
crease as the temperature decreases. Quiwe=ig. 2b also  should lie within the rangél;; <H<H,,. In order to prove
shows a plot oM =f(T) for a relatively thick 0.5 mm) this assertion we investigated the hysteresis of the magneti-
sample of pure Pb. Knowing the volume of the Pb and PbTeation in the systentFig. 33. The difference between the
samples, as well as the absolute values of the diamagnetinagnetization curves as the magnetic field is first increased
signals, we can estimate the concentration of Pb atoms in thgH7) and then decreasedd() describes the dynamics of
PbTe host, which turns out to equaN=(1-5) the trapping of magnetic flugFig. 3b), and from it we can

X 108 cm™2 for the samples under investigation. infer the existence of three regions — a region with a

When we differentiate the curveshown in Fig. 2b, we superconducting phase {H<H(,), 2 — aregion with a
discover a regiom /;~190 Oe<H<H.;~480 Oe in which  superconducting phase and the mixed statg € H<H,),
the M =f(T) curve is not typical of a type-Il superconductor and 3 — aregion with the mixed stateH;;<H<H_.,).

(due to the presence of a kink at the poktf,). This is The first critical fieldH/; is assigned to inclusions of
probably due to a size dispersion of the inclusions; conseminimum size, whileH; is assigned to those of maximum

. 2. a — Magnetic-field dependence of the magnetization of a single-
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or in the host by the low enthalpy of formation of Schottky
a vacancies in the metallic sublattice of PbTeAH)
-1k =0.45eV; see Ref. ¥ And indeed, in this case the
magnetic-field dependence of the magnetization exhibits
| only one value for the first critical fiel ;;~190 Oe and the
-2 value H;,~950 Oe, in agreement with the assumptions
made above.
-3 — H} The illustrations that follow apply to inclusions of mini-
3 mum size, since in this case we can use a rather simple
hg -4} mathematical expression for our estimates. This expression
'8 HY — is used to describe phenomena in type-Il supercondutors:
] o Heo=Hy[1—(2\/d)tanHd/2n )]~ Y2,
whereH, is the critical magnetic field for the bulk material,
-6 in which a first-order phase transition takes plgiogthe case
of lead, H,(T=4.2K)=350 Oe], and\ is the penetration
-7k depth of a magnetic field into the supercondudfor lead
A~500 A)® Knowing the value oH,, we can determine
gl . A . Y how thick the inclusions of minimum size are in the direction

0 2 4 5 ) 10 perpendicular to the magnetic field; in our case it turns out to
H, 10%0e equald~1300 A. Because there is no variation of the course
of the magnetic-field dependences as a function of the orien-
b tation of the magnetic field relative to the crystallographic
axes of the crystal, we can assert that the inclusions consist
0.6} A of objects of either spherical or filamentary structure.

) As we know, the penetration of a magnetic field into a
superconductor in the region of the mixed state occurs in the
form of quantized vortex filaments. Each of these filaments
(or vortices has a normal core in the form of a long thin
normal cylinder having a radius of the same order as the

0.4}f ) o
a coherence lengtly and extending along the direction of the
£ h external magnetic field. An undamped superconducting cur-
..‘.‘" rent flows around this normal cylinder, embracing a region
e 42 with a radius of ordein. We can estimate the value of the
sozf A coherence lengtlj from the expressich
A A

Heo=1.692(N/E)Hy.

?.1, _ _
. In this caseé~650 A; consequently, the diameter of the
normal core of a vortex filament is¢21300 A. Vortices
0 that penetrate into the superconductor are separated from one
another by a distance of orderand form a regular triangular
L N 1 lattice (or rectangular latticein a transverse section. Thus, in
0 z M 4 8 10 our case a one-dimensional chain of vortices, each of which
H, 102 0s . . ) : :

carries a single magnetic flux quantud,, forms in the
FIG. 3. a— Dependence of the magnetizatirof an-PbTe sample onthe Mixed-state region.
magnitude ofH and the direction of variation of the magnetic field Tat In view of the small dimensions of the inclusions
=42 Kt bt& dcigfvr:;fo:’?‘g’:i” Ii‘i;”gg?:iggs'gef'gniggndgfcﬁzsmg'fie'd(dw 1300 A), the system can exhibit effects that are charac-
m&%r:eeol??he external magnetic fiZhﬂ at two temperature§, K: 1 — 1.7,gl teristic of two-d|men_S|0naI or one-d|menS|qnaI systems. For
2__ 40 example, the Kosterlitz—Thouless thebpyedicts the forma-

tion of antiparallel pairs of fluxons in such systems. One way

to identify such effects is to analyze the dependence of the
size. Additional confirmation of this was obtained by inves-period of the one-dimensional vortex lattice on the magnetic
tigating PbTe samples with-type conductivity, which were inductionB. It is known' for a lattice with a single magnetic
grown from stoichiometric melts. These samples usuallyflux quantum per filament having translational symmetry
have an insufficiency of the metallic component in the hosttorresponding to a square lattice that the relation between the
compared to the chalcogen. Therefore, the concentration afduction and the lattice period. is fairly simple:
microinclusions in them should be considerably lower tharB=®,/L2. Taking into account this relation and the fact that
in samples oh-PbTe, and we could expect a predominanceat H., the distance between nearest-neighbor vortices, i.e.,
of small-size inclusions. Microinclusions of lead are initiatedthe lattice period, is of orde¢, we can obtain the function

-
e
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FIG. 4. Dependence of the periddof a one-dimensional lattice of vortex
filaments on the magnetic inductid1 1 — experimental date2 — calcu-
lation for a square lattic — calculation for a triangular latticet — curve
corresponding to the expressi@n=d,/3L2.

L=f(B) from experimental data. This function is shown in
Fig. 4 (curve 1). This figure also shows the theoretical de-
pendences for squafeurve 2) and triangularcurve 3) lat-
tices. From Fig. 4 it is clear that the theoretical cur2eend
3 are considerably higher than the experimental cltvEhis

disparity can be attributed to the formation of antiparallel s A mironov. B. A. Savitski. A. Yu. Sipatov, A. |

Darchuk et al. 703

tallic component in the melt, PbTe single-crystal hosts con-
tain inclusions of superconducting Pb. The minimum size of

these microscopic Pb inclusions is roughly 1300 A, and the

concentration of Pb atoms in them is€5)x 10 cm™3.

The behavior of the diamagnetic component of the magnetic
susceptibility of the Pb microinclusions is characterized by a
phase transition that is characteristic of type-1l superconduct-
ors (although extended Pb objects are characterized by first-
order phase transitionsThe Pb microinclusions are orga-
nized into one-dimensional chains of quantized vortex
filaments in the region of the mixed-state of superconducting
and normal phases with dimensions of the normal filament
core of order 1300 A.

YThe investigations of the diamagnetic contribution of superconducting in-
clusions of Pb to the overall magnetic susceptibility of a single-crystal
PbTe host were carried out in the Institute of Physics of the Polish Acad-
emy of Sciences.

IThe authors are grateful to V.M. Lakeenkov for providing several crystals
for our study.
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The electrical and photoluminescence propertiep-@aAs : M(100 layers grown by liquid-

phase epitaxy from a bismuth solvent at various temperatures are investigated. It is shown

that such layers have a low concentration of background impurities and a low degree of electrical
compensation up to a hole concentratiorpef1x 10'® cm™2 at 295 K. As the concentration

of manganese in the liquid phase increases, the concentration of donors in the GaAs : Mn

layers increases superlinearly, while the concentration of ionized acceptors increases sublinearly.
This leads to an increase in the compensation factor. The donor and acceptor concentrations,

as well as the degree of compensation, increase more slowly with increasing temperature. Reasons
for the donor compensation are discussed from a crystal-chemical point of view, and it is

shown that the preassociation of manganese and arsenic atoms in the liquid phase could be
responsible for generating these compensated donors. It is postulated that the
compensating donors are nonradiative recombination centers, whose concentration increases with
increasing doping level more rapidly than does the concentration @f, llcceptors.

© 1998 American Institute of Physids$1063-782@08)00607-3

1. INTRODUCTION epitaxial layers of manganese-doped GaAs obtained by LPE
from a bismuth melt. In addition, photoluminescence data

Gallium arsenide doped with manganese is a promisingire presented to confirm the results of Hall measurements.
material for creating a number of semiconductor devices
(photodetectors in the infrared region, resistive thermom-
eters, et9.~3 Improving the sensitivity of GaAs : Mn pho- 2+ EXPERIMENTAL METHOD
todetectors requires not only a high concentration of;Mn The GaAs : Mn layers investigated were grown on sub-
(manganese at a gallium sitacceptors, but also a low con- strates of semi-insulating.00-oriented GaAs in a stream of
centration of residual impurities and defects, which act apurified hydrogen at temperatures from 800 to 750 °C and
recombination centers, since these centers decrease the cfom 700 to 640 °C by the method described previoddhar
rier lifetime and hence degrade the sensitivity of theprevity, we shall indicate below only the initial growth tem-
photodetectot.In our view, the optimal method for obtain- peratureT. The dopant used was MN-00 elemental man-
ing an improved material might be liquid-phase epitaxyganese, whose atomic fraction in the liquid phXsg, was
(LPE) from a bismuth melt, because the use of bismuth invaried from 4< 10" ° to 1x 10" 2. At higher manganese con-
the LPE of GaAs as an alternative metallic solvent to galliumcentrations, the morphology of the surface layers degrades
makes it possible to grow high-purity low-compensation ep-strongly, preventing removal of the solution-melt from it. All
itaxial layers with a lower content of residual impuritfes. the layers doped with manganese had hole-type conductivity,
Moreover, impurities that incorporate into the Ga-sublatticewhereas undoped GaAs layers obtained under analogous
of gallium arsenid® (in this case, Mihare more soluble in conditions were electronic conductors. The free-carrier con-
bismuth. However, there is no information in the literaturecentration and mobility were determined from van der Pauw
on the properties of GaAs : Mn epitaxial layers obtained bymeasurements of the resistivity and Hall constant. The Hall
liquid-phase epitaxy from a bismuth melt. scattering factor fom-type conductivity layers was taken

In a previous articl& we established that radiative and equal to unity, while fop-type layers it was set equal to 2.66
nonradiative recombination centers form in GaAs: Mnin accordance with the calculations carried out in Ref. 7 us-
grown by LPE from a bismuth melt in addition to My ing a model that takes into account the expression for the
acceptors. The binding energy of charge carriers on the rdight- and heavy-hole bands at the center of the Brillouin
diative recombination centers, which are probably impurity-zone.
defect complexes, was determined to bec2ImeV. Further- Steady-state photoluminescence spectra were measured
more, it was shown that the concentration of these centersn a setup built around a CDL-1 monochromator with a 600-
increases more rapidly than the concentration of)actcep-  line grating(the focal length was 600 mm, and the spectral
tors as the doping level increases. resolution no worse than 0.2 mgVlhe photoluminescence

In this paper we investigate the electrical properties ofwas detected using a photomultiplier with an S-1 photocath-

1063-7826/98/32(7)/7/$15.00 704 © 1998 American Institute of Physics
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FIG. 1. Dependence of the hole concentration in GaAs : Mn layers at roonFIG. 2. Dependence of the Hall mobility of holes on their concentration in
temperature on manganese content in the liquid phgge.°C: 1 — 700, GaAs : Mn layers at room temperatuigs , °C: 1 — 700,2 — 800,3 —
2 — 800,3 — data from Ref. 8. data from Ref. 8.

ode in the photon-counting regime and excited by a He-N

e . . .
L . determined experimentallythe free-electron concentration
laser, whose excitation power density was 100 W/cm P "

n, the hole concentratiop, and the electron and hole Hall
mobilities at two temperaturgshis table also lists values of
the concentrations of ionized donordl{) and acceptors

Figure 1 shows plots of the dependence of the room{N,) and the electrical compensation factor=NS/N, in
temperature hole concentratiprin GaAs : Mn layers on the GaAs: Mn layers at room temperature, which were esti-
manganese content in the liquid phase for two series ofated from the theoretically calculated dependences of the
samples grown at different temperatures. The figure alsélall mobility in p-GaAs on the concentration of free holes
shows the analogous dependence for GaAs:Mn layerand impurity ions in Ref. 10. It is clear thit increases with
grown by LPE from a gallium melt in the temperature rangeincreasingXy,,, and the degree of compensation is lower for
from 850 to 820 °C, according to the data of P. Kor@bsl.  the series of samples grown B =800 °C.
in Ref. 8 From this figure it is clear that the plots of For clarity, Fig. 3 shows the dependencedNgf andN
p=f(Xyun) for the GaAs : Mn layers grown from a bismuth (in relative unit$ on the manganese concentration in the lig-
melt have a sublinear character, whereas the data in Refs. 8id phase. As we see from this figure, the increase in the
as well as Refs. 7 and 9, indicate that the dependences for tlikegree of compensation of the layers investigated here is
GaAs : Mn layers grown from a gallium melt are nearly lin- caused by a superline@roughly quadratigincrease in the
ear. The plots op=f(Xy,) saturate at fairly large values of donor concentration with increasing,,, combined with a
Xwmn: however, in layers obtained from a bismuth melt thissublinear (roughly as N;~Xf\),iﬁ) increase in the acceptor
saturation takes place at considerably lower valueX,gf  concentration. At higher growth temperatures the concentra-
than in layers from a gallium melt. Nevertheless, the limitingtions of both donors and acceptors are lower. Because the
doping levels are roughly the same in layers from either typelonor concentration depends more strongly on the growth
of melt (p~6x 10" cm™2 at room temperatujeBefore the  temperature, the layers grown @=800 °C exhibit less
saturation region, the hole concentration in the layers obeompensation.
tained from a bismuth melt exceeds the concentration in the In contrast to these results, the electrical compensation
layers obtained from a gallium melt by more than an order ofactor decreases with increasing doping level in the
magnitude(for the same value oX,,,). From the figure itis GaAs : Mn layers grown from a gallium melt. This is be-
also clear that increasing the growth temperature frontause the donor concentration varies only slighty even
Ts=700 °C toT5=800 °C increases the hole concentrationincreases somewhat, while the concentration of ionized
in the layers grown from bismuth by roughly 20%. acceptors increasés.

Figure 2 shows the dependence of the Hall mobility The increase in the degree of compensation with increas-
on the hole concentration at room temperature in bismuthing doping level is also manifested in the exciton photolumi-
grown layers, along with data from the paper by P. Kor8los. nescence spectra shown in Fig. 4. This figure reveals that the
It is clear thatu, decreases considerably more rapidly with dominant feature in the spectrum of an undoped layer is the
increasing doping in the GaAs : Mn layers grown from bis-line for an exciton bound to a shallow neutral donor
muth than in the layers grown from gallium. In the layers(D°,X).!* In addition, we also observe lines for a free exci-
grown from bismuth there is a slight increads 8—18%)  ton polaritonX, an exciton bound to a shallow charged donor
in mobility when the growth temperature is increased from(D*,X), an exciton bound to a shallow neutral acceptor
Tg=700 °C toTg=800 °C. (A°,X), and an exciton bound to a donorlike defect

The electrical parameters of the bismuth-grown layergD¢,X).!! In the spectrum of samp which has the lowest
are listed in Table I. Along with the values of the parameterdevel of manganese doping, all the lines mentioned above

3. EXPERIMENTAL RESULTS AND ANALYSIS
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TABLE |. Electrical parameters of bismuth-grown layers as a function of growth conditions.

Sequence Te. p(n), cm 2 ty, CE/V s N NG
No. °C XMn 77K 295 K 77K 295 K K=N{/Nj for T=295 K, cm 3
1* 700 0 2.0<10% 2.1x 104 89 120 6840 - <10'% <10%
2 700 45%10°5 9.3x 10" 7.5x 10V 3340 240 0 7.5%10Y <10%
3 700 2.1&10°* 6.5x 101 2.1x10' 1470 170 0.027 22108 6.6x 10
4 700 5.5% 104 1.3x10%° 3.0x 10 1050 130 0.189 3x10® 7.0x 107
5 700 2.9x 1073 1.9x 10'° 5.8x 10'8 560 98 0.420 1.810% 4.2x 108
6 700 9.5& 1073 3.9x 10 2.4x 10 900 130 0.260 38108 8.6x 107
7* 800 0 1.4 10 1.5x 10" 117 000 7280 - <10'% <10%
8 800 45107 1.4x 104 5.8x 10" 4860 270 0 5.810Y <101
9 800 2.1%10°* 4.6x10% 1.7x 108 2050 210 0 1.%x10® <10
10 800 3.9%1074 - 2.3x10'8 - 170 0.004 2.310% 1.0x 106
11 800 6.0x10°4 6.4x 104 2.9x 10 1040 150 0.033 3R10'® 1.0x 10V
12 800 1.4%10°2 1.1x10%® 3.4x 10" 950 130 0.171 4%10% 7.0x 10
Note* A sample withn-type conductivity.

remain; however, the relative intensity of the lines for exci- One reason why the relative intensity of the lines for

tons bound to shallow impurities decreases. In the spectruraxcitons bound to shallow impurities decreases with increas-
of the more heavily doped samp®the lines for excitons ing doping level could be the ionization of such excitons
bound to impurities are not resolved and appear only in theinder the action of the built-in electric field generated by
form of a long-wavelength shoulder on theX line with a  large-scale fluctuations in the spatial distribution of donors
peak energy of 1.515 eV. The intensity of this line increasesand acceptors. The ionization of excitons by an electric field
superlinearly with increasing excitation power density, at-is observed when the change in potential over a distance
testing to its excitonic nature, while its energetic positionequal to the diameter of the exciton orf@00 A for (D°,X)
allows us to associate it with the recombination of freeand 270 A for @°,X) in GaAs; see Refs. 14 and 1%
excitons*?>!3 It can also be seen from the figure that the comparable in order of magnitude to the ionization energy of
intensity of all of the exciton lines decreases strongly withthe excitons? the characteristic size of the built-in field re-
increasing doping levelby more than two orders of magni- gion being larger than the diameter of the exciton orbit. De-
tude in layer 3. In more heavily doped layers the exciton pending on the type and charge state of the impurity, the
photoluminescence intensity decreases so much that it is difenization energy of a bound exciton in GaAs varies in the
ficult to say anything definite about its composition. range from 0.8 to 3.4 meV\(see Refs. 17 and 18which
gives an ionization fieldE; of order 206-500 V/cm.

In order to estimate the built-in field intensity in the
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FIG. 3. Dependence of the concentration of acceptbrg) and donorg3, A,nm

4) ionized at room temperature, as well as the concentration of nonradiative
recombination centers (5,6), on the manganese concentration in the liquiElG. 4. Exciton portion of the photoluminescence spectra. The spectra are
phaseTg, °C:1, 3, 5— 700; 2, 4, 6 — 800. labeled according to the sample numbers in Table I.
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bismuth-grown layers, we used the model proposed by 10—
Shklovski and Hros!® The characteristic size of a built-in ] . ]
field regionr, which coincides with the fluctuation screening A ° a T=4.2K 1
radius, and its intensitg, are related to the total donoNf) @ 1
and acceptorN,) concentrations by the following expres- = 102 3 3
sions: 5 F o

pry .

r=0.58Np) Y¥(Np)*2 (1) 2 .

g 10'F . E

E=0.26 Ey,(Np /Ny Y4 (e 1) E i ° o

=0.45 Epyy- NYA(Np /N e, 2 N
10° 10* 10° 10*
whereE,;,= 110 meV(see Ref. 2Dis the ionization energy Xy at. frac.
of a Mng, acceptor, ane is the electron charge.

The bismuth-grown layers havp-type conductivity; 7 T Ty
therefore, we can assume thdp=NJ . Due to the large T=295 K b s 1]
value ofEy,,, the concentration of ionized acceptors is much 6l o 21
smaller than the total acceptor concentration even at room . ]
temperature. When we estimate the total concentration of 5| ]
acceptors in these layers by substituting the valueB\gf, =
Np , andp into the electroneutrality equation, we find that 2 =
the acceptor concentration is approximately equal tbl 8 g 4r - ’
in layers 2 and 3. When this is taken into account, the com- > o
puted values of the characteristic size of a built-in electric '@ 31 e 1
field region and its intensity ane>300 A, E<50 V/cm in £ .
layer 2 andr~400A, E~ 800 V/cm in layer 3, i.e., O 2f " o o
E<E; in layer 2 andE>E; in layer 3, while in both cases ~ " 1
the value ofr is greater than the diameter of the exciton 1 N e e
orbit. 10° 10* 10° 10?2

Thus, our estimate shows that the intensity of the built-in X, at. frac.

field turns out to be insufficient to ionize bound excitons in _ _ _ _
ayer 2 and suffcient 0 60 so1in ayer 3. This estimate agree§S, %, Peperderee ) e nsgrtes prestumescence ey of
with the experimental results. However, if the degree of;y, in the liquid phaseT, , °C: 1 — 700,2 — 800.
compensation for this acceptor concentration were the same
in layer 3 as in layer 2, the ionization of acceptors bound to
shallow impurities would not take place. The presence of nonradiative recombination centers in
The possible candidates for the role of compensatinghe GaAs : Mn layers grown from a bismuth melt is con-
donors include the radiative centers that we observed in odirmed by the data in Fig. 5a, which shows the dependence of
previous studyand nonradiative recombination centers. the integrated photoluminescence intensity, of the
We associate thB line in the photoluminescence spec- bismuth-grown layers at 4.2 K on manganese concentration
trum of the bismuth-grown layers with the radiative recom-in the liquid phase. It is clear that the integrated photolumi-
bination centers R). This line overlaps strongly with the nescence intensity falls off with increasiXg,, by more than
(e,Mn) line caused by the recombination of nonequilibrium two orders of magnitude. However, at room temperafsee
charge carriers via levels of the acceptordynThe concen- Fig. 5b |p_ varies only by a factor of 3, while the plot of
tration of R centers, like the concentration of donors, in-1p =f(Xy,) has a nonmonotonic character. From Figs. 5a
creases with the doping level more rapidly than the concenand 5b it is also clear that the value lgf; is higher for the
tration of the acceptor Mgy,. This follows from the increase layers grown afl ;=800 °C.
in intensity of theD line relative to the intensity of the In order to determine how the concentration of nonradi-
(e,Mn) line with increasing doping levélHowever, follow-  ative recombination centersve shall refer to these @R
ing an increase the growth temperature of the layers, whickenterg depends on the doping level, we analyzed the con-
leads to a considerable decrease in the donor concentratiotentration dependence of the integrated photoluminescence
we do not observe a change in the relative intensity ofdhe intensity of the bismuth-grown layers at liquid-helium tem-
line. This is possibly because tiie and (,Mn) lines in the  perature within the model proposed in Ref. 21.
photoluminescence spectra overlap strongly, hindering any It is clear from Fig. 1 of Ref. 6 that more than 90% of
guantitative analysis of the intensities of these lines. Therethe integrated radiative recombination intensity in all the
fore, the question of whether the radiative recombinationGaAs : Mn layers investigated is determined by recombina-
centers R) are the donors which determine the electricaltion via levels of the acceptor My. If we assume that the
compensation in these layers remains open. nonradiative recombination takes place primarily WdR
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centers, we can construct the following system of equationgloping level is further increased, the accompanying abrupt
to describe the recombination of charge carriers in these layincrease in the concentration dfR centers causeky, to

ers: begin to fall off.
B Because the plots dflyg=f(Xy,) are nearly quadratic,
InrR={Canr dN- Conr(P+dP)NyrH{Chyr-dn we can assume that the nonradiative recombination centers
+Cpnd (p+dp)+A-exp —Enr/kT) 1} ©) are complexes, the concentration of whose components de-

) o ] pends on the concentration of manganese in the liquid phase
for the number of charge carriers recombining via MB (e impurity-defect complexgsin this case, the concentra-

centers per unit volume and tion of NR centers increases symbatically with the donor
Iin={Cnn- AN- Coppn( P+ dP) Ny {C - A concentration as the doping level is increased. Increasing t_he
growth temperature of the layers decreases the concentration

+ Comnl(P+dp) +A-exp(—Epn/kT)]} (4)  of nonradiative recombination centers along with the donor

concentration. Thus, the dependences of the concentration of
NR centers on the manganese concentration in the liquid
L=lyntInR- (5) phase and the growth temperature indicate that just these

is th ibri . ¢ free hol q centers can be the donors which significantly influence the
Herep is the equilibrium concentration of free holetn an electrical compensation of the GaAs : Mn layers.

dp are the concentrations of nonequilibrium electrons and

holes, respectivelyt is the number of electron-hole pairs 4. piSCUSSION OF RESULTS
generated per unit timéve takelL to equal the integrated
photoluminescence intensity at=4.2 K for layer 2, in
which the concentration dflR centers is minimaj k is the
Boltzmann constantNy,, Nnr, Emns Enrs Comns Cpmins
Cnnrs @andCpyg are the concentration, binding energy, and
capture coefficients of electrons and holes for the;Mand
NR centers, respectively; amdis a constant. Sincg,,, and
Eng> KT at T=4.2 K, assuming thatlp=dn>p, we can
write the ratio of Eqs(4) and(3) at this temperature in the
following form:

for the intensity of the ¢, Mn) line. In this case

As we expected, at a fixed value Xf,, the concentra-
tion of holes in the bismuth-grown layers considerably ex-
ceeds the concentration of hofe$in layers grown from
galium® (by an order of magnitude or more for
Xun=10"3). This is due to the predictable increase in the
distribution coefficient of manganese as an impurity incorpo-
rated into the Ga sublattice of GaAs when a bismuth
solution-melt is used.However, despite this fact, we were
unable to obtain GaAs: Mn layers with>6x 10 cm™3,

i.e., with hole concentrations larger than those present in
Imn/InR= Nmn- B/Nyr, (6) GaAs:Mn layers grown from a gallium melt. There are
three reasons for this: first, the difference between the values
of p in layers grown from different melts arising from the
different behavior of the plots gbp=f(Xy,) is reduced at
large values ofXy,,; second, saturation of the plots of

Nnr=Nyn- B(L = Tyn)/ I win - 7) p=f(Xun) begins at this doping level; and third, when

_ _ Xun=>1.5x 103 for Tg=800 °C and wherXy,>1x10"2
We can estimate the concentration of Mrirom Hall mea- o Te=700 °C, the smoothness of the surface layer is so
surement data, taking it to be proportional to the concentragegraded that it is not possible to completely remove it from
tion N, of acceptors ionized at room temperature. Then  the melt.

N _ The presence of well-resolved exciton lines in the pho-
NN - B(L = Tun) T ® toluminescence spectra of samples 2 and 8 indicates a low
Figure 3 shows the dependence of the concentration afoncentration of background impurities in the GaAs: Mn

nonradiative recombination centers calculated from @). layers with p<1x10®cm 3 grown from a bismuth
on the concentration of manganese in the liquid phase. It isolution-melt. This is in agreement with the high values of
clear that the concentration R centers increases with the Hall mobility for holes at 77 K and the low values of the
increasing doping level more rapidly than the acceptor coneompensation factorsk(<10™ %) and donor concentrations
centration. This finding is consistent with the nonmonotonic(Np <10 cm™3) in these layers. However, with increasing
form of the plots ofl p, = f(Xy,) at room temperaturésee  doping level, the concentration of donors in GaAs : Mn lay-
Fig. 5b. At T=4.2 K, because the manganese acceptor levetrs undergoes a stroriguperlinear increase, which com-
lies deep in the band gap, the concentration of holes does nbtnes with the sublinear growth in the acceptor concentration
increase with increasinky,, (p<<dp), and the increase in to produce an increase in the degree of compensation.

the concentration dil R centers leads to abrupt quenching of Let us analyze possible reasons for the formation of
the photoluminescencesee Fig. 5a Conversely, at 295 K compensating donors. The quite high purity of the manga-
the concentration of holes increases with increasipg,, nese used and the small amount of it in the liquid pHase
leading to an increase in the integrated photoluminescenca consequence of the high distribution coefficient during the
intensity at small values oy, (there are still few nonradi- growth of GaAs : Mn from a bismuth melwith consider-
ative recombination centersHowever, because the concen- ation of the values of the distribution coefficient of donor
tration of nonradiative recombination centers increases mornpurities in GaAs?2?3 rules out the assumption that the
rapidly than the concentration of acceptdi®les, as the high concentration of donors in these layers at low values of

where B:CnMn'CpMn(CnNR+CpNR)/[CnNR'CpNR(CnMn
+ Cpwmin) 1. Taking into account Eq5) and(6), we can write
the concentration oNR centers as
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Xwn is caused by some donor impurity introduced into thethan the probability of forming MnAs. This implies that a
solution-melt by the manganese. This assumption is alsgignificant portion of the Mn atoms are diverted to forming
contradicted by the superline@pproximately quadratidle-  these compounds and do not participate in creating acceptor
pendence of the donor concentration in the layers on théeVvels. As a result, when GaAs : Mn layers are grown from a
concentration of manganese in the liquid phase. bismuth melt, the plots gb=f(Xy;,) andN, = f(Xy,) have
The doping of GaAs with manganese from a bismuth@ sublinear character, in contrast to the LPE of GaAs: Mn
melt during LPE most likely leads to the formation of defectsfrom a gallium melt! This is probably the reason why a
or impurity-defect complexes of donor type in the crystaldecrease in the hole concentration is observed in layer 6 at
lattice. The nearly quadratic character of the plots ofthe highest values aKy,. Obviously, a considerable frac-
Np=f(Xyn) is also evidence of the formation of complexes. tion of the Mn atoms in the form of Mif\s (Mn;As;) mol-
The composition of these impurity-defect complexes cannogcules remain in the liquid phase in this case, and hence the
be resolved within this work. However, it is obvious that real value ofXyy, is lowered.
their appearance is caused by specific features not only of the When molecules of MpAs or MnzAs; incorporate into
dopant, but also of the ensemble of intrinsic point defects othe crystallizing layer, their incorporation should be accom-
the crystal lattice that is characteristic of GaAs grown bypanied by the generation of point defects in the GaAs crystal
liquid-phase epitaxy from a bismuth melt and the composilattice or impurity-defect complexes, which also can act as
tion of the liquid phase during growth, because, as far as weompensating donors. If we assume that the manganese com-
know, an increase in the degree of compensation with inpounds MpAs or Mn;As; are responsible for the formation
creasing doping level and the appearance ofiHme in the  of donors, i.e., point defects in the lattice or impurity-defect
photoluminescence spectrum, which we also relate to the focomplexes generated by them, then the concentration of do-
mation of impurity-defect complexdshas not been observed nors should decrease with increasing growth temperature of
in GaAs : Mn obtained by other methotfs4%° the layers. This is observed in experiment, supporting our
To explain this fact let us consider the processes thagssumption. Furthermore, if MAs or Mn,As, are respon-
take place during the crystallization layers from the crystal-Sible for the formation of donors, then since they are more
chemical point of view. It is knowA! that the preassociation refractory than MnAs, and the crystallization temperature of
of atoms that form a chemical compound can occur in thdhe layers consequently affects the probability of the forma-
liquid phase. This preassociation becomes important at tention of molecules of these compounds in the liquid phase to
peratures equal to the melting poifit of the given com- @ larger extent than that of MnAs, the electrical compensa-
pound, and as the temperature drops the probability of asséion factor of p-GaAs : Mn layers should increase with de-
ciation increases. Manganese forms the followingcreasing growth temperature, because, according to the logic
compounds with arsenic, all of whose melting points areof our discussion, it is determined by the ratio of the prob-
above the temperature at which the layers were grown in ougbilities of the formation of MpAs (MnsAs;) and MnAs
experiment: MnAs =935 °C), MnAs (Te=1029 °C), molecules. This is also observed in experiment.
and possibly MgAs, (Tg>950 °C) 2" In the LPE growth of Thus, it follows from our analysis that the appearance of
GaAs : Mn from a gallium melt, where the liquid phase is complexing donors irp-GaAs : Mn layers grown by LPE
more than 95% gallium atoms, which also form a compoundrom a bismuth melt is due to changes in the composition of
with arsenic(GaAs more refractory than any of the manga- the liquid phase during the growth of the layer, or, more
nese compound§Te(GaAs)=1238 °C, see Ref. J7the precisely, to a decrease by almost two orders of magnitude in
probability of the association of Mn and As atoms is ex-the concentration of gallium in the solution-melt compared
tremely low because the competing preassociation of As andith epitaxy from a gallium melt. As we have said above, the
Ga atoms is far more probableevertheless, in Ref. 8 x-ray compensating donors obviously consist of impurity-defect
analysis revealed that a Mis phase is present in rapidly complexes and are probably nonradiative recombination cen-
cooled Ca GaAst+Mn solution-melts. However, when ters. To decrease their concentration, the epitaxy temperature
GaAs : Mn is grown from bismuth, which does not form Of the layers should be raised as much as possible.
chemical compounds with arserficthe concentration of Ga
atoms in the liquid phase decreases to a few percent or Ie@s
and is commensurate with the concentration of Mn atoms at’
high doping level£® Under these conditions, the probability Our studies show that, despite the increased distribution
of the preassociation of Mn and As atoms is considerablyoefficient of the manganese dopant when a gallium
increased. solution-melt is replaced by a bismuth solution-melt, we are
If MnAs molecules are incorporated into the growing unable to obtainp-GaAs : Mn layers from a bismuth melt
GaAs layer, then the Mn atoms obviously occupy positionswith a higher hole concentration than from the gallium melt.
in the Ga sublattice, where they become acceptors. The prolithe layers of GaAs weakly and moderately doped with
ability of incorporating molecules increases as the growthmanganese (up to p=1x 10 cm~3 at 395 K) that were
temperature decreases, as a result of which the concentratignown from a bismuth solution-melt have a low concentra-
of acceptors is higher in the layers grownTai=700 °C. tion of background impurities and a high degree of electrical
With increasing concentrations of manganese in the ligcompensation. However, with increasing doping levels, the
uid phase, the probability of forming the more refractory concentration of donors in the GaAs : Mn layers grown from
molecules MpAs (MngAs,) in the melt becomes higher a bismuth melt, in contrast to the GaAs : Mn layers grown

CONCLUSION
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A variational method is used to calculate the positions of resonant and localized energy levels of
a shallow acceptor impurity in uniaxially compressed germanium in the high-pressure limit.

The dependence of the positions of these levels on the applied pressure is preseni€®8 ©
American Institute of Physic§S1063-78208)00707-9

1. INTRODUCTION where

The problem of calculating the position of energy levels — a,=—(y;—2y)k2—(y1+ y)(k3+ ki) -,
of shallow acceptors in strained semiconductors has taken on

— 2 2 2
special importance due to the observation of stimulated a-=-(nt2y)k=(ri=NKHk)+{,
emission in the far-infrared region from-Ge subjected to b=23v(k.—ik.)k
uniaxial compressioh. It is assumed that the stimulated V3y(kiky ks,
emission is caused by optical transitions of holes between c¢= \/§'y(kx—iky)2, v=(2y,+3y3)/5. (1a)

various states of shallow acceptors and is connected with thle . .
. . n. writing Eqg. (1) we have chosen the following system of
formation of resonant acceptor states, i.e., acceptor states ttBat . o
. . asis Bloch functions:
move into the continuous spectrum of the valence band un-
der the action of uniaxial strain. In order to confirm this 1 _ i _
hypothesis, information is needed about the positions of lo- u3,2=E(X+|Y)T, U1/2=%((X+IY)l—22T),
calized and resonant acceptor levels in strained germanium.
The calculations of Ref. 2, which were done within the zero- 1
radius potential model, showed that resonant states exist in  u_z,=—=(X—=iY)|,
this system, and their energies and lifetimes were found. V2
However, the results given by this method are too approxi-
mate to describe the real situation with regard to the posi- 1o=—=((
tions of levels at high pressures. Furthermore, the zero-radius G

potential method cannot give the energies of excited stategy, diagonalization of the Hamiltonid) gives us the spec-

The variational calculations of Ref. 3 make it possible t0..,1 of the valence band, which consists of heavy-held (

calculate the energies of localized states with good accuracyy 4 light-hole €,) subbands, whose peaks are separated in
however, they cannot predict even the presence of resonaghergy by the qluantity ’

states. This is probably because the variational method can- )
not be used to follow the transformation of a localized state (4
. def— = bX, (3)
into a resonant state. mg

In this paper we study acceptor levels in the high-strain
limit, calculating energies for the ground state and severa). .

. : . ressure. The spectrum of the valence band of the strained
excited states for both localized and resonant series. We uSe

L . crystal has the form

a variational method that presupposes the existence of reso-

nant states and treats them as if they were localized in the _ h? > 2 o
calculation. & n(k)=— 2—%(—71(kx+ ky+k3)

X—=iY)1+2Z]). (2

hereb is the deformation potential and is the applied

2= 290 (K- KE—KD) + 4yA(KZ+ ki +K2)?).

In the spherical approximation with an applied uniaxial _ o _ _ @
strain, the valence band is described by the#Luttinger ~ In the high-strain limit, we can ignore terms higher than

2. THEORY

Hamiltonian®® quadratic ink under the radical and expand the root in a
series with respect to the small parametkf/{). In this
a, b ¢ 0 limit we obtain a valence-band spectrum consisting of two
K2 | b* a_ 0 c independent ellipsoidal subbands:
HKO==5 « ar () )
o| C 0 a_ b

h 2 2 2
0 ¢ —b* a, 8|(k)=2—%((71+27/)kz+(71—7)(kx+ky)—§),

1063-7826/98/32(7)/3/$15.00 711 © 1998 American Institute of Physics
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ﬁZ

n(K) = 5 (1= 2K+ (GG +0). 9 N -
The high-strain limit corresponds to a transition from a four- 2 1smev| 2y 09meV
component basig2) to two two-component sets of basis T 2P0 2ImeV
Bloch functions, viz.,

4 15 48meV

[Uiaz, U-zp], (6a) e

[u+l/21 ufl/l—ll (6b)
i.e., elimination of the terms in the Hamiltonidh) that cor- Edef

respond to the interaction of states with different values of
the hole spin projection onto theaxis.

When the potential of a shallow acceptor impurity is
present in the strained crystal, we have two series of accepto l
levels below the bottom of each subband. The states belov
the bottom of the heavy-hole subband are resonant state
The wave functions of holes localized on shallow acceptors
have the form

PhN)=F'(NUgar); @ 3N =F(Nu_gAr);

1 2po 0.8meV

‘P?/z(r):fh(r)ul/z(r); @rlllz(r):fh(r)u—llz(r)i (7) 2s12meV == 2p, 1 3meV

where the labels andh are used to denote wave functions in Is 3.8meV
the light- and heavy-hole subbands, respectively. The T

effective-mass equations for determining the wave functions
and energy levels of a shallow impurity center written in the
basis(6a) for the heavy-hole subband and in ba&$) for FIG. 1. Diagram of the energy levels of a shallow acceptor impurity in

the light-hole subband have the form uniaxially compressed germanium. The classification of the levels corre-
9 sponds to the high-strain limit.
( K2 2 42 ( P P ) e2

— St +—+E
2mj 9z 2m|

I_
P oy f'=0, (8d

KI

i=+1; 2p.q is the state withm==*1,i=—1; 2p, is the
state withm=0, i=—1; and X is the state witm=0, i
=+1. A diagram of the positions of these levels is shown in
Fig. 1. In these calculations we used the following values for
the effective massesn /my=0.04, m, /my=0.13 (for the
We introduce the dimensionless parametg=m, /mj, light-hole subbangd mj/my=0.5, m, /my=0.05 (for the
dimensionless coordinates in units of the Bohr radiusheavy-hole subbandWe also used the following values for
ag=fi’x/m, e and a dimensionless energy in units of ' and 4" #'=3.25, "=0.1. These values correspond to
Eg=m, e*/22k (where is the dielectric constantThen the high-strain limit for G&.In these calculations we used
Eq. (8) can be rewritten in the form the variational functions listed in Table I.

3?9 3
(77I,h

—+
x> ay?

— — —_— — h:
me 522+ 2 + +E)f 0. (8b

+_+_+E+E flh—=0. 9) 3. RESULTS
2 r

972 x> oy

By calculating the shallow-acceptor spectrum for Ge in
If the internal angular momentum of the hole is ignored, thethe high-strain limit, we obtained the energy levels listed in
eigenstates of the Hamiltonia®) are characterized by the Table Il. In the second column we list the energies of states
projection of the orbital angular momenturm) onto thez localized below the bottom of the light-hole subband, and in
axis and the parityi(. The problem of finding the eigenval- the third column the energies of resonant states below the
ues of the Hamiltoniart9) was discussed in Ref. 6 in con- bottom of the heavy-hole subband. The energies of the states
nection with finding the spectrum of shallow donors in sili- are measured from the top of the respective subband. Bearing
con and germanium. The high-strain limit, for which Egs.in mind that the states below the bottom of theubband are
(8a) and (8b) are valid, can be introduced by assuming thatresonant states, we calculated the energetic positions of the
Eq4~E, i.e., the magnitude of the strain-induced splitting of resonant levels. When the interaction between the subbands
the peaks of the valence band should be larger than the iofis taken into account, the states that are localized within our
ization energy of the impurity center. approximation become embedded in the continuous spec-
Following Ref. 6, we used the variational method to cal-trum of thel subband, and we should introduce the interac-
culate the energies of the four lowest localized states belowion of these states with states of the continuous spectrum,
the bottom of the ellipsoidal band, which we denote sy 1 i.e., the possibility of decay. Localized states then become
2p.1, 2pg, and X, where 5 is the state withm=0, quasilocal. Furthermore, there is an interaction with localized
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TABLE I.
State Trial functionf', f"
P 2 1/2
F(p,z)exp( ;2+@ )
1s _ p2 2 1/2 [ 7
CYoo( 0,¢)F(p,2)=C exp< ;JFE ) 5k 6
2pg _ 2 2 1/2 % ok
CY,o( 6,0)rF(p,2)=Cz exp(— ;2+b—2) ) E“ |
6]
2s (C1Yoo( 8,0) +CoY 2o 0, 0)r*)F(p,2)
2 2\12
= = o p
=(Cy+ c2p2+c3zz)exp( -5+ )
ac b
2p.q CY121(0,0)rF(6,9)
L 172
:C(xiiy)exp(— ;z-i—b—z) )

FIG. 2. Pressure dependence of the positions of shallow acceptor impurity
levels in uniaxially compressed germanium: positions of the tops of the
subbands for light1l) and heavy(2) holes; the series of localized states

states in the band gap, which leads to a shift in the position$ —215' 4—8 2p12,5§ ?;0)' a”?i_the ietﬂesto“ fefsfh”a”t fta@ﬁsg li;e_sv o
- — 2Poress 8 — 259 - The position of the top of the valence band in the

of the resonant Ievel;. Figure 2 shows the dependence of tﬂuﬁstressed semiconductor is taken as the energy reference point.
positions of the localized and resonant states on the pressure.

With spin taken into account, each state is characterizedhe fourfold degeneracy with respect to the projection of the
by the projection of the total angular momentgonbital and  total angular momentum onto tlzeaxis corresponding to the
internal: M=L,+J,) onto thez axis. For a hole in the 2p. level is lifted when we take into account the interaction
subband, the projection of the internal angular momentunipetween théh andl subbands.

onto thez axis equals*=1/2, while in theh subband it is Thus, in this paper we have described a simple calcula-
+3/2, and the energy levels found correspond to the followtion, which gives us information about the positions of reso-
ing states within this classification: nant and localized levels in uniaxially strained Ge in the
high-strain limit. In view of the lack of computational data
| subband h subband rggardlng the positions of the resonant levels, even calculq—
lsM==1/2 IS M= +3/2 tions as crude as these can be useful for analyzing experi-
S—M==1s, — = = ol mental data on the spectra of shallow acceptor impurities in
2p+1—M==x1/2,+3/2, 2p.1—M=%x1/2,+5/2, strained semiconductors.
2sM==+1/2, 25M==+3/2, This work was carried out with the partial support o_f
N N Grants Nos. 97-02-16820 and 96-15-96392 from the Russian
2po—M==x1/2, 2po—M==x3/2. Fund for Fundamental Research and Grant 072 97-
1055 from the Ministry of Science.
1. V. Altukhoy, M. S. Kagan, K. A. Korolev, V. P. Sinis, and F. A.
TABLE II. Smirnov, Zh. Ksp. Teor. Fiz101, 756(1992 [Sov. Phys. JETR4, 404
- (1992].
Energy of localized Energy of resonant  2)j. A Odnoblyudov, V. A. Chistyakov, and I. N. Yassievich, Fiz. Tekh.
State states above the bottom states above the bottom poluprovodn31, 1180(1997 [Semiconductor81, 1014(1997)].
of thel subband, of théa subband, 3R. Buczko, Nuovo Ciment®, 669 (1987).
meV meV 4J. M. Luttinger and W. Kohn, Phys. Re97, 869 (1955.
5G. L. Bir and G. E. PikusSymmetry and Strain-Induced Effects in Semi-
1s 3.8 4.76 conductors (Wiley, New York, 1975 [Russian original, Nauka,
2p., 13 0.9 Moscow, 1972
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The drift mobility of charge carriers in glassy semiconductors of the Se—As system doped with
Ag, Au, and Tl is investigated. A considerable increase in the electron drift mobility is
established in samples doped with Ag. These results are explained within a model of charged
defects. ©1998 American Institute of Physid$$1063-78208)00807-2

Studies of the optical and electrical properties of glassyelectrons it decreases. Accordingly, the hole mobility
chalcogenide semiconductors of the Se—As system indicaiecreases from 2104 to 2x10 °cn?/V-s, while
that the origin of the localized states that control the driftthe electron mobility increases from x6L0°° to 1.1
mobility of charge carriers in these systems is connecteck 10 2 cn?/V-s.
with charged defects? The concentration of intrinsic A similar change in the hole mobility is observed in
charged defects can be controlled by doping with impuritiesAs,Se; when Ag and Tl were introduced as impuritiésg.
capable of forming charged state$We previously foun#®  2). Electrons are practically immobile in this material. Dop-
that the introduction of halogens, which appear as electriing decreases the hole drift mobility from &30 °
cally negative impurities, into glassy chalcogenide semiconen?/V-s in the pure material to 810 °
ductors can lead to a considerable increase in the hole drittin?/V-s and 6107 cn?/V - s for As,Se; with 2 at. % Ag
mobility. and 0.1 at. % TI, respectively. Moreover, the introduction of

In this paper we investigate the drift mobility of charge Au as an impurity also led to a decrease in the hole mobility.
carriers in glassy chalcogenide semiconductors of the Se—ASor a gold concentration of 0.2 at. % the value of the mobil-
system doped with the metals Ag, Au, and TI. We shallity was 5x 10 ® cn?/V-s.
assume that these metals, in contrast to halogens, can behave Temperature measurements showed that the activation
as electrically positive impurities. Silver as an impurity is of energy for conduction changes consideratlly 0.2 e\}
special interest, since it is associated with phenomena suahkhen silver is introduced. At the same time, the activation
as negative photoconductivitymemory effects, and switch- energy for carrier drift mobility scarcely varied. In layers of
ing.’ Se 95ASy 05 With Ag as an impurity, the activation energy for

Impurities were introduced during synthesis in concen-electron and hole drift mobility lies in the range 0.45
trations in the range 0.1-5.7 at. %. Measurements were made0.48 eV, whereas the activation energy for drift mobility
on samples of the “sandwich” type consisting of both layersin bulk samples of AsSe; with Ag as an impurity is
prepared by mechanical methods from an ingot of the synE=0.6 eV for holes. The higher values of the activation en-
thesized material and thin films obtained by thermal evapoergy in the latter case are probably due to the dispersive
ration in vacuum. Al, 1nO;, and Aquadag served as elec- character of transport in ASe;, for which the drift mobility
trode materials. One of the electrodes was semitranspareris. found to depend on the sample thickngss.

The concentration of impurities in the films was taken to A change in drift mobility upon doping can arise from a
equal its weighed content. change in the concentration of the localized states that con-
The drift mobility was investigated by time-of-flight trol its value. Assuming that the drift mobility is controlled
measurement&® Since the shape of the time dependence oby a discrete energy level of localized states, we expect

the photocurrent in glassy chalcogenide semiconductors dfs value to be given by the following expressibn:

the Se—As system with metal impurities is typical of disper-u= uo(N./N,)exp(—e/kT), where u, is the charge-carrier
sive transport, the time of flightty was determined from the mobility in the band of delocalized statdd, andN, are the
break on thel(t) curve plotted in log-log coordinatéS. effective densities of delocalized and localized states, respec-
The drift mobility was calculated from the expressiontively, and ¢ is the distance between the level of the
u=L/ttF, wherelL is the sample thickness arfd is the localized-states and the edge of the band of the delocalized
electric field intensity. states. If the nature of the localized states is connected with

Figure 1 shows the measured time dependence of theharged defects similar to'Dand D™ centers, then the value
photocurrent for layers of 3g5ASy o5 cOntaining 5.7 at. %  of the electron drift mobility is inversely proportional to the
Ag. The time of flight is marked by the arrows. It is clear that concentration of D centers, and the hole mobility is in-
the introduction of silver as an impurity changes the time ofversely proportional to that of D centers.
flight of the charge carriers. For holesincreases, while for If we assume that metals act as charged impurities,

1063-7826/98/32(7)/2/$15.00 714 © 1998 American Institute of Physics
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latter equation combined with the electroneutrality equation
2.0t L ; : X L2
o implies that the introduction of an electrically positive impu-
/50 rity increases the concentration of negatively charged intrin-
— L sic defects] D™ ] and decreases the concentration of posi-
e ok tively charged defect§D*]. Consequently, the hole drift
s L 2 mobility decreases and the electron mobility increases. A
= | similar behavior of the drift mobilities of charge carriers is
~ 0.5 l _ _ _ :
A i observed in experiments when the impurity metals Ag, Au,
% o+ 1 Tl are introduced into glassy chalcogenide semiconductors.
o L ‘ A comparison of these data with the results of Refs. 4
~0.5F + and 5 reveals that metals influence the drift mobility less
L effectively than do halogens. Thus, a considerable increase
-1.0 IO R ! TR [N SO B in the hole mobility is observed when halogen impurities are

1 (]

=64 65 =40 45 -40 -39 introduced in amounts of 1¢—10 2 at. %, while the

log (2, ) change in the electron mobility induced by silver concentra-
FIG. 1. Plots ofl (t) for electrons(1, 3) and holeg2, 4) measured in films tions even as Ia_lrge a§_16 at. 0_/0 i_s considerably _Sma”er' )
of S&eASeos (L, 2) and SgesASyos CONtaining 5.7 at. % Ag(3, 4). To summarize, this work indicates that the introduction
F=10° Vicm, L, um: 1,2 — 2.3;3,4 — 2.2. of metal impurities into glassy chalcogenide semiconductors
of the Se—As system produces a considerable increase in the
electron drift mobility. This result, like the considerable in-

when a positively charged impurity Ais added, the law of crease in the hole mqb|l|ty .prewously_ estabhsheq n Refs. 4
and 5 when halogen impurities were introduced, is in agree-

electroneutrality should be obeyed, which we write in terms : .
; ; . -~ ment with the model of charged defects. Our analysis allows
of the concentrations of charged impurities and defects in the

following form: [A*] +[D*]=[D"]. The quantitative rela- Us to conclude that metal impurities in glassy chalcogenide

tion between the concentrations of the charged defects that miconductors can act as posmv_ely charged centers.
We are grateful to K. D. Tsendin for valuable comments
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Donorlike behavior of rare-earth impurities in PbTe

G. T. Alekseeva, M. V. Vedernikov, E. A. Gurieva, P. P. Konstantinov,
and L. V. Prokof'eva

A. I. loffe Physicotechnical Institute, Russian Academy of Sciences, 194021 St. Petersburg, Russia
Yu. I. Ravich

St. Petersburg State Technical University, 195251 St. Petersburg, Russia
(Submitted December 29, 1997; accepted for publication December 31), 1997
Fiz. Tekh. Poluprovodn32, 806—810(July 1998

The Hall coefficient, thermoelectric power, and electrical conductivity in PbTe doped with La,
Pr, Sm, and Gd are investigated in the temperature réfige700 K. The impurity

atoms act as donors with an electrical activity that increases with temperature until the fraction
of electrically active lanthanide atonfkn) reaches values close to or slightly more than

half of their total number. A decrease in the electron mobility and a change in the thermoelectric
power relative to their values in PbiTeare also noted. At low temperatures, the Seebeck
coefficient in PbT&.n) is found to be higher than in Pb{lg while at high temperatures it is
lower. The data are interpreted by invoking a band of impurity resonant states, whose
energetic position and number are functions of composition and temperature. The experimental
data imply that when La and Pr dope PbTe, the electrical activity of the compound is
dominated by intrinsic donorlike defects that form when Ln is incorporated in the ratio LnTe.

© 1998 American Institute of Physidss1063-782@08)00907-1

A review of data on the doping of lead chalcogenides A general property of all the samples we investigated
shows that the majority of impuritigghe halogens |, Cl, Br, was increasing electron concentration with increasing tem-
Na, Tl, In, and T) exhibit a maximum in electrical activity at peratureT (Figs. 1 and 2 Hall measurements at 4.2 K show
temperature§ =0 K; as the temperatur€ rises their elec- that the decrease in concentration with decreaSirugpntin-
trical activity either remains unchande@for halogens or  ues forT<77 K as well; in this case complete carrier freeze-
decrease$:® Possible exceptions to this general rule are theout does not occur a§—0 K, and the Hall coefficient in-
rare-earth metals with a primary valenge. Analyzing the creases by no more than a factor of ZTadecreases from 77
temperature behavior of the thermoelectric power in PbTdo 4.2 K. The rate of increase in the concentration and the
doped with Sm, Erofeev and SolomatnikBehowed that the corresponding temperature interval are also determined by
electron concentration in Sm-doped samples increases withe type and concentration of the impurity. The relative in-
increasing temperature. In this paper, by measuring the corgrease in concentration is greatest in the samples doped with
centration of charge carriers using the Hall effect we not onlyGd: in PbTe doped with 1 at. % Gd it reaches a factor of 5
confirm and further explore this result for Sm, but also ex-over the range 77-600 K, so that the maximum electron
tend it to La, Pr and Gd, which, like Sm, incorporate into concentration {8109 cm 2 at 600 K approaches the
PbTe in the ratio LnTéwhere Ln is a lanthanide values observed for La and Pr&tc400 K, where more than

We investigated the transport properties of polycrystal-
line samples in the temperature range-B00 K; the maxi-
mum concentrations were 1 at. % for La and Pr, 2 at. % for ABLE |

Gd, and 5 at. % for Sm. According to the data from Ref. 6, 77K 300 K
the solubility of Sm in PbTe is 10 at. %. The composition of
the samples, the electron concentratigrand the values of N, | S 1y n, S 1y n,

at. % | uVIK cm?V-s cm?® | uV/IK cm?V.s cm?

the mobility and the Seebeck coefficiédtat 77 and 300 K
are listed in Table |. A comparison of the data at 77 K showga 05 | 20 3400 2510 58 520  4.%10
that the electron concentration depends on the type of impu2 é-g 13 gégg ‘Z‘-g igz gg 43128 g-z ﬁz
rlty and '|ts concentratioil ar_1d that it increases with increas- 10| 17 1900 4810°| 40 320 10100
ing doping level, but remains considerably below the consg,, o5 _ 1.%10° | 100 340 1.5 10
centration of impurity ions. The donor activity of gadolinium sm 10| 24 3500 2410 | 44 530  5.810%°
is weaker than that of the other impurities at the same conSm 3.0 | 12 1200 5810° 23 140 1107
centration; it is also small for Sm at a concentration ofS™ 50 13 300 18 1g: 24 80 23(1?2
0.5 at. % Despite the cons_iderablt_a differgqce_s between t c1>:(5J 33 2288 g:i 1018 gi ggg g:ﬁ 1019
properties of La and Pr, their electrical activity in PbTe maygqy 20 | 13 1500 4810 | 29 200  1.5¢10%°

be treated as the same.

1063-7826/98/32(7)/4/$15.00 716 © 1998 American Institute of Physics
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FIG. 1. Temperature dependences of the Hall coefficient
Ry (1-5) and resistivityp (6,7) for PbTe doped with La,
Pr, and Sm; type and concentratiod)(of the impurity,

at. %:1— La, 0.52 —La, 1.0;3— Pr, 1.0;4, 6— Sm,
3.0;5,7— Sm, 5.0.

half the impurity atoms are electrically active. In all the in the Seebeck coefficientS(,,/S)) as a function ofT for
samples the temperature dependence of the Hall effect isamples of PbTe with different compositions. It is clear that
strongest at temperatures below 400 K, and then saturation {Re quantitative characteristics of the relative change in ther-
achieved in the majority of samples. However, in PbTemoelectric power for PbRen) are determined by the type

doped with Pr(1 at. %9 and Sm(1 at. % or mor¢ the tem-
perature curves may even increase again slightly at figh
(Fig. 2): it turns out that in PbTe with 3 at. % Sm the tem-
perature dependence of the Hall coefficient starts to increase
once more al =480 K, and at 5 at. % Sm the increase starts
at T=320 K. In the latter sample, the electron concentration
reaches the maximum for the samples of Ri$he, which
match the data of Ref. 6 (2810°° cm™2 at 300 K). Accord-

ing to these data, further increases in the impurity concentra
tion lower the room temperature value of the Hall concentra-
tion.

The Seebeck coefficient depends only slightly on tem-
perature in the range 77-300 K. This further confirms that2
the electron concentration increases with temperature in Ln"’E
doped samples, since the increase in thermoelectric powe ©
with temperature due to the explicit functi®{T) is com-
pensated by a decrease due to the increase We com-
pared our values of the Seebeck coefficient with valueS of
for halogen-doped PbTe with the same electron concentra
tion. The following general rule was observed: at sufficiently
high electron concentrations the value $in PbTe doped
with rare-earth elements was found to be higher at Tow
and lower at highr, than in halogen-doped PbTe. The cor-
responding curves that illustrate this behavior for samples
with various dopings are shown in Fig. 3a, where we com-
pare results for PbTe with 1 at. % Pr and PbTe with a vari-
able concentration of iodine, which ensures equality of the

£
Q
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and concentration of the impurity. The effect behaves non-
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eIchron concentrations in .bOth materials at any temperatulifi. 2. Temperature dependence of the Hall coefficRifor PbTe doped
within the range chosen. Figure 3b shows the relative changeith Gd. Gadolinium concentratioN, at. %:1 — 0.5,2 — 1.0,3 — 2.0.
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FIG. 4. Energy of impurity states versus temperature in PbTe doped with
rare-earth metals. Type and concentratidl) of the impurity, at. %1 —

Sm, 5.02—Sm, 3.03— Gd, 2.04—Pr, 1.0,5— Gd, 1.0,6 — La, 0.5,
7—Gd, 0.5.

However, the occupancy of the impurity states can remain at
its original level in this case: thus, in samples with 0.5 and
1.0 at. % Gd the occupancies of the impurity states even at
77 K are close to 1 and practically the saffe93).

As the temperature increases, the distance between the
impurity band and the bottom of the conduction band in-
creases, leading to an increase in the Fermi en&gwnd
the electron concentration. We calculated the position of the
impurity bandE; (without taking into account its broaden-
ing) using the neutrality equation:

N
N exd(Er—E)/KT]+1°

FIG. 3. Temperature dependences of the Seebeck coeffBie@tand the We calculated the dependence Eﬁ on n within the tWO'.
ratio S,,/S, of the Seebeck coefficients for PbTe doped with rare-earthband(Kane model of nonparabolicity under the assumption
metals and iodingb). Type and concentratiorN) of the impurity, at. %:  that its parameters are doping-independent. After substituting
1—Pr,1.0;2—1,1.0-0.83 — Gd, 1.0;4 — Pr, 1.0;5 — La, 5.0. Er into Eq. (1), we obtained the temperature dependence of
E; shown in Fig. 4. This dependence departs from linearity
whenT is close to room temperature, because the concentra-
monotonically with temperature, the maximum increas8 in tion of free electrons ceases to increase in strongly doped
being observed foll close to room temperature in all the samples, perhaps due to a decrease in the capacity of the
samples. At highl the dependence reaches or approaches enpurity band caused by the passage of some of the impurity
minimum; in this case, the deviation from 1 is very small. At atoms to different structural positions asincreases. The
85 K the relative change in thermoelectric power in PbTerate of temperature variation &; corresponding to the lin-
with Gd is smaller than it is for other samples. This effectear portions of the curves lies in the range—4.5)
probably reflects the weaker donor activity of this element at< 10~ * eV/K, depending on the composition of the samples,
low temperatures. i.e., it is of the same order of magnitude as the rate of tem-
Our experimental data as a whole can be interpretegerature variation of the gap widty. An exception is
within a model of impurity resonant states whose energeti®bTe&La); possible reasons for the decreaseEpfwith T in
position relative to the bottom of the conduction band de-this sample will be discussed later. The scatter of the data for
pends on the type and concentration of the impurity and omE; /d T could be due, first, to doping-induced changes in the
temperature. The first two factors determine the position ohonparabolicity parameters that were not included in the cal-
the impurity band at 0 K: the fact that the initial concentra-culations, and, second, to the assumption that all the impurity
tion of electrons is considerably smaller than the concentraatoms make up the impurity band.
tion of rare-earth metal atoms indicates that the Fermi level The presence of quasilocal impurity states in the elec-
is stabilized by the impurity band and that the filling of the tronic spectrum of samples doped with rare-earth metals,
latter with electrons corresponds to<@1—n/N)<1. In-  which stabilize the Fermi level, gives rise to additional reso-
creasingN shifts the impurity band upward, so that the initial nant electron scattering. At 77 K the electron mobility turns
concentration of electrons in the conduction band, whichout to be 2—4 times smaller than the mobility in the corre-
equals the number of holes in the impurity band, increasesponding PbTe samples with halog€rat;room temperature

1 [ i
0 200 400 600 800

0.8

@
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1.0} electrons(0.5 and 1.0 at. % Gd at 77)KS increases more
strongly than it does in PbTe or PbT&Pr) (where
the occupancy is considerably lowerlncreasing T to
200-300 K causes intense ionization of the impurities,
which maximizes the effect of resonant scattering on the
thermoelectric power. At still higheT the contribution of
resonant scattering to the thermoelectric power gradually de-
creases, changes sign, and then increases once more, but only
up to a far smaller value due to the considerable increase in
the contribution from phonon scattering. Thus, although we
were unable to achieve exact quantitative agreement between
experiment and theory, we can make the qualitative assertion
that the nonmonotonic temperature dependence of relative
values of S shown in Fig. 3b correlates closely with the
0.2 behavior ofK(T).
In PbTe with 1 at. % Gd the equali§gz= S, is obeyed
for occupancies close to 1/2, whereas in PbTe with La and Pr
, ' . | this equation is viola_tt_ed, and_thg occupancy turns out_ to _be
0 200 %00 500 800 less than 1{2. In add|_t|on, t_hfa initial electron concentrf’itlon in
T,K sgmples W|t_h these |mpur|t|es turns out to be co.n3|derablly
higher than in PbTe with Gd, and the temperature increase in
FIG. 5. Temperature-induced change in the electron occupatryfthe  n is weaker, producing a weakly increasing or even decreas-
impurity ba_nd in PbTe doped with rare-earth metals. Type and concentratiomg plot of E;(T) for the case of PbTe with La. In light of
(N of the impurity, at. %:1 — Gd, 1.0:2 — Pr, 1.0;3 —La, 0.5. these facts, we may assume that when PbTe is doped by high
concentrations of these elements, intrinsic donor defects

this difference does not exceed a factor of @B exception form, whose influence increases with particular rapidity with

is the sample with 0.5 at. % Smbut an appreciable differ- decreasingl and rare-earth metal concentration. Their pres-
ence in mobility is maintained even &t=800 K. ence can also explain the observed decrease in the slope of

As we mentioned above in connection with our discus-the Ej(T) lines as the concentration of Gd decreases from 2

sion of the experimental data on the Hall concentration, thdo 0.5 at. %(curves3, 5, and7 in Fig. 4).

capacity of the impurity band may decrease at high tempera-  This work was supported by the “Integration” program,
tures. This would lead to a decrease in the resonant scatterroject No. 75.

ing. In fact, the temperature dependences of the resistivity

shown in Fig. 1 for PbTe strongly doped with Sm display

saturation regions and even decreases in the resistivity atG. T. Alekseeva, L. V. Prokofeeva, and T. S. Stavitskaya, Fiz. Tverd. Tela
T=500- 600 K. (Leningrad 8, 2819(1966 [Sov. Phys. Solid Stat8, 2258(1966)].

Th f t tteri h | 2G. T. Alekseeva, E. A. Gurieva, P. P. Konstantinov, L. V. Prokof'eva, and
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impurity bandK=1-n/N is greater than 0.5. the Fermi and Yu. K. Shalabutov, Fiz. Tekh. PoluprovodiB, 185 (1979 [Sov.
. s Phys. Semicondl3, 106 (1979].
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Contribution of light holes to the Hall effect for the complex valence band in germanium
and its dependence on doping level

M. V. Alekseenko, A. G. Zabrodskii, and L. M. Shterengas

A. |. loffe Physicotechnical Institute, Russian Academy of Sciences, 194021 St. Petersburg, Russia
(Submitted December 15, 1997; accepted for publication January 20) 1998
Fiz. Tekh. Poluprovodn32, 811-820(July 1998

A method is proposed and implemented for experimentally isolating the influence of light holes
on the classical Hall effect for the complex valence bang-@e. In this method the

contribution from light holes is successively eliminated by an applied magnetic field, and then
the absolute values of the hole concentrations are calibrated in pairs of samples specially
prepared using neutron transmutation doping. The increase in electron concentration as a result
of neutron transmutation doping is measured for one of the sarfthieseference while

the hole concentration is measured for the other sample. This gives calibration curves for the
effective Hall factor inp-Ge, which can be used to precisely measure the hole

concentration over the entire range of doping levels. The use of this method for investigating the
hopping transport of charge carriers and metal-insulator transitions is illustrated99®

American Institute of Physic§S1063-7828)01007-7

1. INTRODUCTION the light-hole band, as well as the energy dispersion of the
carrier lifetime?
The peculiarities of the galvanomagnetic properties of
p-Ge are known to arise from its complex band structure _ i Y
(see, e.g., Refs. 133in particular from the degeneracy of eH (x2+v?)’
the valence band, which gives rise to light and heavy holt?_|ere
bands, and the nonspherical properties of the latter. The
rather small number of high-mobility light holes present in
p-Ge makes a rather small contribution to the electrical con-  X=03 (H)+ o33 (H)=e
ductivity; however, in sufficiently weak magnetic fields they
determine the values of the Hall coefficielRtmeasured in
experiments and its field dependence to a considerable de- Y=o\ (H)+0o\)/(H)=e
gree. It is known, for example, that =100 K applying a

@

Piua N P2
1+ 'yi 1+y5

71P1,U«1+ Y2P2/2
1+ yf 1+ 'yg

magnetic field of a few hundred oersteds to weakly doped eH[ piu?  poul
p-Ge is enough to initiate a decrease in the magnitude of the - | = 12 2 22 ,
Hall coefficientR by eliminating the contribution from light Cl\l+yr 1493

h9|e§fl In strong fields, in which the effect of light holes is for gefiniteness we assign the lael1 to light holes, while
eliminated, the magnetic-field dependence of the Hall coef;—2 applies to heavy holes, and the coefficignts defined

ficient for the heavy-hole band is complicated by the appearhy the product of the drift mobility,; and the magnetic field
ance of a so-called “fine structurgfa minimum followed by H:

a maximun.
Thus, the magnetic-field dependence of the Hall coeffi- yi:'“iH i=1 2 )
cientR(H) in p-Ge is determined by the relative contribu- c

tions of light and heavy holes in the region where the two-yherec is the velocity of light ande] is the absolute value
band model applies and exhibits one-band behavior iRy the electron charge.

SuffiCient|y Strong fle|dS In thIS case bOth the features Of the In order to use Eq(l), |t iS necessary to knOW the con-
band structure and the carrier scattering mechanism are ingentrationp; and the mobilityw; of light and heavy holes. In
portant. Incorporating these factors into a theory is verythe early theoretical calculations by Willardsenal.® which
complicated, which is probably why it has not been done indealt with weakly doped-Ge, a more rigorous approach
any generality, and the theoretical calculations which havevas used, and a concentration ragie-p,/p,=0.02 and a
been performeld are limited to extremely weak doping lev- mobility ratio b=, /u,=8 (T=200-300 K) were chosen
els. In order to illustrate the effect of two-band behavior, letfor comparisons with experiment. Subsequently, they and
us use the simplest expression for the magnetic-field depemther authors used the larger valae=0.04. The mobility
dence of the Hall coefficient, without taking into account theratio was subsequently refined and re-estimated as well. We
anisotropy of the heavy-hole band or the nonparabolicity otan probably assume that ratias-0.04 andb=8 are cor-

1063-7826/98/32(7)/9/$15.00 720 © 1998 American Institute of Physics
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rect to a factor of 2. In the weak-field limii — 0 the use of rp(H)
these ratios of the concentrations and mobilities of light and R(H)=——
heavy holes in Eq(1) gives a value ofR that is twice as

large as the value for only one heavy-hole band. wherer,(H) is some “effective Hall factor” andp=p;

For fields that satisfy the conditioH>H,;=c/u, (the  +p,. Since the magnetic-field-induced change in the total
so-called classical strong-field lirdit for high-mobility  hole concentration contributing to the Hall effect is small, we
holes, the effect of the light holes is practically eliminated, may say that ,(H) determines the relation between the mea-
and only the heavy-hole band “functions;” hence, we cansured Hall coefficient in a given magnetic field and the total

®

epc’

write the following expression for the Hall coefficient: hole concentration. Once we have investigated the behavior
of the Hall coefficient inp-Ge at various magnetic fields and
r2(H) for various t t determine the effective Hall
R(H)= ——, 3) or various temperatures, we can determine the effective Hal
p2ec factor forp-Ge over a wide range of doping levels and mag-
wherer ,(H) is the Hall factor for heavy holes. When the Nnetic ﬁe"_js- ' ' .
magnetic field is increased furtheto H>H,=c/u,, the The idea of our approach is based on the induction of
following relation holds? closely coupled changes in the concentrations of the majority

carriersAn andAp in Ge withn- andp-type conductivity at
. (4) similar doping levels and low degrees of compensation,
ec(p;+p2) which can be determined from Hall measurements. These

The task of the experimentalist is to distinguish between theconcerted changes” can be effected by the neutron trans-

contributions of light and heavy holes to the Hall effect in Mutation doping of pairs of samples, in one of which we
p-Ge. For this it is sufficient to measure the magnetic-fieldrecord the change in the electron concentration, while in the
dependenc®(H). Such measurements were also reported irpther we record the change in the hole concentration. As was

Ref. 1 cited above, as well as in other papers, but only foshown in Ref. 8, when germanium with the natural isotopic
weakly doped samples. composition is irradiated with strongly slowed neutrons, ma-

A more complicated experimental problem involves theterial is obtained withp-type conductivity and a degree of

. 7 . s . .
use of Hall measurements to exactly calibrate the hole corfompPensation close to _O'BThUS' initially pure Ge, in which
centration inp-Ge® As a rule, the limiting expressio) is W€ Measurép, is irradiated along with either-Ge or ger-
used for this. In practice, to extract the hole concentrition Manium that is strongly enrlched.wnﬁee, in which the
using Eq.(4), the value oRR is usually measured in fields of cNange in the electron concentratidm is recorded. Let us
order 10 kOe. However, as we shall show below, the HalSystematically discuss these experimental situations.

factor r,(H) does not yet reach unity at these fields, first, Experiment 1Parall'el irradiation of samples of pure Ge
because we are at the limit of applicability of formui) and n-type Ge by relatively small thermal neutron fluences

and, second, because the functi{H) has a fine structure (in the second sample neutron transmutation doping does not

whose existence is not predicted by form(@a In principle, ~c2Usé am—p conversion, and, in addition, the degree of
the Hall factor can also be estimated by measuring the ratig°mPensation is not highin n-type Ge transmutation dop-
between the Hall and drift mobilities. Unfortunately, the er-INd decreases the original electron concentration by
ror in determining the latter is usually large. Nn=Nnp, in which case

Thus, despite its long history, the use of the Hall effect r Fon
to precisely characterize the hole concentratiop-@e over m - eR,C -
the entire range of doping levels and to separate the contri- n
butions of light and heavy hole@f the doping level is not  Taking into account the closeness of the values pand
smal is still problematic. This paper describes an attempt tar,,,, here we introduce the value of the Hall factor
experimentally resolve this problem. The idea is to conduct
magnetic-field studies on pairs of samples prepared in a spe- 7~ _nfn ™ "nnlnn )

. . . n _ i

cial way (using neutron transmutation dopjndn one of the Np=Nnn
sampledthe reference we measure the increase in electronWhere n.=(ecR)"! and n,.=(ecR,) ! are the corre-

concentration caused by neutron transmutation doping, while . L
. . Sponding Hall concentrations; the labeh™ corresponds to
in the other we measure the hole concentration.

n-Ge before neutron transmutation doping, whiler” re-
fers to the material after doping.
In the parallel irradiated control sample of originally

2. EFFECTIVE HALL FACTOR AND METHOD OF pure Ge we introduce a concentration of holes equal to
DETERMINING IT

R(H—x)=R,

M= TN ="n(Np—Npp). (6)

r
When the contribution from light holes is completely eT:;CZYpr, ®)

eliminated, the concentration of heavy holes is determined

from the measured Hall coefficient within a simple one-bandwvhere pp=(ecF§3)‘l is the Hall concentration. From the

model using Eq(3). It is convenient to use a similar formula conditions of the experiment it follows that the reason for the

for the case when the effect of the light-hole band is notchange in the concentration of majority carriers in both

negligibly small: samples is the identical number of uncompensated trans-
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muted gallium impurities. These changes are equal in mag n n
nitude and opposite in sign, i.e., the decrease in the electro™| ™ n m
concentration equals the increase in hole concentration:

M _ Mn _ rp (9) o

[Ral  [Ranl Rl or
From this we find that p=4p L

T 1 1 ) 10 Pp
ro,=r ———],
P P Rn Rnn p

wherer,, is defined by formuld7). { p-4p

Experiment 2Parallel irradiation of pure Ge andtype 1 2 3

Ge by large thermal neutron fluences, in whitise with an
electron concentration,/ecR, is converted to g-type ma-
terial with a hole concentration,,/ecR,, and a low degree

of compensation. This is equivalent to a change in the con

FIG. 1. Schematic representation of the changes in carrier concentration for
pairs of samples subjected to neutron transmutation doping as part of ex-
perimentsl-3 to determine the effective Hall factor ipGe. In each pair,

the originally pure sample of Ge with the natural isotopic composition is
shown on the right. The notations for the concentration are explained in the

centration of charge carriers in both samples by an amoumiext. Hatching indicates the concentrations after neutron transmutation dop-

— 1
r,=—
P ec

(11)

1 1) M

Rup Rol  ecR’

ing.

By analogy with experimertt and in light of the closeness of Hall factor inn-type Ge based on Eqél0), (12), and(15).

the values ofr, andr,,, we can introduce the quanti&
into the discussion:

- MRyRnp

P Rn(Rp_ Rnp) . (12)

The latter, in turn, is calculated within the theory of aniso-
tropic scattering®

3. OBTAINING PAIRS OF SAMPLES OF NEUTRON-
TRANSMUTATION-DOPED Ge : Ga AND Ge : As WITH

Experiment 3Combined irradiation of pure Ge and ger- CONCERTED VARIATION OF THE CONCENTRATIONS OF

manium strongly enriched witfi*Ge. The stationary free-
hole concentration in the region of complete ionization of the

MAJORITY CARRIERS. MAGNETIC-FIELD DEPENDENCE
OF THE HALL COEFFICIENT IN
NEUTRON-TRANSMUTATION-DOPED Ge : Ga

acceptors in neutron-transmutation-doped, originally pure

p-type Ge is

Mo

Pp:erc (13

=Nproge 0 705e F(1—K),

Following Sec. 2, we set up three versions of the experi-
ments based on combined neutron-transmutation-doped pairs
of Ge samples cut in &111) plane perpendicular to the
growth axis® In all the experiments, one of the irradiated

and the corresponding electron concentration in monoisoSamples consists of Ge with a purity high enough to neglect

topic “Ge subjected to neutron transmutation doping is

n. — Fon
on eRonC

=Np74age0 74ge F(1—K'), (14

where N=4.42x 10?2 cm™? is the concentration of Ge at-
oms,R,, is the Hall coefficient in a weak field for originally

pure irradiated monoisotopit-Ge,r,,, is the corresponding
Hall factor, proge is the abundance of°Ge in the natural
mixture; p 745 is the abundance dfGe in the enriched mix-

ture; o 705. and o 745, are the average cross sections for neu

tron capture by°Ge and’“Ge in the real spectruni is the

degree of compensation of neutron-transmutation-doped,
originally pure Ge,K’ is the degree of compensation of

neutron-transmutation-doped monoisotopfGe, andF is
the neutron fluence. Using Eg4.3) and(14), we find that

RoP 160 0ad1-K) Ry
RonP 72 g0 74 ge(1—K) *"Ron’
whereA= o 70ge P 01— K)/ 0 74ge p 74 g1 —K").

(19

b="Tlon

Thus, in all three experiments, once the radioactive dethe overall
cay reactions have ended, the stationary values of the Hailh

the concentrations of initial impurities in comparison to
those introduced by transmutation.

Experiment 1The original material is specially uncom-
pensatedn-Ge : As. The fluence of irradiating neutrons is
chosen so as to produce in moderately compensated
n-Ge : As(see Fig. 1a Samples with various levels of initial
doping with arsenic were used.

Experiment 2The initial material is the same as in ex-
periment 1, but the neutron fluence is considerably larger, so
that after irradiation we obtain a moderately compensated
p-type material(see Fig. 1h
Experiment 3The original material is strongly enriched
With ““Ge (p 74ge=0.988) and has an initial concentration of
“background” impurities negligibly small compared to the
concentration of transmutation impurities. The ratio between
the doping isotopes is such that the degree of compensation
of neutron-irradiated monoisotopic GeKs ~2% (Fig. 10.

The samples were irradiated in channels V15 and V1 of
the VVR-M reactor(in Gatchina with flux ratios of thermal
to fast neutron of 36 50 and 8- 10, respectively. Based on
concentration of transmutation impurities

neutron-irradiated Ge, we covered the range

factor in p-Ge can be expressed in terms of the value of thel0'*—10*® cm™3. Accompanying radiation defects were an-
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FIG. 2. Magnetic-field dependence of the ratio of Hall coefficieRiR,
(Rp=R(H—0)) in neutron-transmutation-doped Ge : Ga Bt 77.4 K.
Hall hole concentration &cR,,cm 3: 1 — 2.27x10'%, 2 — 1.80x 10*4,
3 — 1.45<10%, 4 — 1.09x 10%, 5 — 5.51x 10", 6 — 6.91x 10",

FIG. 3. Dependence of the Hall factof=1/ecR, in n-Ge on the concen-
tration of ionized impuritiesN,. T, K: 1 — 300,2,3 — 77.4.1,2 —
calculations from Ref. 188 — our data, obtained by dividing the computed
values of r, at T=300 K (curve 1) by experimental values of
r.(300)/r ,(77).

nealed out in the standard way. The technology for deposit-
ing contacts differed somewhat, depending on the type o{or
conductivity.

There was interest in first ascertaining to what exten
neutron-irradiated Ge : GaKE&0.3) exhibits the features of

the behavior of the Hall coefficient in a magnetic field de- . .
. . . correct to use these data because of the influence of the im-
scribed in the Introduction for weakly compensatedse . . .
urity band at large concentrations. At nitrogen temperature

obtained by metallurgical means. The reason for this intere . X . .
. ; . e influence of this band is felt at even lower concentrations,
is that the work of Fritzsche and Cuev&syhere magnetic- 6 -3 :

. of order 18°% cm™2 (Fig. 3, curve2). However, our experi-

field dependences of the Hall coefficient were studied in . . :
. . : . . ments(Fig. 3, curve3) show that the influence of the impu-
neutron-irradiated Ge, did not include data on either very. . ) .
- . ’rity band is detectablé.e., features are observed in the be-

weak or very strong magnetic fields. We were interested i

the presence of a fine structure in the Hall coefficient, as We“mwor of the Hall factor at concentrations roughly an order

. . : . o Pf magnitude larger. Therefore, we can assume that our
as a plateau in the low-field region, which is characteristic o . :
16,13 room-temperature calculations are also correct at higher con-

specially uncompensated, weakly dopee: . . )
The magnetic-field dependence of the Hall coefficient.cemratlons than in Ref. 10. The valuergfat 77.4 Klhere

was recorded up téi=28 kOe, both at room temperature |nafterrn(77)] is found using calculat|on5_fd'r= 300 K and _

. ; e ratior,(300)/r ,(77) measured experimentally by us in
and at nitrogen temperature. Our experimental values e limit H—0. In Eid. 4 we compare the exoerimental and
R(H), calculated relative t&(H—0), are shown in Fig. 2. ) g P b

A region of “two-band” saturation oR(H) in weak fields is computed (using _the theory of Ref.. 30 values of
. . I , " r,(300)f(77). It is clear that they are in good agreement
clearly visible along with a transition to “one-band” satura-

tion in strong fields at low doping levels. Moreover, a fine only at small doping levels. For strong doping there are ab-

. . dc,olutely no calculated data oR(77). However, even if such
structure in the Hall coefficient can be seen for weakly dope ;
samples. data were available they would scarcely be useful, because

Thus, the magnetic-field dependences of the Hall coeffi-under these conditions impurity-band conduction already

e e o plays an important role, and in order to interpret the Hall
C|_ent |n~p Ge with K__O_(Ref._ 4 a’?d n_eutron iradiated Ge data for strongly doped-Ge at T=77 K the two-band
with K=0.3 are qualitatively identical, i.e., at low degrees of

. . model should be used. This would sharply increase the error,
compensation they are independentof ; .
and then-Ge would cease to play its role as a reference in
our experiments. It is for this reason that we use experimen-
tally measured values of,(300)/r,(77) in our analysigsee
Fig. 4, curvel).
The values ofr,(300) andr,(77) sought were deter-
mined in the following way. In experimentsand 2 values
We now turn to the problem of isolating the contribution of r ,(300) were obtained from Eq$10) and (12), respec-
of light holes to the Hall effect irp-type germanium. As is tively. In this case we used computed valuesrgf300)
clear from the previous section, we can reduce this problerandr ,,(300) from Ref. 10. The value of,(77) was deter-
to studying the behavior of the effective Hall factorgpGe. mined from the experimental ratior,(300)/r ,(77)

Our first concern is with the value of the Hall factiqr
n-Ge. As a basis, we took values igf calculated within
{the theory of anisotropic scatterifgat T=300 K in the ap-
proximationH—0 (Fig. 3, curvel).”

At concentrations of order:8310'7 cm™2 it is no longer

4. EXPERIMENTAL ISOLATION OF THE CONTRIBUTION OF
LIGHT HOLES TO THE HALL EFFECT FOR THE
COMPLEX VALENCE BAND OF GERMANIUM
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FIG. 4. Hall factor ratior,(300)/r ,(77) inn-Ge atT=300 and 77.4 K in
the limit H—0 as a function of the concentration of ionized impuritigs
1 — experiment2 — calculations based on the theory of Ref. 10.
z =

=R,(300)R(77). Then the value of,(77) was found us-
ing the same expressions as fg(300).

In experiment3 we first determined the ratio,/r,
=r,/r,, from Eq.(15) for T=300 and 77 K. In calculating
the constantA appearing in this expression, we used the
following values of the parameters from Ref. 8:
0 706 P 70ge/ 0 74ge P 74ge=1.31 and K=0.31 (channel 1F
V15), K=0.35 (channel V}. As a result, the values ok
calculated for channels V15 and V1 were 0.921 and 0.868
respectively. Then, using the theory of Ref. 10, we found the
value ofr,(300), while the value of ,(77) was determined r r 4 r
using the experimental ratio that we obtained, as in experi- 10 10 10
ments1 and 2. N s cm~J

The results of our experimental determination of the Hall
factor in p-Ge for T=300 and 77K in a field of FIG.5. Dependence of the effective Hall factormirGe forH=5.2 kOe on
H=5.2 kOe are shown in Fig. 5. The smooth curve througl’fhe concentration of ionized impuritiéé, . T, K: a — 300, b — 77.4.
our set of experimental points was plotted with consideration
of weights that correspond to measurement errors. Th
curves(for more clarity, they are plotted without experimen-
tal pointg for the three magnetic fieldsH—DO,
H=5.2 kOe, andH=28.6 kOe are shown in Fig. 6. The
approximation of a weak fieldH—0 was chosen, because
the effect of the light holes is maximal in this limit. We note
that the Hall factor im-Ge was calculated for just this field.
The moderate magnetic field=5.2 kOe was chosen, be-
cause it was most convenient for the practical determination
of the concentration based on the results of standard labora: INFLUENCE OF THE LIGHT-HOLE BAND ON THE HALL
tory Hall measurements, since, on the one hand, such fieldd FECT IN p-Ge
already provide considerable suppression of the contribution The values of the Hall factor determined above and the
of light holes, while, on the other hand, they are easy toexperimental values of the Hall coefficient in the weak-field
create in the laboratory. The strong-field linklt=28.6 kOe |imit allow us to describe the magnetic-field dependence
was chosen to completely exclu@@s much as possibl¢he  R(H) using Eq.(1), which takes into account only the two-
effect of light holes on the value of the Hall factormGe  pand nature of the problem. In this case it is convenient to
and to make the transition to the one-baffieavy-hol¢ isolate two factors, one of which is the Hall coefficient for
model. the heavy-hole band in a strong figRp=(ecp,) "%, while

Let us turn to the concentration dependence of the Halthe other,f(H), is an “influence function” which describes
factorr, for various magnetic fields shown in Fig. 6. Since the effect of the light holes on the Hall coefficient:
the measured Hall coefficient is proportional tg(H), a £(H)
gualitative measure of the contribution of light holes to the =—, (16)

Hall effect is given by the vertical displacement of cunzs ecp

&nd 3 relative to curvel (the zero-field limij. As can be
seen, this contribution is greatest at the weak doping levels
Ny=<N;=3X10"® cm 3. At N;=N; it decreases monotoni-
cally with increasingN, and atN,=N,=5x10" cm 2 it
becomes immeasurably small. The quantitative aspect of the
question regarding the role of light holes and the absolute
value of the Hall factor will be discussed in the next sections.
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FIG. 6. Dependence of the effective Hall factor on the concentration of

ionized impurities N, in p-Ge for H—0 (1), H=5.2 (2), and
H=28.6 kOe(3). T, K: a — 300, b — 77.4.

7

where
ab? 1
= > + [
1+y1 1+v;5

B ab N 1
1+yi 1+~y§’
_aby; 7

_1+'y§ 1+'y§'

The functionf(H) introduced in this way decreases mono-
tonically with field from its largest valu€(0).

Equations(1), (16), and(17) do not include the energy
dependence(e). Hence, in order to correctly compare the

simplified model used to derive these expressions with ex

periment, with the ultimate goal of isolating the contribution
of the light-hole band, we first discuss the ratio of the mag
netic field-induced change in the Hall coefficient to its larg-
est, i.e., weak-field, value:

R(H) f(H)
RO)  f(0)" (18
where
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R/R,

1
H, kOe

0.1

FIG. 7. Magnetic-field dependence of the raffH)/R, atT=77.4 K for a
sample with 1¢cRy=1.09x 10'® cm™3: points — experimentFig. 2, curve
4); dependence$—4 — calculations based on Eqgl6)—(18) for the fol-
lowing values ofa andb, respectively:l — 0.02 and 52 — 0.04 and 5,
3—0.04 and 84 — 0.02 and 85 — calculation based on E¢R2) with the
parameters indicated on curte

{0)= ab®+1 19
(ab+1)?
Construction of the magnetic-field dependence of

R(H)/R(0) requires knowledge of the rati@s and b and
one of the quantitieg.; or w,. As a first approximation, we
assign the ranges of values of these ratios known from the
literature:ae[0.02;0.04 andbe[5,8]. We next calculate
o from our experimentally measured value of the conduc-
tivity o in the samples under stud§:

. g
epy(ab+1)”

The heavy-hole concentratiom, appearing in Eq(20) is
found from the experimental values of the Hall coefficient in
the weak-field limitR.,0) and the Hall factor determined
at these fields fop-Ge:

_ rp(0)
P2= e cR,J0)(11a)"

Figure 7 shows the magnetic-field dependence of the Hall
coefficient calculated from Eq$17) and (18) for a sample
with a Hall concentration of 1.0910 cm 3 (see Fig. 2,
curve 4) for several values o and b together with our
experimental data.

It should be noted that, strictly speaking, EQ.7) is
suitable for describing the magnetic-field dependence of the
Hall coefficient(18) only over a limited range of magnetic

M2 (20

(21)

fields. There are two reasons for this. First, the influence of
hole scattering on the Hall coefficient changes as the field
increases? Second, as we already noted, Ef9, (17), and

(18) cannot describe the fine structure in the Hall effect in
strong magnetic fields that can be observed in weakly doped
samples(Fig. 2), and therefore the corresponding range of
fields should be excluded from the analysis. In light of what
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1g 6. INFLUENCE OF THE DOPING LEVEL ON THE EFFECTIVE
6F HALL FACTOR IN p-Ge
18
5k Let us consider the concentration dependence of the ef-
17 fective Hall factorr,(Ny,) in p-Ge in the limitH—O0 at
46 nitrogen temperaturéFig. 6b, curvel). Here we observe a
< 4r 4 o gradual transition from the limit of pure lattice scattering
. 1° (acoustic phononsto scattering by ionized impurities and
QI 4 then to degeneracy as the doping level increases. In this case,
1 . 11 . I s the region _of mixed scattering is chgracterized _by equali_ty qf
or ps T 1 1 T 2 the relaxation rates for both scattering mechanisms, which is
np) realized at a concentratioN,,=4.4x 10" cm~3. The ex-
1 perimental value for the effective Hall factor in this case is
17 ro=1.4=0.1. It is known(see, e.g., Refs. 134hat this is
0 4 1 1 the minimum value of the Hall factor for scattering with the
10" 107 10" icinati i iti i
N, , cm-? participation of phonons and impurities. In the plateau region

for lattice scattering by acoustic phonons, averaging over a
FIG. 8. Dependence of the experimental valuesaofl) and b (2) at  data set bounded by a concentration of%idn~3 gives
T=77 K on the concentration of ionized impuritiék . r,=1.5+0.3. In the vicinity of the maximum of the,(Ny,)
curve, which corresponds to scattering by ionized impurities,
) o . we haver,=2.3+0.2. Finally, for the case of hole degen-
was said above, we limit ourselves to the range of f'e|d%racy inp-Ge (at nitrogen temperatures it corresponds to an
corresponding to the inequality<1 in comparing the ex- acceptor concentratioN e~ 108 ¢cm~3, while for neutron-
periment with calculations. The boundary defined by this in-r5diated Ge : Ga withk = 0.3 the total concentration of ion-
equality is located roughly in the middle of the region in Fig. j;¢q impuritiesN,~2 108 cm™3) the value ofr , should
2 where the Hall coefficient falls off due to suppression ofianq 1o 1. However, in our case the valuergfcontinues to
the influence of light holes. By some simple transformationsjecrease even wheti~ Nip- A comparative analysis of the
based on the fact thatb<1 andy,<y, in this range of (e mperature dependences of the Hall coefficient and the re-
flelds_, we obtgln _the asymptotic expression fqr the mfluencpsistivity shows that this is associated with the inadequacy of
function f(H) in fields that are not strong for light holes: ,5ing the one-band model for conduction within the valence

a ﬁb2+ 1 band, because at these concentrations conduction within the
f(H)= e—z (22 impurity band already has a strong influence. Values of the
(Bt 1) effective Hall factor corrected to take this fact into account

where ags=al/(1+ y?) is the effective ratio between the are shown in Fig. 6b by dots.
light- and heavy-hole concentrations in a magnetic field. ~ Let us now discuss the functian,(N,,) at T=300 K.
Equation(22) clearly shows the effect of the exclusion of As in the case of nitrogen temperature, our interest is in
light holes. In particular, at the limiting valug,=1 their  certain characteristic points, viz., the point where the lattice
influence factor is halved. It is clear from Fig.(@urves2  scattering is comparable to impurity scatterifmyixed scat-
and5) that in the range of magnetic fields of interest to ustering and the point where degeneracy begins. In this case,
from the point of view of fitting, the asymptotic expression for mixed scattering we should take into account scattering
(22) is in good agreement with the original, more compli- by optical vibrations as wellsee, for example, Ref. 15The
cated function17). corresponding values o, are 1.4 10 cm2 and 1.6

Let us now turn to the procedure for fitting the ratio X 10" cm™3. As we see, only the first of these appears in
R(H)/R(0) calculated from Eqg17) and(18) to the corre- our data set. Thus, all of our samplesTat 300 K are far
sponding experimental dependences. The valuesaridb  from degeneracy. The plateau in the concentration range up
found from this procedure for the samples piGe under to 10'° cm™3, by analogy withT =77 K, corresponds to pure
investigation are shown in Fig. 8. In this case it turns out thatattice scattering“acoustics” + “optics” );*° herer ,=1.9
the ratio between the light- and heavy-hole concentrations i 0.2. As the concentration of impurities increases further
constant to good accuracy: and impurity scattering becomes stronger, the Hall factor

falls to values close to 1 for the most strongly doped

2=0.02-0.003. 23 samples. However, although attains values somewhat less
However, the mobility ratido= u,/u, equals 6 in the weak- than 1, this anomaly is simply a consequence of mixed scat-
doping limit (phonon scattering and then decreases to tering(see Ref. 1band differs in character from the anoma-
roughly 5 in the region of intermediate dopiligixed scat- lous decrease in, at the same concentrations at 77 K, which
tering), after which it increases to 8 as high doping levels aras caused by the two-band nature of the conductivity, as we
reached(scattering by ionized impurities and a transition to have shown above.
degeneracy For weak doping levels the valug~6 is in We can explain the plots of ,(N;,) for H=5.2 and
agreement with calculations that take into account the aniso28.6 kOe analogouslisee Fig. 8. For these fields, however,
ropy of the heavy-hole barid* a small decrease ir}, as the magnetic field increases is char-
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1.5} has stimulated efforts to include increasingly finer effects in
°q the theory, which, however, have not lead to satisfactory
agreement. As it turns odf,when the samples of neutron-
irradiated Ge : Ga are correctly characterized with consider-
ation of the effective Hall coefficient defined here and the
degree of compensation, experiment does coincide with
theory within the limits of error and gives

75 (300) /7 (77)
=)
1
1
1
|
1
|
|
|
|
I
|
|
|
|
|
|
|
|
|
|
}

0 5 ] IT i ]
‘ 101’} 1015 ,’015 1017 1016 a=1.81+0.11. (25)

Nep » cm I In investigating metal-insulator transitions, the first
FIG. 9. Dependence of the experimental Hall factor rationiGe at problem is to precisely determine the critical point for the
T=éod andp77.4 Kin a field-|=5!32 kOe on the concentrationpof i?)n?zed metal-insulator tra_ngmorﬁm the Case. of the l_(-sengs” Of. .
impurities Ny, : 1 — data from the present worl, — data from Ref. 12 Ge:Ga sqmples, itis the cc_)ncentranon 9f pr'm‘?ry Impurities
corrected by us using the value kf N.). To this end we determine the transition point from both
sides of the metal-insulator transition and then average the
results, after which we use a self-consistent procedure to
acteristic wherN;,<10'" cm™®. The effect is strongest for refine the critical point on the basis of the two-sided symme-
lattice scattering and weak doping. Thus, at 77.4 K in thery of the metal-insulator transition. In determiniig from
weak-doping limit,r, equals 1.20.2 (H=5.2 kOe) and the insulator side, we use the fact tHE}? goes to zero
1.1+0.2 (H=28.6 kOe). AtT=300 K, in the limit of scat-  approximately linearly with the concentratidhfor variable-

tering by lattice vibrations onlyy, equals 1.6-0.2 for range-hopping conduction in the Coulomb gap:
5.2 kOe and 1.€0.2 for 28.6 kOe.

In conclusion, we have described how the ratio o(T)=exp(To/T),
rp(300)/r,(77) depends on concentration in a field while from the metal side we use the “zero-temperature”
H=5.2 kOe(Fig. 9). This figure also shows data which we value o(0) for the low-temperature metallic conductivity. In
took from the paper by Fritzsche and Cue¥amd corrected hoth cases, a linear approximation is made using the least-
for compensation. It is clear that these data are in goo@quares method. Determining the critical point from both
agreement with our own. From Fig. 9 we obtain a cutoffsides of the transition gives similar results with an average
value of 1.3<10' cm~® for the concentration of ionized im-  value N.= (1.81+0.04)x 101 cm~2 for real values ofr .
purities in p-Ge, which is important for metrological rea- Using the power-law dependence of the localization radius
sons: below it we should use data from Hall measurements & and the quantity o(0) on the correlation length
77.4 K for precision measurements of the hole concentratiogo (1—N/N,)"” postulated in scaling theory and the value of

in p-Ge, while above it we should use data at 300 K. N, found above, we obtain the following values of the criti-
cal indices:v,= —0.85,v,=0.97.
7. SEVERAL APPLICATIONS OF OUR RESULTS Our next step is to refine these indices from the symme-
An important consequence of our results is the idea that’y of the metal-insulator transition within scaling theory:
the limiting value of the Hall factor,=1 in p-Ge is practi- v,=|vy=v. (26)

cally never achieved. The error arising from the use of the_ . ,
approximationr ;=1 can be very significant in determining This procedurg reduces t9 Weakl_y Vafy""‘g up tc_’ the value
the hole concentration. As an example, let us briefly conside@NC)COff’ at which Eq.(26) is precisely satisfied:

the use of these results to investigate hopping conduction and  (N,) o= (1.85+0.04) X 10*cm™3. (27
the metal-insulator phase transition in neutron-irradiate
p-Ge. As is well known, the pre-exponential factog for
nearest-neighbor hopping conduction is an exponential func- v=|v,|=v,=0.93+0.04. (28

. . _1/3 . e . _
tion of the distanceN between impurities and is deter We note that if the crude approximatiog=1 is used, val-

mined by the overlap integral of the corresponding IOcal'zedues that are underestimated by roughly 30% are obtained for

?\IC. The indices in this case differ less noticeably from the
true indices by virtue of the relatively weak concentration
dependence of the Hall factor in the critical region of the
o3 teexd al(N¥a)], (24)  transition.

qn this case the critical index for the correlation length is

characterized by the Bohr radiws then in the region of
weak overlap K¥%a<1) we have the known result

whereea is a numerical coefficient, which depends weakly on
) 8. CONCLUSION

the degree of compensation and can be calculated from per-
colation theory'® We have proposed and implemented a way to experi-

For neutron-irradiated Ge : Ga with a degree of compenmentally resolve the problem of determining the contribution
sationK~0.3, the theoretically calculated valueds=1.79  of light holes to the Hall effect ipp-Ge over the entire range
+0.03. The experimental data of Fritzsche and Cué%as, of doping levels. It involves making closely coupled changes
however, lead to a considerably different value=2.11 in the concentrations of free carriesp andAn in germa-
+0.10. This disagreement between experiment and theomium with p- andn-type conductivity that can be determined
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from Hall measurements. These “coupled changes” are ef- This work was partially supported by the Russian Fund

fected by the neutron transmutation doping of pairs offor Fundamental Resear¢Brant 96-02-17936

samples, in one of which the change in electron concentra-

tion is recordedthe reference samplewhile in the other the

hole concentration is recorded. The unambiguous connection

between changes in the carrier concentrations in the sample

under study and the reference sample, as determined by tR&he derivation of this expression can be found, for example, in the book by

schemes used in our three types of experiments, allows us {&latt’ _ _ o

express the effective Hall factor j+Ge in terms of the Hall Consideration of the anisotropy effects increases this fatie, e.g., Ref.

factor for n-Ge calculated within the theory of anisotropic 9For scattering by acoustic phonons, the figldat liquid-nitrogen tempera-

scattering™® The influence of light holes was investigated by tures amounts to several hundred oersteds.

eliminating it with the help of a magnetic field. By introduc- “At liquid-nitrogen temperature the value of the fiedg for phonon scat-

ing the concept of an “effective” Hall factar,(H) in p-Ge, s)teying comes to a few kOe. _ _ _ _

we were able to establish a simple link between the measured!igher accuracy is needed, for example, in analyzing hopping conduction,

Hall coefficient and the total concentration of holes in the whlch d_epend_s egponentlally on the conceptratlon of majc_>r|ty carriers, and
also in investigating whether or not metal-insulator transitions are type-II

one-band approximation. Isolating the contribution of light phase transitions.

holes to the Hall effect fop-Ge in this case reduces to “Weakly doped samples are measured in liquid nitrogen in order to elimi-

studying the behavior of its effective Hall factor in a mag- _nate the effect of intrinsic carriers.
netic field The degree of compensation of neutron- transmutation-doped Ge increases

N . W . slightly with hardening of the spectrum of reactor neutrons.
As the magnetic field increases, the contribution of IIghtg)Some of our preliminary results were briefly reported in Ref. 11.

holes to the Hall effect is gradually eliminated; in this caseIn Fig. 3 and subsequent figures, the total concentration of ionized impu-
the value of the Hall coefficient falls as the cyclotron fre- rities N;=N(1+K), where K is the degree of compensation and

quency of the light holes approaches the collision frequenc;l/N:”/(l*K) or p/(1=K) in n- or p-type material, respectively.
determined by their scattering mechanism. 9Conductivity measurements were made simultaneously with the Hall mea-

. . surements.
The ratio between the light- and heavy-hole concentray ;e one-band model, for instance, the corresponding change in the Hall

tions, which is optimally fitted to the magnetic-field depen-  tactor due to scattering by ionized impurities can be as large as a factor of
dence of the Hall coefficient turns out to equal 0.02. How- 2 as the field varies from weak to strong. In the two-band model this
ever, the ratio between their mobilities in the weak-doping effect is weaker, but does not disappear entirely.

limit is approximately equal to 6, which corresponds to cal-

culations for the case of phonon scattering. As the doping

level increases, the anisotropy of the heavy-hole band be-

comes less important due to the transition to impurity scat-

tering, and the ratio subsequently approaches the calculate;d*- C. Beer and R. K. Willardson, Phys. Reld0, 1286(1958.

value for the case of an isotropic band, which equals 8. We f(‘)n(é'Ofe:éﬁ:mnggasg”ig;sEﬁeCts in Semiconductekiew York-
have obtained the concentration dependences of the effectives | g, £ Normantas, and G. E. Pikus, Fiz. Tverd. Télaningrad 4,
Hall factor for three magnetic fields, viz4—0, H=5, and 1180(1962 [Sov. Phys. Solid Staté, 867 (1962)].

H=230 kOe, which show that the contribution of light holes *A. C. Beer, J. Phys. Chem. Soli@s 507 (1959.

to the Hall effect is greatest in the case of weak domhg SF.J. BIatt,Phys_ics of Electronic Conduction in SolitddcGraw-Hill, New

. . . York, 1968 [Mir, Moscow, 1971.
region of phonon scatteringand weak fields. It decreases ep | Willardson, T. C. Harman, and A. C. Beer, Phys. Re6, 1512
with increasing magnetic field and vanishes as we approach(igsy).
the strong- field criterion for high-mobility holes. Determin- ’P. Lawaetz, Phys. Re\l74, 867 (1968.
ing the dependence of the effective Hall factor fmGe 8/2*(-)3%-( é%‘gf}‘ism and dM-tV-é'eflSleg?fgé;]iZ- Tekh. Poluprovoda?,
So'YeS t.he problem of exactly characterizing the hole Con(.:en_gA. G. Zabrodslzirzl:((j)rllll.u\i.ileléseenko, Fiz. ‘Tekh. Poluprovodi8, 168
tration in p-Ge from Hall measurements over the entire (1994 [ Semiconductor8, 101(1994].
range of doping levels. 10p_ |, Baranski I. S. Buda, I. V. Dakhovskj and V. V. KolomoetsElec-

By applying these results to the precision determination trical and Galvanomagnetic Phenomena in SemicondudtiarRussian
of the hole concentration and degree of compensation, wgl(\ANa\‘;koA‘izk':s’:?nf’; KAie‘(’_; 1A92;eev A G. Zabrodskand V. V. Popov
have resolved the long-standing discrepancy between theory., 1o, Polupr(,)vo-dnéz, 140 (1’983 [éov. Phys. Semiéoﬁ(ﬂz,p86’
and experiment in describing the concentration dependence;ogg.
of the pre-exponential factor for hopping conduction among®H. Fritzsche and M. Cuevas, Phys. R&L9, 1238(1960.
nearest neighbors in neutron-irradiated Ge : Ga. Our resultlépl-g'é> Ba;ans‘iﬁ”d F;- :Yg;’ineéﬁs‘;‘(v);iiégvefd- Tela(Leningrad 4, 289
also facilitate a considerably more correct study of the metaIM(M. T?er[stzx; 0 gf]y s.ocI:her:.us'on ‘25’( 1 1531]('196 N
insulator phase transition in neutron-iradiated Ge : Ga. 155 5 johannessen, Phys. Status Solidi2A251 (1972.
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Computer-simulation investigation of nonlinear transport dynamics in a compensated
semiconductor during low-temperature electric breakdown
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The possibility of chaotic behavior of the current in a partially compensated semiconductor
during low-temperature electrical breakdown is explored by computer simulation. The influence of
random fluctuations in the parameters or the variables of the mathematical model, as well as

the effect of some weak periodic disturbances of the current density in the semiconductor, are
discussed. As a result, various pictures of chaotic oscillations of the current are obtained,
including a transition to a chaotic regime through period doubling, which is characteristic of the
Feigenbaum scenario. @998 American Institute of PhysidsS1063-782@08)01107-1

1. It is well known that the instability of electron trans- computer calculations we use the Runge—Kutta method to
port in semiconductors manifests itself in the form of peri-solve the system of differential equations for the mathemati-
odic, quasiperiodic, or chaotic oscillations in the current. Thecal model described above:
study this area of semiconductor physics has been pursued
with special intensity in the last 15 years. Experiments have —— = —n*a(z)x?+[b(z)—2a(z)n* ]x
been done on various materials: Si, InSb, GaAs(&&e the t
review in Ref. 3, CdS? etc. In order to observe chaotic d
oscillations it is necessary in some cases to impose additional + —+b(z)—a(z)n*, 1)
conditions on the experiment, such as to switch on a mag- n*
netic field, to illuminate the sample, etc. A special place
among these studies is occupied by the study of spontaneous a_ BL
oscillations in the neighborhood of electrical breakdown, dt
where a precipitous increase in the free-carrier concentration

I4 B eu(z)SR

- loy- S A0ty @

leads to an abrupt change in the sample conductivity. In this 9z _ 1 ~ o(y) 3
case there have been discussions of both low-temperature dt 7 * |
and band-to-band breakdown. For these cases there are the-
oretical papers that predict nonlinear and, in particular, cha?/nere
otic behavior of the current in the semiconductsse, e.g., n—n* E_E* 9—9*
Refs. 3-5. X= . y= , Z=
In Ref. 6 we investigated the question of how undamped n* E* o

current oscillations arise in a partially compensated, spatiallyyeren is the concentration of free electrorsjs the electric
homogeneous semiconductor during low-temperature elegge|q intensity along the samplg is the mobility of the free
tric breakdown. Based on a mathematical model includingjectrons w=pmod Y2 where uo~8x10 cn?/V-s;
equations that describe generation-recombination processeg=T_/T, whereT, is the electron temperature aiids the
dielectric relaxation of the electric f|e|d, and the delay in the|attice temperature; anﬁo is the stationary value of. Ac-
variation of the electron temperature relative to the variatiorcording to Refs. 4 and 6, the appearance of undamped oscil-
of the electric field, we obtained a necessary and sufficientions facilitates saturation of the drift velocity. Starting
condition for the appearance of undamped oscillations due tfrom this, we use the following expressions fdg:
Hopf bifurcation. By analyzing this condition, we obtained )
criteria from which it was clear which scattering mechanism ¥o(E) =%,
and which values of the system parameteigh as the con-  where a~1.4x10* cm?/V2 (for 9~E?2, u~E~ and
centration of majority carriers, degree of compensation, dep = uE=const). The parameters*, E*, and 9* are the
lay time of the electron temperature, load resistance) etcequilibrium values of the respective quantities: A, + B ;
favor the appearance of regular or even chaotic oscillations=— y—B{Ngc+ANg(1—c); y=jo+Ar; d=vyNy
in a system(for chaotic behavior our condition is necessary(1—x); jo andA; are the rates of optical and thermal gen-
but not sufficient eration from donor levels;=N, /N4 is the degree of com-
In this work we use computer simulation based on thepensation of the sampl&t; andN, are the concentrations of
results of Ref. 6 to investigate the possibility of chaotic be-donors and acceptors, respectively; aldand By are the
havior in a system as a function of its parameters. In thémpact-ionization and thermal-recombination coefficients.

1063-7826/98/32(7)/5/$15.00 729 © 1998 American Institute of Physics
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FIG. 1. Bifurcation diagram in the4 #) plane for the following values of
the system parameters:c=0.9; Ny=10“cm 3, 7=4x10%s; A
y=10® s1. The breakdown value of the electric fieFy~11.92 Vicm.
The arrows with numbers on the horizontal axis indicate the values,of t 1[1‘6‘s
0<i=<4; the arrows on the vertical axis indicate the values 75f ?
1=<i=<7. See the text for the physical meaning&fand 7, .

FIG. 2. Dependence ofg=(j—j*)/j* on the timet (where* is the
equilibrium value of the current densjtyThe nonbifurcation parameters are
the same as in Fig. 1. The values of the bifurcation parameters are given in
For the impact-ionization coefficient we use the results ofthe text.

Ref. 7, whereA, was calculated in the electron-temperature

approximation using the Dravin cross section. For the

thermal-recombination coefficient we use the results of Refcation parameters are listed in Fig. 1, where region | corre-

8, whereB; was calculated with the help of the corrected sponds to the stable nodal points and region Il to the stable

cascade theory of Lax. In order to minimize the expenditurdocal points(i.e., damped oscillations in the system

of machine time, we used the approximate expressions The bifurcation parameters were varied in such a way
A=Cy9 exp(—C,/9?) and By=Ca/ 92 that { remained unchanged. The parametgrsE* and ¢

obey the following dependence:

Here C,~3.4x10 ’cm’/s, C,~250, and C;~2.6 R .
X 10" 4 cm®/s (numbers chosen to matechGe), which give 7= w(I)NTET/((—EY).
a good description of the real functions in the neighborhoodn particular, variations iny are connected with changes in
of the breakdown point. The parameter £/L, wheref is  the load resistance for fixed values of the external emf. Un-
the emf of the dc power source, ahdis the sample length der these conditions, asgradually increases, the following
along the currentS is the transverse cross-sectional area ofsequence of changes occurs in the behavior of the system: at
the sampleR is the resistance of the load connected in serieshe beginningat £é= £,~0.94, see Fig. 1, which corresponds
with the sample; an@=4m/¢SR wheree is the dielectric to 5=175,~1.48<10"s"! for the constant value
constant of the sample. {=86 V/cm) we observe periodic current oscillations in the

The computer simulation consisted of two stages. In thesystem(Fig. 29. Increasingé to ¢é= £¢,~0.975 (which cor-
first stage we established the bifurcation diagréfiy. 1)  responds ton=7,~3.73<10’ s™1) initiates period dou-
using é=E*/Eg, whereEg is the breakdown value of the bling (Fig. 2b. When ¢ is increased further tof=¢&,
electric field intensity, and the quantity=4wL/eSRas the ~0.978(which corresponds tej= 73~4.71x 10" s 1), the
bifurcation parameters. On this diagram we demarcated picture we observe is characteristic of period quadrupling
region of saddle-focus pointsegion Ill), which corresponds (Fig. 20, etc. Finally, att= £,~0.987(which corresponds to
to the appearance of undamped oscillations. In the secongl= 7,~7.38x10’ s*!) chaotic undamped oscillations be-
stage we solved the system of E¢B—(3) and used the time gin. Thus, we have reproduced the traditional picture of a
dependences(t), y(t), andz(t) to obtain the temporal evo- transition to chaos via period doubling, i.e., the Feigenbaum
lution of the behavior of the current density. scenario. The values df and »; mentioned here are marked

In the second stage we consider the nonlinear behavidsy arrows with numerical labels in Fig. 1.
of the semiconductor at low temperatures when illumination  Next, we investigated the influence of small random
is present. As we established in Ref. 6, switching on illumi-variations in the system parameters or the variables and
nation greatly broadens the region of undamped oscillationg themselves on the system dynamics in each step of the
with respect to the electric field. The values of the nonbifur-iterative calculations. Moreover, with the goal of studying
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FIG. 3. Plots ofj(t) when the parameteiR, ¢, andy are subjected to a FIG. 4. Plots oij(t) when the variableg, y, andz are subjected to a_4%_
4% random fluctuation for the following values of the bifurcation param- random fluctuation. The values of the parameters are the same as in Fig. 3.

eters: £¢=¢,~0.965; a — 7=75~5.43x10"s %, b — 5=7s~3.41

X10' s, ¢ — p=7,~2.05x10" s % _ _ .
chaotic behavior depends to a considerable degree on the
frequency of the periodic component. When this frequency

the influence of some periodic weak disturbances of the pa(EOInCIdeS with an eigenfrequency of the system, we observe

rameters of the system, we added periodic components with picture similar to beating. This finding may suggest that a

) ' . .simple superposition of regular oscillations occurs, but in

small amplitudes. The corresponding results are shown in_ " T : " .

Figs. 3-5 reality this is not so, since exact repetition of the amplitude
; ) values would not occur within such a picture.

(). A 4% random fluctuation was imposed on the param- . ; . .
) . . Thus, the cases just described gave different pictures of
etersR, £, andy. The results obtained for this ca&s in the . S . )
the appearance of chaotic oscillations in partially compen-

two other casescorrespond to the variation of at a fixed . . )
9 P of sated semiconductors during low-temperature electrical

value of é= £3,~0.965 within region Il shown in the bifur- : . s . :
) ; breakdown, including a transition to a chaotic regime by way
cation diagram(Of course, wherR fluctuates,» fluctuates . : S o ’
of period doubling, which is characteristic of the Feigen-

as well. However, because of the smallness of this fluctua: . ) . . . .
&aum scenario. In our view, this latter case is especially in-

tion, the values ofy we investigated do not overlap one . . : . . :
another). Plots of the corresponding temporal behavior of theterestmg, since it occurs only when the iteration step is no
smaller than a specific valukty=5x10°s.

relative magnitude of the current density are shown in Fig. 3:
In contrast to the results shown in Fig. 2, the behavior of the

system becomes more markedly chaotic, the clasisrto its 0.8F
bifurcation value. Asy decreases, the amplitude of the os- 04
cillations increases, and, at the same time, the chaotic behav- M
ior becomes less and less noticeable. Below the value 0
n=ng~3.41x 10" s ! it practically disappears completely, 0.4
i.e., only regular oscillations are observed. Ass decreased
further, a tendency towards period doubling is observed at 1'5r b
n=1n7;~2.05x10" s~ L. 0.8-
(1. A random 4% fluctuation was imposed on the vari- )
ablesx, y, andz. Here the chaotic behavior is much more -08-
apparentFig. 4). For the values of; where period doubling ’ 1
was observed in the previous case, chaos is clearly expressed 1.6
here(Fig. 40. 0.8
(IlI'). We added a sinusoidal component to the parameter “t
£, whose amplitude amounted to 4% of the valug oHere 0
also the chaotic behavior becomes more pronounced, the -0.8
closer » is to the bifurcation value. As; decreases, the 0 - 1
amplitude of the oscillations increases, and the chaotic be- t,10"s

havior becomes less and less noticealllg. Sh. AS 7S 5 = bios o (1) when a sinusoidal component is added to the param-

decre_ased _further, we observe a tendency towards periQger;. The amplitude of this component equals 4% of the valug.dfhe
doubling (Fig. 50. It is noteworthy that the character of the values of the parameters are the same as in Fig. 3.
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Our calculations were performed with two different ac- 2
curacy levels for representing numbers in the compitéh
retention of 7 and 17 decimal places, respectivelychange
in accuracy did not lead to qualitative changes in the behav-
ior of the system, and the numerical changes were also in-
significant. From this it follows that changes in the behavior
of the system due to a decrease in the iteration step are as 0}
sociated not with accuracy of numerical representations in
the computer, but simply with the size of the step. Despite
the fact that the valuAt,=5x10° s is much smaller than
the characteristic times of the equations in our mathematical
model, the calculation results obtained with this step size do g
not correspond to realitymore precisely, these results are
not solutions to our system of differential equatipnsince 0.5
we observe a qualitatively different picture of the behavior of
the system when we halve the step size, while further de-
creases in the step size leave the picture practically un- 0
changedi.e., we can assume that the results of the calcula-
tions with the step siz&t;=2.5x10 % s correspond to an
exact solution of our mathematical mogéd¥or this reason, it
would be interesting to explore in what way and under what ~0.5
circumstances we can obtain a picture similar to Fig. 2 with
the step size\t;=2.5x10 ? s, i.e., a picture corresponding
to a true solution to our differential equations. ~10

Figures 6a and 6b show phase portraits of the system ir
the (x,z) and (x,y) planes obtained for the same values of
parameters as in Fig. 2, but with an iteration step of size
At;=2.5x10"°s. Figure 6¢c shows the most interesting
fragment of the phase portrait on the,y) plane obtained -gg
with the step sizeAt,=5x10"° s (curve 2). In contrast,
curvel is qualitatively the same as the curve in Fig. @or
comparison, curve in Fig. 6¢ represents the projection of -0,7
the stationary trajectory corresponding &d,.) The phase
portraits in the X,z) plane obtained foAt, andAt, scarcely
differ from one another on every portion of the phase trajec- ~0.8
tory.

As we see from Fig. 6, the phase trajectories extend . . )
along positive values of, i.e., the concentration oscillations 4 6 8 z
are strongly anharmoniglue to the very rapid growth in the yrr T Y ¥
free-carrier concentration near the breakdown poinmt the d
neighborhood of poinA (Fig. 6b) the trajectories are ex- 05t .
tremely close to one another, and small deviations of the
variables from their values can cause hops to a neighboring
nonstationary quasicyclic trajectory. As a result, depending
on the sign of the deviations, the poBt which corresponds
to a maximum ofx, can shift strongly to the right or to the
left with a simultaneous downward or upward displacement,
respectively. Therefore, fluctuations and random external -8.5F | . . . ]
disturbances can cause chaotic oscillations in the free-carrie 0 5] 70 15 z
concentration and the electric field with marked changes irfIG. 6. Phase portraits in thefy) and (,z) planes. In Figs. a and b the
amplitude. This is especially noticeable in the concentratioflick curve corresponds to a stationary cyclic trajectory, while the thinner

I . .. . curves correspond to nonstationary quasicyclic trajectdfigther explana-
oscillations(for example, a single 0.5% deviation Mfrom ;1 are given in the text
its value in the neighborhood of poi#t changes the oscil-
lation amplitude by 3%, a 1% deviation by 5%, a 5% devia-
tion by 25%, etg. The oscillation amplitudé remains prac- of the value ofE itself (in the neighborhood of the poird
tically unchanged, and the relative change in the oscillationthe value ofy is close to—1).
amplitude forE is of the same order of magnitude as the Oscillations of the current density do not display a simi-
change in the oscillation amplitude fordue to the smallness lar picture. This is primarily because the minimum and maxi-

0.5
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mum of each oscillation ifjg on the phase portrait corre- tions to the value ofy. This is equivalent to adding a step
spond to neighborhoods of poirtsandC (Fig. 6b), which  function, which equals a certain constantx 10°) in this
do not undergo significant changes in response to randomegion and zero in the remaining region, to the right-hand
deviations. The value ofg does not change appreciably in side of the equation foy. Physically, this corresponds to
the neighborhood of poirB either, since, according to what adding rectangular pulses to the external emf, whose value is
was said above, the value afdoes not change, while the roughly 10% of the value of the latter. Under these condi-
change inn is partially compensated by the changeBn tions, small random deviations are capable of causing chaotic
Thus, under the conditions of this problem, oscillations in theoscillations in the value of gz similar to the oscillations
current density should be more stable toward random exteshown in Fig. 2.
nal disturbances and fluctuations than oscillations iand We can obtain chaotic oscillations jg with still more
E. marked variation of the amplitude due to fluctuations by
Let us now turn to Fig. 6¢c, where we show a loop- choosing a disturbance of the system which would ensure
shaped projection of the phase trajectory onto tRey  motion of the maximum of g in the vicinity of pointB with
plane obtained with the step siz,=5%x10° s (curve?2). simultaneous motion of these two points in the direction of
It is associated with computational errors in the neighborpositive values ofy, so that they come as close to zero as
hood of pointB and consequently cannot correspond to re{possible. The calculations show that for this it is sufficient to
ality, but such a trajectory can be obtained from the exacincrease the right-hand side of the relaxation equatioryfor
solution as well(with the step size\t;=2.5x10"° s) with by a term proportional tox+1)%/(y+1). The correspond-
the help of a properly tailored external disturbance of theing picture of the phase portrait is given in Fig. 6d for a
system, more precisely a guided variationyofA compari-  value of the proportionality factor of order 28.0°. Physi-
son of curved and2 clearly demonstrates what we have just cally, this can come about if for positive valuesjafwe add
said. In fact, the phase trajectories that correspond to curvesbell-shaped pulse to the external emf whose height is 3—4
1 and?2 in the (x,y) plane differ from one another mainly times larger than the value of the emf and whose width is
with respect to the values gf[we recall that the projection approximately equal to half the oscillation period
of the phase trajectories onto the, £) plane obtained using (5x10 8 s). Moreover, when we replace the bell-shaped
the step sizes\ty, and At; are practically identicdl and  pulse by a corresponding triangular pulse, we obtain a quali-
these differences have the same djgositive. Moreover, if,  tatively similar picture of the phase portrait, i.e., a picture
for example, at pointl we add an increment to the value of which is similar to the picture of chaotic oscillations in a
y corresponding to a transition from poito pointd’, then  semiconductor.
in the course of roughly two iteration steps of size
At,=2.5x10"° s the phase point, which moves along a 'R. P. Huebener, J. Parisi, and J. Feinke, Appl. Phyd8A107 (1989.
nonstandard trajectorghe dashed curyereturns once more 2L. L. Golik, M. M. Gutman, and V. E. Paskeev, Phys. Status Solidi6g,

; X o 199 (1990.
to curvel at pointe (close to pointd), Whlch is character-  sg gcholl, Appl. Phys4s, 95 (1989.
ized by the same values afandz as pointe’ on curve2, 4E. S. Kachlishvili and I. D. Kezerashvili, Fiz. Tekh. Poluprovod¥,
which in turn is close to poind’, i.e., it is obtained frond’ 1106(1990 [Sov. Phys. Semicon@4, 697 (1990].

P ; P — —9 5V. V. Vladimirov and V. N. Gorshkov, Fiz. Tekh. Poluprovodhd, 417
after one iteration step of SIZ‘MO 51077 s. Therefore, (1980 [Sov. Phys. Semicond.4, 247 (1980]; V. V. Vladimirov, P. M.

for a transition from poine to pointe’ it i$ sufficient to f_idd Golovinsk, and V. N. Gorshkov, Fiz. Tekh. Poluprovodts, 40 (1981

an increment only to the value gf at pointe, etc. Adding [Sov. Phys. Semicond.15 23 (1981]; V. V. Vladimirov,

the corresponding increments yoin each iteration step in }/1-9’;-2 G[féfShkg‘r/{ anfé V.K. Mgguézr;kavg';;fekh- Poluprovo@6, 1580

H H H ov. yS. Semiconco, .

the region corresponding to the formation of the loop, we cans “\4” ;. ieri and 7. 5. Kachlishvil, Bull. Georgian Acad. St§4 (1)

obtain a phase trajectory similar to traject@with an itera- 61 (1996; 154 (2), 208 (1996.

tion step of sizeAt;=2.5x10"° s. Physically, this corre- 7Z. S. Kachlishvili, Phys. Status Solidi 88, 65 (1979).

sponds to a complex modulation of the external emf, but ith- O. Gegechkori and V. Dzhakeli, Soobshch. Akad. Nauk Gruz. $SR
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Single crystals of GeSare grown by two methods: crystallization from a melt and chemical

vapor transport. All crystals are found to have a monoclinic structure with the unit-cell parameters
a=11.45 A,b=16.09 A,c=6.7 A, andB=91°. The reflection and transmission spectra

are measured in the region of the absorption edge. The gap width is found to be equal to 3.2 eV.
© 1998 American Institute of PhysidsS1063-782@08)01207-1

Germanium disulfide occupies a special place amongo0um and area up to 0.5 dnTheir crystal structure and
metal dichalcogenides because of the structure of its crystg@roperties did not differ from those of the samples obtained
lattice. The unit cell of crystals of this compound contains 16from a melt.
formula units and belongs to the monoclinic systeifhe Optical measurements were performed on the samples.
physical properties of GeSingle crystals have not yet been Figure 1 displays the spectral dependence of the transmit-
studied; therefore the present work is a first attempt to extance () and reflectanceR) of the samples. In the region of
amine them. the edge of the fundamental absorption band the transmit-

The Ge$ single crystals investigated in the present worktance was measured at temperatures from 20 to 100 °C. The
were grown by two methods: crystallization from a melt andtemperature coefficient of the gap width in this range is
chemical vapor transport in a two-zone furnace with iodineabout —1x 10 3eV/°C. The dependence of the absorption
as the transporting agent. In both cases germanium disulfideoefficienta on the photon energlgv at room temperature,
obtained by fusing a stoichiometric mixture of composites incalculated from the data of Fig. 1, is plotted in Fig. 2 in
an evacuated quartz ampoule at a temperature somewhahv)'/? versushv coordinates. As can be seen from this
above the melting point served as the starting material. Highfigure, the spectral dependence of the absorption coefficient
purity ingredients were used_germanium Sing'e Crysta|§1as the fOI‘m Of two intersecting Straight |ineS in these coor-
with impurity content no greater than ¥om~2 and OSCh
15-3 sulfur. When crystals were grown by the first method,
germanium disulfide was melted in an evacuated and sealed
quartz crucible with a conical bottom to reduce the number 061
of nuclei. Then the temperature of the melt was set 40 °C
above the melting point (830 °C), and the crucible was low-
ered through the temperature-gradient zone. The rate of low- -
ering of the crucible was 0.5 cm/h for a temperature gradient
of 180 °C/cm. In this way a boule 1 cm in diameter and
2.5 cm in length was obtained. In the lowEpnica) part of 0.4
the boule it was possible to split off plane-parallel wafers of
the required thickness, suitable for physical investigations.

X-ray structural and powder diffraction analysis showed =
that these crystals had the composition Ge8d a mono-
clinic structure with the unit-cell parametees=11.45 A,
b=16.09 A, c=6.7 A, andg=91°, in agreement with the a2k
data of Ref. 1. 4

When crystals were grown using chemical vapor trans- §
port, a few grams of GeSand iodine were placed in quartz
ampoules 20 mm in diameter and 25 cm in length to achieve 2147
a quantity of 4.5 mg per cubic centimeter of the ampoule
volume. After evacuation and sealing of the ampoule, it was ) , . . . . .
placed in a furnace, in which the temperature of the hot zone 2.0 2.5 3.0 3.5
was maintained at a level of 600 °C, and the cold zone was hv,ev

S o . .
maintained at 500 °C. Material passed into the cold ZoneFIG. 1. Spectral dependence of the optical reflectdRdd) and transmit-

The Ge$ single crystals obtained in this way ‘_Nere shiny, tanceT (1-3) for samples of Gesof thickness 14u.m. Temperature, °C:
transparent, and often well-faceted wafers of thickness up to — 20,2 — 70,3 — 120.

RT
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FIG. 2. Dependence ofhv)*2 onhv in the region of fundamental absorp-
tion for a sample of GeSof thickness 14.m at room temperature.
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but distinct absorption maximum at 2.7 eV, which coincides
with the optical gap width of glassy germanium disulfide.
This is probably evidence of the presence of a moderate de-
gree of amorphization of the sample, most likely in the form
of inclusions of microscopic regions with violation of the
long-range order.

Measurements of the photoconductivity gave a some-
what unexpected result: this effect could not be detected in
the region of the fundamental absorption edge; however, an
isolated wide photoconductivity peak was observed near
1.7 eV. Additional study is needed to determine the nature of
this peak.

We are grateful to N. F. Kartenko and N. V. Sharenkova
for carrying out the x-ray structural analysis of the GeS
crystals.
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Photovoltaic effect in In/I-111-VI ,-thin-film surface-barrier structures
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Surface-barrier structures have been prepared on films of the ternary compounds,CulnTe
AgGaTe, and AgInTe and the solid solution GuAgysInSe. When these structures are
illuminated, the photovoltaic effect is observed. It has been established that structures

based on the ternary compoupdAgGaTe possess the highest photovoltaic sensitivity. It has

been shown that films of I-Ill-\4lcompounds and the solid solution GAgg sinSe

obtained by laser deposition can be used to create wideband photoconverters of natural radiation.
© 1998 American Institute of PhysidsS1063-782808)01307-9

1. INTRODUCTION scanning electron microscope. The data so obtained are dis-
played in Table I. It can be seen that the experimental and

In recent years ternary I-lll-\isemiconductor com- . . .
Iculated quantities are in satisfactory agreement.

pounds have attracted attention as one of the most promisincgfl The struct d ; £ th il d fi
groups of materials for fabricating highly efficient solar con- € structure and parameters of the crystals and 1ims

verters. They possess a high optical absorption coefficieﬁtlf'ere d;termmed by x—re(xjy(;jlffractlgg gllzlag/l\jllsd'fr hetdlffr?c—
(10°—10° cm™ 1) in the region of the solar spectrum and [O" Pallerns were recorded on a i Iliractometer.

direct optical transitions. Thin-film elements with efficiency These studies showed that the diffraction pattems of the

greater than 16% have been fabricated on the basis of tﬁgms, as We.” as the crystals, a_Iways contain asyste_m of lines
ternary compound Culngeas well as the solid solutions corresponding to a chalcopyrite structure. The unit-cell pa-

CuGaln_,Se.'? Numerous experimental studies have "@Meters for the crystals and films agree.
shown that the electrical and optical properties of -1l VI
semiconductors are determined in large measure by the typ?e
of intrinsic defects associated with deviations from  Surface-barrier structures were fabricated by the vacuum
stoichiometry®* In this regard, further improvement of the thermal sputtering of thin films of metallic indiund{~1
characteristics of solar cells based on these compounds wilt 2 um) onto the outer surface of I-Ill-\ifilm samples

be possible after we achieve a better understanding of therepared by pulsed laser deposition. The surfaces of the films
physical properties of such materials and devices basedere not subjected to any kind of processing before deposi-
on them. The present paper reports results of a study dfon of the indium layers, and the films themselves were not

FABRICATION OF STRUCTURES

In/I-1l1-V1 ,-thin-film surface-barrier structures. subjected to any heating above room temperature during
deposition or afterwards. The indium films exhibited high
2. PREPARATION OF CRYSTALS AND FILMS adhesion to the surface of the I-1l1-)/thin-film substrates.

The use of indium as a barrier contact was shown to be
possible by our own preliminary studies of contact phenom-
ena on I-1l1-Vb-film samples.

Crystals of the ternary compound€u,Ag)(Ga,InTe,
and the solid solutions GAg;_,InSe, were grown by the
Bridgman—Stockbarger method. The boules of CuGaTe
CulnTe,, AgGaTe prepared in this way were monocrystal-
line, and the boules of AginTeand the solid solutions had
the form of large blocks and were used as targets for sput- When the structures fabricated from the compounds in-
tering films. dicated and the solid solution gtAgysinSe were illumi-

Film deposition was carried out in a vacuum with anated, a photovoltaic effect was observ@thble Il). The
residual pressure of~107° Pa using a laser operating sign of the photovoltage does not depend on the point of
in the free-lasing regime N=1.06um, 7,= 10 3 s, incidence of the light probe on the surface of the structures
E,=130-150 J). and corresponds to positive polarity of the photovoltage on

The composition of the crystals and films was deter-the chalcogenide films. The maximum photosensitivity is
mined by energy-dispersive x-ray analysis on a JEOL640@sually manifested when the structures are illuminated from

4. PHOTOSENSITIVITY OF STRUCTURES

1063-7826/98/32(7)/3/$15.00 736 © 1998 American Institute of Physics
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TABLE |. Results of energy-dispersive x-ray analysis of the ternary compo(@ui#\g)(Ga,InNTe, and the solid solutions GAg; _,InSe,.

Film Cu, at. % Ag, at. % Ga, at. % In, at. % Se, at. % Te, at. %
composition calc. experiment calc. experiment calc. experiment calc. experiment calc. experiment calc. experiment
AgGaTe - - 25.00 26.20 25.00 24.56 - - - - 50.00 49.24

CuGaTe 25.00 26.60 - - 25.00 24.20 - - - - 50.00 49.22

AgInTe, - - 25.00 25.12 - - 25.00 24.32 - - 50.00 50.56
CulnTe 25.00 26.18 - - - - 25.00 24.51 - - 50.00 49.08
CusAgpsinSe  12.50 11.86 12.50 13.49 - - 25.00 25.48 50.00 49.17 - -

Cuw AgodnSe  17.50 18.10 7.50 9.35 - - 25.00 23.60 50.00 48.95 - -

the side of the barrier contact; its values are listed in Table lIfollows from Fig. 3(curvel), obeys the law/nhw~#fw. It
It can be seen from Table Il that the maximum photovoltaicis very important to note that in an analogous structure based
sensitivity S;=~0.8 V/W is reached when structures of on a bulk single crystal gb-AgGaTe, which was used as a
AgGaTe films are used. source for film deposition, the spectral dependence of the
The spectral dependence of the relative photoconversiolong-wavelength boundary of the photoconversion quantum
guantum efficiencyy is plotted in Figs. 1 and 2 for typical efficiency follows an analogous law. In this case it turns
structures al =300 K, and some of their characteristics areout that the conventional extrapolation for such cases
given in Table Il. The main trends in the behavior of the \»Aw—0 gives the same energy valtiew~1.06 eV. This
thin-film structures fabricated are the following. circumstance is probably a consequence of the fact that the
All the structures exhibit a wideband photovoltaic effect. current technology for converting a target into a thin film
The full width at half-maximum(FWHM, &;,) of the 7
spectra in all the structures turned out to be approximately
the same and equal ts 1.2 eV. The long-wavelength pho-

tosensitivity edge of all the structures is exponential and lo- 1.01
calized in the vicinity of the energy of the incident photons at
~1eV. The values of the slopg= (4(In 7)/8fiw)) of the

L TN 1
long-wavelength photosensitivity edge lie within the range , 0-:

20—50 eV !, giving grounds to assume that the interband
optical transitions in these materials are direct. This deduc-
tion agrees with the data from direct optical measurements ir
bulk crystals of some of the semiconductdfsywhereas for
the solid solution CglsAgg sinSe, this supposition is formu- :_
lated here for the first time. This means that the energy spec,‘é’ 1.0
tra of the component compounds do not undergo significan §
changes as a result of the formation of the solid solution.
The exponential growth of the quantum efficiengyb- &
served as the energy of the incident photons is increased fc «
all the structuregFigs. 1 and 2ends in the vicinity of prac-
tically the same energy, 1.08 eV. With further increases in
the photon energy, the photoconversion quantum efficiency
in the structures investigated that include indium as one of
their components achieves a nearly constant level. From Fig
2 it can be seen that for the structure based on a film in
whose makeup indium is replaced by galliusngontinues to 0.1}
grow over a very wide range of energies. This growth, as

14

U

TABLE II. Photoelectric properties of In/I-11l-\4kthin-film structures pre-
pared by laser deposition.

Film T de, P, S, Sun S,

s
composition °C  um Q-cm VIW eV ev? ) L 1

1.0 2.0
AgGaTe 380 050 X10° 0.8 1.25 16 haw , eV
CuGaTeg 400 0.30 0.5 - - -
AginTe, 460  0.60 16 0.4 1.16 45 FIG. 1. Spectral dependence of the relative photoconversion quantum effi-
CulnTs, 480 0.38 1 0.5 1.16 40 ciency of surface-barrier structures based on thin films of I-llL-Mhate-
CuysA0g 5INSe 460 055 5<10° 0.2 ~1.2 20 rials and layers of indium af=300 K. Composition of the filmsl —
Cuw7/Ago3INSe 460 0.45 16 - - - AgInTe,, 2 — CulnTe, 3 —CuysAgy 5INSe. lllumination from the indium

layer side.
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SEMICONDUCTOR STRUCTURES, INTERFACES AND SURFACES

Allowing for current spreading in semiconductors during measurements of the contact
resistivity of ohmic contacts
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A modification of the contact-area pattern with radial geometry, which has certain advantages in
determining the contact resistivity of ohmic contactp.)( fabricated on substrates and
low-resistance semiconductor layers, is proposed. Different variants of its application for

both the transmission line methd@LM) and methods based on a numerical calculation of the
resistance of the semiconductor with allowance for current spreading are considered. It is
shown that the transmission line method makes it possible to obtain an upper estimate of the
contact resistivity on substrates. The errors of such estimates are also calculated as a

function of the parameters of the semiconductor and the contact. The TLM estimate is a good
first approximation for determining the exact valuepgfby numerically calculating the

resistance of the semiconductor. The results obtained are used to study the contact resistivity of
Ni-based ohmic contacts am6H-SiC substrates. €998 American Institute of Physics.
[S1063-782608)01407-0

1. INTRODUCTION effect of the size of the contact areas and the distance be-
tween ther and the effect of a finite spreading resistance in
The development of accurate procedures for measuringhe material of the contact coating.When these factors are
the contact resistivity of ohmic contactpf has played an taken into account, use of the transmission line method per-
important role in the technology of semiconductor devicesmits accurate determination of fairly low contact resistivities
Usually, to determine the value pf probe methods are used (p.~10 6—10"° Q-cm?). We note that in the case of low-
to measure the total resistanBg between coplanar contact resistance ohmic contacts on semiconductors with high con-
areas, which depends on the resistances of both the contafiictivity, R, can be quite small. In view of the small size of
and the semiconductor. Therefore, one of the main problemge contact areas, the measurement of such quantities is a
in the calculation of the contact resistivity of ohmic contactscomplex task. For example, when current and potential
is to determine the contribution from the semiconductor maprobes are placed on a contact area of small radius, special
terial to the value ofR;. This contribution depends in a approaches are necessdsee, e.g., Ref.)3 As a conse-
major way on the contact-area pattern chosen and is gowuence, the procedure for measuring the contact resistivity is
erned by the processes of current spreading between thesubstantially complicated. In addition, in this case the neces-
Consideration of the current spreading processes is generalijty of measuring small voltage drops at high current densi-
quite complicated, and most methods for determinipgire  ties arises. These factors lead to an increase in the error in
based on a simplification of the pattern of the system inthe determination op.."®
which the measurements are performed. Analysis of the current flow is significantly complicated
The most common technique is to measure the contadbr semiconductor layers whose thickness is comparable with
resistivity in the limiting case of thin semiconductor layers or exceeds the characteristic dimensions of the contact areas,
electrically isolated from the substrate, e.gp-an junction.  since the lack of analytical expressions for this case requires
Under these conditions, the problem of determining the rethe use of numerical methods. Examples of such numerical
sistance of the semiconductor and, accordinglyis solved calculations, which are based on various models and allow
within the one-dimensional model of current flow. One of for the nonuniform propagation of current through the vol-
these methods is the transmission line meti&tdM).1*  ume of the semiconductor, are described in Refs. 9 and 10. It
The most suitable versions of the transmission line methods noteworthy that the procedure for measuring the contact
employ a radial contact-area geométhgince it eliminates resistance on substrates imposes more rigid requirements on
the necessity of additional profiling of the structures with thethe geometric dimensions of the system of contact areas than
aim of eliminating undesirable effects associated with curdin the case of thin semiconductor layers because of the lower
rent flow on the edges of the contact aré&actors causing values ofR; .
errors in measurements of the contact resistance have been Along with the necessity of determining the valuepf
revealed and estimated for these methods. They include thas accurately as possible, in many cases of practical impor-
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/ first case the range of variation of is 50— 250 um for the
fixed value ofr;=20 um; in the second the range of varia-
tion of rq is 10—30um for In(r,/r{)=2. These values are

quite typical, since decreasing substantially complicates

T, the measurement procedure, while it is undesirable to in-
Ty creaser, for small values ofp, because of the decrease in

the contribution of the contact resistance of the contacts to

R:.

> 7
3. BASIC RELATIONS FOR THE CASE OF THIN
SEMICONDUCTOR LAYERS

/A Within the transmission line model the resistance be-
FIG. 1. Fragment of a pattern with radial symmetry for measuring the con—tweenl)the contact areas is given by the expresé -3
tact resistance of ohmic contacis— con tact coveringr, andr, — radii and 4
of the contact areas. Re r; Re 1 Ig(ary)
R[ - (1)

“2m " r, 2mary ly(ary)’
tance it is sufficient simply to determine that the contac
resistivity does not exceed a certain acceptable léve| an

upper estimate which can be done using a simpler tech-

nique. contact areagFig. 1); 1o(arq) andl,(ar,) are the modified
To solve such problems, this paper proposes a mOdiﬁcaBessel functf):ngs of),or%l(erslz) and 3(=(|}\’) Ip)Y2 p. is the
tion of the radial contact-area geometry and considers differ- LS e

t variants of it lication in the t ission i th cgontact resistivity of the ohmic contacts. An obvious way of
ent variants ot Its application in the transmission fine metho eterminingp, using expressiofil), which was employed in

and in a method ba_sed on numerical calculation of the reSIRRef. 3, is to construct the dependence of the measured resis-
tance pf the semlconduct_or with allowance for CurremtanceRt on Inr,/r) for a fixed value of ;. The slope of the
sprga_d{ng. Th_e results obtalne_d are used to S‘“"Y the Comaé:[?aight line so obtained determines the valu®gf and the
resistivity of nickel-based ohmic contacts no¥6H-SiC sub- y intercept(together withR,) determines the value of,.
strates. We note that the variation d®; is due in this case only
to the variation of , and, as a consequence, for small values
of Ry the range of variation oR; is not large. This state of

To determine the value gf,, Boberget al® proposed a  affairs increases the error in the determinationpgfand
pattern consisting of concentrically arranged contact areaggquires good measurement statistics. In addition, even for
the smaller of which has a radiug, while the larger has an test measurements it is necessary to use current and potential
inner radiusr, (Fig. 1). Several such contact areas are fab-probes. In the opposite case the valuepgfwill be overes-
ricated on one sample, where the inner areas have a fixdimated due to the probe/contact-coating resistance, since it
radiusr ;= const, and the outer radius varies. In the case is determined from thg intercept of the approximating lin-
of thin layers considered in Ref. 3, a set of values of resisear dependence &; on In,/ry).
tancesR, measured between these contact areas was used to These drawbacks can be easily avoided if the pattern for
determine the contact resistivity and the sheet resistance §rming the contact areas is designed so as to decmgase
the semiconductor layeR, by the transmission line method. While keeping In(;/r,) constant. If In(;/r,)=C=const, then
Such a geometry requires a high degree of uniformity of théhe dependence @&, onr, takes the form
_co_ntaq resistivity_ over the area of the_ sample; nevertheless, CR, R, 1 Iy(ary)
it is quite convenient in comparison with the system of con- Rt=2—+ > e ] .
centric rings proposed in Ref. 4, since for a small valuRof m 27 arg ly(ary)
the value ofR; will be higher than the resistance measuredWhenr is sufficiently small, the main contribution t8;
between the two outer rings in the scheme proposed in Ref. @ill come from the contact resistance and the relative varia-
due to the larger contribution tB, from the contact resis- tion of R, in the measurements will grow. Figure 2 plots
tance of the area of the smaller radiys calculated dependences Rf on In(r,/r;) and of R; on r{z

As an alternative, let us consider a geometry analogoufor the pattern parameters indicated above. It can be seen
to that proposed in Ref. 3, but where the radii of the contacfrom Fig. 2 that the range of variation &; is substantially
areasr,; andr, are chosen so as to fulfill the condition expandedby several-foldl in the second case. The values of
In(r,/ry)=C, whereC is a constant. We shall perform a com- p. andRg can be easily determined from a set of experimen-
parative analysis of techniques for determining the contactal points R;;,r4;) (i=1,... N; N is the number of mea-
resistivity based on these two geometries for ohmic contactsurements for example, by minimizing the discrepancy
on thin semiconductor layers and on substrates. For the caunction ¢(p.,Rs) based on the Gauss equalization
culations we choose the valuesrgfandr, as follows: in the  criteriont!

twhereRt is the total resistance measured between the contact
areasR; is the sheet resistance of the semiconductor layer,
ry andr, are the outer and inner radii of the respective

2. CONTACT-AREA GEOMETRY

@
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FIG. 2. a — Calculated dependencesRyf on In(r,/ry) for the case of
epitaxial layers withp,=1x10"* Q-cn?. The curves correspond to the
following values ofRg (/0): 1 — 0.5,2—1,3— 3,4 —5,5— 10.

b — Calculated dependences Rf on rl’2 for the case of epitaxial layers
with Rg=5Q/O. The curves correspond to the following values mf,
Q-cn?: 1—1X1075,2—5x105 3 — 1x10°%.

N
¢<pc,RS>=i§1 [Ri(pe,Rs) —Ryi1%. 3)

If the condition
ar1<1 (4)

is fulfilled, then the asymptotic limitlg(ar)/l1(ar,)
—2/(ar) holds, and expressiof®) can be written in the
form

C r
Rs+c

thﬁ Wrz.

©)

Thus, if condition(4) is fulfilled, the functionR,= Rt(rl’z) is

Andreev et al. 741

17073}
N
£
g
S0
o
2
1
7
/2
//
-5 1 1 i i L4 1 ll 1 1 ' I S Y lj
10077 10°* 1073
P - Ohm-cm?

FIG. 3. Deviation of the value of the contact resistivity of ohmic contacts
obtained using approximatiofd) (p.), from the value ofp. given by for-
mula (2) for ar;=1 and the pattern considered. Cuni< and 3 corre-
spond to the following values d®&s ({2/J): 10, 100, and 1000.

4. APPLICATION OF NUMERICAL CALCULATIONS OF THE
RESISTANCE OF THE SEMICONDUCTOR IN
DETERMINING THE CONTACT RESISTIVITY

To calculate the contact resistivity of ohmic contacts on
layers(or substratesof arbitrary thickness using the geom-
etry considered above, we can use the method developed in
Ref. 10. This method is based on calculation of the current
distribution in the structure under investigation by discretiz-
ing the semiconductor into a finite number of elementary
volumes, within each of which the electric field can be taken
to be uniform. Each elementary volume is matched to one of
a set of resistances, which, with consideration of the radial
symmetry of the contact areas, form the equivalent circuit of
the structure under investigatidRig. 4). Thus, the determi-
nation of the total resistand®, reduces to solving the prob-
lem of current flow in an electric circuit consisting of dis-
crete resistors. For semiconductor crystals of intermediate
crystal systemse.g., hexagonal modifications of silicon car-
bide) the calculation can be carried out with allowance for
the conductivity anisotropy factor. This model was used ear-
lier to determine the contact resistivity of ohmic contacts on
thin epitaxial layers. The results obtained coincided with the
results obtained by the transmission line metibd.

As for the contact-area patterns considered, the contact
resistivity p. and the resistivity of the semiconductercan
be determined using expressi@) with the one difference
that there is no analytical expression for the function
Ri(pc,p) and it must be calculated numerically. We note
that the search for the minimum of the discrepancy function

linear. The slope of the approximating straight line deteran be quite laborious in the absence of a good initial ap-
minesp., and if the resistance of the measuring probes igproximation.

constant, their resistance does not distort the measured value Let us consider how the resistance between the contact
of p.. For ar;=1 expression5) gives an upper estimate areas varies as the thickness of the epitaxial ldgersub-

(pe) for the contact resistivityd.) (Fig. 3).

stratg is increased. Obviously, for a constant value of the
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Co a [ parameters as was curtewith consideration of the relation
W ' Rs=p/h. These differences are due to the fact that any cir-
X \ ' cular cylindrical surface described about the axis which
I J : ] passes through the origin and is perpendicular to the surface
! ! is not equipotential due to the nonuniform distribution of the
0 7y T, r current across the thickness of the semiconductor under the
contact areas. Consequently, the value of the contact resis-
tivity determined by the transmission line method is overes-
timated. However, the influence of this factor decreases if the
flow of current to the semiconductor is determined mainly by
the contact resistance of the contacts. In the transmission line
model this approximation corresponds to the condition
ari<<1.

To estimate the error due to using the transmission line
approximation in the cases under consideration, we carried
FIG. 4. Structure investigatgd) and the equivalent circuit used for numeri- out a comparative calculation. The dependence®obn
cal calculations of the resistance of the semicondutioiC, andC, are the  IN(r,/r{) and on Ui were calculated using the technique
contact areas;; andr, are their radii;h is the thickness of the substrate; described in Sec. 4 for assigned valuespgfand p; these
Rn. Ry, _andRC are the resistances corr‘esponding to elemgntary vplumes Oﬂependences were then fitted to the analytical expressions
the semiconductor and contact covering. For an isotropic semlconductO(l) (2), and (5), which follow from the transmission line
R\=R,. P ' . :

model for the respective cases. On the basis of these expres-
sions we determined the values of the contact resistp/ity

contact resistivity, the variation @, is due to the variation The dependences so obtained are plotted in Fig. 6.
of the spreading resistance in the semiconductor. The nature It can be seen from Fig. 6 that the differences between

of this variation will depend substantially on the relative val- the values op. andp; depend substantially on the choice of
ues ofR, andR, (Fig. 4). Results of a numerical calculation the contact-area pattern and its dimensions, as well as on the

of the dependence dR, on h for an isotropic R,=R,) resistivity of the semiconductor. For the patterns considered
crystal are plotted in Fig. fcurvel). the use of the dependenceRfon rl_2 gives a more accurate
estimate of the contact resistivity. For contacts on substrates
with a resistivity of 0.10.2(-cm, measurements can
be performed by this method all the way down to
pc=5%X10"° Q-cn?. For such values op. the error does
not exceed 15 20% and drops substantially as increases.
The determination of the resistance of the substrate ol contrast, the determination ¢f, from the dependence
the basis of the transmission line model is, generally speaksf R, on In(r,/r;) introduces substantial errors starting at
ing, not an accurate procedure, as indicated by the differengg. = (1—-5)x 1072 Q- cn?, and such a contact-area pattern
between curved and2 in Fig. 5. Curve2 was calculated in  can be used only to obtain a very rough estimate. The error
the transmission line approximation for the same structureglecreases as the resistivity of semiconductor decreases.
Thus, using expressions obtained in the transmission line
approximation, it is easy to obtain an upper estimate for the
sop contact resistivity. The magnitude of the deviation in this
case depends substantially on the contact-area geometry cho-
sen and on the parameters of the semiconductor.

5. USE OF TRANSMISSION LINE METHODS TO ESTIMATE
THE CONTACT RESISTIVITY OF OHMIC CONTACTS
ON SUBSTRATES

6. MEASUREMENT OF THE CONTACT RESISTIVITY OF
40 NICKEL OHMIC CONTACTS ON n-6 H-SiC SUBSTRATES

R, , Ohm

Ohmic contacts were formed orHESIC substrates of
1 n-type conductivity grown by the Lely method with uncom-
2 pensated donor concentration-3x 10'® cm™3, resistivity
0.1-0.3Q -cm, and thickness 450m. In the first stage of
, , L this method, nickel was deposited by electron-beam evapo-
200 300 400 ration in vacuum onto the substrate surface, which was pre-
k, Fm heated to 300 °C. Then the structures were subjected to high-
temperature annealing at 96@300 °C. Contact areas of the
FIG. 5. Cal_culated plots of theigotal resistan®e as a function of the required geometry were formed by photolithography. The
IS“bS"atf thickness fp,=5x10'® Qo p=0.10-cm; ry=15um: 40 cpnalaay for forming the ohmic contacts and the results of
n(r,/ry)=2 for an isotropic semiconductor. Cundewas obtained using . ..
numerical calculations, curv@ was obtained by the transmission line Studies of the structure and composition of the contact coat-
method Ry=p/h). ing are described in detail in Refs. 12 and 13.

[] L i i L
0 100
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TABLE I. Values of the contact resistivity of nickel-based ohmic contacts
on theC face ofn-6H-SiC substrates determined by various methods.

1073

Values ofp, (Q-cn?), for

Method for calculating the annealing temperatufie,
the contact
resistivity p. T,=800°C T,=1000°C T,=1200°C

Transmission 3 1.6x10°4 9.0x107° 1.2x10°4
107* line 2 1Ix10°4  4.0x10°° 1.1x10°*
methods 3 1.x10°4 3.9x107° 1.1x10°4
Numerical 4 8.x10°4 2.5x107° 8.6x107°
calculation 5 1.¢10°4 3.6x107° 9.5x10°°

Note *The numerals denote the following methods for determining the value

of p:

1—from a linear approximation of the dependenceRpfon In(r,/r,) for
r,=const[expressiorn(1)];

2—from a linear approximation of the dependence Ryf on r;? for
In(r, /r;)=const[expression5)];

3—from the dependence &; on rl’2 given by expressiofi2) using mini-
mization of the discrepancy functidi);

4—from the results of a numerical calculation Rf without allowance for
the anisotropy of the substrate resistivity followed by minimization of
the discrepancy functio(B);

5—from the results of a numerical calculation®f with allowance for the
anisotropy of the substrate resistivitthe anisotropy factor is 3.7Ref.
15) followed by minimization of the discrepancy functid®).

The values of the error gf. determined from the spread of the experimental

data over the area of the substrate did not exceed2DB6b.

107%

error depends substantially on the contact-area geometry
. chosen and on the parameters of the semiconductor. The pro-
10~* 1073 posed geometry, which is based on fitting the dependence of
Peor Ohm -cm 2 R; on rl_2 to (3) or (5), makes it possible to determine the
fG 6. C _ i s of caloulati ‘i ot resistivi fcontact resistivity or to obtain an upper estimate for it, de-
o e 5 . et pending on the parameters of he sifucture being measured.
transmission line model,) using different expressions) the dependence In the case of measurements of the contact resistivity on
of R, on In,/ry); b) the dependence d®, on r;2. Curvesl, 2, and3 substrates, this method gives a more accurate estimate in
correspond to the following values pf Q-cm: 0.1, 0.2, and 0.3. comparison with the traditional technique. The estimate for
silicon-carbide substrates with resistivity 6.0.3Q)-cm

L , _ shows that down to contact resistivities10 * Q- cn? the
Results of a study of the contact resistivity using variousSsrror of the method does not exceed—1%%. For lower

techniques are summarized in Table I. It should be noted thalyniact resistivities the estimate obtained is a good initial
crystals of silicon carbide of thet§ polytype have substan- - 555roximation for determining, by means of numerical
tial conductivity anisotropy: the ratio between the resistivi- .|y jations of the resistance of the semiconductor. Advan-
ties in the direction of the hexagon@laxis and in the plane 5565 of the technique also include extending the range of
perpendicular to it(the anisotropy factdris equal 10  mneagyraple resistance values by increasing the contribution
py/pn=3.7 (Refs. 14 and 15 Results of calculations of the ot the contact resistance, which increases the confidence
contact resistivity of the ohmic contacts with and without|o\e| in the determination of

. . . Cc-
allowance for the anisotropy factor are given in the last two This work was carried out with the partial support of the

rows of the table. We note that the determinatiopofn the  njversity of Arizona and the Schneider Electric Group.

transmission line approximation using the geometry with a

constant ratio between the outer and inner radii of the contaq)tE o) d ¢ include t Hose inf ) ected
. . . Xpressio 0€es not Incluae terms wnose Influence can be negiecte

ar?as_ glves_an upper estlmate\_/vs 2 and $tha'F essentla”y_ when the geometric dimensions of the system of contact areas are appro-

coincides with the values obtained by numerical calculation priately choser:®

(row 5 with allowance for the anisotropy factor. Signifi-

cantly greater differences are observed when the dependencg v, iskov. Prib. Tekh. Esp. 1, 235(1971.

of Ry on In({,/ry) is used for the case wherp,=3.6  2H. H. Berger, Solid-State Electroa5, 145(1972.

X 10°° Q- cn?; the results differ by a factor of 2.5. 3G. Boberg, L. Stolt, P. A. Tove, and H. Norde, Physica Scri#a405
(1981).
4G. K. Reeves, Solid-State Electra?B, 487 (1980).
7. CONCLUSION 5G. S. Martow, M. B. Das, Solid-State Electra?b, 91 (19832.

L. . . . 6J. S. Chen, A. Bashli, M.-A. Nicolet, L. Baud, C. Jaussaud, and R. Madar,
Transmission line methods provide an upper estimate of yater. sci. Eng., E29, 185 (1995.

the contact resistivity of ohmic contacts on substrates. The'L. K. Mak, C. M. Rogers, and D. C. Northrop, J. Phys2E 317(1989.
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Donor-acceptor recombination in short-period silicon-doped GaAs/AlAs superlattices
I. I. Reshina

A. F. loffe Physicotechnical Institute, Russian Academy of Sciences, 194021 St. Petersburg, Russia
R. Planel’

Centre National de la Recherche Scientifique, 92225 Bagneux Cedex, France
(Submitted December 23, 1997; accepted for publication December 24), 1997
Fiz. Tekh. Poluprovodr32, 839—842(July 1998

A low-frequency band is observed along with an exciton band in photoluminescence spectra of
short-period GaAs/AlAs superlattices doped with Si in the barriers or in the barriers and

wells. This band is ascribed to donor-acceptor recombination on the basis of the dependence of

its frequency on the excitation intensity under cw excitation and on the time delay under

pulsed excitation. Mainly type-1l superlattices are investigated. The estifateEy~120 meV

can be obtained from the peak energy of the donor-acceptor band with a very weak

excitation intensity. The estimat&s~23 meV andEp~90 meV are obtained from the

temperature dependence of the band intensity. It is suggested that the deep donor level is associated
with a DX center in the AlAs layers. €1998 American Institute of Physics.
[S1063-782608)01507-3

In narrow type-Il silicon-doped GaAs/AlAs superlat- not be ruled oyt The layer electron concentration at room
tices, we have observed a lower-frequency luminescenceemperature was 3210'° cm 2 per period. The sample
band along with the luminescence bands of direct and indieleaved from the edge of the original JA-15 sample was as-
rect excitons. The specific properties of this band suggestigned to type I, but was close to type II.
that it is associated with donor-acceptor recombination in- Luminescence spectra were recorded at temperatures
volving deep centers. from 4.2 to 250 K on DFS-24 and U-100Qobin-Yvon

On the other hand, it is known that in such superlatticediffraction spectrometers with a double monochromator.
silicon doping leads to the formation of so-callddX Excitation was effected by cw Ar (2.41eV and
centers—deep donor centers which are associated witHe-Ne (1.96 eV} lasers. Time-resolved measurements were
strong lattice relaxation and the phenomenon of persisterdlso performed using nitrogen laser excitati8r69 e\j with
photoconductivity at low temperatur&$.t is tempting to  pulse duration 10 ns.
associate the observed luminescence Wit centers, and it
is also of interest to compare the donor-acceptor recombina-

tion properties in GaAs/AlAs structures of types | and II. EXPERIMENTAL RESULTS AND DISCUSSION

Most of the measurements reported below were carried
out on one of the type-Il 35J22 samples. Figure 1 displays
GaAs/AlAs superlattice$35J22 with a nominal well its luminescence spectrum @it=77 K and different excita-
width of 2 nm, a nominal barrier width of 1.1 nm, and a tion intensities. The peak intensity corresponds to an indirect
number of periods equal to 290 were fabricated byX, exciton. The small hump on the high-frequency side of

molecular-beam epitaxy. Growth took place without rotation;the peak corresponds to a direEt exciton. The low-
therefore, in the larger samples grown the well thickness anftequency banddesignated below as tH2—A band is as-
barrier thickness varied over the area of the sample. Thisociated presumably with donor-acceptor recombination.
made it possible to obtain a set of samples with somewhaGrounds for such an interpretation are given below.
different well and barrier thicknesses. Most of the samples  The peak frequency of thB—A band, as can be seen
were assigned to type Il, in which the lowest electron bandrom Fig. 1, depends strongly on the excitation intensity.
with X, symmetry is located in the AlAs layers, and the When the intensity of the exciting light is decreased by
valence band witlh" symmetry is located in the GaAs layers. roughly four orders of magnitude, the band shifts by 49 meV
The energy gap between thieand X, minima varied over toward lower energiegFig. 2) and is strongly broadened.
the area of the original sample. Sample 35J22 was uniformlBuch behavior is characteristic —A luminescence. The
doped with silicon to an electron concentration of 3.3energy of theD—A band is given by the well-known
%10 cm™2 per period at room temperature. We also ob-expressioh

tained a set of samplé3A-15 with 100 periods, which were
selectively doped with silicon in the barriesowever, the
diffusion of silicon into the GaAs layers during growth can-

SAMPLES AND EXPERIMENTAL TECHNIQUE

2
e
E=Ec—(EntEp)* &

1063-7826/98/32(7)/4/$15.00 745 © 1998 American Institute of Physics
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Sample 35J22E,,.=1.96 eV, P=50 W/cn?.
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180 185 190 195 200 205 served for theD—A band in GaAs(Ref. 5 may be linked
E with the fact that here we are dealing with an indirect mate-

lum rial (a type-Il superlattice A significantly larger shift of the

FIG. 1. Luminescence spectra of type-Il silicon-doped GaAs/AlAs struc-D —A band was observed in the indirect semiconductor GaP

tures for varlc;us excitation intensitiés, W/cn?: 1 — 8.5x10%, 2 — 1.5, than in GaAs(roughly 15 meV with an intensity change

3 — 4.5x1072. Sample 35J2%,,.=2.41 eV, T=77 K. . . ;
amounting to four orders of magnitulieThe lower transi-

tion probability in indirect semiconductors promotes satura-

whereE, andE, are the ionization energies of the acceptorstion of distant pairs, Whl')Ch also leads to the greater magni-

and donorst is the distance between the donor and acceptof/de of the shiftRef. 3. _

in a pair, and: is the dielectric constant. When the excitation ~ 1h€ estimateE,+Ep~120 meV can be obtained from
{the peak energy of th®—A band for very low excitation

intensity is increased, the luminescence of distant pairs saty g g ]
rates since these pairs are characterized by a lower probabiftténsity with neglect of the Coulomb term in expressign
Measurements of the dependence of the peak intensity

ity of recombination than close pairs, and tbe-A band
correspondingly shifts toward higher enerdle8uch a large  @nd frequency of th®—A band on the temperature were

shift in our case in comparison with the 4-meV shift ob- also performed. Figure 3 plots the dependence of the loga-
rithm of the peak intensity on the reciprocal temperature.

The temperature dependence can be approximated by three
linear segments, whose slopes give the activation energy in
the respective temperature region. In the highest-temperature
region the slope is equal to 90 meV, in the intermediate re-
gion it is =23 meV, and in the low-temperature region it is
~8 meV. We link the 23-meV slope with the ionization en-

1.92

1.91
32 ergy of the acceptors, the 90-meV slope with the activation
< energy of the deep donor, and the 8-meV slope with the
2 1.00 ionization energy of the shallow donor. The sum 90 meV
§ +23meV=113 meV is in line with the sumE,+Ep
x~ ~120 meV found from the peak frequency of the band at
2 1.89 minimal excitation intensity. The decrease in the band inten-

sity with increasing temperature can probably be explained
by ionization of the acceptors and donors in a pair followed
by nonradiative recombination.

Figure 4 plots the temperature dependence of the peak
0 1 2 3 f 5 energy. It shows both measured values and values corrected
for the temperature dependence of extremum in AlAs
using of the Varshni formulf:

1.88

Il X N 1 ]

log W,

FIG. 2. Peak position of thB—A band as a function of the logarithm of the
excitation intensity. Sample 35J28,=2.41 eV, T=77 K. E,(T)=E,(0)— a,T?/(T+,), 2



Semiconductors 32 (7), July 1998 I. 1. Reshina and R. Planel’ 747

1.94 forming the donor-acceptor pair. As is well known, silicon is
an amphoteric impurity and, depending on its concentration,
can lead to the creation not only of donors, but also of hy-
drogenic acceptofs.However, the large valueE,+Ep
~120 meV found from both the spectrum and measurements
of the temperature dependence of the intensity is an indica-
tion that one of the partners in the pair is an impurity with an
ionization energy of roughly 90 meV.

As we know, in many semiconductofg.g., AlGaAs

1.92

1.90

1.88

1.86

Emax €V

1.84 silicon doping leads to the formation of so-calldaX

centers—deep donor centers which cause strong lattice relax-
1821 S ation and are associated with the phenomenon of persistent
180 '\-\ ; photoconductivity at low temperatur&Similar DX centers

were also detected in narrow type-ll GaAs/AlAs
178 o L L superlatticed:? In these structures two types of such centers

o 50 100 150 200 250 can exist:DX, centers in the GaAs laye(Si in a Ga envi-

T, K ronmen} and DX3 centers in the AlAs layer$Si in an Al

fG. 4 T wre depend i « bosition oD band: environment The positions of théD X, and DX; centers
1—.méasir::e%e\glﬂ:aeﬁ,—e%zrl]usg ?:ir(r)ectez ?oerihept(e)asrgﬁgra?ture depir;dencerEIatlve to the bottom of t.hé(z band were found in Ref. 1
of the width of theX, band,3 — calculated temperature dependence of the from Hall measurements in a 2.3/1.4 nm GaAs/AlAs super-
width of the X, band. Sample 35J2E,.=1.96 eV,P=17 W/e\2, lattice (i.e., with layer widths similar to those in the super-
lattice investigated hefeThe position of théd X3 center was
estimated as 86 meV, which is very close to the value we

— — 4 — 7
where a;=4.60x 1.0 eV/K and g, = ZOAT K'. found (90 me\) from the temperature dependence of the in-
The strong shift toward lower energies in the range fromtensity of theD—A band. In this light it makes sense to

40 to 80 K is noteworthy. It then ceases and is replaced in . o
the range 110 220 K by a weak shift toward higher ener- assume that the role of the deep donor in the pair is played

gies. The shift of the maximum of thB—A band toward by a DX3 center, i.e., the donor-acceptor recombination in

. : R arrow type-ll superlattices is caused by the deep donor cen-
lower energies may be attributed to more rapid ionization o . : .
. . : s ter located in the AlAs layers and the hydrogenic acceptor in
close pairs as the temperature rises since their ionization e

ergies are lower due to the Coulomb interaction. ‘the Gaas layergéwhich is most probably also associated with

The spectrum with a discrete structure which is charac-S')' i.e., the interaction takes place through the interface. It is

teristic of close pairs and has been observed in a number 6|Ferefore possible, despite the large ionization energies, that
bulk semiconductors, for example, in GARvas not ob- the spectrum observed was not the line spectrum character-
served in our case. In the absence of such a spectrum, timHc of theD—A recombination of very close pairs. We also

resolved luminescence measurements can provide evidenb8te that this case provides support for the mo‘?'e' e
of the donor-acceptor nature of the band investigétwb center with two electrons and a negative correlation en%rgy.

carried out measurements of this kind with excitation by a/ndeed, since the spectra were recorded under constant illu-
pulsed nitrogen laser. Here, as a consequence of the higRination, it may be thought that a center with one electron
excitation intensity per pulse thB—A band shifts toward 'emains under illumination conditions. .
higher energies and overlaps with the strong exciton band, ~The same results were observed in type-Il superlattices
The separation of the spectrum into a direct and an indirec§oped only in the AlAs layersJA-15. We note that the
exciton band and B—A band shows that for a time delay of tyPe-I (but close to type-)l sample also displayed &—-A
500 ns the maximum of thB—A band is shifted by 12 mev band caused by a deep donor.
toward lower energies in comparison with its position for ~ The donor-acceptor recombination in a type-l 4/10 nm
zero delay. As was noted above, close pairs, to which &£aAs/AlAs quantum-well structure doped with silicon in its
higher luminescence energy corresponds, have a high&yells to a concentration of- 2x 10" cm™? had an entirely
probability of recombination; therefore, when there is a largedifferent form*® At helium temperatures, a band shifted from
delay, the spectrum is governed by the luminescence of dighe exciton band by 24.5 meV toward lower energies was
tant pairs, and a shift toward lower energies takes place. Thebserved. We ascribe this band to donor-acceptor recombi-
intensity of theD—A band rises relative to the intensity of nation withE,+ Ep equal to 39 meV. As the pump power is
the indirect exciton with increasing delay times, as can hapincreased from 5 to 80 mW, the band shifts toward higher
pen if its lifetime is greater than that of the indirect exciton. energies by 5 meV. As the temperature is raised, the inten-
The results adduced regarding the dependence of trgity of the donor-acceptor band falls rapidly and is no longer
peak energy of th®—A band on the intensity of the exciting observed at 40 K. This indicates that the recombination is
light and the delay time in the pulsed measurements providassociated with shallow Si donors. The acceptors are prob-
sufficient grounds for ascribing this band to donor-acceptorbly also associated with Si since the band intensity in-
recombination in a type-Il superlattice. creased strongly in the concentration range in which Si forms
Let us turn to the question of the nature of the centerdoth acceptors and donors.
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CONCLUSION ments were impossible at higher excitation intensities sinc®thA band

. . was masked by the very intense direct exciton band.
We have detected a low-frequency band in the lumines- Y y

cence spectra of silicon-doped short-period GaAs/AlAs su=

perlattices, which we ascribe to donor-acceptor recombina-

. . 74, 7166(1993.

Flon b_aSEd on the_ _dep_endence Of_ Its frEque_nCY on theP. Sellitto, J. Sicart, and J. L. Robert, J. Appl. Ph¥5. 7356 (1994.
intensity of the exciting light for continuous excitation and 3g. w. williams and H. Barry Bebb, iSemiconductors and Semimetals
on the delay time for pulsed excitation. This band is associ- edited by R. K. Willardson and A. C. BeeAcademic Press, New Yoyk

; ; ; Vol. 8, p. 321.
ated W|_th a deep donor center, which is presumab>a 4K. Maeda. J. Phys. Chem. Solids, 595 (1965.
center in the AlAs layers. 5R. C. C. Leite and A. E. Di Giovanni, Phys. Rel53 841 (1967.
We thank A. Gurevich for the pulsed laser measure-°y. p. varshni, PhysicéAmsterdan 34, 149 (1967.
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8J. E. Northrup and S. B. Zhang, Phys. Rev4B 6791(1993.
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type |, the same rate of displacement of the-A band was observed,
although over a smaller dynamic range of excitation intensities. MeasureTranslated by Paul F. Schippnick
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Theoretical study of the threshold characteristics of InGaN multiquantum well lasers
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The threshold characteristics of InGaN multiquantum well lasers are investigated. A detailed
analysis of the dependence of the threshold current on the quantum-well parameters and the
temperature is performed. It is shown that, in comparison with long-wavelength lasers,

InGaN lasers have a qualitatively different dependence of the threshold current on the quantum-
well parametergwell width and number of quantum wellsThe possibility of optimizing

a InGaN laser structure is analyzed with the aim of improving the threshold characteristics and
increasing the peak radiated power. 1®98 American Institute of Physics.
[S1063-78268)01607-X

1. INTRODUCTION 2. GAIN COEFFICIENT AND RADIATIVE RECOMBINATION
RATE
In the last few years the interest in superconductor com-
pounds based on GaN has grown apaéeThis has been
due, first of all, to the wide practical applications of nitrides
in opto-electronics. Recently, Nakamuetal! reported the

References 2—4 investigated the charge-carrier spectrum
in GaN quantum wells and proposed a model for calculating
the gain coefficient. However, an analysis of the temperature
asdependence of the gain coefficient is lacking. Also lacking is

construction of a laser employing InGaN quantum wells vsis of the 1 twre d q £ th diati
its active medium. They analyzed the threshold characteri@" analysis ot the temperature dependence of the radiative
ecombination rate.

tics of this laser and noted that a fundamental analysis of thE . . .
physical processes governing the operation of devices bas%d We calgulate the rﬁgaln coefficientg(w) using  the
on nitrides is needed to build advanced opto-electronic de_ensny-matrlx_ for_malls ' . .
vices based on them. A detailed theoretical analysis of the The pola_nzatlon_ vector(t) is related tq the smgle_—
physical processes governing the threshold characteristics 8 _STE'CIe density matrix operator by the following expression
GaN lasers is lacking in the literature. P

The present paper presents a first-principles theoretical
analysis of the threshold characteristics of an InGaN multi- P(t)=eN2’ J’ j Mm'm(P,P") pmm (P,P’,1)dPdP’.
quantum well laser. The gain coefficient of such a laser is mm 1)
calculated as a function of temperature and carrier concen-
tration. The dependence of the threshold carrier concentrddere € is the charge of the electrorl\ is the three-
tion on temperature and the number of quantum wells igimensional electron concentratiar, , is the dipole matrix
investigated in detalil. element of the interband transition, and thg,, are the

A detailed analysis of the dependence of the thresholdatrix elements of the density operajar _
current density on temperature, quantum-well width, and the " what follows we will be interested only in four com-
number of quantum wells is carried out. It is shown that inPonents of the density matrixi,, describes the state of an
contrast to long-wavelength lasers, in which the threshol@€ctron in the valence bang.. describes the state of an
current density depends nonmonotonically on the number dfl€ctron in the conduction bang, . describes a transition
quantum wells, in InGaN lasers the threshold current densit§f®m the conduction bangtatec) to the valence bantstate
is a linear function of the number of quantum wells. This?), @dpc, describes a transition from to c. We consider
means that the main contribution to the threshold currenflir€Ct interband transitions, wherg,=r..=0. The matrix
comes from radiative recombination processes. We also pe13_Iement of an interband tra'nsmon between electron and hole
form a qualitative analysis of the influence of heating of thel€V€lS can be represented in the form
charge carrier; on the_z thresholq characteristics of the laser. Foc(e o) =T ep(Ge 1 Gu) = oe(4) 85 —q 0 2
We show that insignificant heating of the electron gas leads e
to a substantial increase in the threshold current density athereq is the longitudinal momentum of the charge carriers
high lattice temperatures. Finally, we compare our theoretitq=(q,,q,), the x axis is perpendicular to the plane of the
cal results with experimental dataGood qualitative agree- quantum wel]. Taking these remarks into account, we have
ment is obtained. the following expression for the polarization vector:

1063-7826/98/32(7)/5/$15.00 749 © 1998 American Institute of Physics
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en where kg is the static dielectric constant. Substituting the
P()=— > | e @poc(a)+pe(a)]dg. (3)  above expression fos”(w) into expression(11) and em-
oM ploying relations(9) and (10), we obtain the following ex-
Here the summation is carried out over the size-quantizatiopression for the gain coefficiegi{ w):
levels of the electronsn() and holes (), n is the two-

2 2
dimensional electron concentration, aads the quantum- g(w)= 16_7re_f£ d_q(er.e)Z
well width. Vio A€ @ iy (27)2
The off-diagonal components of the density matrix are 5
defined by the system of equations X[Fo(q)+fr(q)—1] T —,
P ix (Ec—Epn—fhw) + 67
., 0Py
it &tczﬁwvcpvc— T_puc_eE[rvp]vC1 (4) (12)
veC
where §,=#/7. In expression(12) we have taken into ac-
. 9pcy if count thatf,(q)=1—f,(q), wheref,(q) is the hole distri-
i at =hwcPe T_Cvpcv eElr.pley © bution function. It is convenient to represent the dipole ma-

trix elementr, in the form
where w.,=(E.—E,)/#%, E. and E, are the electron and

hole energies, respectively, aidis the electric field vector ley=Poy/liw, (13
of the wave. Since is a Hermitian operator, it is necessary
that T,.=T.,=7. The constantr is called the transverse Pe,= J’ dxjc, - (14

dipole relaxation time and is associated with the linewidth of o 3 _
the optical transition. In order to solve Eqd) and (5) for ~ Herej, is the probability flux density,
Py @ndp,., We use t_he.approximat.ion of the fir_st harmonic Jow =1 Y(UXV, +U,VE), (15)
of the electromagnetic field. We ultimately obtain
_ whereu(r) andv(r) are the smooth envelopes of the Bloch
rye(q)-E€ ®) functions ofs andp type? yzz(hZ{ZmC)Eg, m is the ef-
w,c—o+ilT’ fective mass of the electron, atkg) is the band-gap width.
With the help of formulag12) and (13) we obtain the

re,(0)-Ee'! final expression for the gain coefficient

(@)

e
puc(qat): - %D(q)

e

PCU(q,t):_gD(Q) wcv—w-l—i/T ’ 5
B 8m e 1 1 )

whereD(q) =pc.— p,, iS the difference between the levels 9(w)= \/TO #chwa ngh J' add| P,

in the conduction band and in the valence band. We express

D in terms of the electron distribution functions in the con- X[fe(a)+fr(a) —1]L(w,q), (16)

duction band and in the valence bahdandf, :

where
D= ——[f(@)~F,(@)]. ®) Lo =2 Or | 17
(2m)°n T (Ec— En—fiw)?+ 62
Ultimately, according to Eq9.3), (6)—(8), for the polariza- L(w,q)— 6(E.—E,—hw) for §,—0,

tion vector we obtain the following expression: P, |2=|P” 12/2 for the TE mode, andtP,,|2=|PX |2 for
1 Ccv 1 1) Cv

462 d%q the TM mode. We have taken into account that, according to
P(t)=— 7aF n};} f (ZW)Z(rCU.e)2[fc(q)—fv(q)] rela?;[ions&?g a;;tﬂ()m), the radiative matrix element is equal
cr’h to cv = cv'’ cv/"

The spectral radiated intensi®y(w) per unit area due to
(99  the recombination of nonequilibrium electrons and holes is

o (we,— w)CoS wt + (1/7)sin wt

(e, — @)%+ 1/72 ' related to the absorption coefficieat ») as follows’8
wheree is the unit vector in the direction of the electric field d(w) hod 1
vectorE of the light wave. Next, we invoke the definition of a(w) - m2p2 dho—ARIT_ 1" (18)

the dielectric susceptibility
wherev =c/\e.,, AF=F.—F, is the difference between the

P(t)=x(w)E. (100 Fermi quasilevels for electrons and holes, respectively, and
£, is the high-frequency dielectric constant.

In thermodynamic equilibrium the spectral radiated in-
tensity® (w) is equal to the spectral radiated intensity of an
ideal blackbody. Thus, relatiofi8) yields Kirchhoff's law/’

" On the basis of Eq.18), the frequency-integrated radia-

w & . . . .
g(w)=———, (11  tive recombination rate can be represented by the following
¢ Vo integral:

The imaginary part of the dielectric susceptibility ()
=47 Im y(w). The gain coefficientg(w) is related to
&"(w) by the expression
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|
P |

€

1
%d)(a))dw

0

)

In the particular case whekF =0 expressiori19) goes over
to the formula of Roosbroeck and Schockfeyhe absorp-
tion coefficient can be found using expressid®). Substi-
tuting the expression fo(w) into expressior(19) and in-
tegrating overw with allowance for the relationC(w,q)
= E.(q) —En(q) —fw], for the two-dimensional radiative
recombination rate we obtain

a(w)w’dw

exfd(ho—AF)/T]-1"

(19

7'r2C2

8e, €% 1

Rpy=——m—7——=
Ph m\Kko C #3c?
x 2

Ne Nk
Xfe(Ee) fh(En)(Ec—Ep). (20)

We shall make use of the above expressionRgybelow to
calculate the threshold current density of the laser.

1
qdq[lpéul2+ EIPiUIZ}

3. THRESHOLD CHARACTERISTICS OF AN InGaN
MULTIQUANTUM WELL LASER

To calculate the threshold current, it is necessary to cal
culate the threshold concentration of nonequilibrium carriers
The threshold concentration is found from the condition

9n=C0gpn=a;+a*, (21)

wherea* = (1/L)In(1/R). Here the modal gain coefficiegt,
is expressed in terms of the local gain coefficigrisee Eq.
(16)] and the optical confinement factdr; «; denotes the
internal optical lossed, is the resonator length, amlis the
reflection coefficient of the laser mirrors.

Below, in the analysis of the laser threshold characteris

tics we shall take into account the internal losses associated

with absorption at the interfaceThe internal losses influ-
ence the dependence of the gain coefficient on temperatu
and concentration. Figure 1 plots the dependence of th

maximum value of the modal gain coefficiegh®™ on the

carrier concentration at different temperatures for a laser

structure consisting of twenty quantum wells with well width
25 A. In the temperature interval from 300 to 400 K the con-

centration dependence of the gain coefficient is practically
linear. One consequence of the linear dependence of the gain
coefficient on the concentration is temperature stability of
the threshold characteristics of the InGaN laser at high tem-
peratures T>400 K). Here we can expect an increase in the
maximum radiated power of such lasers in comparison with

long-wavelength lasers by more than an order of magnitude

Figure 2 plots the dependence of the maximum value of the

max

gain coefficienﬁth on the temperature for three carrier con-
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FIG. 1. Maximum value of the modal gain coefficigglf** as a function of
carrier concentration at different temperatumds:20,a=25 A. T, K: 1 —
300,2 — 350,3 — 400. The parameters used in the calculation were for the
Ing 5Gay gN/INg =Gy o5 N laser structure in Ref. 1.

decreases with increasing well widtk.g., when the well
width increases from 25 to 50 A, the gain coefficient falls by
approximately a factor of two

The threshold carrier concentration, found from Eq.
{(21) depends on the quantum-well parameters: on the heights
of the heterobarriers for electrons and holgsandV,, on
the quantum-well widtha and on the number of quantum
wells N. It follows from an analysis of the temperature de-
pendence of the gain coefficiefftig. 2) that the threshold
concentration depends oh nearly linearly. Allowance for
the internal radiation losses leads to a nonlinear dependence
of ny, onT. As was noted above, the threshold concentration
also depends on the number of quantum whllldt follows

T

8000

re
€ 6000
]

Q

® 4000

=max
Iin

2000

1
400

centrations in laser structures with quantum-well thicknes$IG. 2. Maximum value of the gain coefficiegfy™ as a function of the

25 A (as before, the number of quantum wells equals 28
in the case of long-wavelength laseg§yi®* falls with rising

temperature for different carrier concentrations in an InGaN laser structure.
N=20,a=25A.n, 10?cm 2: 1 — 3,2 — 4,3 —5. The parameters used
in the calculation were for the §BGay g\N/Ing o=Gay o\ laser structure in

temperature. For a fixed concentration the gain coefficienket. 1.
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FIG. 3. Threshold carrier concentratiag, versus number of quantum wells FIG. 4. Threshold current densif, versus temperature for different de-

N for T=300 K, a=25(1) and 50(2) A. a*=30 cni!. The parameters grees of carrier heatinge=(T,—T,)/To: 1 — 0, 2 — 0.1, 3 —0.2.

used in the calculation were for the,hBay, N/INg o=Gay o\ laser structure  a=25 A, N=20. «* =30 cnT''. The parameters used in the calculation

in Ref. 1. were for the 1§ ,Ga gN/Ing o:Gapy o\ laser structure in Ref. 1. The triangle
marks the experimental value @f, from Ref. 1.

from Fig. 3 that the threshold concentration depends on thggnlinear temperature dependence &f, in turn, has a

number of quantum wellll in a nonlinear fashion and tends strong effect on the temperature stability of long-wavelength

to saturate at large values Nf For N>5 the threshold con- |a5ers at high temperaturs.

centration is essentially independent of the number of quan-  The triangle in Fig. 4 corresponds to the experimental

tum wells. Note that the threshold concentration is a morg5jue of the threshold current density for an InGaN laser

abrupt function of the number of quantum welsfor long-  \yith 20 quantum wellg.

wavelength lasers than for an InGaN Iq%%r. o Let us turn now to an analysis of the dependence of the
As our analysis has shown, the main contribution to th&nreshold current densif, on the number of quantum wells

threshold current density of InGaN lasers comes from radiay_ Figure 5 plots the dependence®f on N at T=300 K.

tive rec_ombination processes. Consequently, the thresholdy, actual laser structures the threshold curtBptgrows

current is equal to linearly as the number of quantum wells is incread€d. 5).
Ti=eRyn(Nyp), (22 The'threshold curre.nt,.accordmg Fo gxpressﬁﬁﬁ), is przo—

portional to the radiative recombination ratp, 4= yng,,

where the radiative recombination raf,, is calculated \here.y is the bimolecular recombination coefficient. There-
according to formulg20).

Figure 4 plots the temperature dependence of the thresh-
old current densityZy, for a laser with quantum-well thick-
nessa=25 A. Qualitative and quantitative analysis show
that the radiative recombination reig, depends on the tem- [~
perature according to a power law. Here the main contribu- 8k
tion to the temperature dependenceZgf comes from the ~
temperature dependence of the concentrations of the non-
equilibrium electronsrf) and holes ). It was noted above
that the temperature dependence of the threshold concentra- g
tion is practically linearny,~ T. Consequently, the threshold .
current densityZ, is a weakly nonlinear function of tempera- B4
ture:Z,,~T1"#, whereB<1 (see Fig. 4 An analysis of the =L
temperature dependence &f, was performed for various
degrees of carriers heating= (T.— Ty)/ Ty, whereT, is the
carrier temperature andly is the lattice temperature. Note =
that regardless of the degree of carrier heating, the depen- I T e
dence of the threshold current on temperature remains nearly g 5 10 %5 20
linear sinceB<<1 up toT=400 K and even at higher tem- N
peratures. The “n_e_ar depgn_dence[mfon T S_Igmﬂes a high FIG. 5. Threshold current densiff, versus number of quantum wells for
temperature stability of nitride lasers at high temperaturesy—3op k.a=25 A. a* =30 cmi L. The parameters used in the calculation
For long-wavelength lasera. &1 um) B>1. Therefore, the were for the I Ga, gN/Ing oGay o\ laser structure in Ref. 1.

10
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Thus, an analysis of the dependence of the threshold
% current on the number of quantum wells and their width
- shows that optimal parameters exist, for which the value of
« 73k Zi is minimized. For InGaN lasers the optimum number of
e quantum wells is 5N=<10 since forN>10 the threshold
o i concentrationny, is essentially independent &, and Z,
ol 12[ increases linearly witiN. Therefore, a decrease in the num-
| R ber of quantum wells by a factor of 2 leads to a decrease in
% ml i, by a factor of 2, and a decreaseT leads to a weaken-
N ing of the carrier heating processes and to a suppression of
§ leakage currents.
(s
s 4. CONCLUSION
L i N Y Y A Y W S B In this paper we have carried out a microscopic analysis
20 “ 60 P 60 100 of the threshold characteristics of an InGaN multiguantum

a, A well laser. We have shown that the threshold characteristics

FIG. 6. Threshold current densit;, versus quantum-well widtka for of such a laser depend substantially on the parameters of the

T=300 K. N=20. a* =30 cmi L. The parameters used in the calculation laser structure and on the temperat(see Figs. 2-6 We

were for the 1 ;Gay gN/INg 0sGay o laser structure in Ref. 1. have demonstrated that the threshold current of nitride lasers
has a qualitatively different dependence on the quantum-well
parameters in comparison with long-wavelength lasers. This
analysis makes it possible to optimize the laser structures,

fore, the dependence af, on N is governed by the depen- which is very important for building high-power GaN lasers

dence of both the th'reshold concentration. andn N. The operating at high temperatures.
threshold concentration, falls nonmonotonically aBl rises This work was partially supported by the Russian Fund

(Fig. 3. Consequently, the main contribution to the depen<,, r,nqamental Resear¢Brants No. 96-02-17952 and No.
dence ofZ;, onN comes from the bimolecular recombination 97-02-18151and by the Russian State Program “Physics of

coefficienty, which increases linearly witN. _ Solid-State Nanostructures(Grants No. 97-0003, 97-1035,
In long-wavelength lasers the dependenc&gbn N is and 97-201%

fundamentally different: as the number of quantum walls
rises, the threshold currerf;, at first falls and reaches a
minimum at a certain value df; thenZ, begins to increase
practically linearly withN (Ref. 10.

Figure 6 plots the dependence of the threshold currenmmura’ M. Senoh, S. Nagahama, N. Iwasa, T. Yamada,
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Results of experimental investigations of the transformation of intraband light absorption spectra
by the quantum-well electrons in a transverse electric field are presented. In addition to the
familiar Stark effect, absorption oscillations in the photoionization band are detected. These
oscillations are caused by electron transitions from the ground state in a quantum well to
quasidiscrete levels arising in the continuum of states above the well due to the linear potential
of the external electric field. €998 American Institute of Physi¢&§1063-782308)01707-4

Processes of intraband optical absorption in quantumvere joined together, and the resistance of the sample in a
wells govern the operation of a new class of infrared detecweak field was 150) at T=77 K. The optical and electro-
tors based on nanostructureShe most efficient are photo- optical measurements were all performed at this same tem-
detectors on near-resonant quantum wells, in which one gberature. The comparatively small magnitude of the resis-
the discrete levels is located near the top of the well. Numertance of the structure in a transverse field indicates the
ous papers have been dedicated to a theoretical analysis pfesence of shorting channels in the quantum-size layers.
the intraband optical absorption spectrum of such wells botiConsequently, the transverse field in the structure is not uni-
under equilibrium conditions and in a strong transverse elecform. How the effective intensity of this field was deter-
tric field (see, e.g., Refs. 234Experimental studies of nano- mined will be indicated below.
structures have revealed that the intersubband absorption line Optical radiation was introduced into the structure
undergoes a Stark shift and broadening in strong electrithrough a 45° bevelled end face of the substrate. Thanks to
fields1>® At the same time, quasiperiodic oscillations of the multiple total internal reflections, the total length of the op-
absorption coefficient in the photoionization spectrum of atical path of the light beam through the quantum-size layers
guantum-well, which, as was theoretically predicted in Refwas 17um.

2, should arise in strong transverse electric fields, have not A polarizer was placed in front of the sample. By rotat-
yet been observed experimentally. The aim of the preserihg it, it was possible to excite either aawave (i.e., an
work was to experimentally detect these oscillations. ordinary wave, for which the electric field vector is perpen-

The structure investigated includes fifty GaAs quantumdicular to the optical axis of the structure and, consequently,
wells of widthLy,=5.1 nm separated by M{Ga gAs bar-  parallel to the plane of the quantum welir a p wave (i.e.,
riers of widthLg=25.4 nm, which were grown on a semi- an extraordinary wave, linearly polarized in the orthogonal
insulating GaAs substrate. A simple calculation by thedirection in the quantum-size layers.
effective-mass method in the single-electron approximation The equilibrium spectra of the optical absorption coeffi-
(without allowance for nonparabolicity and collective ef- cient a (in the absence of an external electric fieldere
fects gives two discrete levels for such wells: investigated for both polarizationsef and «) in the range
E,=—174 meV andE,=—4 meV (the energies are mea- hy=130-280 meV. Figure 1 displays the spectral depen-
sured from the top of the well; the depth of the well is dence of the differencer,— a5 which exhibits an intense
|V|=247 meV). Since th&, level is shallow, the quantum absorption peak corresponding to interlevel transitions
well is near-resonant. The electron concentration in the well€;— E, athv~170 meV. The absorption peak is noticeably
is ng=3x10"cm 2. Between the substrate and the asymmetric, its short-wavelength wing being more intense
guantum-size layers there was a doped layer of thickneshanks to the contribution to the absorption from photoion-
0.5um with an electron concentration of ftm 2, on ization, i.e., electron transitions under the action of light
which, after local etching of the quantum-size layers, fourfrom theE; level to the continuum of states above the well.
ohmic point contacts were created at the corners of thén the absence of an external field, photoionization has a
sample(the total area of the sample wax@ mnt). There threshold ahv;=174 meV.
was an analogous doped layer on the free surface of the The electrical measurements were performed in a pulsed
structure, in the central part of which two point contacts wereelectric field in order to avoid heating the sample. To en-
created. The point contacts on each of the conducting layetsance the sensitivity of the measuring circuit, we used a

1063-7826/98/32(7)/3/$15.00 754 © 1998 American Institute of Physics
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* . FIG. 3. Width of the interlevel absorption lin&E(—E,) as a function of

140 160 180 200 220 240 260 280 the transverse potential differenté The transverse field strength in the

hv, meV guantum wells is plotted along the upper horizontal axis. The inset presents
a diagram of the optical transitions for a quantum well located in an external

FIG. 1. Equilibrium optical absorption spectrum of a quantum-well struc- electric field.

ture. The upper inset shows the ray path in the sample and the direction of

the electric field of light waves with andp polarization, and the lower inset

shows an energy level diagram of the optical transitions for a quantum wel

in the absence of an external electric field. l:)and there are adjoining regions of increased absorption, in

which ap(F)>a,(0). This broadening occurs because the
transverse electric field enables electron tunneling from the
synchronous detector. For arwave electro-optical modula- E; level to the above-barrier space. Figure 3 shows how the
tion was absent over the entire spectral range investigatetidth of the interlevel absorption line increases as the trans-
The measured spectral dependence of absorption modulati¢@rse potential difference is increased We=17.5 V. The
for a p wave is shown in Fig. 2. course of the observed dependence is in qualitative agree-
In the spectral regiom»<200 meV the nature of the ment with the calculation in Ref. 2. Referring to the point of
observed modulation spectra corresponds to a Stark shift dfflection on this curve, which corresponds to a field
the E;—E, interlevel absorption line in an electric field, as F* =|E,|/(eLw), we can establish the relationship between
well as its broadening. Line broadening is indicated by thehe magnitude of the effective transverse electric field
fact that an increase in the intensity of the external electrigtrengthF in the structure and the experimentally measured
field F leads to optical bleaching of the samdle,(F) potential differenceJ. The corresponding values &f are
<ap(0)] in the central part of the equilibrium absorption indicated in Fig. 3 along the upper horizontal axis of the

peak v~170 meV), while on either side of the bleaching graph.
From the equilibrium absorption spectrum(0) and the

modulation curvesa,(F)—a,(0) it is possible to recon-

10 ————m——r—— 71— 1 struct the nonequilibrium absorption spectra in a transverse
[ —— F=70 kV/cm | field ap(F). An analysis of the latter demonstrates that the
ceo--  24KkV/em | maximum electric field reached in the experiment
eeeee 12KV/em - (F=70 kVv/cm) corresponds to a Stark shift of the interlevel
o ! absorption line of+ 3 meV. This result is in good agreement
-vg.\*g.-u-3 Aot with the experimental data of Ref. 6.
\ 1 The most important result of the present work, in our
] opinion, is the experimental detection of oscillations in the
i absorption modulation spectra for a transverse field at photon
e : energieshvy>200 meV. In the absence of an electric field,
\\\:,’ ’ weak optical absorption is observed in this spectral region
‘f, | due to optical transitions from the,; level to the continuum
! of states above the well. According to the calculation in Ref.
e o 4 for near-resonant wells, fonv>|E,|+|E,| absorption
n 4 1 M

should decrease monotonically with increasing photon en-
ergy, as was observed in experiméRig. 1). The presence
hv, meV of a transverse electric field leads to a transformation of the

FIG. 2. Spectral curves of the absorption coefficientdguolarized lightin ~ €NErgy spec_trum of the 9|eCtr_0n5 in th? well. DU? FO the
a transverse electric field. linear potential of the external field, a series of quasidiscrete

140 160 180 200 220 240 260 280
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levels appears against the background of the continuum of This work was partially supported by the Russian Fund
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levels of the rectangular well. As a result, peaks correspondd6-02-1796]}, the Russian Fund for Fundamental Research

ing to electron transitions from thie; level to these quasi- together with INTAS(Grant No. 00615i95 the Ministry of

discrete levels appear in the optical absorption spectrum. Th&cience and Technology of the Russian Federatdrant

distance between these peaks grows as the transverse fiéld. 96-1029, Ministry of General and Professional Educa-

strength is increased. tion of Russia(Grant No. 95-0-7.2-159 and a grant within
The inset to Fig. 2 displays the electronic absorptionthe scope of the “Russian Universities” Progranand by

spectra in the photoionization band far from the interlevelthe State Directed Program “Integratior{Project No. 75.

absorption line. For a fixed field the electronic absorption

changes sign quasiperiodically. As the external field strengthg_maivadim@phscs.stu.neva.ru

F is increased, the energy interval between the zeros on the

modulation curve increase; monotonically, in qualitativemne’ 3. Appl. Physz4, R1 (1993,
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Variation of the absorption coefficient and refractive index of a system of tunnel-coupled
GaAs/AlGaAs quantum wells in a longitudinal electric field is discovered and investigated

in the spectral region corresponding to intersubband electron transitions. The phenomena observed
are explained by electron heating in the electric field and electron transfer in physical space.

The equilibrium absorption spectra at lattice temperatures of 80 and 295 K are presented.

© 1998 American Institute of Physidss1063-782@08)01807-9

INTRODUCTION efficient and refractive index by electron heating in a longi-
tudinal electric field in a specially designed system of tunnel-
The wavelengths corresponding to intersubbdnd., coupled GaAs/AlGaAs quantum wells.
taking place within the valence band or conduction band
transitions in quantum wells of semiconductor heterostruc-
tures usually lie in the middle and far infrar¢dR) regions  SAMPLES
(A>5um). Changes in the design of the quantum wells

lead to changes in the energy spectrum, making it possible to For these studies, we developed and grew a structure
g gy sp ! gitpos containing 150 pairs of tunnel-coupled GaAstBk _,As
study new phenomena and build opto-electronic devices o

) o X i auantum wells(QW’s) separated by tunnel-opaque barriers
intersubband transitions that operate in a prescribed spectrghy ., in width. The potential profile and energy levels in the
range. A classical example of the application of intersubbangantum wells are shown in Fig. 1. The structure parameters
transitions in optics is photodetectors in the middle infraredyere chosen so that the distance betweersthand &3 lev-
region’ One of the significant advances in the optics of in-els would correspond to the energy of a £@ser photon
tersubband transitions is the development of the quantumand the distance,—e; would be less than the energy of an
cascade lasérwhich has made it possible to substantially optical phonorfi wy=37 meV. Part of the barrier was doped
advance the wavelength of semiconductor lasers into thith silicon, which reduced the effect of impurity scattering
long-wavelength region. The latest development in the techon the electron mobility in the quantum wells, and the sur-
nology of intersubband lasers is the “fountain” laser with faCe €lectron concentration wag=>5X 10" cm2.

optical pumping® Intersubband transitions of electrons in We _note the_followmg features Of. the s_tructure. The
. . tates with energies; and e, are genetically linked to the
guantum wells are also used to modulate the intensity of.

L . rst, deeper quantum well, while the states with energies
radiation transmitted through the structure. Modulators baseénds3 are due to the presence of the second, wider quantum

on a pair of tunnel-coupled quantum wells operating on the, o This causes, in particular, the wave function of the first
effects of spatial electron transfer between wells in a transggate to be localized mainly within the first well and the wave
verse(directed along the growth axis of the structuedec-  fynction of the second state to be localized in the second well
tric field are well knowrf: The modulation of light on inter-  (see Fig. 1 In addition, the values of the optical matrix
subband transitions in simple rectangular quantum wells blélements|Mik|2=|f‘lf§ p,¥:dz?, which specify the prob-
electron heating in a longitudinal electric field applied in theapilities of optical transitions between tiga andkth levels,
plane of the nanolayers has also been investigate@he differ strongly. The largest contribution to the intersubband
present work examines the modulation of the absorption coabsorption comes from transitions between neighboring

1063-7826/98/32(7)/5/$15.00 757 © 1998 American Institute of Physics
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x: 0.42 0 042 0.1 condition e,—e1<fhwg, which lowers the probability of
- 1 electrons scattering from the second subband back to the first
4 = 316 meV with emission of an optical phonon. The space charge arising
________ . upon selective doping modifies the above picture somewhat.
by E3 = 235 meV More will be said about this below.
-------- -- £, = 120 meV
£,=88 St BEEEEEEEEEEE
meV
— a
5nm 2 nm 8.3 nm EXPERIMENTAL TECHNIQUE

Electro-optical measurements were performed at
To=280 K. The electric field was applied in the plane of the
layers of the quantum-size structure with the help of gold
ohmic contacts deposited on the end faces of the wafer. The
duration of the electric field pulse was 200 ns. Optical radia-
tion was introduced into the structure through the bevelled
FIG. 1. a — Potential profile of the structure inves_tigated and_calculateqatera| edges of the wafer and underwent a series of internal
energy levels in that structurb — electron wave functions at the first three . .. . .
energy levels. reflections in it. Such a geometry made it possible to study

absorption and refraction of bots and p-polarized light

(see Fig. 2 A diagram of the electro-optical measurements
levels genetically linked with the same quantum well:is shown in Fig. 2. The changes in the absorption of
[M14?=0.16,|M,4%=1, |M,/?=0.89, |M,,|>=0.0062(in  CO,-laser radiation ath=10.6um were investigated. The
arbitrary unitg. polarization vector of the incident radiatiog, formed an

The physics of the modulation of the absorption coeffi-anglea=45° with thex axis so that the incident wave con-
cient in a longitudinal electric field in such a structure can betained boths (e, |OX) andp (e,L OX) polarizations. The
described as follows. At the lattice temperatlige=77 K all  changes in the absorption of light by the quantum-size struc-
the electrons are concentrated at the first energy leyel ture in a longitudinal electric field were recorded by a
The longitudinal electric field heats the electrons and thereb¥e/Hg) photodetector at analyzer azimuthal angfgs0°
fills higher-lying states of this levelsubbang As a result, (s-polarization and 90° @-polarizatior). Along with the
electron transitions to the second subbandbecome pos- amplitude modulation, we also measured the phase modula-
sible as a consequence of phonon or impurity scattering. Thiton due to anisotropic changes in the refractive index of the
resulting increase in the electron concentration in the seconstructure in an electric field. Information about the phase
subband leads to the appearancéanfa substantial increase shift between thes and p components of the light wave
in) absorption ore,— g4 transitions. Increase in the absorp- could be obtained by measuring the output signal at other
tion coefficienta,s is also facilitated by satisfaction of the values ofB: 0<B<90°.

B photodetector

] 7/%200"5

[

S RV

o FIG. 2. Diagram of the electro-

optical measurements, polarization

directions, and ray path in the
sample.

analyzer

Cg?-ltaser polarizator
radiation e

hv = 117 meV
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FIG. 4. Absorption coefficient op-polarized light as a function of the

FIG. 3. Equilibrium absorption spectra. o o
longitudinal electric field strengtil=80 K. A=10.6 um.

EXPERIMENTAL RESULTS AND DISCUSSION
c( Aa(w)dw’

With the aim of refining the structure parameters and An:|A(np_ns)|:;J — V% 2 (€N
positions of the energy levels, we investigated the equilib-
rium spectra of the absorption coefficient. The results fortwo  Figure 5 plots the experimentally determined depen-
lattice temperatures are shown in Fig. 3. The spectra consisience ofAn on the electric field strength. The behavior of
of two pronounced absorption bands. The spectral positionthis curve is similar to that oA a,(E).
of the bands allows us to link the long-wavelength band with  Let us discuss the nature of the dependences observed.
the 1—3 and2—3 transitions and the short-wavelength bandThe structures investigated were selectively doped. The
with the 1—4 and2—4 transitions, the peaks corresponding quantum-well potential is distorted as a consequence of the
to the transitions from levels and 2 having coalesced. We appearance of a space charge field due to electrons localized
explain the temperature dependence of the band intensities Bsthe quantum wells and impurity ions found in the barrier.
follows. At 80 K the electrons are concentrated mainly at theThe exact potential distribution in space can be obtained
first size-quantization leved,. As the temperature rises, fill- from the self-consistent solution of the Schimger and
ing of the second levet, takes place. However, because Poisson equations. In this paper we confine ourselves to a
M ,3>M 1, even an insignificant increase in the electron con-qualitative discussion. The general form of the quantum-well
centration at the second level with increasing temperaturpotential allowing for space-charge effects is shown in Fig.
leads to a considerable increase in absorption. Since absorp-
tion in the second band is governed almost entirely by elec-
trons of the first level 1, M,,), a small decrease in the

0w

electron concentration at this level in response to an increase 8-107°f "
in the temperature has only a weak effect on the absorption
intensity in the second band.

Figure 4 plots the dependence of the absorption coeffi- _6-107't
cient of the structure on the longitudinal electric field t';
strength. As expected, changes in absorption are observed &
only for the p-polarized radiation, which is active for optical w4107
. " . . 2
intersubband transitions. The modulation curve consists of <=

two parts: growth in relatively weak electric fields and an
insignificant falloff in the high-field region. 2-10"
By virtue of the selection rules for the polarization of the
incident radiation, the quantum wells have a strong optical
anisotropy in the spectral region corresponding to intersub- , \ \ L .
band transitions. As a consequence, even in the absence of an 0 1700 200 300 400 500 600
electric field the refractive indices for the and p waves E, V/em
.dlfffél’. In an eIeCtrlc field this difference in the, refractive FIG. 5. Difference between the refractive indices ssfand p-polarized
indices varies. This phenomenon can be explained, for eXgnt as a function of the longitudinal electric field strengff=80 K.
ample, with the help of the Kramers—Kronig relation A=10.6m.




760 Semiconductors 32 (7), July 1998 Vorob'ev et al.

a 55000_ b and this redistribution corresponds to a decrease in space
“’E [ e, charge. The distortion of the potential decreases, causing lev-
e\“ - N els2 and3 to begin to return to the positions dictated by the
1 e, ++ :»?3000_ square-well potential. The positions of subbadsnd 3 in
- ¢ 2 1000h an electric field are depicted in Fig. 6 by the dot-dashed line.
3 : Such a shift of thes, level in an electric field lowers the

0 200 600 7000 fraction of active electrons of this level contributing to ab-
£, V/em sorption. Indeed, contributions to tlsg— e5 absorption are
made almost entirely by electrons with energies less than the
energy level of an optical phonabw,. Because of strong
scattering with emission of an optical phonon and transition
of an electron back to the first band, the number of electrons
with energys ># wg is small. As an illustration, Fig. 6 shows
the qualitative form of the nonequilibrium distribution func-
tion f(e), which falls abruptly at energies>%w,.? The
decrease of the fraction of light-absorbing electrons leads to
a diminution of the increase in the absorption coefficient
hy with the field. In addition, in strong fields stronger heating of
the electrons in the second subband in comparison with the
first is manifested. This is due to a relative weakening of the
role of scattering on imperfections of the interfaces in the
second, wider well. An increase in the mean energy in the
second subband leads to intense scattering with emission of
optical phonons upon the transition of electrons back to the
first subband, which in turn leads to saturation and even a
small falloff of absorption in a strong electric fieldee Fig.
4). Confirmation of the role of electron transfer in physical
FIG. 6. lllustration of the proposed model of the observed phenomena: a —space in the phenomena considered here is provided by the
dependence of the potential with allowance for the space ehdog— plot behavior of the electron mobility in a strong field shown in
of the .mot_)ility as a function of the electric field stren;gd_h— heating ar_ld Fig. 6. The small value of the mobility in weak fields is
redistribution of electrons between subbands 1 and 2 in an electricHield . L . . . .
explained by significant scattering by interface imperfections
when the electrons are localized in the first, relatively narrow

6. The distortion of the potential relief lowers the energies ofjuantum well. As the field is increased, filling of the states of
the £, and 5 levels and narrows the energy distance be-subband takes place, electrons are partially localized in the
tween thes, ande, levels. The convergence of these levelssecond, wider well, in which scattering at the interface is
to energies of the order of 10 meV can possibly explain thgelatively weak, and the mobility begins to grow. In strong
coalescence of the—3 peak with the2—3 peak and of the fields the above-described mechanisms for the reflux of elec-
1—4 peak with the2—4 peak in the equilibrium absorption trons into the first subband step into action, and the mobility
spectra(see Fig. 3. begins to fall.

Let us consider the phenomena arising in a heating elec- We note that electron—electron scattering betweer the
tric field. In the absence of a field the electrons are found irfinde, subbands is greatly weakened as a result of the spatial
the first levele, and are spatially localized in the first quan- Separation of the electrons in these subbands. Therefore, the
tum well. Heating of the electrons by the electric field leadsmean energies and distribution functions of the electrons in
to an increase in their mean energy. As a consequence #iese levelgsubbandscan be different.
scattering by acoustic phonons, impurities, and bumps on the
interfaces, electrons pass from the f|_rst S|ze-quant|zat|on sut():-ON CLUSION
band to the second size-quantization subband, causing an
increase in the absorption coefficient on #ge—e5 transi- We have examined the optical properties of tunnel-
tions. This process is depicted schematically in Fig. 6. Fillingcoupled quantum wells governed by intersubband transitions
of the second subband in an electric field explains the growtlof electrons in a longitudinal electric field. Modulation of the
segment of the absorption coefficient in Fig. 4. But alongabsorption coefficient and refractive index in an electric field
with the mechanism providing for an increase in the absorphas been detected and explained on the basis of a model of
tion coefficient, competing factors also begin to be mani-heating and spatial electron transfer.
fested in strong fields. As was already mentioned, electrons This work was partially supported by the Russian Fund
occupying the second energy level are localized to a signififor Fundamental ResearctGrant No. 96-02-17404 the
cant degree in the second quantum well, whereas electrofgussian Fund for Fundamental Research in conjunction with
with energye; are found in the first quantum well. Thus, as INTAS (Grant No. 00615i9% the Ministry of Science and
the electrons undergo transitions from the first to the second@echnology of the Russian Federati@Brant No. 96-1028
level in an electric field, they redistribute in physical spacethe State Directed Program “Integratior(Project No. 75,

ka,
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Light absorption is investigated in aperiodic PbS/C Fibonacci and Thue—Morse superlattices at
room temperature for two orientations of the light wave electric field. In the first case the

electric field vector is directed parallel to the plane of the superlattice. In the second case there is
a component perpendicular to the plane of the superlattice. Light absorption is investigated

in an external electric field directed along the axis of the superlattice19@8 American Institute

of Physics[S1063-78208)01907-3

A characteristic feature of aperiodic superlattices is thethickness and a layer of lead sulfide 114 or 57 A thick. The
form of the energy spectrum of electrons, holes, phononsPbS layers had-type conductivity.
and other collective excitations. Superlattices based on hier- The optical properties of the superlattices were investi-
archical structures continue to attract the attention ofgated at room temperature. As ellipsometric measurements
researchefs as objects which have an energy spectrum conshowed, the extinction coefficient for=0.6328um had a
structed using the principles of Cantor sets. The formation o¥alue of 1.2 for a periodic PbS/C lattice and 1.3 for Fi-
the energy spectrum in aperiodic superlattices is governed byonacci and Thue—Morse lattices with similar values of the

of the choice of alternation of layers of different thickness orlayer thickness. This indicates different absorption in peri-
of different composition. odic and aperiodic superlattices and, consequently, energy

Thus it is possible to assign the required form of thespectra of different structure. We also investigated the trans-

energy spectrum during fabrication of the lattice. Among themission spectra of the superlattices in the region of photon
various forms of superlattices, structures in which the alter®nergies 3 eV. Steps associated with transitions between

nation of layers obeys definite laws, viz., Fibonacci lattices SPatial-quantization levels, which are typical for superlat-

Thue—Morse lattices, Rudin—Shapiro lattices, and their gent_lces, are clearly visible in the transmission spectra as a func-

eralizations, have been the focus of special attention. Fit'?n of photgnhePeLgy.dThgnI;stho Thi nogparapohcﬂy of 'thed
bonacci superlattices are a one-dimensional analog of a qug-fsﬁt:on a? obe t\/\?n s n i ' t'lg tla slor_ptlor assom%tle
sicrystal and, in this regard, can serve as a model object f Ith transitions between guantization 1evels IS aiso possible

. or normal incidence of light on the surface of the lattices,
studying the electron and phonon energy spethiawever,

o . . . . s . . where the electric field vector is parallel to the superlattice
aperiodic lattices, in their own right, exhibit interesting opti- P P

cal and electrical properties, which can be studied both theol-ayer' The nature of light absorption is different for the com-

: : . . onents of the electric field vector of the light wave that are
retically*® and experimentall§~8 From the practical point of b g

. h b d to desi terials with %arallel and perpendicular to the superlattice layers. To study
View, they can be used to design matenals with an energy, o affect of the parallel and perpendicular components of
spectrum of prescribed structure, in particular for opto-

. e . - the electric field vector, we investigated the transmission of
electronic applications. In this context, a study of the Opt'calnormally incident light and of polarized light incident at a

properties of aperiodic superlattices and the influence of apg. angle. In the latter case the electric field vector has a
electric field on them is of interest. The present study eXtomponent perpendicular to the superlattice plane. As re-
plores the transmission of polarized and unpolarized light by,ealed by measurements of the polarized-light transmission
Fibonacci and Thue-Morse superlattices. The effect of apectra, the absorption increases with the perpendicular com-
electric field applied along the growth axis of the superlatticeyonent of the electric field vector.
is also examined. Figure 1a shows the spectrum of the difference between
The structures were prepared by pulsed laser depositiofhe incident and transmitted light fluxes €I) (T is the
on glass, quartz, and silicon substrates in vacuum. A sempptical transmittandeas a function of the photon energy
transparent layer of silver was deposited on the insulatingor a Fibonacci lattice with normal incidence of unpolarized
substrate before preparation of the superlattice and on thgyht (curvel) and polarized light having a component of the
surface of the superlattice after its deposition. electric field vector perpendicular to the superlattice plane
These silver layers served as electrical contacts to thécurve 2). Figure 1b shows the analogous spectra for a
superlattice. The lattices contained 20 pairs of layers, eaciihue—Morse lattice. As can be seen from Fig. 1a, for the
pair consisting of a layer of diamondlike carbon abBW in absorption of light having a perpendicular component of the

1063-7826/98/32(7)/3/$15.00 762 © 1998 American Institute of Physics
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0.51 FIG. 2. Difference between the incident and transmitted light fluxes (1
2 —T) in relative units as a function of photon energyfor a Thue—Morse
lattice. External voltage applied perpendicular to the superlattice layers:

2047 U=0 (1) and 3V(2).
E 1

B
< 0.3F
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. Application of an electric field parallel to the superlattice
™~ 0.2l axis induces changes in the energy spectrum. As was shown
v in Ref. 9, application of an electric field breaks down the

0.1} strict hierarchy of levels and, if the bias is large enough

’ (greater than 0.4 )/ causes the gap between the levels of the
higher hierarchy to disappear. Our measurements show that

0= 7% 77 74 73 20 =27 inFibonacci lattices absorption grows in an electric field. In

E, eV Thue—Morse lattices absorption in the region 1.55

FIG. 1. Difference between the incident and transmitted light quxes_Z'06 ?V causes an Ir.lcrease ora (.jecrease I.n transparency,
(1-T) in relative units as a function of photon enerByfor a Fibonacci dEpend'ng on the p0|a”ty of the apphed voltdﬂﬂg. 2), and
lattice (a) and a Thue—Morse lattiog): 1 — normal incidence of unpolar-  in the region 1.075 1.13 eV bleaching is observed for nor-
ized light (the electric field vector of the light wave is parallel to the super- mal incidence, while the absorption grows for any polarity
lattice plang, 2 — linearly polarized light incident at a 45° angle to the \yhan the electric field vector of the light wave has a perpen-
superlattice p_Ianéthe electric field yector of the light wave has a compo- dicular com t Hyst is of th tical t itt .
nent perpendicular to the superlattice plane ponent. Hysteresis or the optical transmittance in
an electric field was observed earlier in Fibonacci super-
lattices®

o ) ) ) ] Thus, aperiodic superlattices possess a variety of optical
electric field vector an absorption region appears in the inynq electro-optical properties that can be used in opto-
terval 1.52-1.68 eV. The second feature is associated Withs|ectronic devices.
a decrease in absorption in the region of photon energies This work was supported by the State Directed Program
greater than 1.8 eV. In the Thue—Morse lattices regions Of‘lntegration” (Project No. 7% and the Russian Foundation
absorption appear in the intervals 1-67.69, 1.75-1.82, ¢,/ Basic ResearchGrant No. 96-02-17200
and 1.88-1.97 eV when the electric field vector of the light
wave has a perpendicular component.

Electron transitions associated with light absorption in._ ... SmMUS@twonet.stu.neva.ru
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Atomic-force microscopyAFM) is used to study InAs quantum-dot structures grown by
molecular-beam epitax¢MBE) on vicinal GaA$001) surfaces misoriented in tH@10] direction

by 1, 2, 4, and 6°. It is shown for a chosen misorientation direction that a vicinal @&8s

surface is covered with a network of stepped terraces. The thickening of the network of terraces
with increasing misorientation angle leads to the suppression of adatom surface diffusion

and makes it possible to achieve higher densities and more uniform ensembles of quantum dots,
while simultaneously decreasing the probability of their coalescencel9€8 American

Institute of Physics.S1063-78268)02007-9

Realization of the unique electronic properties of semi-cal broadening of the quantum-dot size distribution
conductor quantum dotQD) due to thed-like energy de- function® The data just considered are indicative of the de-
pendence of the density of electron states for quantum dotsisive role of surface adatom diffusion in the process of
requires the creation of dense arrays of uniform quantunguantum-dot formation. Increasing the substrate temperature
dots! Traditional methods for preparing semiconductorincreases the surface diffusion length and this leads to an

nanostructures based on lithography followed by etching, unincrease in the size of the InAs quantum dots and a decrease
fortunately, do not provide sufficiently uniform ensembles ofin their density?

quantum dots. The use of such methods also produces de- Qshinowoet al.” examined the influence of the misori-

fects on the interfaces in the structures. For this reason, @ntation angle of the GaAB01) substrate in th¢111B] di-
method for obtaining quantum dots directly during heteroepiyection on the size distribution function of InGaAs quantum
taxial growth of lattice-mismatched semiconductors via thejots. They found that increasing the misorientation angle
Stranski—Krastanow mechanism has attracted wide atteR;om 0° to 41° leads to a decrease in the size of the quantum
tion” The stresses arising due to lattice mismatch lead 10 @ots and an increase in their density. They attributed these
shift in the growth mode from two-dimensional to three- roqts to the fact that an increase in the misorientation angle
dimensional. The increase in the energy of the system caus%iads to an increase in the density of growth steps on the

]E)y thet. mec?e:jmclzal stt_res?es IS part|allty com;l)en_sielteg bY t"H?ﬂsoriented surfaces and, as a consequence, to a decrease in
ormation of dislocation-free nanometer-scale islands, i.e.q . <\ face diffusion length,

guantum dots. For one of the most thoroughly studied sys- Among the possible misorientation directions of a

tems, viz., INAs/GaA®01), the critical InAs layer thickness GaA<001) surface, thd010] direction is of special interest.

lfg;etg? transition to island growth is roughly 1.5 mono- On a misoriented vicinal surface of this kind there should be

A number of studi€s® have examined in detail the St€PS distributed in two directions, viZ.110] and [110]
effect of the main growth parameters for molecular-beanfR€f- 8. The intersection of these steps can form a network
epitaxy(MBE) on the density and size of InAs quantum dots.Of terraces of specific configuration on the surface, as de-
It has been shown that an increase in the thickness of theicted in Fig. 1a. Ploog and Dawefithave suggested that
InAs coating deposited leads to increases in the size angtich vicinal surfaces be used to create an ordered distribu-
density of the quantum dots. Varying the flux ratio of the 11I- tion of dopant atoms or submonolayer InAs islands. They
and V-group elements, as well as the substrate temperaturghowed that an ordered distribution is possible thanks to the
also affects these parameters and permits control of the defreferential incorporation of adatoms at corners of the ter-
sity of quantum-dot arrays in the concentration rangeaces.

10°—10" cm? (Refs. 4 and 5 The formation of The present study addresses the effect of the misorienta-
InAs quantum-dot arrays with a density greater thantion of a GaA$001) surface in the[010] direction on the

3x 10 cm~2 on a correctly oriented GaA801) surface is dimensions, distribution, and density of InAs quantum wells
accompanied, as a rule, by coalescence of a noticeable nugrown by MBE. A study of the growth of quantum wells on
ber of quantum dots into large islands, which leads to a radisuch vicinal surfaces is of interest for the following reason.

1063-7826/98/32(7)/5/$15.00 765 © 1998 American Institute of Physics
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a errors in the determination of the InAs growth rate did not
exceed 5%.

The surface structure of the samples was investigated by
atomic-force microscopyAFM). Surface images were ob-
tained at room temperature by scanning in the constant-force
regime(contact modg The spatial resolution achieved using
a SiN, tip of radiusR<300 A mounted on a V-shaped can-
tilever allowed reliable observation even of monoatomic sur-
face steps and was consequently sufficient for detecting and
characterizing much larger objects such as quantum dots.

Figure 2 shows AFM images of vicinal surfaces with a
1.8-ML thick InAs coating. As expected, the surfaces were
broken up into atomically smooth terraces, some of which
were joined by gateways. Increasing the misorientation angle
led to an increase in the linear density of the terraces and a
decrease in their width. The mean terrace widths were, re-
spectively, 500 A for 1°, 360 A for 2°, and 250 A for 6°.
These values are considerably larger than the dimensions of
the terraces calculated under the assumption that the step
height is one monolayer. The observed differences are ex-
plained by the well-known phenomenon of step-bunching,
which increases with increasing misorientation artgl&n
FIG. 1. Schematic representation of the structure of a vicinal @085  analysis of the AFM image in Fig. 2 showed that in our case
surface misoriented in t{@01] direction a — idea) b — actually expected.  the mean terrace height rises with increasing misorientation
angle from 2—3 ML for 1° to roughly 10 ML for 6°.

An InAs coating thickness of 1.8 ML corresponds to the

According to the model of Takurat alX° there are energy . ) ,
barriers in the surface potential to diffusing adatoms on th/€"Y onset of island growth via the Stranski—Krastanow

step boundaries. These barriers should inhibit the diffusiof&chanism. Indeed, only isolated, sparse (juantumo dots are
of adatoms from one terrace to another. The ideal form of £0Served on the surface of samples with 0° and 1° misori-
vicinal surface depicted in Fig. 1a, on which each terrace jentations. It is interesting to note here that a further increase

bounded on four sides Ht10] and[110] steps, is a limiting in the misorientation angle leads to the disappearance of
case and difficult to realize. In reality, the high probability of

even these quantum dots. An examination of the AFM im-
the escape of atoms from the external corners of the terrac@%es and the height profile of the quantum dqts in Fig. 2
should lead to rounding of the corners and, as a result, to JIOWS that the quantum dots are located primarily on terrace
partial merging of the terraces, as depicted schematically i

ﬁdges adjoining higher-lying terraces. Such an arrangement
Fig. 1b. We presume that the diffusion of adatoms betweelﬁ’f the quantum dots corresponds to the picture of favored
terraces, even those joined by gateways, will, as in the pr

dncorporation of adsorbed atoms on breaks in higher-lying
vious case, be hindered. In this case, the growth of the quarfteP

£,12

tum dot at each site will occur primarily because of material  Figure 3 shows AFM images of vicinal surfaces with a
deposited on the same terrace. Obviously, such diffusioflickness of the InAs coating equal to 3 ML. A large number

blocking should lead to changes in the density, dimensionf INAs quantum dots are observed on the surfaces, whose
and uniformity of the ensemble of quantum dots. density grows and whose size decreases with increase in the

We grew InAs layers 1.8 and 3 monolayeifdL) in misorientation angle. Also present on the surfaces are large
thickness by MBE on GaA601) surfaces misoriented in the InAs islands, formed as a result of the coalescence of InAs
[010] direction by 0, 1, 2, 4, and 6°. The comparatively quantum dots. However, their number falls dramatically with
small range of variation of the misorientation angles waghcrease in the misorientation angle, and on the surface with
chosen so that the surfaces would differ from one anothef® Misorientation there are scarcely any large InAs islands.
only in growth-step density without qualitative variation of The histograms of the quantum-dot height distributions
the surface morphology caused by the approach to new sirghown in Fig. 4 show that the mean height of the InAs quan-
gular faces. Each epitaxy process was performed simultdum dots varies from 34 A for 0° to 20 A for 6°. The spread
neously on all surfaces with the misorientation angles choin the height drops fromt15% to +10%, respectively.
sen. To create a uniform network of terraces, a GaAs buffeBince it is not possible to make out steps under the quantum
layer was grown in the “step-flow” regime before epitaxy of dots due to their dense coverage of the surface, the height of
the InAs layer was begun. Growth was carried out on arthe quantum dots was measured relative to the mean surface
MBE TsNA-4 system. The conditions of the transition to theheight. Thus, the effective height of a quantum dot in an
step-flow growth regime were determined by high-energyAFM image is equal to the sum of the actual height of the
electron diffraction(HEED). An InAs growth rate of order quantum dot plus the height of the terrace under it, which
0.15 ML/s was calibrated from the HEED oscillations. Theitself has a spread of values as a consequence of step bunch-
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FIG. 2. AFM images (508500 nm) of vicinal
GaAg001) surfaces. The surfaces are covered with a
layer of InAs of thickness 1.8 ML. Misorientation angles
of the GaAs surface,deg — 0,b—1,c—2,d — 6.
Figure 2e shows a surface profile corresponding to the
line segmentb—b’ in Fig. 2b. The arrows in the re-
touched part of Fig. 2d point to individual constrictions
between terraces.

1
0 150 300
Z, M

ing. Therefore, the spread in the height of the InAs quantunthe growth of a quantum dot is mediated by atoms adsorbed
dots actually achieved is less tharl0%. on an area of radiuR=<L, whereL is the effective surface

We attribute the observed variations in the density of thediffusion length of the adatoms. The adatom concentration
guantum dots and in their size distribution, as well as thenear a quantum dot is a function of the incident flux, sub-
absence of large islands on the vicinal surfaces, to the supstrate temperature, and radius of the quantumtditin the
pression of indium adatom diffusion as a result of the ter~icinity of a quantum dot of radiuR there is a second quan-
raced structure of such surfaces. The large magnitude of them dot, then the competition between them can lead to ab-
effect is noteworthy. A misorientation of the Ga@61) sur-  sorption of the dot of smaller radius, i.e., to coalescence.
face in the[010] direction by only 2° essentially suppresses Since the potential barriers on the terrace edges impede the
the coalescence of quantum dots and radically increases thgirmping of adatoms from one terrace to another in our case,
density. The character of the breakup of the surface intave considered the coalescence of neighboring quantum dots
terraces, as can be seen from Fig. 2, would seem to leawanly as a result of the motion of atoms through the gateways
open the possibility of adatom diffusion along the stepgoining the terrace§see Fig. 5. In this approximation we
through the gateways joining individual terraces. simulated the motion of the adatoms by the Monte-Carlo

In order to get an idea of the possible role of adatommethod and determined the number of adatenghich be-
diffusion along the steps, we estimate the coalescence rate gan to move on the edge of one quantum dot and reached the
the quantum dots located on neighboring terraces. In generadge of a neighboring quantum dot per unit time. Obviously,
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FIG. 3. AFM images of vicinal GaA801) surfaces cov-
ered with a layer of InAs of thickness 3 ML. Misorienta-
tion angles of the GaAs surface, deg. — 0, b — 1,
c—2,d—6.
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the value ofv determined in this way is the maximum rate of

material transfer from one quantum dot to another and, ac-
cordingly, the maximum rate of coalescence. Such a one-
way type of transfer corresponds to the situation when the

50 a radius of the first quantum d&, is much smaller than that
5 of the secondR,. Figure 6 plots the ratio of the maximum
0 ,_ﬂ'l- \ ! coalescence ratey (for terraces with the gateway width
to the maximum coalescence rat@O (for terraces without
[ 1M b any constrictionas a function of the relative gateway width
w0k d/dy (dg is the diameter of the quantum gloincreasing
| A the constriction retards the coalescence process, and for
d/dy=0.5 the maximum coalescence rate is cut roughly in
sr | half. The linear nature of the dependence for this model in
| essence reflects the fact that the magnitude of the diffusion
=2 g al ] flux from dot to dot is directly proportional to the gateway
_ width. Allowance for the reverse diffusion flux from the sec-
150 i c ond quantum dot to the first, as well as the actual ratio of the
100 |-
50
. ]
g 50 o 100
4,A

FIG. 4. Histograms of the height distribution of InAs quantum dadtsg the
heighy for vicinal GaAs surfaces with misorientation angles in degrees:FIG. 5. Model of connecting terraces used in the calculatbr:- quantum
a—0,b— 2, c— 6N — number of dots. dot, A — gateway between terraces.
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The optical alignment of hot electrons and its destruction in a magnetic field under conditions
when electron scattering by neutral acceptors plays a large role is investigated. This

makes it possible to determine the probability of the scattering of hot electrons from an initial
photoexcited state, as well as the times characterizing the energy and momentum
relaxation of hot electrons on scattering by neutral acceptors. The experimental results are
compared with calculations. @998 American Institute of Physids$1063-78208)02107-3

1. INTRODUCTION The paper is organized as follows. A description of the
samples and measurement method is given in Sec. 1. A the-
The observation of the optical alignment of the momenteoretical analysis, which makes it possible to express the mea-
of hot photoexcited electrons and its variation in a magnetiGured quantities in terms of the times characterizing the re-
field makes it possible to measure directly the times charadaxation of the momentum distribution of hot electrons in a
terizing the relaxation of hot electrons with respect to theguantum well, is given in Sec. 2. The experimental results
magnitude and direction of their quasimomentum. Thisand their discussion are contained in Secs. 3 and 4, respec-
method is based on the fact that under excitation by linearlyively. An approximate calculation of the cross sections for
polarized light the quasimomentum distribution of photoex-the relaxation of hot electrons on acceptors in a quantum
cited electrons is anisotropic in a plane perpendicular to thevell is given in the Appendix.
exciting beam. In GaAs-type crystals, if the warping of the
valence band is neglected, this anisotropy is characterized by
fche .existence of a prefergntial z.ixis associated yvith the pqla&-_ SAMPLES AND MEASUREMENT METHOD
ization plane of the exciting light. In turn, this results in
linear polarization of the hot photoluminesceriefPL). The The GaAs/AlAs quantum well structures were grown by
degree of polarization of the HPL and its dependence on themolecular-beam epitaxy 01100 GaAs substrates. They
magnetic field and luminescence photon energy directly reeonsisted of 70 periods with 50 A wide wells and 100
flect the relaxation of the momentum distribution of the pho-A wide barriers. The wells were doped with beryllium as an
toexcited electron$.* acceptor impurity in the rangex310t'—5x10® cm 3 in a
In lightly and moderately doped GaAs crystals with ac-20 A wide region at the center. Bulk Am thick GaAs:Be
ceptor density less tharnx@10'” cm™ 2 hot electrons are scat- films were grown by the same method.
tered predominantly by longitudinal optical phondnén The free-hole density at room and higher temperatures
additional mechanism arises in crystals with a higher accepright up to 430 K was found from Hall measurements. Since
tor density — scattering by neutral acceptors accompaniethe density remained constant in the range 300-430 K, it
by their excitation and ionizatioh. could be assumed that all acceptors are ionized, and the free-
An extension of the optical alignment method to quan-hole density at 300 K could be taken as the density of neutral
tum well structures was first made in Ref(€ee the review acceptors at liquid-helium temperatures. The measured val-
in Ref. 6. In moderately doped GaAs/AlAs quantum well ues of the densities are presented in Table I.
(QW) structures, the phonon scattering of hot two- The scattering probability was measured by a method
dimensional electrons exhibits specific features which distinbased on an investigation of the photoluminescence of hot
guish it from the bulk cas&:® Phonon scattering occurs carriers(or hot photoluminescence, HP&Nd its polarization
mainly by quantizedconfined GaAs phonons and interface characteristics in a magnetic field. We previously developed
AlAs-type phonons. this method for the purpose of investigating the dynamics of
The present paper explores the scattering of hot electrortsot electrons, and it has been recently used successfully to
by shallow acceptors in QW structures and compares thivestigate the electron-phonon interaction in quantum
results with the bulk case. Some of these results were pulwells®® The essence of the method is as follows. Electrons
lished earlier in Ref. 10. Here we present the results of inare excited by a cw laser with low pump power into a high-
vestigations of the scattering of hot electrons with energiegnergy state in the first size-quantization electronic subband.
0.16-0.3 eV in GaAS0 A)/AIAs(100 A) QW structures They recombine with holes localized on acceptors both from
doped with beryllium as an acceptor impurity in the rangethe initial excited state with energy, and during energy
3Xx10'—5x 10" cm 3. The experimental results are com- relaxation in the first electronic subband. The photolumines-
pared with a theoretical model. cence of hot electrons is partially linearly polarized as a re-
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TABLE I. Hole density in samples at=300 K. relaxation timer, .! In the case of a quantum well this is not
Samples Sample No, Hole density SO, andr,, is substantially different fromr, (see the Appen-
p’1018 cm™3 dIX).

The spectral dependence of the linear polarization in the
gg‘?\'/“‘ig'(f‘;: Be 1-261 03 absence of a magnetic field is determined by the rate of de-
GaAs/AlAs  Be 424 08 struction of the anisotropy of the momentum distribution in
50 A/100 A the course of energy relaxatigwhich occurs with timer,).
~— 452 1.4 Isotropization of the momentum distribution decreases the
= 812 4.6 linear polarization of the HPL. This decrease can be approxi-
GaAs: Be 652968 10-69 mated by the expression
GaAs : Cd 4020 0.05 y

ple) [e

== (5)
p(eo) €0

The quantityy can be expressed in terms of the relaxation
time (in the bulk casey=r7,/7,).
sult of their anisotropic momentum distribution. A magnetic Therefore, the problem is to measure the timgsand
field applied in the Faraday geometry depolarizes the lumi=_, on the basis of data on the depolarization of the HPL in

nescencéthe Hanle effedt In this case a magnetic field as a function of the acceptor density, as well
as the quantityy, which characterizes the decrease in polar-
PB _ 1 1) ization as the energy of an electron participating in an emis-
Po  1+4w3r? sion event relaxes. The approximation
wherepg andp, are, respectively, the degrees of linearpo- 1 1
larization in a fieldB and withB=0, o.=eB/m*c is the T T_ph+ Naov ©®)

cyclotron frequency, andy is the “Hanle time.” If elec-
trons recombine from the initial excited state, thep=7,  was used for both relaxation timeg and 7,,. Here 7y, is
and can be expressed directly in terms of the scattering prol$he corresponding time due to interactions with phonoris,

ability (see Sec. R the electron velocityg is the scattering cross section, and
N, is the density of neutral acceptors. For comparison with

1 1 1 the bulk case it is helpful to introduce an effective bulk den-
T_o: E!+ T_SI 2 sity for the QW structure. It can be defined naturally as the

density within the quantum well averaged with the weight
where 7" is the escape time from the initial photoexcited |#(2)|%, where
state as a result of inelastic collisions and' is the
momentum-alignment decay time due to elastic collisions. _/? mz
' . (z)= \/ 5 cOS—~
In the special case where the electrons recombine after d

d
some energy relaxation from a state with enesggnd en- o . ) o
ergy is lost in small portionde (wWhereAe<eo<sg) over 1S the electron wave function in the first size-quantization

the course of relaxation, the formu{d) can be used, to a Subband. In the presence of dopiMg, in a region of width
good approximation to measurg,, which in this case be- | near the center of the well €d) is the two-dimensional
comes the descent time and can be expressed in terms of d€NsityN;p divided byd/2:
a time 7, which takes into account the destruction of the

. . ) . 12N 2N
alignment during energy relaxati¢see Sec. 2 for the precise NA:ZJ =22 yl2dz= —22.
definition of 7,,): o | d
o de’ The ultimate aim of this work is to measure the cross
Td:f Ter2™ - (3 sectionsoy and o, and to compare the results for a bulk
€ € sample and a QW structure, as well as to compare the mea-

sured values with the results of an approximate calculation.
The measurements were performed on a DFS-24 diffraction
42 spectrometer with a double monochromator equipped with a
Td=8—o(€o—8)- (4 cooled photomultiplier and a phonon counting system. The
experiment was controlled by a computer. Continuous-wave
Therefore, once the descent timig has been measured by lasers with energies 1.96 efMe—Ne@ and 1.916 and 1.833
the method described above, the relaxation tipecan be eV (Kr*) were used to excite the luminescence. The samples
found using Eq(4). were immersed in helium vapor in a cryostat with a super-
In the bulk case scattering by acceptors is mainly byconducting solenoid, which produced magnetic fields up to
small angles?! Then the second term in E¢R) can be ne- 7 T. The laser power at the cryostat entrance did not exceed
glected, while the time,, is virtually identical to the energy 17 mW. The temperature of the samples did not exceed 6 K.

For eg—e<<g( the formula(3) can be put into the form
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3. DEGREE OF MOMENTUM ALIGNMENT OF

PHOTOEXCITED ELECTRONS IN A QUANTUM WELL WITH
ALLOWANCE FOR COLLISIONS

The objective of the present section is to express thée
degree of alignment of photoexcited electrons and its

magnetic-field dependence in terms of the collision charac-

teristics.

state is characterized by a two-dimensional wave vectior
the plane of the well. The distribution functidifk) satisfies
the kinetic equation

af (k)
We——— a0

21,1

+f(k) fW(k K’ )(277)2

d%k’

—J f(k')W(k ,k)(ZW)2=F(k).

()

Mirlin et al.

energy:W(e,e')=0 for ¢’ >¢. In collisions with impurity
centers(specifically, acceptoysa distinction must be made
between inelastic collisions, in which the energy of an elec-
tron is partially transferred to a carriérole) on an acceptor,
Gnd elastic collisions, in which the electron wave function
only rotates with no change in magnitude. Accordingly, we
set

In what follows it is assumed that the electrons
belong to the first size-quantization subband and that their

Win(e',e)=Wihe(e’ &)+ WE(e' &), (12

whereWe(&',&) contains the factos(s—¢').

We shall assume below that electrons with the eneggy
are excited. Therefore, we neglect all mechanisms for broad-
ening of the initial electron distributiofincluding warping
of the valence band ThenF,(g) xA,,8(gs — &) (for linear
polarization of the excitatiod,,=A_,), and the solution of
Eg. (9) can be written in the form

fm(e)=amd(e—2q) +bn(e), (13

HereF (k) characterizes the excitation. It is assumed that thevhereb,,(¢) is a smooth function describing electrons un-

magnetic field is directed along tt# axis perpendicular to
the plane of the welly is the angle between the vectoand
the X axis, to which the alignment axis is parallel at the
moment of excitation, antlV(k,k’) is the probability of an
electron transition from the staleinto the statek’ per unit

dergoing energy relaxation. If broadening mechanisms are
taken into account, then th&function is replaced by a peak
with a finite width. For what follows it is important only that
the height of this peak at=¢, be much greater than the
smooth partb,,(¢). From Eq.(9) with allowance for Eq.

time. We characterize the state of an electron by its two{12), we have the following equations fag, anda.. ,:

dimensional energy and the angle), and we expand(k)
andF (k) in Fourier series:

f(k)=2, fm(s)€™ and F(k)=2>, F(s)e™. (8

m m
The probabilitiesV(k, k') depend on the energiesande’
and the angleo= ¢’ — ¢ between the vectos andk’. Tak-

ing this into account, from Eq.7) equations we obtain for
the Fourier components of the distribution function

iMmofn(e)+ fm(s)f Wy(e,e")pde’

~ [t Wt 1pde = Foe), ©)
. 4
wm(s',s):f_WW(k’,k)e'W%
1 T
:ﬂf_ W(k',k)cogme)de. (10

Here the facts thatV(k, k') is an even function of the angle
¢ andp is the density of stateéve recall thatp does not
depend on energywere taken into account.

The degree of alignment, which is proportional to the

linear polarization of the luminescence, is defined by the

formula

fo(e)+f_5(e)
fo(e)
so that of Eqs(9) we need only the equations with=0,
+2.
In what follows we shall confine our attention to low

a(e)= 11

1
—las=A,, (19

|neI_A0 and = 2iwca.,+ =it
esc esc 72
where
1 inel
=i Wy (e,e")pde’, (15)
Tesc
1 | |
—=| [Wy(e,e’)—W5(e,e’)]pde’. (16)
72

The time7"< characterizes the escape time from a state with

energye, as a result of inelastic collisions. The timé' is
the decay time of the second harmofjcof the distribution
function as a result of elastic collisions. These times appear
in Egs.(15) and(16) with e =gy,

Using Egs.(11), (13), and(14), for the degree of align-
ment with energy, we find

Qg

ag=—-——"7-—, (17
. 14 (2w.7g)?

2A2 )
X7 A Ao 7_|neI’ (18)

esc

where 7y is the time in(2), which determines the relaxation
of alignment in a magnetic field. The formula8) gives the
dependence of the degree of alignment at the point of cre-
ation in a zero magnetic field on the elastic collision rate. If
there are no elastic collisiorifor example, relaxation occurs
only on optical phononsthenr,=7"¢' and the value ofy,

esc’
is determined by excitation and does not depend on relax-

temperatures, where collisions cannot increase the electration.
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;| U T DT N R U N T N U B B FIG. 2. Magnetic depolarization curvbl,~1.4x10"® cm 3, E.=1.833
eV, E=1.786 eV,T~6 K. The solid curve corresponds to the function
pB/po:l/(l+4w§7'g
7.5 c
5.0 sides we can switch to the Fokker—Planck approximation,
- i.e., we can setassuming, in addition, that>A¢)
2.5
2 m(s)J Wm(s,s’)pds’—J’ bm(e" )Wy (e,e")pde’
[/} S I S T W VNN N NS SN NN W SR
1.70 1.7 1.80 J bm(g)s
E,. eV ~—— : (21)
um e Tem
FIG. 1. Photoluminescence spectra of hot electrons for quantum well strugyhere
tures with densityN,, 108 cm™3 a — 0.8, b — 1.4, ¢ — 4.6E4
=1.833eV,e(,=0.16 eV, T~6 K. The arrows mark the energy at which the 1
depolarization curve corresponding ¢g was measured. Inset: transition = —f Wy (e,e")pde’. (22
£

schemes.
We note thatr,, is simply the energy relaxation time
Te0=Tg -

Let us now examine the alignment of electrons which ° Thserefore, in the regiom,—e>Ag, e>Ae Egs. (19
have undergone energy relaxation, i.e., the case<0t,.  and(20) become differential equations, whose solution gives
The distribution of such electrons is characterized by the
guantitiesb,(g) [see Eq.(13)]. For them we obtain from

Egs.(9), (12), and(13) 20 1 de
brzocrazeX[{f (IZiwC— T—) Teo—|.
2

o<e>fwo<s,s'>pds'—f bo(e )Wo' &) pde’ . ’
In the range of energies under consideration the formulas
=agWy(eg,€)p, (19 (23) give the dependence of the angle-integrated distribution
function and its second harmonic @n The proportionality
coefficients in these formulas can depend gn Finding
them requires solving the integral equati¢h8) and(20) for
e close toey. Replacingf,, in Eq. (11) by the expression
—f b.,(e")W,(e',e)pde’ =a.,W,(eg,e)p. (200  for by, from Eq. (23), for the degree of alignment when
ggo—e>Aeg, e>Ae we obtain

bo(e)e 7.,

(23

1
iZiwaiZ(S)_l—th(S)T_+bi2(8)f Wy(e,e")pde’
2

Herer, is defined by a formula similar to E¢L6) but which
contains the total probabilitied/,(e,&") [see Eq.(12)]. In ag(e)* ao(e)COSA0cTy, (24)
Eqg. (19 the left-hand side describes the gradual descent afyhere 4 is the “descent time”(3), while a(¢) is the de-
an electron frone, to &, while the right-hand side describes gree of alignment in a zero field

a direct transition froneg to e. If eg—e>Ae, whereAe is

the characteristic energy loss, then the right-hand sides in F( fsorsz ds) 25
Egs.(19) and(20) can be neglected, while on the left-hand T, €]
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TABLE II. Escape timer, and the parametey for GaAs/AlAs (50/1004)
quantum well structures.

Np,10® cm™3 £0=0.26 eV £0=0.16 eV
7o, fS 0% 7o, TS b%
0.8 96 2.1 64 3
1.4 83 2.6 62 3.7
4.6 40 34 31 35

The formula (24) corresponds to the situation when the
alignment axis rotates in a magnetic field, while the degree
of alignment relative to this rotating axis remains constant.
Indeed, the corrections to the Fokker—Planck equation will
introduce a damping of the oscillations @fas a function of 0 1 2 3 % 5

w;. However, in the range of magnetic fields where &,1016cm_3

a(e)/ ag(e)=<1/2 (which is usually used in experimenthe

function cos2y. 7y differs very little from a Lorentzian curve: FIG. 3. Dependence of 44 on the neutral acceptor densiy for a quan-
1+ (chTd)Z]- For this reason, it can be assumed that théurylxvell structure(1) and bulk sample$2). Scattering cross sectiofy,
descent timey plays the role of the Hanle time in the energy lo*enf:1—40,2—7.2

interval under consideration. Of course, hegecan be much

greater than the escape timE® from a state with energy.

5 \ | \ | 1 ) 1 L |

—= i~|—NAcrov, (26)
4. EXPERIMENTAL RESULTS To  Tph

Figure 1 shows hot luminescence spectra for QW strucwhere 1f,, is the scattering probability foN,=0 associ-
tures as an examp|e_ At an acceptor density equa| t@ted with the emission of OptiC&' phOﬂOﬂS. From these results
0.8x 10" cm™2 phonon oscillations are still observed in the We find oo=7.2x10"** cn? for bulk samples, which is
spectrum; they are obliterated as the acceptor density irclose to the value obtained earlier for bulk crysfatsnd
creases. This attests to the fact that the interaction with holego=4.0x 10~ ** cn?® for QW structures. Therefore, the scat-
localized on acceptors becomes the main relaxation mech#ering cross section for the bulk samples is approximately
nism. Depolarization in a magnetic field was measured at th&vo times larger than for the QW structures. The interaction
high-frequency edge of the spectrai,,, which is marked ~With neutral acceptors in a QW structure wit,=2
by the arrows in Fig. 1. This energy corresponds to the elecX 10'° cm™® makes the same contribution to the scattering
tron kinetic energyso=E;,m —Ea, WhereE, is the energy rate as does the phonon mechanism. At the same time, in
of a transition to an acceptor from the bottom of the firstbulk samples both scattering mechanisms make the same
electronic subband. The value &, was determined from contribution even wittN,=10"® cm™2. In this connection,
the edge luminescence Spectrum’ which was decomposélh'ﬁ observe traces of phonon oscillations in the hot lumines-
into two peaks corresponding to the transition to an acceptotence spectra of the QW structures even wNj=1.4
and an excitonic transition. X 10" cm™2.

Figure 2 shows an example of a depolarization curve for ~ The values ofo in the QW structures as a function of
a QW structure. Similar measurements were performed fot/eo are presented in Fig. 4. The measurements were per-
£0=0.16,0.23, and 0.26 eV in QW structures and for
€0=0.28 eV in bulk samples. The corresponding values of
7o, Which are presented in Table Il for the QW structures and
in Table Il for the bulk samples, were determined for them.

Figure 3 shows the dependence of the scattering prob-
ability on the density of neutral acceptors in QW structures
(e9=0.26 eV) and in bulk samples&;=0.28 e\). These
dependences can be approximated by a formula of the type

(6)

TABLE lll. Results of measurements for bulk samplds=6 K).

Sample Np,10% €0, 7o, Te2, y
Samples No. cm® eV fs ps
S 1 1 1 | T | L |
GaAs : Be 598 0.9 0.28 77 0.74 3.8 35 4.0 4.5 80 5.5 6.0
GaAs : Be 626 1.6 0.28 54 043 3.2 /¢y, 1/eV
GaAs: Cd 4020 0.05 135

FIG. 4. o versus 14, for a quantum well structures.
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FIG. 5. Magnetic depolarization curves fep=0.26 eV ande<g for a
structure withN,=4.6X 10" cn®. Eo,=1.96 eV, T~6 K. E;,, €V:1 —
1.907,2 — 1.873,3 — 1.823,4 — 1.771. 0

€,"€, mev

formed with excitation by 1.96, 1.916, and 1.833-eV lasersgg, 6. pescent time, versuse,— . The descent time was found from the
As we seeg is inversely proportional to the initial energy magnetic depolarization curves, some of which are shown in Fig. 5. The
of the photoexcited electrons. Figure 5 shows examples gfumbers labeling the symbols correspond to the valudsgfgiven in the
depolarization curves of QW structures in a magnetic fielof;"[’t'on 0 Fig. 5. The dashed straight line corresponds to#gwhence
. e relaxation timer,, is determined.

for £¢=0.26 eV(curvel) and for lower energies. As already
mentioned in Sec. 1, the depolarization curvessfarey can
be used to determine the descent timgeand to construct its
dependence omy—e, as shown in Fig. 6. The relaxation
time 7., can be determined from these data. The values
7.,="500, 390, and 330 fs were obtained for samples with
acceptor densityN,=(0.8, 1.4, 4.6X 10" cm 3, respec- 10k
tively, for £;=0.26 eV. Hence, the cross section,=2.4 )
X 10~ 1® cn? was found using Egs. of the ty[6).

Figure 7 shows an example of the energy dependence of
the linear polarization approximated by the functi@h in 0.8
the absence of a magnetic field. The measured valugsabf
T~6 K are presented in Table II. The results of the measure-
ments ofry, 7.,, andy for bulk samples are presented in

Table Ill. sl

5. DISCUSSION

PPy

As one can see from Fig. 4, the measured cross section
o for scattering by acceptors in QW structures, which de-
termines the width of the Hanle curve with initial electron
energyey, is inversely proportional te,. This agrees with i
Eq. (A8), since according to Table IV the quantity

Po= P4 p¢lis almost independent of the electron energy.  *2[”

The experimental values of the cross section for scattering

from the initial state for £,=0.26 eV (0p=4.0 B

x 10" ¥ cn?) and forey=0.16 eV (0y=5.9x10 4 cn¥) N N T T
are in agreement with the computed valuesdta~ 1.3, i.e., 03 04 05 06 07 08 098 10
a ~40 A2 Allowance for a Hall factor different from 1 in €/¢,

determining the density from Hall measurements decreaserl,G . \arizati " ¢ hot electrons for Struct

. . . i . /. LInear polarization versus the energy or not electrons for structures
this value. In the bulk cas®,in agreement with thg EXPEri- | i N = 4.6x 101 o2, E, = 1.96 6V, T~6 K, y—3.4. Solid curves —
mental valuer, for £,=0.28 eV,a~21 A was obtained for approximation by Eq(5).
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TABLE IV. Computed values of the relaxation parameters. ing from the initial state was found to be approximately half
the bulk value. The experimental results are in satisfactory

Para- d/a 2kd . . .
meters 6 7 8 9 agreement with a callcula_uon that takes into account the
nonsmall-angle scattering in a quantum well.
(1)-3 3'2215 é-iggg %)%29 3343‘;4 This work was supported by the Russian Fund for Fun-
15 02571 0.2552 0.2536 02523 damental ResearclGrants Nqs. 96-02-16895 and 96-15-
pinel 20 0.172 0.171 0.170 0169 96392 and by Volkswagen StiftungGrant No. 1/70958
3.0 0.096 0.095 0.095 0.094
4.0 0.062 0.062 0.062 0.061
05 01752 0.1454 0.1224 01043 APPENDIX CALCULATION OF THE RELAXATION TIMES ON
10 01114 0.09703 0.08454 007393 ACCEPTORS FOR QUANTUM WELL STRUCTURES
15 0.07309 0.06673 0.06019 0.05404 The relaxation times determining the degree of align-
pe 2.0 0.050 0.047 0.044 0.040 : me 9 gree ol allg
3.0 0.025 0.026 0.025 0.024 ment and its magnetic-field dependence can be written in the
4.0 0.015 0.016 0.016 0016 form
0.5 0.192 0.1536 0.1257 0.1048 1
1.0 0.1511 0.1234 0.1024 0.08631 ~=Navo, (A1)
_ 15 0.1202 0.1002 0.08454 0.07207
P3e 2.0 0.097 0.082 0.070 0.061  whereN, is the bulk acceptor density determined as a two-
3.0 0.064 0.057 0.050 0.044 " dimensional density divided bg/2, o is the effective scat-
4.0 0.045 0.041 0.037 0.033 . ; . .
tering cross section determined as the cross section for two-
A, 0.176 0.135 0.107 0.086 dimensional scattering multiplied by/2, and v is the
AI?E 8-8% 8-8;2 g-g;}l 8-822 electron velocity. The effective cross sectiorcan be deter-
672 . . . . H - H .
B 0.012 0.011 0.009 0.008 mined by the Born-approximation formula
d 2k’
o= | W(k,kNHQ , (A2)
2] (27)?

the radius of a bulk acceptor. We note that the assumption of 2T, 2
small-angle scattering is quite good for the bulk case. The Wi,k = H; (Ol Im*olex—ew —En+ Eo),
fact that the QW-structure cross sectigpis half of the bulk . . . .
value is due to the smaller number of the final electronicWhere the glectron—hole interaction operatbfor inelastic
states that make the main contributiondg in the case of Processes 1s
scattering in the first size-quantization subband. e

The calculation ofo,, using Egs.(A8), (Al4), and U=- Xre—rnl’
(A15) (with A, andB, replaced byA,, andB,,), as well as ) ) ) )
the data in Table IV, fore,=0.26 eV gives the value yvhlle th_e operator fo_r interactions with a hole and a nucleus
0,,=0.25< 10" ci?, which is virtually identical to the ex- 1N €lastic processes is
perimental valuer,,=0.24x 10~ cn?. e2 e2

If the spectral depolarization in a zero magnetic field is U=~ =N + ool
approximated by the formul@), then a calculation based on XlTe=Thl - XlTe™To
Eq. (25) gives y~5.6, which is appreciably greater than the Herey is the permittivity,r, is the coordinate of the nucleus,
experimental valuegsee Table ). In view of the quite rough Te andr, are the coordinates of the electron and hole, and
approximation for the acceptor wave function adopted in théJkk' iS the matrix element o with respect to the electronic

calculation[see Eq.(A17)], this discrepancy is not surpris- wave functions of the initialK) and final k') states. The
ing. labeln denotes the state of the hole after the collision, and it

is assumed that before the collision the hole is in the ground
state 6=0). In the case of inelastic processes the sum over
n must not include then=0 term, while for elastic pro-
We have investigated the mechanism of the scattering ofesses, conversely, the su@2) contains only then=0
hot electrons by neutral acceptors in structures with narrovierm.
GaAs/AlAs quantum wells doped with Be in the range  The quantityQ in Eg. (A2) depends on which cross
3x10'-5x 10" cm™2. Values have been obtained for the section is being calculated. The val@e=1 is for the escape
probabilities of scattering from the initial excited state andcross sectiomrg‘secl_ For the cross sectiom,, which describes
for the times characterizing energy and momentum relaxthe destruction of the second harmonic of the distribution
ation. The rate of destruction of the anisotropy of the mo-function,
mentum distribution accompanying energy relaxation was
determined. Q=Q,=1~-cos,
Some results for QW structures and bulk samples havavhere ¢ is the angle between the vectdesandk’. For the
been compared. The QW-structure cross section for scattecross sectionr, , which determines the energy relaxation,

2
(A3)

(Ad)

6. CONCLUSIONS
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=Q.=(ex—¢ex)e=(E,—Ep)le. . 1 (2 .
RrR R PL=5g |, 16770~ 877Gz 1)
For the cross section determining the timg appearing in 0
Eq. (23 9 ) _mdq
X[ 1-— —, (A9)
Q=Q.>=[(E,~Eg)cos2p]/e. ak?l o?
The ca_llculation of the_cross sections of inelastic pro- Pizna:ifm({G?(zh,q)—leiq"’“G(Zh,Q)|2}
cesses using EqA.2) requires knowledge of the energies kdJo
and wave functions of the excited states of the acceptors, o\ 12
including the continuous spectrum. However, if the initial x(l—q—> d (A10)
electron energy, is much greater than the binding energy 4K2 9.
of an acceptor, then it can be assumed that the energy IOSSI‘E"gr elastic collisions we have a formula similar to E48)
Ae=E,—E, on scattering will be small compared with , h '
and the quantitye,,— E, in the argument of theS function where
can be neglected. This approximation is similar to the ap- o 1 [ AT weT— 5
proximation employed in the book by Landau and LifsHitz P2:@f0 [e'%"G(z,,9)]—G(20,9)]
in the calculation of the total inelastic “escape cross sec-
tion” for the scattering of a fast electron by a hydrogen atom q° |12
in the three-dimensional case. The further calculations of in- x| 1= W) dq. (A11)

elastic cross sections are performed as follows. Assuming}he calculation ofc,, and o, requires a special analysis
& & *

that both the initial and final states of the electron belong t :
the first size-quantization subband, for the electron wavcje_'ere we use the technique employed by Yu. T. Retiane,

: which is based on the identity
function we have

i 2
Wi(ro) =€ Pl (ze), V(ze)= \[H co{

and similarly forw,,(r.). Using Eq.(A5) we calculate the
matrix element ofJ [Eq. (A3)] with respect to the electronic
functions

1 ———

wze) e > (01U IM*(Ex=Eo) = 5[Uj [AU I, (A12)

d where the square brackets denote a commutatoi-hisdthe
Hamiltonian for the hole on the acceptor in a quantum well.
Since the potential energy of the interaction of the hole with
the acceptor nucleus and with the well walls commutes with
Uy , it can be assumed thét is the kinetic energy of the
hole, i.e., the Luttinger Hamiltonian

. h? O
H=— k?— m—oyz(ka§+ kyJo+k, D+ ...,

2mg
(A13)

wherek=—iV, y; and y, are Luttinger constants, anlj,

Jy, andJ, are the matrices for angular momentum 3/2. The
omitted terms contain products of the typgl, and vanish

on averaging over the ground state. We assume that the
ground state corresponds to a projection of the angular mo-

mentum onto thez axis J,=+3/2. ThenJ2=9/4 andJ;

=J)2,= (ﬁ—.]_i)/2= 3/4. Calculation of the commutator gives

an expression similar to E¢A8) for o, ando . In addition,
The overbar denotes averaging over the ground state of the

2me?
q e'MG(z,,q),

kk’ =

Y1t E’)’z)

G(zh,q)zf dze 97 alw2(z)dz, (A6)
g=k’'—k.

We now utilize the fact that

2 (01U M=V o . (A7)

acceptor. In Eq(A7) the summation is performed over all pszﬂ[(yﬁ vo) A+ (y1—275)B,], (A14)
includingn=0. As indicated above, before substituting the Mo

sum into Eq.(A2) for inelastic processes, the term with 1 2K 2\ —12

n=0 should be subtracted from it. Furthermore, replagihg A= f G2(z,q) ( 1-— dq, (A15)
by the integration variablg, integrating thes function over 2kd Jo 4k

the angle of the vectoy (neglecting the differenc&,—E, 1 2/ dG\2 G 71/2dq

in it) and performing some simple manipulations, we obtain ~ B,=_—— f (d—) 1- —2) —- (A16)
formulas that can be written in the following form for all the 2k°d Jo z 4k a

cross sections:

2
e
_ 2
o=4md ()(ﬁu) P, (A8)

where

Finally, P, is given by an expression similar to E@\14),
butA,, andB,, differ from the expressiong\15) and(A16)
by the additional multiplier

q? q?
1-8—|1—- —
4k2( 4k2>
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in the integrand. The equations(A9)—(A11) and well [®(z,)=1/\/d instead of the second formula in Eq.
(A14)—(A16) make it possible to calculate all the required (A17)]. The results were found to be virtually unchanged.
scattering cross sections, if the ground state wave functiofihe calculation in which the quantitf,,—E;<60 meV,
®(z,,pn) of the hole on the acceptor is known. To estimatewhich is independent of and g, is substitutedinstead of

the cross sections we used the function E,—Ep=0) in the argument of thé function in Eq.(A2)
5 likewise did not significantly alter the results in the important
Ph electron energy range=0.26 eV.
D (20, ) = \| 5 B — | D(2n), (AL7) 9y range
ad a
d(z,) = \ﬁ COSW—Z YIn the preliminary results published in Ref. 10, the density of neutral ac-
h d d’ ceptors was also measured by secondary-ion mass spectraSiofs).

. ) . . Both methods gave close results for bulk samples. However, for QW struc-
Our approximation differs from that used in the book by tures SIMS gave much higher densities than did the Hall measurements. In

Landau and L|fsh|t1f0r the three-dimensional cross section View of the inconclusiveness of the interpretation of the SIMS results for

inel ; T ; : QW structures, we preferred to use the Hall results in the present work.
Uﬁfeﬁ) and in Ref. 10(for the two-dimensional cross section 2In Ref. 10 the valuea~20 A was found for the acceptor radius in the

‘TesJ in that here it is not as_sume_d that the scattering anglesplane of a quantum well under the assumption of small-angle scattering
are smalltthough, once again, it is assumed that the energywith the neglect ofrS'. As already mentioned, this discrepancy is due to

losses are smallTo go over to the case of small scattering the fact that the densities used in the SIMS measurements in Ref. 10 were

angles, it is necessary to take the lirkit- in all integrals overestimated.
appearing in the differer®. This does not changeg‘fc' much

(becausePg‘sec' contains 142 in the integrand, and the integral

|S determ|ned by Sma” Values qj However’ for the rest Of 1B P. Zakharchenya, D. N. erlln, V. 1 Perel’, and I. I. Reshina, USp Fiz.

. ; . Nauk 136, 459 (1982 [Sov. Phys. Usp25, 143(1982)].
the cross sections the results obtained in the small-angle 2D. N. Mirlin, I. Ya, Karlik, L. P. Nikitin, I. I. Reshina, and V. F. Sapega,

scattering approximation differ strongly from the values cal- solid state Commurg7, 757 (1981.
culated here. 3S. A. Lyon, J. Lumin.35, 121(1986.

We underscore once again the deficiencies of our calcufD- N. Mirlin and V. I. Perel’, inSpectroscopy of Nonequilibrium Electrons
lati A ty. f | . tal diti th and Phononsedited by C. V. Shank and B. P. Zakharchenya, North-
ation. Apparently, 1or real experimental conditions the as- Holland, Amsterdam, 1992, p. 269.

sumption of small energy losses is not very good. Moreoversg, p. zakharchenya, P. S. Kop'ev, D. N. Mirlin, D. G. Polakov,
the choice of the acceptor wave function in the fd#i7) is I. 1. Reshina, V. F. Sapega, and A. A. Sirenko, Solid State Comi@@n.
a quite rOUgh approanatlo-n. Nonetheless, it Ca.'n be SUD_GZDC.)?\I(.:LI?/I?I?M and V. I. Perel’, Semicond. Sci. Technal, 1221(1992.
posed that the calculation gives a reasonable estimate of thg, Ricker, E. Molinari, and P. Lugli, Phys. Rev. &5, 6747 (1992.
cross sections and their dependence on the electron energsp. N. Mirlin, P. S. Kop'ev, I. I. Reshina, A. V. Rodina, V. F. Sapega,
The quantitied were calculated numerically as functions of A. A. Sirenko, and V. M. Ustinov, inProceedings of the 22nd

" International Conference on the Physics of Semiconductedited by
the two parametersi/a and Xd. The quantitiesA,, B, , D. J. Lockwood, World Scientific, 1994, Vol. 2, p. 1288.

ASZ' _and BsZ do not dEpend Od/a and were calculated as_ °D. N. Mirlin and A. V. Rodina, Fiz. Tverd. TeléSt. Petersbung3s, 3201
functions of Xkd. The computational results are presented in (1996 [Phys. Solid Stat@8, 1749(1996)].

Table IV. One can see th&ie and P§ are virtually inde- 10:5;I.Yzes;é?azsgl.i(;\l;sgtrgné;/rﬁlr;wigz)eal‘" gl\;iég’gbm, A. G. Agranov, and
pendent of &d, i.e., independent of the e,IeCtron e”ergy N1y, T. Rebane, Fiz. Tekh. Poluprovodm5, 2179 (1981 [Sov. Phys.
the interval from Xd=6 to 2kd=9 studied here, which  semicond15, 1265(1981].

corresponds to the energy interval from 0.15 to 0.27 eV for?L. D. Landau and E. M. LifshitzQuantum Mechanics: Non-Relativistic
d=50 A. Theory 3rd. ed., Pergamon Press, Oxford, 19Ruissian original, Nauka,

. Moscow, 1989, Vol. 3, Sec. 148
Calculations were also performed for an acceptor wave 3

function uniformly distributed as a function afwithin the  Translated by M. E. Alferieff
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Defects and short- and medium-range order in the structural network of hydrogenated
amorphous silicon

O. A. Golikova and V. Kh. Kudoyarova

A. F. loffe Physicotechnical Institute, Russian Academy of Sciences, 194021 St. Petersburg, Russia
(Submitted November 4, 1997; accepted for publication November 10,) 1997
Fiz. Tekh. Poluprovodn32, 876—878(July 1998

The effect of defectédangling Si—Si bondsproduced during the deposition afSi:H films by

the glow-discharge method and upon boron doping, as well as photoinduced defects, on
changes in the short- and medium-range order in the structural network is investigated. It is shown
for a constant defect density,=const that charged defects influence #8i:H structure

much more strongly than do neutral defects. 1898 American Institute of Physics.
[S1063-782608)02207-9

1. INTRODUCTION 2. EXPERIMENTAL PROCEDURES

. The conditions for obtaining pseudodopadbi:H films
%y plasma-enhanced chemical vapor depositPBCVD or
the glow-discharge methpd¢have been described in detail in

Ref. 8, while the conditions for doping the films with boron

changes could be due to features of the local structure of the, . e gas phase and by ion implantation have been de-
level of both the short-range ordeior example, the spread gqrined in Ref. 9. The deposition temperature of all the films

of the angles between bordand t.he medium-range order |\ a¢ constantT,=300 °C. It has been reportéthat light

(for example, the spread of the dihedral angles well s ingyces a photoconductivity,, in a-Si:H, whose value de-

various statistical features of the rings composed of siliconyreases with the illumination timeas o, ~t 7.

tetrahedra. This applies mostly to the formation of photoin-  \we surmise that light not only produces defetdsn-

duced defects, which, according to the hypothesis ofjling Si—Si bondy but also additional structural changes in

Fritzsche! should be accompanied by rearrangement of thehe bulk of the material. To study the effect of illumination

structure at the medium-range order level. Indeed, suchn structure, pseudodoped material with fast photoconductiv-

changes in the structure afSi:H as a result of illumination jty decay kinetics was chosen: under the action of light from

have been observed by NMiR.Moreover, other photostruc- an AM-1 source with specific power 100 mW/&nn the

tural changes ira-Si:H, specifically, a decrease of entrcby, spectral ranga <0.9 um the exponenty=0.66. After illu-

a change in the angles between Si—Si bohaisd a decrease mination for 5 h, the photoconductivity reaches a stationary

in the compressive stressebave also been established, andlevel, and it can be expected that photostructural changes

it has also been found that films expand after intenséave occurred.

illumination. In Ref. 8 it was shown that the formation of Information about the structure at the short- and

defects during the growth of an undopadi:H film, which  medium-range order levels was obtained, just as in Ref. 11,

can be controlled by the deposition conditions, is accompaby analyzing Raman spectra. The spectra were obtained on

nied not only by changes in the position of the Fermi levelan U-1000 spectrometérange 20—620 cit, step 1 cm*,

(pseudodopiny but also by changes in the Urbach parametesslit 5 cm !, measurement accuracy2.5 cni *). The wave-

Ey. the transverse-optical phonon frequeney,, and the length and power of the exciting radiation were equal to

full width at half-maximum QA wr) of the optical phonon A=488 nm and 100 mW. The half-widthwro of the

line in the Raman scattering spectrum, i.e., parameters chalfansverse-optical phonon peak yields information about the

acterizing the degree of ordering of the amorphous structurpread of the angles between Si—Si bofsisort-range or-

The doping ofa-Si:H with electrically active impurities is def, and the intensity of the transverse-acousié,) pho-

also known to lead to the formation of defects, but the char0n peéak scaled to the intensity of the TO peb/Io,

acter of the accompanying transformation of the structuraYi€lds information about the medium-range order. According

network has not been established with the same certainty. 10 Ref. 11, an increase in the raliga /110 indicates an in-
Our aim in the present paper is to compare the Change%rease in the degree of disorder in the arrangement of the Si

in the short- and medium-range order produced in the structf’trahedra'

tural network ofa-Si:H as a result of the formation of defects

by different methods: during the deposition of films of un-

the formation of defect&dangling Si—Si bondsin hydroge-
nated amorphous silicoria-Si:H) has increased. These

3. EXPERIMENTAL RESULTS AND DISCUSSION

dopeda-Si:H (deposition-induced or “native” defecisas a Let us see howA wtg andl /11 vary as functions of
result of illumination(photoinduced defectsand by doping the position of the Fermi levetr in the mobility gap of
with boron. a-Si:H relative to the conduction-band edgg (Fig. 1). For

1063-7826/98/32(7)/3/$15.00 779 © 1998 American Institute of Physics
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FIG. 1. Dependence df wyo andly, /l1o on the position of the Fermi level
relative to the conductionband edge ina—Si:H. 1 — Pseudodoped
a—Si:H (the arrows mark transitions into the postillumination stafe—
a—Si:H doped with boron by ion implantatiol — a—Si:H doped with
boron from the gas phase.

pseudodoped-typea-Si:H (e.—eg)7-g=AE, whereAE is
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FIG. 2. Defect densit\Np (1) and hydrogen conter@ (11,111) as functions

of the position of the Fermi level. Curvésll — data obtained in Ref. 8 for
pseudodoped samples, cutle— data obtained in Ref. 9 for borerdoped
samples], 2 — samples doped with boron by ion implantation and from the
gas phase, respectively.

the defect densitiN determined by the constant photocur-
rent methodFig. 3). In what follows we shall talk aboutiy

in the ranges §.—e¢)7-0=0.65-0.85 and 0.85 1.15 eV.

As one can see from Fig. 3, the dependenca ofo onNp

for both regions can be described by a single smooth curve
on which the points for all films — pseudodoped and boron-
doped — fall. At the same time, thir/l1o versusNp
curves for pseudodoped films from the two regions indicated

the activation energy for dark conduction; for boron-doped

p-type a-SiH (e.—eg)r-0=Eg—AE (Eq is the optical
band gap with allowance for the known decreasé jnwith
boron doping). It follows from Fig. 1 thatAwro and
Ita/l1o @s functions of §.—&f)1-¢ approach a minimum
corresponding toa-Si:H with (e.—&g)7-0=0.85 eV. We
note also that for shifts ok away from the minimum,

Awto andlta/l1o increase simultaneously, and the relative

change inl;5 /1 1o for pseudodope@-Si:H is greater when

the Fermi level shifts in the direction of the valence-band

edge, i.e., wheng.—¢&g)1-¢>0.85 eV. Moreover, it fol-
lows from Fig. 1 that both\ wtg andl1a /I 1o increase rap-
idly for a-Si:H films when g€.—eg)1-¢0=1.05-1.15 eV.
The defect densityNp produced in pseudodoped
a-Si:H films is known to be at a minimum for

(ec—€F)7-0=0.85 eV On the basis of the data presented

in Fig. 2, the same can also be saidas6i:H films doped

with boron both by ion implantation and from the gas phase.

The contentCy of hydrogen bound with silicon, as de-

termined from the infrared spectra, is lowest in pseudodoped

films when E.—eg)7-0=0.85 eV. At the same time, in
films with boron impuritiesCy decreases in the region
(ec—&g)T-0=0.85-1.15 eV (Fig. 2. However,Awtg and

I+a/l1o increase in this region for both pseudodoped and

boron-doped-Si:H (Fig. 1). Therefore, it can be concluded
that changes i€y, do not have a decisive influence Amwq
andlta/l1o. The results of Ref. 12 agree with this conclu-
sion, at least with respect thwto: Awro=70—73 cm !
for Cy=5—25 at.%. Data o5 /l1o are not given in Ref.

12; the films were obtained by the glow-discharge method.

Let us now consideA wrg andl 15 /17 as functions of
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FIG. 3. Awrg (@, I7a/l1o (b, ©, andEy (d) as functions of the defect
density. 1 — Pseudodopeda—Si:H from the region e.—&g=0.65
—0.85eV, 2 — pseudodopeda—Si:H from the regione.,—e=0.85
—1.05eV, 3 — a—Si:H doped with boron by ion implantatio —
a—Si:H doped with boron from the gas phase.
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above differ appreciably. This can apparently be attributed tanation of charged defects. The changes in the charge states
different charge states for the defeétkangling bonds D™ of the defects influence especially the mediurange order.
and D™, respectively In dopeda-Si:H, the boron atoms, This is indicated by the differences between the/l 1o ver-
which become incorporated into Si tetrahedra, produce asusNp curves for the pseudodoped films from the two re-
additional disordering of the structure. Indeed, sharpegions indicated abové-ig. 3), as well as by the difference
growth of both the ratid 15/l 1o and the Urbach parameter between the values ofl{p/l7o for two films with
Ey (points3 and4 in Fig. 3) is observed for a defect density (e.—&g)t=¢=const: for the unilluminated film from the re-
Np=5x10'® cm 3. We note that no large differencesky, gion 0.85-1.05 eV and the illuminated film from the region
are observed for pseudodoped films from the two region®.65-0.85 eV (Fig. 1).
indicated above. This work was supported by INTAS under Grant No.
Let us now consider the effect of illumination dwyo  931916.
and lt5/l1o. The illumination-induced changes A wtg
andl 14/l 1o for one of the samples are marked by arrows in
Fig. 1; the photoinduced defect density was equal toH. Fritzsche, Solid State Commu@4, 953(1995.
101" cm™3. As a result of illumination, the activation energy “H- M. Branz and P. A. Fedders, Mater. Res. Soc. Symp. F388. 129
AE for dark conduction ir_1 the sample increased_ from 0.8 t03(M1?3.4)I‘<ernan, R. L. Corey, P. A. Fedders, D. J. Leopold, R. E. Norberg,
0.96 eV. It follows from Fig. 1 that i\ wyo determined after  w. A. Turner, and W. Paul, Mater. Res. Soc. Symp. P(®%7, 395
illumination of a film equalsA wyg for another, unillumi- (1995.
nated, film with €.—&g)t—o=const, then the values of 4&1 "2-7'20;22'&9% M. Dawson, H. Y. Liu, and C. R. Wronski, Appl.
I.TA/ITO det_ermlned under the condmor_ls indicated for theses, éh'imi’zu’ T. Shiba, T. Tabuchi, and H. Okamoto, Jpn. J. Appl. PB6s.
films are different: the value dffa/l1o is much lower for 29 (1997.
the illuminated film. Moreover, the formation of photoin- 6K. Shimizu, T. Tabuchi, M. lida, and H. Okamoto, Abstracts of the 17th
duced defects does not lead to simultaneous increases iffnterational Conference on Amorphous and Microcrystalline Semicon-
. . . ductors: Science and Technology (ICAMEY), Budapest, 1997, p. 209.
Awro and I1a/lto: only the former increases, while the ’T. Goto, N. Masui, M. Kondo, S. Nonomura, A. Matsuda, and S. Nitta, in
latter decreases, i.e., the spread of the angles between Si—Sdbstracts of the 17th International Conference on Amorphous and Micro-
bonds increases, but the arrangement of the tetrahedra be;ryjtalline 1§S?iconzdltgctor5: Science and Technology (ICAMS,
comes more ordered. . . 8OL.j :pzsc:iikova ,aFr){d V..Kh. Kudoyarova, Fiz. Tekh. Poluprovod®,
The results of the present work once again raise the 11751995 [Semiconductor@9, 584 (1995].
question, long discussed in the literatysee, for example, °0. A. Golikova, U. S. Babakhodzhaev, U. S. Dubro, M. M. Kazanin,
Refs. 13 and 14 of the difference between the defects M. M. Mezdrogina, and R.R. Yafaev, Fiz. Tekh. Poluprovoas. 1190
formed in the structural network cA—Si:H by different ml(El.gggu[\i:i)r\:,' ihy;i'pignxogﬁ:h72?1&13?%@“ 3. Appl. PGS 1722
methods. (1994).
Once agaifi**we proceed from the fact that neutral dan- *A. P. Sokolov, A. P. Shebanin, O. A. Golikova, and M. M. Mezdrogina,
gling bonds D° are formed during the deposition of J- Non-Cryst. Solidd37/13§ 99 (1991.
“native” a—Si:H alone. Photoinduced defects are also in the éé:?ds'\iggﬂ]é;ég} z\ll‘;';%n‘ S. Salomon, and R. . Crandall, J. Non-Cryst.
same state[§°).'* The data which we have presented show:p, Stradins, H. Fritzsche, and M. Q. Tran, Mater. Res. Soc. Symp. Proc.
that for Np=const Np=10'" cm %) photoinduced defects 336 227(1994.
produce much smaller structural changes than do defects pr(l)“_o. A. Golikova, Fiz. Tekh. Poluprovodil, 281(1997 [Semiconductors
duced by pseudodoping and doping. Therefore, the rapid31’ 228(1997)

growth of structural disorder at all levels is due to the for-Translated by M. E. Alferieff
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Effect of deposition and annealing conditions on the optical properties of amorphous
silicon
A. I. Mashin,*) A. V. Ershov, and D. A. Khokhlov

N. I. LobachevskiNizhni Novgorod State University, 603600 NizhNiovgorod, Russia
(Submitted December 1, 1997; accepted for publication December 23) 1997
Fiz. Tekh. Poluprovodn32, 879-881(July 1998

The spectral characteristics of the refractive index and the extinction coefficient in the range
0.6—2.0 eV for amorphous silicon films prepared by electron-beam evaporation with variation of
the substrate temperature, deposition rate, and annealing temperature in air are presented.

The results obtained are discussed on the basis of the changes in the Penn gap energy as a function
of the indicated preparation and treatment conditions.1998 American Institute of
Physics[S1063-782608)02307-3

Hydrogenated amorphous silicda-Si:H) is of interest 2. In the special case where the pores are very diesl
mainly because it holds promise for the fabrication of inex-than 1 nm, they can be treated as elements of a uniform
pensive large-area film solar celi#t the same time, inves- network. Then the overall effect of the pores is to decrease
tigators are devoting more and more attention to “hydrogenthe average strength of interatomic bonds and the plasma
free” amorphous silicon(a-Si) as a promising, high- frequency of the material, and the optical properties can be
refractive-index material for passive interference elements icalculated within the Penn model. According to Ref. 8, the
near-IR fiber opticé:? static refractive indexn, is related with the plasma fre-

Figure 1 shows typical spectral dependences of the requencyw, and the Penn gap enerdyo, by
fractive indexn and the extinction coefficiert of a-Si films

. . 2__ 2, 2
prepared by electron-beam evaporation in vacusee, for Ng=1+(2/3)(wp/ wg). (2
example, Ref. 4 for the technological detail$he optical L
constants were determined by the method of Ref. 5. Just as i a good approximation, the ener_@y)g corresponds to the
most published datiin our case the values and variance of MaXimum of the spectrurk(w), while
the refractive index o&-Si films (curvel) are higher than for 2 5
crystalline silicon(c-Si) anda-Si:H in the experimental fre- 0p=(4me/m)(pLalANy, &)

quency interval. This fact can be explained by recalling thatyheree andm are the electron charge and magsis the

in amorphous silicon, besides destruction of the Iong—ranggensity of the materialé is the molecular mass, arid, is

order, there is a high concentration of matrix defects: da”Avogadro’s number. Foec-Si, ny=4.

gling bonds, pores, extraneous impurities, etc. In the present The quantity’iw, is called the energy of a plasmon,

paper we examine the influence of pores on the optical propghich is a collective excitation of the electron gas localized

erties ofa-Si films prepared with different substrate tempera-mainly in dense regions of the random network and penetrat-

tures (T) and deposition rates/) and annealed in air. ing only very little into the pores, which in turn produce the
Depending on pore size, two cases can be studied.  density deficit ina-Si. Therefore, the plasmon energy can
1. If the pores are sufficiently large compared with theggne as a measure of the microscopic density of an amor-

interatomic distance and slightly greater than or comparablghOus semiconductor.

to the wavelengths of visible light, then electromagnetic light According to the data of Ref. 9, pores with diameter not

waves undergo multiple scattering, and the optical propertiegxceedmg 0.5 nm are characteristic &8i films. Then the

of the material can be described within the e1‘fective—mediumpOres can be treated as a cluster of atoms removed from the

theory. According to Ref. 7, in the case when only pores argy|ly coordinated structure, and the expressi@ can be
present in the material the following equation holds: written ad®

. . . . n=1+(2/3)(w3/ w})(plp°)*~*, 4
(1-x,)[em(w) —e(w)]/[em(w) +2e(w)]
. R R . wheref=dInC/dIn p is the fraction of the cluster bonds on
+x,[e,(w)—e(w)]/[e(w)+2&(w)]=0, (1) the surface of a pore is the average coordination number,
and the superscript 0 denotes a parameter of the fully coor-
. i - dinated material. The quantitiyvaries from O to 1, depend-
wherex, is the relative volume of the poresy(w) and  ng on the pore size. In the case of small pdiess than 2—3
&,(w) are the complex permittivities of the medium and thecoordination sphergg>0.25, and the value af for such a
pores, and: () is the effective complex permittivity of the medium will likewise be greater than for a fully coordinated
system. material.

1063-7826/98/32(7)/3/$15.00 782 © 1998 American Institute of Physics
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FIG. 1. Spectral dependences of the refractive inde®, 2) and the ex-
tinction coefficientk (1', 2') of a-Si films produced by electron-beam
evaporation with substrate temperatufgs-250(1, 1') and 20 @, 2') °C.

On the basis of these arguments we can say that in our

case thea-Si films produced by electron-beam evaporation
with T,=250 °C(Fig. 1) contain pores with diameters com-

parable to the first or second coordination radius and are ’ ’
differently. Decreasing the substrate temperat(Feg. 1)

accordingly characterized by a high refractive index.
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FIG. 3. Spectral dependences of the refractive inded—4) and the ex-
tinction coefficientk (1'—4") of a-Si films prepared withl' ;=250 °C and
annealed in air fol h at 20,100, 150, and 250 °C1-4 or 1'—4', respec-
tively).

Turning now to the frequency dependences of the extinc-

tion coefficient(curvesl’ and?2’ in Figs. 1 and 2 we can

ee that variations of ¢ and V affect the behavior ok(w)

Variation of the preparation conditions, specifically, de-shifts the absorption edge toward longer wavelengths, while

creases img from 250 to 20 °C and itV by approximately
a factor of 2(Figs. 1 and 2, produces a qualitatively identi-
cal change im in films — a decrease in near the absorp-

decreasingV, (Fig. 2) shifts the absorption edge of amor-

phous silicon toward higher energies. This fact suggests that

the mechanism leading to a decrease in the refractive index

tion edge. The dispersion of the refractive index also de@S Ts decreases is different from the mechanism in the case

creases under these conditions. As a result, the difference
the behavior of the curvesand?2 in the two figures is very

substantial in the short-wavelength region. For example, fof'®aS€-

photon energyhiw=1.9 eV the difference between the re-
fractive indices is~1 (Fig. 1), whereas foriw=1.0 eV this
difference is~0.4. Fori w<<0.8 eV the refractive index is
virtually independent of these deposition conditions.
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WhenV, decreases.

Evidently, asTg decreases, the pore sizes @i in-

In turn, this results in a decreasenpfwhich ap-
proaches the refractive index ofSi, while for very large
pores(50—-100 nm n achieves values which are lower than

in the crystalline material. Since the Penn energy gap de-
creases in the process, the maximum of the funckifm)

and therefore the absorption edge shift toward longer wave-
lengths, as we observe on the experimental curves presented
(Fig. 7). In this case the decreasefinu, is explained by a
decrease in the average coordination humber.

Decreasing the deposition rate should decrease the po-
rosity of the film, and according to Ed4) the refractive
index should increase in this case. On the other hand, for low
deposition rates the amount of extraneous impurities, such as
oxygen, hydrogen, carbon, and so on, entering the film is
larger. If we agree with Ref. 9 and assume that the pores in
the originala-Si are approximately 0.5 nm in diameter, then
it is difficult to imagine that the pore size will decrease fur-
ther as the deposition rate decreases. Therefore, it is unlikely
that a decrease in deposition rate will affect the optical char-
acteristics ofa-Si via a decrease in the pore size.

To isolate the effect of extraneous impurities, we
thought it would be useful to consider the combined effect of
the deposition rate and the subsequent annealirgSifin

FIG. 2. Effect of the deposition rate on the spectral dependences of thglr’ since in the latter case extraneous impurities should enter

refractive indexn (1, 2) and the extinction coefficierk (1’, 2') of a-Si
films. Film deposition rat&/q, nm/s:1, 1’ — 0.53,2, 2’ — 0.30.

the film from the atmosphere. According to the experimental
data, the annealing &-Si in air, just as a decrease in the



784 Semiconductors 32 (7), July 1998 Mashin et al.

deposition ratéFigs. 2 and B decreases the refractive index *E-Mail: mashin@phys.unn.runnet.ru
and shifts the absorption edge toward higher energies.

On this basis we believe that the character of the change” Madan and M. ShawThe Physics and Applications of Amorphous
Semiconductors (Academic Press, Boston-San Diego-N.Y.-London-

produced in the optical properties afSi by variation of the Sydney-Tokyo-Toronto, 1988; Mir, Moscow, 1991, p. 70

preparation and heat-treatment conditions is described welfK. Hamada, M. Wada, H. Shimizu, M. Kume, F. Susa, T. Shibutani,
L . . N. Yoshikawa, K. ltoh, G. Kano, and |. Teramoto, IEEE J. Quantum

within the Penn model. The Penn energy gap is determlnedElectron.QE_ZL 623(1985.

both by the presence and the behavior of extraneous impuri#A. V. Ershov, N. B. Zvonkov, A. I. Mashin, and D. A. Khokhlov, in

; ; : _ Proceedings of the Russian Conference on the Structure and Properties of

.tIeS in the film and by the structure Of_ the short range order Crystalline and Amorphous Materialgn Russian, Nizhnii Novgorod

in amorphous silicon. Thus, the diffusion of oxygen into the state University, NizhiiNovgorod, 1996, p. 28.

bulk of the material results in saturation of the dangling 4AH V-t E;Sg%"(vlgésl)- Mashin, and A. F. Khokhlov, Vysokochist. Vesh-
. . . . . CchestvaZ, .
bonds and the formation of Si—O bonds instead of Si-Sis, o Valeev, Opt. SpektroskL5, 500 (1963 [Opt. Spectroscl5, 269

bonds. Since the Si—O bond is energetically stronger than the(1963].

Qo ; 5M. H. Brodsky, R. S. Title, K. Weiser, and G. D. Pettit, Phys. ReL,B
Si-Si bond, the Penn energy g#pny increases and the 2632(1970,

maximum ofk(w) shifts toward shorter wavelengths. On the 7p. R. penn, Phys. Red28 2093(1962.

other hand, “healing” of the network, i.e., a decrease in the °J. D. Joannopoulos and G. Lucovs#ds), The Physics of Hydrogenated

b fd l bonds. i h di . Amorphous Silicon, Vol. 2: Electronic and Vibrational Properties
number of dangling bonas, Increases the coordination num- (Springer-Verlag, Berlin—New York, 1984; Mir, Moscow, 1988, p. 147
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Temperature dependence of the reverse current in Schottky barrier diodes
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The temperature dependences of the curtentreverse-biased Al/Sin-Si, Al/SiO, /n-GaAs

and Al/n-GaAs (with the native oxidg structures are measured. It is established that these
dependences all have the property that the thermal activation energy decreases with increasing
applied voltage and that at higher voltages the plots d¢flarsus 1T deviate from

straight lines. The results can be explained on the basis of the fact that the current through the
barrier is due to electron tunneling from surface states into the conduction band of the
semiconductor. The field intensity in the Schottky barrier and the density of surface electron
states in the interfacial layer of the semiconductor are estimated by comparing the experimental
results with a tunneling theory that takes into account the effect of the semiconductor lattice
phonons on the tunneling probability. @998 American Institute of Physics.
[S1063-782628)02407-1

1. INTRODUCTION attributed to the thermionic emission mechanism at low volt-
ages andT=200 K and to thermionic-field emission at
Metal-semiconductor Schottky barrier diodes have beemigher voltages and lower temperatures.

investigated by many researchésge, for example, Ref)1 It seems to us that in many cases the temperature varia-
The forward-bias currents — the forward branches of theion of the IVC's, as well as the observed features of the
current-voltage characteristicdVC's) — have been ex- temperature dependence of the current for different reverse

plained by the theories of diffusion and thermionic bias voltages, can be explained by a single theory of phonon-
emissior as well as the tunneling processes of field andassisted electron tunneling from surface states through the
thermionic-field emissiofi* According to the thermionic- barrier. In Ref. 12 the reverse branches of the IVC’s obtained
emission theory, the reverse current should saturate as tla¢ different temperatures for diodes with an mAGaAs
reverse bias voltage increases. However, since the expect&sthottky barrier were explained on the basis of this mecha-
current saturation is not observed at high reverse bias volrism.
ages in real Schottky diodes, the reverse branches of the IVC This paper presents the temperature dependences of the
are explained by the fact that the barrier height decreases &verse current at different voltages for certain metal-
the voltage increasg8 or by the fact that the current due to semiconductor diodes with a thin oxide layer. The experi-
electron tunneling from the metal into the semiconductor ignental results are compared with theoretical expressions for
substantial at higher voltagé§.For example, in Ref. 8 the the probability of tunneling from interfacial surface states
reverse current of surface-barrier structures on GaAghrough a barrier. The comparison makes it possible to esti-
(n=10%¥cm™3) at T=350 K is explained by thermionic- mate the maximum field intensity in the barrier and the
field emission, which transforms into field emission at lowercharge density localized in interfacial defect levels.
temperatures.

The theories of Schottky barriers and the current mecha-
nism in then3™° take into account the influence of the sur- 2 SAMPLE CHARACTERISTICS AND MEASUREMENT

. : . METHODS

face states on the metal-semiconductor interface. The barrier
characteristics and the main laws of current transport through  The experimental samples were prepared as follows.
the barrier, including the voltage dependence of the reversghe AIl/SiO,/n-Si structure was based on amtype Si
current, can be explained by taking into account the effect ofn=2x 10" cm %) wafer with (111 orientation. A thin
surface states on charge-carrier emission, as well as the volsiO, layer was obtained on the Si surface by thermal oxida-
age drop at the interfacé® However, as one can see from the tion of the surface in a dry-oxygen atmosphere at 700 °C.
results of Refs. 5, 6, and 11, even the modern theories aréhe oxide was no more than 4 nm thick. An aluminum disk
incapable of explaining completely the temperature depenef diameter 0.8 mm deposited on the oxide served as the
dences of the current, especially at low bias voltages. In Rebarrier-forming electrode. An ohmic contact was deposited
11, to explain the IVC’s obtained at different temperatureson the other side of the wafer.
the reverse branches of the IVC’s of Cssi structures are The Al/SiO,/GaAs structures were prepared on an

1063-7826/98/32(7)/4/$15.00 785 © 1998 American Institute of Physics
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FIG. 1. Plots of the currenit versus the temperatuik at different reverse  F|G, 2. Plots of the currerit versus the temperatufe at different reverse
bias voltages(pointg for Al/SiO,/n-Si structures and theoretical depen- pjas voltagegpoints for AlISiO, /n-GaAs structures and theoretical depen-
dences of the tunneling probabili¥y/ on the electric field strength (solid dences of the tunneling probabili¥y on the electric field strength (solid
lines) calculated for a barrier height=0.6 eV, an electron-phonon inter-  |ines) calculated for a barrier heighit=0.5 eV, a=8, m* =0.068n,, and
action constana=6.0, an electron effective ma¢Si) m*=0.33m,, anda 4 ,=0.036 eV. The diffusion potentidl,=0.3 V. U, V: 1 — 0.2,2 —
phonon energySi0,) #w=0.063 eV. The diffusion potential ;=0.4 V. 053—1,4—25—4.E, 10 Vim: 1—0.7,2—0.9,3 — 1.3,4 —
U,V:1—0.052—01,3—054—1,5—5E, 10 V/m: 1—55, 18523,

2—6,3—72,4—8,5—09.

1
J

n-type (100 GaAs wafer =5x 10 cm™3). After polish- curr(_ent carriers in these diodes are electroni_c states in the
ing and chemical treatment, a layer of silicon dioxide Wastsem|conductor near the_metal—semlconductor_mterface. Elec-
deposited on one side of the wafer by a plasma-chemicarons enter the conduction band of the semiconductor as a
method. An aluminum electrode of diameter 1.0 mm Walsresult of phonon-assisted tunneling from these levels. As-

deposited on the oxide surfaceTat 100 °C. An ohmic con- suming that the tunneling electrons leave the depletion re-

tact was created on the other side.PAttaAs diodes with the gion without losses due to recombination and that they,
native oxide were also studied. The GaAs surface was c)Xit_herefore, all contribute to the measured current, the current

dized in an oxygen atmosphere for 40 min at 510 °C through a reverse-biased barrier will be proportional to the
The measurements were performed in a vacuum cryost ynnelmg probabiliWy, i.e.,| =WeN$ whereN is the sur-

It permite vanying th temperatre o 100 10 400 K 5 OeT Y fCelers i ecalze slecons ke
The current was measured with an electrométee mea- ' P

A9 N the experimental temperature dependences of the current
surement range was 16-10"° A) or anX—Y plotter. with the temperature dependence of the tunneling probability
calculated according to the quantum-mechanical theory of
phonon-assisted tunneling.

The temperature dependence of the current at different The temperature dependences of the tunneling probabil-
reverse bias voltages were measured on these diodes. Tl depicted by the curves in Figs. 1-3 were calculated ac-
experimental diodes exhibited a pronounced temperature deerding to Eq(16) from Ref. 13 for the values of the param-
pendence of the current. This dependence was identical faters indicated in the figure captions. In making the
both types of diodes. More specifically, at low voltages thecomparison, it was assumed that the maximum field intensity
plots of Inl versus 1T are straight lines with thermal acti- E in the barrier is proportional to the square root of the sum
vation energy 0.6 eV for the Al/SiJn-Si diode and 0.5 eV of the applied voltageJ and the diffusion potentialy.
for the Al/SIO,/n-GaAs diode. At higher voltages the plots Therefore, we can take the ratio of the field intensitio the
of InI=f(1/T) deviate substantially from straight lines be- square root ofJ + U, as a criterion for estimating the accu-
cause of the weaker temperature dependence of the currentraty of the comparison. This ratio should not differ signifi-
low temperature¢Figs. 1 and 2, curve8-5). cantly for the curves being compared. The electron-phonon

Such temperature dependences of the current are diffinteraction constard was chosen on just this basis; the other
cult to explain by the standard theories of current transport iquantities required for the calculations were specified by the
Schottky diodes. For this reason, we shall explain them orharacteristics of the material. For a known tunneling prob-
the basis of the model proposed in Ref. 12 to explain thebility (determined by comparison with the theoretical ciirve
reverse-current current-voltage characteristics oh-A&aAs  the density of states in the surface layer can be determined
Schottky barrier diodes. It is assumed that the sources dfom the measured current density. It is found to be

3. RESULTS AND INTERPRETATION
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FIG. 4. Plots of the currerit versus the temperatuike at different reverse
bias voltagegpoints for Al/SiO, /n-Si structures from Ref. 21 and theoret-
ical dependences of the tunneling probabiityon the electric field strength
E (solid lineg calculated for barrier heighh=0.5 eV, a=6.0, m*
=0.33n,, andZw=0.063 eV.U, V:1—5.2,2— 85,3 — 11,4 — 16,
5—18.E, 10’ VIm: 1 —2.6,2— 3.0-3.3,3—3.9,4 — 44,5 — 4.7.
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FIG. 3. Plots of the currenit versus the temperatuik at different reverse

bias voltages(pointg for Al/GaAs structures with the native oxide and . . . .
theoretical dependences of the tunneling probabWityn the electric field dences of the reverse current in IAI'hP diodes with a thin

strengthE (solid lineg calculated for a barrier heighi=0.5 eV, a=8, oxide layer plotted in Id=f(1/T) coordinates are straight
m* =0.068n,, and%»=0.036 eV. The diffusion potentidl;=0.4 V. U, lines at low voltages, while at higher voltages they deviate
Vi1—01,2—053—14—25—46—6.E 10 Vim: 1—13,  from straight lines as a result of the decrease in the thermal
2—183—214—255—-306—33 activation energy at low temperatures. In Ref. 21 the tem-
perature dependences of the current in an Al)ESi MIS
structure exhibit a pronounced difference in the activation
1.2x10%2 cm™? for the AI/SiO,/n-Si sample, 2.8 energy at low and higher temperatures, and the activation
X102 cm™? for the AI/SiO,/n-GaAs sample, and 3.7 energy also decreases with increasing applied voltage. These
X 10' cm™? for the Alin-GaAs sample with the native ox- structures were obtained by thermal oxidation of epitaxial
ide. silicon containing a large number of structural defects. The
The interpretation presented above neglected the effe@uthors of the paper just cited attribute their results to the
of the oxide layer on the current. The fact that emissionresonant tunneling of electrons from surface states through
occurs from somewhere other than the oxide is indicated bgeep impurity levels in the band gap into the conduction
the small height of the barrier — 0.6 eV in Si and 0.5 eV in band. The variation of the activation energy with temperature
GaAs. In the case of electron emission from the metal intas explained by the fact that the surface states are distributed
the oxide, the barrier would be approximately 3.2 V. in a certain energy interval and their filling by the thermal
Moreover, the capacitance-voltage characteristics in the formejection of electrons from the silicon valence band thus de-
of plots of 1£2=f(U), whereC is the capacitance aridis  pends on the temperature. The variation of the activation
the reverse bias voltage, are straight lines, which also preenergy with the temperature and voltage can be explained
vide an important argument in favor of emission occurringqualitatively on the basis of these assumptions.
through the space-charge region of the Schottky barrier. The Since the structures studied in Ref. 21 differed very little
small influence of the oxide layer on the passage of currenirom our Al/SiO,/n-Si diodes[except for the fact that the
through the structures studied can be explained by the faatxide thickness was great€r40 nm], we offer the explana-
that the oxide layer is not of uniform thickness and containgion for the temperature dependence of the current in Ref. 21
“pits,” which become filled with the electrode metal. It is as an explanation for our results. We also suppose that tun-
known'>1®that such pits in an ultrathin oxide layer appear inneling occurs from interfacial centers through a 0.5-eV bar-
the thermally grown oxide because of the nonuniformity ofrier. The theoretical curves of the tunneling probability cal-
the surface. These micropits with patches of metal in theulated with the same parameters as in Fig. 1 for different
oxide are, in the opinion of many authd’s?°the locations  values of the field intensit§ are depicted in Fig. 4 by solid
where current passage occurs. lines, while the experimental dependences of the current are
It should be noted that similar temperature dependencegpresented by points. One can see that the temperature de-
of the current through a barrier have also been observed hyendences of the current obtained in the voltage interval
other authors. For example, in Ref. 6 the temperature depeifrom 5.2 to 18 V agree well with the theoretical curves cal-
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Use of direct wafer bonding of silicon for fabricating solar cell structures with vertical
p—n junctions
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A technology based on ion implantation and the direct wafer bonding efp—n* structures
has been developed for multijunction silicon solar cells. The internal quantum efficiency
of such structures is close to unity in the wavelength range 350—900 nn1998 American
Institute of Physics.S1063-78268)02507-1

One of the least developed variants of solar cells for us¢he wafers, and the implantation of phosphorus was con-
with solar radiation concentrators is a structure consisting oflucted on the opposite siddéor each impurity the dose
multijunction silicon solar cells with verticgd—n junctions  equaled & 10'%m™?). Annealing was not performed after
[vertical multijunction(VMJ) silicon solar cell$ The advan- ion implantation, since according to Ref. 5 amorphization of
tages of VMJ silicon solar cells have been discussedhe surface promotes bonding.
repeatedly.—® However, it has been noted that new techno-  Immediately before bonding, the wafers were etched in
logical solutions are required in order to implement theseHF, after which they went through a standard cycle of acid-
positive qualities in practice. The main difficulties are due toperoxide washings. In the final stage of the washings, the
the need to ensure passivation of the working surface and aafers were subjected to treatment in dilute 2% HF followed
small series resistance. The characteristics of VMJ silicoby hydroxylation of the surface in a N®H:H,0,:H,0
solar cells produced by the diffusion welding of four silicon (0.05:1:5 solution and a final washing in deionized water
wafers with an™—p—p™ structure were presented in Refs. 2 with resistivity ~18 M -cm. The wafers were joined and
and 3. The diffusion welding was conducted in vacuum atonded according to the method described in Ref. 6.

550 °C. In addition, aluminum was deposited on the wafer =~ Bonded pairs were subjected to high-temperature heat
beforehand, while in a number of cases Silumin interlayerdreatment in air at 1100 °C f&® h without applying an ex-
were used. After welding, the stack of wafers was cut intaternal pressure. The bonding continuity and the presence of
individual elements(Fig. 13. The advantage of diffusion “bubbles” at the interface were monitored by infrar@dR)
welding is that it makes it possible to join a large number ofphotometry on a PTU-44 television system. The areal coor-
wafers without imposing special requirements being imposedinate resolution of the system was300 um with a possi-

on the wafer surface qualitffor example, the surfaces can bility of revealing bubbles with an optical gag0.25um

be etched in KOW The drawback of such a complex struc- between the wafers. Monitoring of the bonding continuity
ture is the presence of metal interlayers on the working surshowed that there are virtually no bubbles, and a narrow strip
face. This produces shadirifom 1 to 10% and impedes where bonding did not occur was present only at the edge of
chemical treatment and passivation of the surface. The betfte wafers. Then™ andp™ layers were about zm thick,
technological variant that makes it possible to avoid thesand the surface boron and phosphorus densities were equal to
drawbacks could be the direct bonding of silicon wafers.3x 10" and 6x 10 cm 3, respectively. Next, aluminum
This comparatively new methddas been employed in mi- was deposited on the exterior surfaces of the bonded wafers
croelectronics and technology of high-power semiconductoat 350 °C, and diffusion welding with low-resistivity silicon
devices for bonding clean polished silicon wafers with dif- wafers, which served as heat compensators, was conducted.
ferent types of conduction or different resistivities, wafersNext, the stack of wafers was cut into individuak3.4x 1
coated with a layer of SiQ and Si wafers after ion implan- mm elements(Fig. 1b. The surface of the elements was
tation. worked on four sides by successively grinding, polishing,

Our objective in the present work is to investigate theand etching with acid. A passivating coating — an 80 A
application of direct bonding for fabricating VMJ silicon so- thick SiO, layer — and a two-layer antireflective coating
lar cell structures. consisting of SjN, and SiQ layers, 550 and 400 A thick,

Commercial, polished100)-oriented p-Si wafers with  respectively, were deposited in an ion-plasma reactive sput-
diameter 60 mm, thickness 3%0m, and resistivity tering apparatus in a single vacuum cycle similarly to Ref. 3.
40 -cm were used to fabricate the VMJ silicon solar cells.The lifetime of the minority charge carriers was measured by
Some wafers were used to prepare VMJ silicon solar cells byax’s method and was equal to 48—5@s for both methods
diffusion welding using the method of Ref. 2. The rest of theof fabricating VMJ silicon solar cells. The spectral depen-
wafers were used for direct bonding. In the latter case the iodence of the reflection coefficientR] for the bonded
implantation of boron atoms was conducted on one side ofamples is presented in Fig.(@urve 1). On account of the

1063-7826/98/32(7)/3/$15.00 789 © 1998 American Institute of Physics
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FIG. 1. Structures of silicon solar cells with vertigain junctions produced
by diffusion welding(a) and direct bondingb): 1 — p* layer,2 — n*
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layer, 3 — Silumin, 4 — heat compensator.
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FIG. 3. Load characteristics of silicon solar cells with tywen junctions
under illumination intensity 100 mW/cin(AM1.5). The solar cells were
fabricated by direct bondin¢l) and diffusion welding2).

(curve 2), and the spectral dependence of the internal quan-
tum efficiency Q(N\)/[1—R(\)] is depicted by curve8 in
the same figure. The internal quantum efficiency is close to 1
in a wide wavelength rang850—-900 nm

The short-circuit current densityj{) was calculated
from the spectral characteristics of the VMJ silicon solar
cells for the AM1.5D solar radiation spectrufh000 W/nt)
and found to bejaw; sp=239.43 mA/cmd. For exoatmo-
spheric conditiong ayo=48.14 mA/cnd. The spectral de-
pendence of the internal quantum efficiency of the VMJ sili-
con solar cells is close to that presented in Ref. 8 for planar
passivated-emitter solar cellPESC'’9, which were fabri-
cated from low-resistivity silicon and possessed a textured

two-layer antireflection coatindR<5% in the wavelength surface, a double antireflection coating, and shading of 4% of
range A =550-850 nm and minimum reflection occurs at the area by the metal. Our values jqf (34—38.7 mA/crf)
A~650 nm. The spectral dependence of the carrier collecare also close to those presented in Ref.j8=36.7
tion factorQ(\) for the same sample is presented in Fig. 2—37 mA/cn? for AM1.5 conditions. The high sensitivity in

Q,R,Q(1-R)", arb. units

FIG. 2. Spectral characteristics of silicon solar cells produced by direc
bonding: 1 — reflection coefficientR of the front surface2 — external
collection factorQ, 3 — internal collection factoQ/(1—R).
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the UV region of the spectrum makes it possible to estimate
the surface recombination rate on the basis of the data in Ref.
9: it does not exceed f@m/s.

The load characteristics of VMJ silicon solar cells
consisting of twop-n junctions connected in series were
measured under a pulsed simulator of concentrated solar ra-
diation for AM1.5D conditions. The load characteristic of
one of the samples obtained by direct bonding for one-sun
illumination is presented in Fig. @urvel). For comparison
the figure also shows the load characteristic for a diffusion-
welded VMJ silicon solar cell with twop—n junctions
(curve?2 in the same figune For the “welded” silicon solar
cell the short-circuit current density is somewhat lower
(j amLsp=34 mA/cnt) because the reflection minimum of
the sample lies in the infrared regior=800 nm). The de-
pendences of the fill factdiFF) and the efficiencyy on the
degree of concentration of solar radiation for the same
samples are presented in Fig. 4. One can see that the fill
Ifactor for the “bonded” sample is much smaller than for the
“welded” sample, which had a surface density in the diffu-
sion layers~10°° cm™2 and continuous surface metalliza-
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FIG. 4. Fill factor(FF) and efficiencys versus the degree of concentration
of solar radiation(AM1.5) for solar cells fabricated by direct bondirid))
and diffusion welding(2).

tion at the interface. As a result of this, the efficiency of the
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series resistance. To increase the fill factor it is necessary
either to increase substantially the impurity implantation
dose or to use silicon wafers with diffusion layers for direct
bonding. However, in order to bond such wafers additional
investigations are required, since diffusion does not preserve
wafer surface quality.

In summary, vertical multijunction silicon solar cells,
which have been produced for the first time by direct wafer
bonding without the use of photolithography and surface tex-
turing, make it possible to obtain spectral characteristics that
are wavelength-independent in a wide range of wavelengths.
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K. Matsukuma, Jpn. J. Appl. Phy26 (5), L547 (1987.

sity of the impurity at the interface, and this led to a high Translated by M. E. Alferieff



SEMICONDUCTORS VOLUME 32, NUMBER 7 JULY 1998

Pulsed investigations of diode structures based on silicon-hydrogen films
S. V. Belov and A. A. Lebedev

A. F. loffe Physicotechnical Institute, Russian Academy of Sciences, 194021 St. Petersburg, Russia
(Submitted December 17, 1997; accepted for publication December 23) 1997
Fiz. Tekh. Poluprovodn32, 889—-891(July 1998

Me/silicon-hydrogen film/Si diode structures are investigated. The main features of the
measurements performed are that, first, the method of paired voltage pulses applied to the sample
is used and, second, the measurements are performed in the temperature range from 294 K

up to 334 K. Reliable estimates of the main characteristics of silicon hydride films, such as the drift
mobility, trap density, trap ionization energy, and carrier trapping cross section, are obtained

by comparing the results obtained with data from previous work.198 American Institute of
Physics[S1063-782808)02607-§

1. INTRODUCTION the passage of free carriers through the SHF and the falloff
of J is due to the capture of carriers in traps. The drift

ilicon-hydrogen films(SHF's) and porous silicon ar . . . S
. Silico y(.j 0ge S(S ) ? ) porous sticon are mobility of the carriers can be estimated from the rise time:
kindred materials. Interest in SHF's increased substantially

after the discovery of visible-range photoluminescence by L2
R. W. Fathaueet al.in 1992 Electroluminescence was also m=rg= 1073-10 * cn?/V- s, (1)
observed in Me/SHF/Si structures in that yé&hotodiodes !
sensitive in the range from 1.1 to 4.2 eV were fabricated angvhereU is the voltage on the diode. These valueg.cdgree
investigated in 1993.However, the electrical properties of well with the results of Ref. 6.
SHF’s have been studied comparatively little. These films  Let us estimate the order of magnitude of the free carrier
exhibit the properties of high-resistivity semiconductors withdensityn. In the case of field transport the current is initially
permittivity £=3.9* Investigation of the static current- given byJ=qunE, and
voltage characteristicfVC'’s) of diode structures showed
that they can be described satisfactorily on the basis of the Jt = L _ ﬂ

o . 1=quEn —nN= , 2
theory of space-charge-limite@8CL) currents in the pres- Eu qL
ence of traps:® The voltage at which rapid growth of the _ L .
currentJ occurs is of the order of 0.4-1.0 V, and the trapWhere_E is the electric field andj is the e'ec”‘i'; charge.
density calculated from it is #6— 1017 cm 3. The carrier >ubstituting the typical valuek=2 Alen?, t,=10"" s, and

— —5 : A~ 7 —3
mobility calculated from the IVC’'s is of the order of L=10"cm into Eq.(2)_, we obtainn=10'" cm">. :
104 cn?/V-s. The current falloff is due to the capture of carriers by

traps and occurs under the conditions of high electric fields
(E=10° V/cm) and in response to a change in carrier den-
sity. However, the initial section of the falloff can be ap-

Silicon hydride films are obtained by chemically etching Proximated by an exponential functicirig. 3 with time
silicon in HF, to which oxidizers (HN@, NaNQ,) are constantro=ocvn, whereo andvy are the trapping cross
added. Films with thicknesk =0.05-0.20 um form after ~ Section and the thermal velocity of the carriers, respectively;
10—60 s. Their luminescence spectra are shown in Fig. 1. 7o=10—50 us and does not depend @n The cross section

Diodes were produced by depositing Al, Au, or Ag ¢ can be estimated from, and was found to be of the order
through a mask with openings 0.5-2.0 mm in diameterof 10" **=10" 2% cn? for different samples. .

Ohmic contacts to Si were obtained beforehand by diffusing ~ The traps in a SHF are filled during the first forward-
P. The structures have diode IVC’s with breakdown voltagecurrent pulse, and after the pulse terminates, the traps are
>10 V and reverse currents of the order of severAl thermally emptied of trapped carriers. This process can be

The measurements of the transient current characteristidgvestigated with the aid of shifted voltage puldeiset us
J(t) of the diodes were performed in the forward direction€xamine first the case when both pulses have the same am-

under the action of a paired voltage pulses with the same an@fitude andAt is the time interval between the end of the
different amplitudesJ, andU, (Fig. 2). first pulse and the start of the second pulse Msncreases,

there is enough time for some traps to be thermally emptied

of trapped carriers, and the curreh, on the leading edge

of the second voltage pulse increases. In Fig. 2a the dashed
After a voltage pulse is switched on, the current throughline shows the envelope of the functidp,(At). The differ-

the diode rises rapidl{in a timet;=0.1 us) up to a maxi- enceAJ,=Jm1—Jmn2 ON the initial section can be approxi-

mum valuel,,; and then falls. The rise in current is due to mated by an exponential function. Figure 4 shows plots of

2. SAMPLES AND MEASUREMENT METHOD

3. MEASUREMENT RESULTS AND DISCUSSION

1063-7826/98/32(7)/3/$15.00 792 © 1998 American Institute of Physics
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FIG. 3. Time dependences of the falloff of a current pulse with different
voltagesU (in V) on the samplel — 1,2 —1.6,3—2,4—4,5—7.
T=294 K.

FIG. 1. Typical photoluminescen¢PL) spectrum of the experimental SHF (F|g 5), and the trap activation energy determined from it is
E;=0.2-0.02 eV. The carrier trapping cross sections
calculated from Eq(3) with E;=0.2 eV, N;=10" cm™3,

samples at 3001) and 77 K(2).

log AJ,,=f(At) for several values of . The time constant,
of carrier generation is related with the trap parameters b¥rom the carri

the well-known relatiofi
7'9,2(01-0'NC)7l exp(Ei/vy),

where N, is the effective density of states in the closest
allowed band. The Arrhenius dependence fgris linear

4.00}
a
-
3.20 U, = U,
T 2.40f
~ p
1.601 e
rd
/
0.80r /
/
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400} b
U, > U,
J.20}
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and 7,4

10 19—

Let

=10"%s were found to be of the order of
102 cn? and agree well with the data obtained
er trapping kinetics of the traps.

us now consider the case when the voltelgeof the

second pulse is less than that of the first pulse. For a certain
value ofU, it is possible to have a situation where there is
virtually no forward current at the start of the second pulse,
even when the second voltage pulse follows immediately

after th
timety

e first pulse, and the forward current increases after a
equal to the time interval between the end of the first

pulse and the onset of current growffig. 2b). Such a form

of the transient characteristic with a current step is due to the
trapping of injected carriers by traps and the formation of an
internal electric field in the SHF, which can be greater than
the external field at the start of the pulse and can impede
current flow through the diode. As carriers are thermally gen-

erated
flow in
ments

from traps, the internal field decreases, and current
the forward direction becomes possible. The experi-
showed that; does not depend on whether or not an

external field is applied to the SHF, i.¢y,is the same in the

104-
2
<
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FIG. 2. Oscillograms of the current pulses of a typical sample with the samé=IG. 4. Plots ofAJ,,=f(At) at various temperature§, K: 1 — 294,
2 — 315,3 — 334.

(a) and different(b) voltages in the first{,) and second,) pulses.
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SHF’s can be made from static and pulsed measurements on
- Me/SHF/Si structures: the drift mobility u=10 2
- —10 % cm?/V - s; the trap densitil,= 10— 10'" cm™3; the
trap ionization energyE,=0.20+=0.03 eV; the trapping
cross section of traps=10"1°-10"2° cn?.

It should be noted that Me/SHF/Si diodes have a com-
- plicated structure and that it has not yet been investigated
adequately. A heterojunction is formed at the SHF/Si inter-
. X N face, and, according to the photoluminescence spectra of
3 3.0 3.2 14 SHF's, the gap width in the SHF is at least 1.7-1.9 eV.
1000/T , K7 Inclusions of nanosize silicon clusters with a large gap width
are possible in the film. Material of a different nature can be
present between such clusters. Surface states can form at the
interface between a cluster and the material surrounding it.
They can also form on the SHF/Si and SHF/metal interfaces.
cases when the second voltage pulse follows immediatelfzor this reason, the estimates made above are highly aver-
after the first pulse and when the start of the second pulse &ged, and in real structures the mechanism of current trans-
shifted by a timet,. port through an SHF is more complicated than the simplified
The densityN, of charged traps can be estimated frommodel examined above.
the voltage of the second pulse at which the transient char- This work was supported by the Russian Fund for Fun-
acteristic described above is observed. We know the tragamental Research.
distribution in an SHF and the degree to which the traps are

filled by injection, but if it is assumed that the filling of the 1r w. Fathauer, T. George, A. Ksendsov, and R. P. Vasquez, Appl. Phys.
traps does not depend on the coordinate perpendicular to the ett. 60, 995(1992.

L
1

Tq 5 €rd. units
-+

FIG. 5. Arrhenius plot for the thermal generation time constgnt

plane of the SHF, then the Poisson equation yields 23, V. Belov, Pis'ma Zh. Tekh. FizZ18(24), 16 (1992 [Sov. Tech. Phys.
Lett. 18, 800(1992].
2ee,U SE. V. Astrova, S. V. Belov, O. A. Zitsev, and A. A. Lebedev, Pis'ma zh.
= (4) Tekh. Fiz.19(24), 50 (1993 [Tech. Phys. Lett19, 794 (1993].
q L2 4E. V. Astrova, S. V. Belov, and A. A. Lebedev, Fiz. Tekh. Poluprovodn.

28, 332(1994 [Semiconductor®8, 203 (1994].
wheree, is the permittivity. Substituting the known valifes M. Lampert and P. MarkCurrent Injection in SolidsAcademic Press,
U=1V, L=10"°cm, ande=3.9 into Eq.(4) givesN,=4  New York, 1970[Mir, Moscow, 1973. _ _
% 10 cm~3 S. V. Belov, O. A. Zitsev, and A. A. Lebedev, Pis'ma Zh. Tekh. Fiz.
- o 21(3), 30 (1995 [Tech. Phys. Lett21, 101 (1995].
The quantityty depends orl, and the trap activation 7| . kapitonova, A. A. Lebedev, and N. A. Sultanov, Fiz. Tekh. Polu-
energyE, can be calculated from it. The average value for provodn.4, 1130(1970 [Sov. Phys. Semiconel, 954 (1970)].

several samples i§,=0.21+0.08 eV and agrees well with 8L. S. Berman and A. A. Lebede\Gapacitance Spectroscopy of Deep
the values OEI presented above. Centers in Semiconductofs Russian, Nauka, Leningrad, 1981.

Thus, the following estimates of the characteristics ofTranslated by M. E. Alferieff
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Investigation of the device characteristics of a low-threshold quantum-dot laser
emitting at 1.9 um

A. E. Zhukov,*) A. Yu. Egorov, A. R. Kovsh, V. M. Ustinov, S. V. Zaitsev,
N. Yu. Gordeev, V. |. Kopchatov, A. V. Lunev, A. F. Tsatsul’'nikov, B. V. Volovik,
N. N. Ledentsov, and P. S. Kop’ev

A. F. loffe Physicotechnical Institute, Russian Academy of Sciences, 194021 St. Petersburg, Russia
(Submitted December 24, 1997; accepted for publication December 30, 1997
Fiz. Tekh. Poluprovodn32, 892-895(July 1998

InAs quantum dots in a InGaAs matrix grown on an InP substrate by molecular-beam epitaxy
are employed as the active region of an injection laser. Lasing via quantum-dot states is
observed in the temperature range 77—200 K. At the lowest threshold current density £1 A/cm
the radiation wavelength is equal to 1.88 (77 K). © 1998 American Institute of
Physics[S1063-782@08)02707-0

Quantum dot(QD) arrays are promising for use as the possible to reduce the exit losses of radiation to a minimum.
active region of an injection laser. In particular, an ultralowA Ti/AuZn/Ni/Au alloy was used to form ohmic contacts to
threshold current density and a sharp decrease in its temperteep™ layer, while Au:Te/Ni/Au was used for the contacts to
ture dependenckas well as an increase in the specific gain, the n™-InP substrate. The laser characteristics were investi-
have been predicted theoretically for them. An ultralowgated under pulsed pumping with frequency 5 kHz and pulse
threshold current density of 60 A/Gnan internal quantum duration 3us in the temperature range 77—300 K. The pho-
efficiency of 70% and continuous-wave lasing with output toluminescencéPL) was investigated on structures with the
power of the order of 1 WRef. 6 have been reported for top contact layer removed. The PL was excited by a GaAs/
injection lasers based on QD’s formed by the self-organi-AlGaAs semiconductor laser and detected by a cooled InSh
zation of three-dimensional islands in strongly strained sysphotodiode. The excitation power was 30 Wfcm
tems of INGaAs/(Al)GaAs materials:* Since the number of charge carriers that can participate

However, the longest radiation wavelength achieved irin lasing is limited by the QD density, the pump-current-
QD-based structures of this type was L@,” which greatly  density dependence of the gain achieved on the QD’s should
limits the possible applications in fields of practical impor- saturate when a certain value is reached. Gain saturation is
tance, such as waveguide optical communication and monmanifested as a sharp superlinear increase in the threshold
toring of atmospheric pollution. We showed earlier that thecurrent density with increasing losses and has been observed
range of radiation from QD’s can be extended right up to 2in some lasers based on(Ge)As QD’s in a GaAs matriX.
um by using arrays of InAs quantum islands in a InGaAsTo overcome gain saturation, it has been proposed that the
matrix grown on an InP substratdhe increase in the radia- QD density be increased by the repeated deposition of sev-
tion wavelength as compared within,GaAs QD’s in a eral arrays of QD'$%!!

GaAs matrix in the present case is due, first and foremost, to The same technological method was used in the present
the employment of a narrower-gap matrix. In the presentvork. The active region consisted of three arrays of InAs
paper we report the development of an injection laser on thguantum dots separated by 5 nm thick InGaAs spacers. The
basis of QD’s in the InAs/InGaAs/InP system of materialstransition from two- to three-dimensional growth was indi-
and present the results of investigations of its optical anaated directly during growth by the appearance of a streak
device characteristics. RHEED pattern after the deposition of three InAs monolay-

The experimental structure was grown on aners(ML) on an InGaA&l00 surface. The effective thickness
n*-InP(100) substrate by molecular-beam epitdd4BE). of InAs deposited in each QD array was equal to 7 ML.

A 0.6 um thick waveguide layer of undoped InGaAs was Transmission electron microscogyEM) data confirm
deposited directly on the substrate, which functioned as théhe formation of coherently strained InAs islands in the
bottom emitter. An array of InAs QD’s was placed at the InGaAs matrix when the effective thickness of the deposited
midplane of the waveguide layer, which was bounded abovénAs exceeds 3-3.3 ME.The dimensions of the islands,
by a 1.5um thick p-InAlAs emitter layer. The structure was which are characterized by a 50 nm base and a height of the
completed by a 0.;em thick p*-InGaAs contact layer. The order of 4—5 nm, are comparable to the exciton radius in this
InGaAs and InAlAs epitaxial layers were nominally lattice- system of materials; this should lead to size quantization of
matched with the InP substrate. All structures were grown atharge carriers in all three directions.

500 °C. It was observed after the repeated deposition of several

The laser diodes shown schematically in Fig. 1 wereQD arrays separated by InGaAs spacers with a thickness of
formed in a geometry with four cleaved faces, which made ithe order of the characteristic height of the islarifisnm)

1063-7826/98/32(7)/3/$15.00 795 © 1998 American Institute of Physics
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- FIG. 2. PL spectra of structures obtained by sing=(1) and triple
(N=3) deposition of InAs QD arrays separategl & 5 nmthick InGaAs

FIG. 1. Schematic representation of a section and band diagram of thgPacers. The measurement temperature was 77 K.
experimental laser based on InAs quantum dots in an InGaAs matrix. Inset:
schematic representation of the vertical alignment of QD’s in neighboring
arrays. spread of island sizes. As follows from the data in Fig. 2,
vertical alignment of QD’s is accompanied by narrowing of
the PL line from 37 meV in the case bf=1 to 23 meV for
that the islands in the second and subsequent arrays aké= 3. It should be noted that such a small QD luminescence
formed precisely above islands of the preceding array, abnewidth is one of the best reported values and provides
shown schematically in the inset to Fig. 1. This same verticaindirect evidence of an improvement in the homogeneity of
alignment of QD’s in neighboring arrays was observed earthe QD sizes as a result of vertical alignment.
lier after the repeated deposition of InAs QD’s in GaAs or  The electroluminescencéEL) spectra near the lasing
AlGaAs matrice¥’ and was attributed to the effect of inho- threshold of the experimental laser structure are compared in
mogeneous strain fields, arising as a result of the formatioi¥ig. 3 with the PL data. The excitation of an ultranarrow
of the first array of dots, on the surface migration rates of Gdless than 1 meYline in the EL spectrum attests to a tran-
and In atomg3 We believe that this explanation is also valid sition of the diode into the lasing regime at a pump current
in the case of InAs QD’s in an InGaAs/InP matrix. density Jy,=11.4 Alcn?. The lasing wavelength was equal
The PL data show that the radiation of strained InAsto 1.894um. As far as we know, these values are the lowest
islands in ar(In,GaAs matrix at 77 K covers the wavelength threshold current density and the longest wavelength ever
range 1.65—1.944m, depending on the effective thickness reported for QD lasers.
of the deposited InAs, which controls the island siZegw- Mathematical modeling of the shape of the experimental
ever, vertical alignment makes it possible to increase thé&L spectrum distinguishes two Gaussian lifkd andPL2
radiation wavelength even more. Figure 2 shows the PIL(Fig. 3). The line with the longer wavelengtiP(1) is due
spectra at 77 K of structures differing in the numbhl) (of  to recombination via the ground state of the QD’s, while the
QD arrays in the active region. The effective thickness ofline with the shorter wavelengtiP(L2) is apparently due to
InAs forming one QD array was the same in both sampleshe excited state of the QD’s. Two lines are also observed in
and was equal to 7 ML. As one can see by comparing théhe EL spectra. It is important to note that lasing arises right
spectra, the triple depositioNE3) of QD’s results in an  next to the maximum of th€L1 line, indicating that lasing
appreciable shiffapproximately 20 mey/of the maximum  occurs via the ground state of the QD’s.
of the PL line toward lower energies as compared with the  Figure 4 shows the temperature dependencek,aind
case of a single QD arrayN(=1). We believe that this is the integrated intensity of the PL line due to recombination
due to a decrease in the size-quantization energy in the syt QD’s. As one can see, the experimental laser structure
tem consisting of three vertically aligned QD’s separated bydemonstrates a very strong temperature dependence of the
tunneling-transparent barriet. threshold current density, which can be described in terms of
The PL line of a QD array formed by self-organization is the characteristic temperature by the quarifigyof about 25
inhomogeneously broadened with a full width at half-heightK. A sharp drop of the PL intensity described by an expo-
ordinarily of about 40-80 meV, reflecting a substantialnential dependence on the reciprocal temperature with acti-
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investigated in the present work, thermal transfer should ap-
parently be much more pronounced because the energy sepa-
ration between the QD levels and the band edges in the ma-
trix is smaller. We believe that this problem can be partially
overcome by using the wider-gap quaternary compound
InGaAlAs as the matrix material.

In summary, lasing has been demonstrated in a structure
based on InAs quantum dots in an InGaAs matrix grown on
an InP substrate. The threshold current density equals
11 Alcn?, while the emission wavelength equals 1.99%
at 77 K.
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FIG. 4. Temperature dependences of the threshold current density for agordeev, P. S. Kop’ev, D. Bimberg, and Zzh. I. Alferov, Fiz. Tekh.
sample with four cleaved faces (29@90 um) (&) and the integrated PL Poluprovodn 31, 483 (1997 [Semiconductor81, 411 (1997)].
line intensity(b). The dashed line ib shows an approximation of the falloff

of the PL by an exponential function with activation energy 46 meV. Translated by M. E. Alferieff
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