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Abstract—It is desirable to have a set of substrates which are based on Si and ensure growth of heterostruc-
tures with various lattice parameters in order to devel op electronic devices composed of semiconductor mate-
rials whose epitaxial growth is reasonably well developed. Such substrates are typically referred to as artifi-
cial. In this paper, a comparative analysis of various methods for the fabrication of artificial substrates (het-
erostructures), in which the relaxation of stresses is based on the introduction of misfit dislocations, is
performed. Based on published and new experimental data, the mechanisms for attaining a low density of
threading dislocations in plastically relaxed films represented by heterostructures composed of GeSi and an
Si buffer layer grown at low temperatures are analyzed. The problems and results of another group of methods
for obtaining artificial substrates which gained favor recently and become known as“compliant” or “soft” sub-
strates are discussed. The most important electrical parameters of Si and GeSi films grown on artificial sub-
strates are considered. © 2003 MAIK “ Nauka/Interperiodica” .

1. INTRODUCTION

The term “artificial substrate” is used to denote a
heterostructure that is grown epitaxialy on an Si (or
GaAs) substrate and has new valuable characteristics. a
perfect crystal structure and surface smoothness which
differ only dightly from those of the initial substrate;
however, an artificial substrate differsradically from an
initial substrate in its lattice parameter. Perfect hetero-
structures based on GeSi/Si make it possible to signifi-
cantly improve the characteristics of devices produced
conventionally on Si substrates (for details, see the
reviews[1-3]). Another special feature of these hetero-
structures consists in the fact that they can be used as
artificial substrates for the growth of GaAs, which
could result in compatihility of the devicesbased on sil-
icon technology with optoelectronic devices based
mainly on GaAs. The most important components for
ensuring this compatibility are Ge,Si; _, buffer layers,
which makeit possibleto form completely relaxed, per-
fect layers of Ge-Si solid solution with x as large as
unity; asaresult, the formation of epitaxial Ge/Si struc-
tureswith alow defect concentration becomes possible.

The physical mechanism which underlies the epi-
taxial transition of one material to another with differ-
ing lattice constants and is used in conventional meth-
ods consistsin the relaxation of elastic strainsin athin
layer of new material by introducing misfit dislocations
(MDs). However, the introduction of MDs givesrise to
so-called threading dislocations, which are dislocation-
loop segments that emerge at the surface of an epitaxial
layer. In order to reduce the density of threading dislo-
cations, one conventionally uses either buffer layers

with the lattice varying across the layers or so-called
dislocation filters composed of stressed superlattices.

The main requirements imposed on the above sub-
strates are (i) small thickness of the film in which plas-
tic relaxation occurs; (ii) a perfect crystal structure,
which is mainly assessed from the threading-disloca-
tion density; and (iii) low roughness of the heterostruc-
ture surface.

Recently, anumber of methodsfor the production of
new artificial substrates referred to as “compliant” and
“soft” ones have been suggested. When these substrates
are used, it isassumed that a completely different phys-
ical mechanism is in effect: redistribution of stresses
between the pseudomorphic layer and thin (compliant)
substrate-membrane; as a result, the pseudomorphic
layer relaxes elagtically without the formation of MDs
and, correspondingly, without generation of threading
dislocations.

2. PLASTIC RELAXATION
OF HETEROSTRUCTURES AS A CLASSICAL
METHOD FOR THE FORMATION
OF ARTIFICIAL SUBSTRATES

2.1. Basic Points of the Plastic-Relaxation Theory
for Artificial Substrates

It iswell known that plastic relaxation of mismatch
stressesin GeSi/Si filmsismainly attained by the intro-
duction of 60° dislocations over the inclined {111}
glide planes (see, for example, [3]). Theinitial stage of
plastic relaxation of a pseudomorphic film is shown
schematically in Fig. 1. The relaxation sets in with the
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Fig. 1. Schematic representation of plastic relaxation in a
(2) stressed film viaformation of (2) misfit dislocations and
(3) threading dislocations related to them.
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Fig. 2. Calculated normalized effective shear stress as a
function of the Ge,Si4 _,/Si(001) film thicknessfor x=0.1,
0.3, and 0.6. The dash-and-dot lines correspond to the larg-
est values of T/G for h — o,

formation of a 60° dislocation that can glide in the
(111) plane, which isinclined to the interface. The dis-
location consists of asegment lying in theinterface (the
misfit dislocation) and asegment AB that emerges at the
film surface (the threading dislocation). Plastic relax-
ation of the film occurs owing to an increase in the
length of this MD (segment BD) via the motion of a
threading segment CD in the glide plane. The passage
of the didocation loop through a part of the film
reduces plastic strainsin this part. Correspondingly, the
problem of obtaining perfect and completely relaxed
GeSi/Si films can be separated into two subproblems:
(1) the attainment of an acceptable rate of film relax-
ation (reduction of residual elastic strains as the film
thickness increases) by introducing MDs and (1) the
minimization of the number of threading dislocations.

BOLKHOVITYANOV et al.

To a certain extent, these two subproblems are contra-
dictory since introduction of MDs occurs via the pas-
sage of threading dislocations through the film volume
and an increase in the rate of plastic relaxation by
increasing the MD density brings about an increase in
the density of threading dislocations.

The concept of an effective (excess) shear stress T4
isused in the studies concerned with the introduction of
threading dislocations and their propagation in stressed
films (see, for example, [4]); this shear stress governs
the processes of MD generation and threading-disloca-
tion propagation in stressed films and is defined by the
following expression for a film with thickness h:

L = 2G(1+v) ¢
eff (1 _ V) i|

(D

_Gb(l—vcosza)coscpangb + 10
4mth(1-v) b

The first term on the right-hand side in formula (1),
[2G(1 + v)/(1 — v)]g, represents the driving force of
plastic relaxation and isequal to the biaxial stressinthe
film. Here, G and v are the shear modulus and the Pois-
son ratio, respectively; and € is the elastic strain. The
guantity S= cosA cos@isintroduced in order to account
for the effect of the stress component along the thread-
ing-dislocation motion and isreferred to as the Schmidt
factor. Here, @isthe angle between the glide plane and
the normal to the interface; and A is the angle between
the Burgers vector b of dislocation and the perpendicu-
lar to the line of intersection of the dislocation’s glide
plane with the interface (this perpendicular lies in the
interface plane). The second term on theright-hand side
of formula (1) represents the shear-stress component
that impedes the propagation of threading dislocations
[5]. This component is calculated from the work
required to form a unit length of a new MD. In this
term, a is an angle between the Burgers vector and the
didocation line. The quantity (3 isreferred to asthe dis-
location-core parameter and is set (according to recent
data) equal to 0.76 for 60° dislocationsin a GeSi sys-
tem [6]. Thecritical thicknessh, isdetermined from the
equality of T4 tozero at theinitial stage of plastic relax-
ation, inwhich case € =f (f isthe lattice-parameter mis-
match); thus, we have

b(1-vcos'a) Bhe .
8rf (1 + v)cos)\a 2

This expression was first derived by Matthews and
Blakesee in 1974 [7] on the basis of the balance of
forces acting on athreading dislocation. The model [7]
referred to as the force balance model is very popular
among researchers, and the publication [7] has been
cited about 2000 timesin scientific literature.

When the film thickness exceeds h,, the value of T4
becomes positive; as a result, MDs can now originate
and propagate. In Fig. 2, we show the dependences of

h, =
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dimensionless effective shear stress 14/G on the
GeSi; _ filmthicknessfor x = 0.1, 0.3, and 0.6. Asthe
film thickness increases, the dependences tend to the
value of [2(1 + v)/(1—V)]e, which is proportional to x.
Itiswell knownthat, in amost all situations, filmsgrow
to thicknesses which grestly exceed the critical thick-
ness corresponding to the origination of the first MDs
[3, 8]. For illustration, the points that are marked by
numbers and correspond to the film thicknesses equal
to 3h, are indicated for each curve in Fig. 2. It can be
seen that the effective shear stressincreases appreciably
as the fraction of Ge in the pseudomorphic film
increases, which isbound to affect the rates of MD gen-
eration and the propagation of corresponding threading
segments.

Houghton [4] suggested the following semiempiri-
cal expression for the MD generation rate:

dN(t W,
s i ®

Here, N, is an adjustable parameter, which [4] charac-
terizesthe initial density of the sites for the most prob-
able generation of MDs (this density differsfor dissim-
ilar Si substrates); and W, is the activation energy for
MD generation and is equal [4] to about 2.5 eV. On the
basis of experimental data [4], the exponent n is equal
to 2.5. Thus, comparing the Ge Si; _, filmswith x = 0.1
and 0.3, taking into account Fig.2, and using expres-
sion (3), we may state that the generation rate of MDs
in the films with x = 0.3 should be at least an order of
magnitude higher than that in the films x = 0.1. Corre-
spondingly, the density of threading-dislocation pairs
should aso be higher.

The final threading-dislocation density depends
both on the density of generated MDs and on the veloc-
ity of propagation of corresponding threading seg-
ments. According to the widely accepted concepts [9]
adapted to the threading-dislocation glide in a stressed
film [4], the velocity of dislocation motion can be rep-
resented as

Vi = Vo(Tesr) "exp(—E,/KT), (4)

where V, is a congtant, E, is the activation energy for
the motion of dislocations by gliding, and the value of
m seems to range from unity to two (see, for example,
[10]). Consequently, as T4 increases, the velocity of
motion of the MDs' threading branches increases as
well. Expression (4) is valid for the initial stage of
relaxation. The emerging MD network retards the
threading-dislocation motion [6] owing to interaction
between local stressfields of dislocations [11].

Under equilibrium conditions and in the absence of
barriers, MDs areintroduced as long as the thickness of
pseudomorphic films exceeds h.. Stresses in the film
are reduced, the critical thickness increases, and MDs
are no longer introduced. The film thickness should be
increased again in order to introduce a hew portion of
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Fig. 3. Schematic illustration of mechanisms governing a
decrease in residual elastic strains due to plastic relaxation
of the film with an increase in the film thickness. The solid
line represents thermodynamic equilibrium in the absence
of barriers to the introduction of misfit dislocations; dashed
line 1 corresponds to kinetic hindrance to misfit-dislocation
generation and to threading-dislocation glide (low growth
temperatures), and dashed line 2 represents an experimental
quasi-equilibrium dependence (after the prolonged anneal -
ing of the heterostructure). Vertical arrows indicate the
behavior of relaxation in the course of annealing (the tran-
sition from dependence 1 to dependence 2). Critical thick-
nesses are aso indicated: h. stands for the thickness calcu-
lated according to the Matthews-Blakeslee model [7], and
h.(exptl) denotes the experimental thickness (h.(exptl) far
exceeds h if the films are grown at comparatively low tem-
peratures). The hatched linesillustrate the persistent differ-
ence between experimental dataand the curve calculated for
barrierless conditions of introducing misfit dislocations.

MDs. Thus, in anideal situation, the film should plasti-
cally relax gradually as its thickness increases. Resid-
ual elastic strains can be expressed as

e(t) = f—bep(1), ()

where by isthe component of the Burgers vector along
the normal which liesin the interface plane and is per-
pendicular to the line of intersection of the glide plane
with theinterface plane, p(t) isthelinear density of dis-
locations, and, according to Hu [12],

h,

g(t) fh(t) for
In Fig. 3, this dependence of residual elastic strains on
the film thickness is shown by the solid line. This equi-
librium theoretical dependence correspondsto the larg-
est possible decrease in residual elastic strains as the
thickness of GeSi heterostructures increases (based on
the highest relaxation rate). As has been mentioned in
many publications (see, for example, [3, 4, §]), the
experimentally determined critical thickness exceeds,
in the majority of cases, the calculated one (Fig. 3). We
may introduce two critical thicknesses: theoretical or
equilibrium critical thickness h, and experimental crit-
ical thickness h.(exptl). A persistent difference between
these two critical thicknesses which has been observed

h=h,. (6)
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Fig. 4. Classification of the methods for growing plastically
relaxed GeSi films, which are conduciveto adecreasein the
density of threading dislocations in the heterostructure.
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Fig. 5. The density of threading dislocations in
Ge,Siq - ,/Si(001) films according to various sources. The
solid line approximates the data on the growth of layerswith
a steplike composition in accordance with conventional

technology [16-19] (see text).

The dashed line represents

the density of threading dislocations in layers using a
graded buffer layer [31]. The dash-and-dot line encirclesthe
data on the growth of GeSi layers on an LT-Si buffer [20—

22, 24-27, 44]. Thefilled ova

corresponds to a graded Si

buffer layer with a surfactant (Sb) [62].

experimentally indicates that various potential barriers
play an important role in retarding MD introduction
during the growth of semiconductor films. Elevated
growth temperatures and postgrowth heat treatments of
heterostructures make it possible to approach the equi-
librium conditions of MD generation. For example,
special studies performed by Houghton et al. [13] for
GeSi; _ solid solutions with x = 0.01-0.15% showed
excellent agreement between experimental data and the
results of calculations reported by Matthews and
Blakeslee[7, 14].

Expression (2) derived for equilibrium conditions
defines a certain basic parameter h, which dependsonly
on the mechanical properties of the specific pair of
materials forming the heterostructure, on the degree of
mismatch, and on the crystallographic orientation of
the interface plane. This parameter is used by research-
ers as a certain borderline in thicknesses. If the film
thickness is smaller than h,, the pseudomorphic filmis
thermodynamically stable and MDs are not introduced
into it; otherwise, the film isin a metastable state. The
onset and rate of plastic relaxation of pseudomorphic
films with thicknesses in this range depend on new
parameters: on the temperature and duration of the heat
treatment of the heterostructure (Fig. 3, dependence 1)
and on characteristics of thefilms' growth (growth rate,
two-dimensional mechanism of growth, role of impuri-
ties, and so on). Correspondingly, h.(exptl) for a spe-
cific heterostructure is a drifting quantity which
depends on these new parameters. In order to remove
(if possible) the restrictions imposed on plastic relax-
ation of pseudomorphic films, one either has to grow
the films at a high temperature [15] or subject the films
to postgrowth annealing at el evated temperatures. Nev-
ertheless, as numerous published data indicate (they
will be cited in Subsection 2.3), the experimental
dependence of the degree of plastic relaxation of a het-
erostructure on the thickness deviates appreciably from
the theoretical (equilibrium) dependence; the former
runs systematically above thelatter when the aforemen-
tioned methods of heterostructure formation are used.

2.2. Comparative Analysis of Various Methods
for the Fabrication of Artificial GeS Substrates

Figure 4 illustrates a classification of the methods
for growing GeSi films on Si substrates; these methods
are classified according to technical procedures that
make it possible to form heterostructures with accept-
able structural characteristics. The method involving
the growth of films with constant composition is sim-
plest and will be considered first.

The dislocation structure of relaxed films of Ge Si; _,
solid solutions on Si(001) substrates hasbeen studied in
detail for thelast 15 years. A typical threading-disloca
tion density in constant-composition films and its
dependence on the Ge fraction x are shown in Fig. 5
based on published data [16—27]. This density is unac-
ceptably high (108-10° cm™) for applications in
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Ge,5Siy 7 layers. The most widely used temperature for
growing such heterostructures is 550°C. We will refer
to thisvariant of growth as the standard. A high density
of threading dislocations in these heterostructures is
caused by a high density of MDs, each of whichiscon-
nected to the surface by apair of “arms” (threading dis-
locations). According to Hull et al. [16], the density of
threading dislocations in such a sample is on the order
of 107 cm (correspondingly, the density of generated
MDsis on the same level) even at the earliest stages of
plastic relaxation, where the degree of this relaxation
does not exceed 1%. At the end of the relaxation pro-
cess, the density of threading dislocations increases to
108 cm2 (see the lower and upper inverted filled trian-
gles connected by arrow in Fig. 5).

In order to decrease the threading-dislocation den-
sity in a heterostructure, one has to use buffer layers
with avarying lattice constant with either a steplike or
linear increase in the content of the new component of
the solid solution. For more than 30 years, this method
was found to be the most appropriate one for growing
heterostructuresto be used as artificial substrates. Thus,
this method is used, for example, to commercialy fab-
ricate arrays of light-emitting diodes based on
GaAsP/GaAs heterostructures. The basic results of
studying these heterostructures were published as far
back as the late 1960s [28, 29]. The successful growth
of GeSi/Si heterostructures with a gradual variation in
the composition of the buffer layer was initiated by
Fitzgerald et al. [30]. Data on the threading-dislocation
density in a graded GeSi;_, buffer layer [31] are
shown in Fig. 5. The method for growing relaxed het-
erostructures with a graded buffer layer yields satisfac-
tory results, since a small composition gradient is cho-
sen (~0.1 Ge fraction per pum); there is only a small
elastic strain in the buffer layer at each instant of time.
If the parameters of composition variation in the graded
buffer layer are chosen properly, the most favorable
conditionswill be ensured for the generation and prop-
agation of MDs[8, 32, 33]: (i) relatively low stressesin
the graded layer (these stresses depend on the gradient
steepness) lead to about alow generation rate of MDs;
(i) the MDs are distributed over the entire thickness of
the layer with varying composition, which appreciably
reduces the effect of blocking a moving threading dis-
location by an orthogonally paositioned MD; and (iii) a
stressed surface region in the growing graded layer
gives rise to and continuously supports the driving
force for the threading-dislocation glide. In addition to
these special features, Shiryaev et al. [34] introduce the
concept of saf-organization for an MD network in a
buffer layer with varying composition. It is assumed
[34] that it is this factor that is responsible for a low
density of threading dislocations at the heterostructure
surface, since the ordering of the dislocation network
increases the probability of annihilation for threading
dislocations.

Unfortunately, the advantages of transition layers
with avarying lattice constant gradually become draw-
SEMICONDUCTORS  Val. 37
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backs as present-day requirements imposed on hetero-
structures become more and more stringent. Since a
small composition gradient is chosen (equal to about
0.1 Ge fraction per um), then (1) the buffer layers will
be thick (1-10 pm), which increases both the growth
duration and the consumption of expendable materials
(when analyzing the prognosis for the wide use of het-
erostructures, Konig [35] noted that a buffer layer with
a thickness of about 100 nm would have been ideal
from an economical standpoint); (11) the surface rough-
ness, which increaseswith increasing thickness and can
amount to no less than 3040 nm [36], represents a seri-
ous problem in using the layers in modern technol ogy;
and (I11) the dislocation density of 10°%-10" cm™
observed in Ge,Si; _, solid solutions on Si with x> 0.5
is still too high.

2.2.1. Methods based on the modification
of the structural properties of Si substrate

Recently, several new methods for forming artificial
substrates have been devel oped; these methods make it
possible to significantly improve the results obtained
using the standard variant based on fabrication of the
buffer layers which have a steplike distribution of com-
position. First of all, we should mention the use of an Si
layer preliminarily grown at low temperatures (LT-Si),
which yields good results even if the GeSi films with
constant composition are grown on Si substrates [20—
24]. At present, this method is best developed among
the group of methods (Fig. 4) for which saturation of
the substrate with point defects in order to use them as
sources of MDs is common. The main methods of this
group are represented in the left-hand column in Fig. 4.
These methods include preliminary irradiation of the
substrate with Si and other ions [37], saturation of the
substrate with hydrogen atoms before film growth [38],
and use of porous silicon as the substrate material [39].
This group of methods is represented in more detail in
Fig. 6 in combination with the characterization of arti-
ficial substrates with respect to three main parameters
characterizing the structure quality: the relaxation rate,
the final degree of smoothness of the heterostructure
surface, and the crystal-structure quality. A compara-
tive assessment according to the rate of plastic relax-
ation is given on the basis of the data reported in cited
publications. These data were compared with the
results obtained for similar layers grown by the stan-
dard steplike method.

Preliminary bombardment of Si substrates with Si
ions (method b [37] in Fig. 6) is conducive to an
increase in the rate of plastic relaxation in GeSi layers,
however, this method offers no advantages for the
structural quality of corresponding heterostructures
over standard steplike growth. Method ¢ (see Fig. 6)
suggested by Hollander [40, 41] isinconvenient in that
hydrogen is implanted into silicon substrate after the
growth of the GeSi layer, which should remain pseudo-
morphic. This layer relaxes plasticaly only after
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Fig. 6. A group of methods based on the preliminary formation of point defects at the substrate boundary and their comparison with
conventional methods using three parameters: the rate of plastic relaxation, density of threading dislocations, and surface smooth-

ness.

annealing of the heterostructure. Such a sequence of
operations significantly restricts the potential of this
method with respect to both layer thickness and compo-
sition. Methods e and f (Fig. 6) rely on the use of sub-
strate composed of either an artificially formed layer of

Gesi r———
__HT+LTSi —
(a) e — *Z%m
Cross-sectional TEM image
Bl
‘ )

- ‘ ‘ . ‘vr'
' e
n""’ \ ﬂ‘l‘—'

Etchi ng + Nomarski

O seit

Fig. 7. Electron-microscope image of (&) a cross section of
a 300-nm-thick Geg 59Sig 71/Si(001) sample with a 50-nm-
thick low-temperature silicon (LT Si) underlayer and (b) the
sampl e surface after treatment in the Schimmel etchant. The
circlesoutlinethe dislocation pits. The cross-sectional TEM
image was obtained by A K. Gutakovskil.

porous silicon or a spacer involving screw dislocations
introduced by the method of bonding with misorienta-
tion (so-called twist bonding) [42] (thistechnology will
be considered in more detail in Subsection 3.2). How-
ever, these methods have not been tested yet.

Judging from the characteristics of the comparison
given in Fig. 6, methods a and d involving the use of a
buffer layer grown at low temperatures and saturation
of the substrate with hydrogen are most promising.
However, the latter method has been reported in only a
single publication [38] and its further validation and
development are required.

The method of growth of a GeSi layer on a prelimi-
narily formed LT-Si buffer layer was reported in [20—
24]; in particular, it was shown that completely plasti-
cally relaxed 0.5-um-thick Ge, S, films on Si(001)
substrates can be obtained with a threading-dislocation
density no higher than 10° cm2. Data on the threading-
didlocation density in structureswith LT-Si underlayers
were reported in [20—27] and are outlined in Fig. 5. An
appreciable decrease in the threading-dislocation den-
sity (even compared with heterostructures based on
graded buffer layers) is observed in GeSi/Si structures
with an LT-Si underlayer. In addition, the thickness of a
heterostructure with an LT-Si layer is much smaller
(cf.0.5 and 3 um for x = 0.3). In Fig. 7a, we show a
cross-sectional electron-microscope image of a 300-nm-
thick Ge, »6Si 71 Sample grown on a 50-nm-thick LT-Si
layer. One can see MDsin the interface plane, whereas
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threading dislocations are not observed. An optical
microphotograph of the GeSi layer surface for the same
sample after treatment in Schimmel etchant isshownin
Fig. 7b [43]. Estimation of the threading-dislocation
density on the basis of electron and optical microscopy
methods yields 10°-10° cm=. Since low-temperature
molecular-beam epitaxy (MBE) proceeds in signifi-
cantly nonequilibrium conditions, it is reasonable to
assume [21] that the layers grown at alow temperature
contain a high concentration of intrinsic point defects,
which can represent the main factor conducive to the
formation of GeSi with alow density of threading dis-
locations. Ideas about mechanisms that are conducive
to reducing the threading-dislocation density in GeSi
films grown on a low-temperature buffer layer are
numerous (see Subsection 2.3 for details).

Aswill be clear from what follows, the main contri-
bution to relaxation in the majority of heterostructures
ismade by M Dsthat multiply from asingle source. The
misfit dislocations, which are closely spaced as aresult
of the prolonged operation of such a source and have
identical Burgers vectors, are largely responsible for
the increased roughness of the film surface; this rough-
ness is represented by relatively high hillocks, which
act as pinning sites for threading dislocations. Accord-
ing to Fitzgerald et al. [31, 32], this mechanism for
immobilization of threading dislocations represents
one of the main obstacles to the formation of perfect
GeS films based on graded layers. A thick graded
buffer layer is necessary to reduce the density of MD
sources (see above). At the same time, such a layer
ensures plastic relaxation with a small number of sec-
ondary sources owing to a high multiplication rate of
dislocations; as a result, we have an unacceptable (by
today’s standards) roughness of the GeSi layer surface
and arelatively high density of threading dislocations.
Thefilms grown on an LT-Si buffer layer have less pro-
nounced roughness of the surface [22, 44]. It is
assumed that this effect is caused by a more uniform
distribution of dislocation sourceswhen an LT-Si buffer
isused and, correspondingly, by alower degree of mul-
tiplication of each of these sources.

2.2.2. Didocation filters

Studies aimed at reducing the density of threading
didocations using so-called dislocation filters, which
are represented by layerswith different structural char-
acteristics, have a long history [45] and have mostly
been restricted to the growth of 11—V solid-solution
films [46—49] and GaAs/Si heterostructures [50-52]. It
is assumed that the filtering properties of separate
stressed layers are based on the phenomenon of bend-
ing of threading dislocations subjected to tangentially
directed forces [45], which is similar to what happens
when an MD is formed from a dislocation penetrating
from the substrate (see the Matthews model [53]). It
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would seem reasonable to use a system of stressed lay-
ers [a stressed superlattice (SL)] rather than a single
stressed layer in order to further reduce the density of
threading dislocations. However, theinitial explanation
for the filtering effect of an SL by the bending of
threading dislocations due only to stresses is incom-
plete and somewhat contradictory in the context of
recent data. Indeed, a stressed layer is conducive to
bending of threading dislocations; however, itisknown
that stress-compensated and even unstressed SLs (of
the In,Ga, _ , AdInAl; _,Astype) are also efficient dis-
location filters [47, 50]. It is assumed [52] that a built-
inelectricfield inan SL with layerswhich differ appre-
ciably in their electrica parameters is an important
parameter of interaction between threading disloca
tions and the SL. Thisinteraction gives rise to instabil-
ity of the dislocation segment and is conducive to an
increase in the probability of forming a double kink in
the didocation line, thus increasing the velocity of
motion of dislocations in the tangential direction.

The use of stressed layers as dislocation filters can
beillustrated by thefollowing results. Takano et al. [54]
grew GaAs films on Si substrates with an InGa, _,As
intermediate layer (with x as large as 0.15). This layer
has a larger | attice parameter than that of GaAs and, as
a result, reduces the threading-dislocation density to
108 cm. Thus, this density decreased by almost two
orders of magnitude compared to the situation where
there was no intermediate layer. For the same purpose,
Sakai et al. [55] used a 5-nm-thick Si film introduced
into aGe, 3Si 7 layer on Si(001). Luo et al. [56] used an
intermediate layer with a thickness of 50 nm. In both
cases, a decrease in the threading-dislocation density
by about two orders of magnitude was observed.

Unstressed separate layers also act as efficient dislo-
cation filters. For example, Osten and Bugiel [57] grew
aGe, ;S 7 solid solution on Si(001) using intermediate
layers with 10, 15, 20, and 25% of Ge. The density of
threading dislocations in the top layer was 107 cm.
After a lattice-matched GeSiC ternary solid solution
wasinserted into each GeSi solid-solution intermediate
layer, the density of threading dislocations decreased to
avalue lower than 10° cm™. A similar decrease in the
density of threading dislocations was observed by
Huang et al. [58]. Inthis case, a 100-nm-thick Ge, ,Sig g
solid-solution layer grown on Si(001) at 500°C was
inserted into the midsection of a400-nm-thick layer of
the same composition but grown at 750°C. The charac-
teristic features of the last two exampleswere related to
thefact that the so-called insertions had the same | attice
parameter as the main layer and, despite the absence of
additional bending forces for threading dislocations,
acted as dislocation filters. These examples are indica
tive of a more complex interaction between threading
dislocations and additional layers whose properties dif-
fer only dlightly from those of the main overgrown
material.
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Fig. 8. Linear increase in the Gefraction in the buffer layer:
the data reported by Samavedam et al. [31] correspond to
conventional technology and those reported by Liu et al.
[60-62] were obtained using antimony as a surfactant.
A schematic representation.

2.2.3. Development of gradient methods

As mentioned above, the method of using a graded
buffer layer is presently most widely used to obtain arti-
ficial substrates. Fitzgerald et al. [31, 32, 36, 59] have
shown that a comparatively high density of threading
dislocations (~10% cm for x = 0.3-0.5 and higher for
x~1) is attributable to the stoppage (or capture) of
moving dislocations by hillocks and depressions on the
rough surface. The characteristics of this method can be
improved by lowering the roughness of the growth sur-
face. Impressive resultswere obtained [60—62] by using
amonatomic Sb layer, which stabilized the planarity of
the growth surface, in addition to using the composition
gradient. Antimony is a surfactant, exerts a smoothing
effect on the growth surface, and, owing to segregation,
remains at the surface during the entire process of
growth. Using this method, Liu et al. [60—62] managed
to appreciably increase the steepness of the gradient in
the buffer layer and simultaneously improve the struc-
tural characteristics of such artificial substrate. The sur-
face roughness amounted to 2-5 nm (it was 15 nm on
the reference-sample surface without using Sb) [61]. In
Fig. 8, we show schematically the characteristics of the
samples [60-62] compared to those obtained in the
standard variant devel oped by Samavedam [31].

Another method for improving the characteristics of
artificial substrates consists in the use of so-called
short-period graded SLs [63-66]. Figure 9 illustrates
the distribution of the GeSi composition over the depth
inthissample[64]. Thetransition graded layer consists
of packs of short-period SL s based on Ge and Si mono-
layers whose average composition (x) increases as the
buffer-layer thickness increases. The fractions of Gein
extreme monolayers areillustrated in Fig. 9. The use of
graded SLs makesiit possible to reduce appreciably the
necessary thickness of the graded layer (in the case
under consideration, the reduced thicknessis 0.2 um, as
compared with 3 um in the conventional variant illus-
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Fig. 9. An illustration of using a buffer layer with a short-
period superlattice (according to Obata et al. [64]).

trated in Fig. 8), retain or improve the smoothness of
the growth surface, and, supposedly, decrease the den-
sity of threading dislocations. The attained improve-
ment of these characteristics can be attributed to two
factors. It isknown that intermediate Si layersinan SL
exert a smoothing effect [67—69]. Accordingly, the sur-
face smoothness of artificial substrates with SLs is
improved by an order of magnitude compared with
conventional structureswith asmooth composition gra-
dient (for example, the surface roughness can be reduced
by 1-2 nm according to Rahman et al. [65, 66]. Further,
it is reasonable to assume that the presence of abrupt
interfaces between adjacent SL layers, which differ sig-
nificantly in their composition and lattice parameter,
should be conducive to the generation of MDs and,
especially, to the propagation of threading segments
(see above). Obata et al. [64] evaluated the structural
perfection of artificial substrates from the absence of
threading did ocations in an el ectron-microscope photo-
graph of across section with alength of 1 um, which sets
the detection threshold for threading dislocations at 10
cm2. At the same time, estimations of the threading-
dislocation density from images obtained using atomic-
force microscopy [66] yield values on the order of 10°
cm2 or smaller for this density.

Thus, by analyzing modern methods for the forma-
tion of artificial substrates, which are based on the
plastic relaxation of layers with a differing lattice
parameter, we should accept the following three meth-
ods as the comparatively developed and most promis-
ing. These methods rely on the use of (i) LT-Si buffer
layers, (ii) graded layers with Sb as a surfactant, and
(iii) graded superlattices; these methods can be com-
bined. For example, Bozzo et al. [70] reported the use
of agraded GeSi buffer layer terminated by a disloca-
tion filter based on an SL. The threading-dislocation
densities in Ge, ,5Sip 75 layers on Si were reduced to
10%-10° cm™2.
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2.3. Possible Mechanisms for the Attai nment

of a Low Density of Threading Didlocations

in Plastically Relaxed Films using GeS/LT-S
Heterostructures as an example

2.3.1. Relaxation rate and initial density
of misfit dislocations

As mentioned above, under the plastic-relaxation
rate we mean the rate of decrease in residual elastic
strains as the film thickness increases. Figure 10 shows
the dependence of the normalized value of residual
elagtic strain in the Ge, 3Si;-/Si(001) film on the film
thickness; this dependence was cal cul ated using the Hu
equilibrium model [12] [see expression (6)]. Theoreti-
cal dependences based on the generally and widely rec-
ognized Gillard-Nix—Freund (GNF) model [6] for x =
0.35 are also shown. In the GNF model, a so-called
blocking potential of the MD orthogona network is
introduced; the stressfield of thispotential iscalculated
taking into account the edge and screw components of
60° MDs. This potential decreases the effective thick-
ness of a growing stressed film and thus decreases the
driving force for the propagation of threading disloca-
tions. The hatched area corresponds to the region in
which the dependences calculated for four combina
tions of the Burgers vectors are found. Experimental
points are taken from the data reported in [6] and also
in other publications[26, 27, 55, 71, 72]. It can be seen
that the dependences calculated according to the GNF
model are, in general, close to the majority of experi-
mental data; however, these data persistently fall above
the results of calculations. Some experimental points
deviate appreciably in the direction of either smaller or
larger values of residual elastic strain. Thisisrelated to
special features of growth of specific GeSi films and
will be discussed below.

As can be seen from Fig. 10, 100-nm-thick GeSi
films grown on an LT-Si buffer layer relax by no more
than 15-20% despite prolonged heat treatments at 800—
900°C. However, the degree of relaxation increases
abruptly as the thickness of the solid-solution film
increases. For example, Fig. 11 shows (in the same
coordinates as in Fig. 10) two groups of experimental
data on the plastic relaxation of Ge, 3Sij,/Si(001) films
grown on an LT-S buffer layer at temperatures of
350°C [26, 27] and 550°C [22, 24]. An abrupt increase
in the degree of plastic relaxation in such films is
observed even at growth temperaturesif the film thick-
ness exceeds 100 nm. Annealing additionally reduces
the residua eastic strains in these films.

Itis generally accepted that the major part of plastic
relaxation of stressed films occurs owing to an increase
inthe density of MDs dueto their multiplication. Bean-
land [ 73] draws attention to two waves of plastic relax-
ationin astressed layer. Thefirst relaxation wave prop-
agates in the case of a small layer thickness, is caused
by primary sources, and, according to different estima
tions, accounts for 10-20% of complete plastic relax-
ation. The second wave develops on the basis of sec-
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Fig. 10. Normalized residua elastic strains in
GeSi1 - ,/Si(001) films in relation to the film thickness.
Comparison of theresults of calculations with experimental
data. Curve 1 corresponds to the Hu [12] equilibrium
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dences calculated by Gillard et al. [6]. Experimental points
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Gep 3Sig 7/Si(001) films grown on alow-temperature Si buffer
layer in relation to the GeSi film thickness. Filled circles cor-
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Curved arrowsindicate adecreasein residud elastic strainsas
aresult of annedling heterostructuresfor 1 h at 800°C. Depen-
dences 1 and 2 are part of those shown in Fig. 10.
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Fig. 12. The critical thickness for the onset of operation of
the Frank—Read dislocation source as afunction of the GeSi
film composition (as calculated by Beanland [73]). Com-
parison with the conventional dependence of the critical
thickness for introducing misfit dislocations on the film
composition as derived by Matthews and Blakeslee [7, 14].

Fig. 13.
Gey 29Sig 71/Si(001) layer surface after treatment in the
Schimmel etchant. The GeSi layer thicknessis 100 nm; the
growth temperature, 350°C; and the degree of plastic relax-
ation, 5%.

Threading didlocations (pits) on the

ondary sources related to various variants of the multi-
plication of dislocations.

According to Beanland [73], the necessary condi-
tion for the initiation of secondary sources is that the
film thickness exceed the critical one. Figure 12 shows
the calculated [ 73] film thickness for which the Frank—
Read source can be effective (and, correspondingly, for
which the MD multiplication can occur); this depen-
dence is drawn against the “background” of the curve
for the critica thickness of MD introduction [7, 14]. It
can be seen that the estimated film thickness correspond-
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ing to the onset of MD multiplication is no smaller than
100 nm (the arrow in Fig. 12) for GeSi; _,/Si(001)
structures with x close to 0.3. Thus, 100-nm-thick
Gey 3Sip//LT-Si/Si(001) films, the specia features of
plastic relaxation of which are illustrated in Fig. 10,
have a thickness no larger than that necessary for the
actuation of mechanisms of plastic relaxation via the
multiplication of MDs; furthermore, the density of pri-
mary centersof MD generationislow. Figure 13 shows
an optical microphotograph of the surface of a100-nm-
thick Gey ,9Sip74/Si(001) film grown at 350°C [26, 27].
Traces of steps related to MDs and pits corresponding
to threading dislocations are observed on the film sur-
face after treatment of the sample in a solution of
Schimmel etchant [43]. Taking into account that the
degree of plastic relaxation in this film is no greater
than 5%, we may assume that the threading-dislocation
density of about 10° cm corresponds to nearly the
same density of MDs. This density is two orders of
magnitude |ower than the threading-dislocation density
in GeS films (triangles connected with the arrow in
Fig. 5) grown under standard conditions; in the latter
case, the degree of relaxation is no greater than 1%
[16]. Consequently, when GeSi films are grown at low
temperatures (in the case under consideration, at
300°C), the MD and threading-dislocation density are
lower by two orders of magnitude than those in stan-
dard films [16]; at the same time, the rate of threading-
dislocation glide is higher in the former case since the
degree of plastic relaxation is greater. As can be seen
from Fig. 11, plastic relaxation of the main portion of
elastic strain occurs in thicker films (200 and 300 nm),
which can be naturally related to the multiplication of
MDs.

It is reasonable to assume that, in order to increase
the rate of plastic relaxation in the films to the value
exceeding that in conventional films (see dependences
2inFig. 10), it isnecessary to increase significantly the
density of generation sitesfor MDs. Thisassumptionis
validated by the experimental dot (a filled rectangle)
shown in Fig. 10 and taken from the publication by Ni
et al. [71]. Ni et al. [71] and Bauer et al. [74] showed
that the relaxation rate is very high in a GeSi layer
grown at arelatively low temperature (150°C) and sub-
jected to subsequent annealing; experimenta results
reported in the above publications corresponded to
nearly 100% relaxation for a 90-nm-thick layer. Appar-
ently, these results are related to the fact that the layer
wasinitially grown at atemperature which was closeto
the amorphization temperature [71] for the growing
layer. Such a layer contains a high concentration of
point defects sufficient for the generation of MDs with
ahigh density. At the same time, the threading-disloca-
tion density in such layers, which was determined from
analysis of electron-microscope images [74], exceeded
10 cm. Thus, an ultrahigh concentration of defects
in a GeSi layer is conducive to the formation of MDs
with ahigh density and, correspondingly, to ahigh rate
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of plastic relaxation. However, as a result, one obtains
ahigh density of threading dislocations.

We may assume that optimal growth conditions
should exist for the formation of relaxed GeSi films
with alow density of threading dislocations. For exam-
ple, Luo et al. [44] showed that an LT-Si buffer layer
grown at 400°C is most appropriate for subsequent epi-
taxy of GeSi layerswith alow density of threading dis-
locations. Studies based on el ectron—positron annihila:
tion spectroscopy [75-77] showed that the layers
grown using the low-temperature (200-400°C) epitaxy
of silicon and its solid solutions with germanium con-
tain a high concentration of vacancy-type defects
(~10*-10'8 cm3). According to Ueno et al. [77], the
largest vacancy cluster (containing more than ten
vacancies) was observed in an Si layer grown at 400°C.
It is at this temperature that the discoverers of this
method (Chen et al. [20]) for obtaining GeSi filmswith
a low threading-dislocation density grew the LT-S
buffer layer.

2.3.2. Therate of motion of threading dislocations

The magnitude of residual elastic strains should be
approximately the same in the layers with a high den-
sity of “short” MD segments and in the layers with a
low density of extended MDs. However, it is evident
that the threading-dislocation density is bound to be
higher in the former case. Consequently, it is preferable
to combine alow MD generation rate with ahigh prop-
agation velocity for threading disocations. Thus, it is
necessary to be able to control both processes sepa
rately. It isworth noting that, in the majority of studies
concerned with a discussion of mechanisms which are
conducive to the formation of heterostructures with a
lowered threading-dislocation density, attention was
primarily focused on the assumption that annihilation
of threading dislocations is enhanced; the possibility of
increasing the glide rate of these dislocations was not
considered at al. It is reasonable to assume that the
presence of a high concentration of vacancy-type
defects [77], which diffuse from the LT-Si layer and
accumulate in the vicinity of MDs, can decrease the
dislocation-core energy [78] in a structure with an
LT-Si underlayer. Additional arguments can befoundin
the publication by Fedina et al. [79], where it was
shown experimentally that, under conditions of a high
concentration of point defects, microregions with an
absence of dangling bonds were formed, whereas the
defect-displacement vector decreased. As a result, the
linear tension of an MD extended section [i.e., the right-
hand side of expression (1)] decreases; correspondingly,
the propagation velocity of threading dislocations
increases. The data on the increase (by two orders of
magnitude) intherate of motion of didocationsinsilicon
saturated with hydrogen can serve asindirect evidencein
support of the above mechanism [80].

Additional confirmation of the fact that this mech-
anism is feasible can be obtained by paying attention
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again to the experimental point (filled rectangle in
Fig. 10) reported by Ni et al. [71]. As can be seen
from Fig. 10, this experimental point lies significantly
lower than the relevant dependencefor equilibrium crit-
ical values of thickness calculated according to the Hu
model [12]; i.e., this point lies in the region where a
100% degree of relaxation is energetically unfavorable.
If the data reported in [71, 74] are reliable, this incon-
sistency between experiment and the dependence cal-
culated according to the Hu model [12] can be attrib-
uted to asignificant decrease in the work needed for the
formation of anew MD of unit length [the right-hand
side of expression (1)]. In these conditions, according
to expression (1), critical values of thickness for the
introduction of MDs become smaller than those in con-
ventionally grown GeSi layers. In addition, a new cal-
culated dependence for critical thicknesses is bound to
run below the standard one shown in Fig. 10.

The af orementioned assumptions relate an increase
in the motion rate of threading dislocations to variation
in the effective shear stress T4 in expression (4).
Another possibility can be also considered. A variation
in the glide velocity of dislocations can also be related
to variation in the activation energy of this process. As
is well known, the widely accepted model of disloca
tion mation isthe model based on the formation of dou-
ble[81] and single kinksin dislocations. Dueto thermal
fluctuations or the effect of stresses, adoublekink (DK)
can originate in the dislocation line. After attaining a
critical size, the DK dissociates into two single kinks,
which propagate in different directions; this ultimately
results in the transition of the dislocation line to a
neighboring valley of the energy profile. Thus, the rate
of glide of dislocation is controlled by the kink-forma-
tion energy F, and the height of the energy barrier for
the migration of the kink W,,. The activation energy E,
of dislocation motion in expression (4) consists of two
components: the activation energy for formation of a
double kink and the activation energy for kink migra-
tion, i.e.,, E, = 2F, + W, Measurements of the motion
rate for dislocations in stressed structures were used to
reveal that the activation energies for the motion of 60°
didocations E, are equal to about 2.2 eV for Si and
GeSi [4, 16, 82, 83]. These activation energiesare much
lower in GaAs: 0.89-1.3 eV for a dislocations and
1.24-1.57 eV for (3 didocations [82]. In our opinion,
these data for GaAs were the main reasons why good
results were achieved earlier in producing high-quality
artificial substrates made of I11-V compounds and were
more dependable than in the case of GeSi. Gottschalk
et al. [84] summarized experimental dataon F, and W,,
inSi: W,,=12-1.8¢eV and F,=0.4-0.7 eV.

These energies were measured and calculated for Si
and GaAs in the conventional crystalline state. How-
ever, they may decrease if the growing layer contains a
high concentration of point defects. Correspondingly,
the rate of motion of threading dislocations may
increase. For example, Oberg et al. [82] noted that,
according to both experimental data and the results of
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Fig. 14. An HREM image of a dislocation dipole in the
(001) plane. A Burgers contour encloses the right-hand core
of the dislocation dipole. The initial mismatch amounts to
0.9%. The photograph was made available to us by
L. Fedina (reproduced with permission of the authors[88]).

calculations, the activation energy for the motion of dis-
locationsislower in doped silicon. Yamashitaet al. [80]
reported that the activation energy for the glide of dis-
locations decreased from 2.2 to 1.2 eV and the rate of
their motion increased by two orders of magnitude after
silicon was enriched with atomic hydrogen. Therefore,
adecrease in both F, and W, under the effect of ahigh
concentration of point defects can be considered area-
sonable assumption. It is noteworthy that a thin layer
inserted into the main film and having a different com-
position [54-57] or a spacer grown at low temperatures
[58] can play the samerole as defects; i.e., these layers
can increase the probability of the formation of a dou-
blekink in the dislocation line and can thusincrease the
rate of motion of threading dislocations. It was aso
observed [54-57, 58] that the threading-dislocation
density is lower in films with inserted foreign layers
than in films without these layers.

2.3.3. Improvement of conditionsfor theannihilation
of threading dislocations

The rate of annihilation of threading dislocations
can increase owing to an increase in the radius of inter-
action between threading dislocations that move in
closely spaced glide planes; this effect can also be
related to a high concentration of point defects [37].
Typically, stressed layers are grown at temperatures
such that the climb of dislocations can be ignored. A
high concentration of point defectsformed asaresult of
either irradiation or growth of alow-temperature buffer
layer increases the probability of the inclusion of this
mechanism for the climb of dislocations in the process
of annihilation of threading dislocations which propa-
gate in closely spaced glide planes. An assumption
about the origination of an ordered network of thread-
ing dislocations at the initial stage of plastic relaxation
also relies on the emergence of additional conditions
which are conducive to the annihilation of threading
didocations [25, 41]. Trinkaus et al. [41] assume that
thereisacertain ordering of threading dislocationsasa
result of their generation at microvoids formed after

BOLKHOVITYANOV et al.

implantation of hydrogen into a preliminarily grown
and initially pseudomorphic GeSi layer, whereas
Gaiduk et al. [25] and then Bolkhovityanov et al. [26,
27] suggested a more elegant model; the latter will be
considered in detail in the next subsection.

2.3.4. An ordered network of threading dislocations

It is assumed that a silicon underlayer grown at low
temperatures and enriched with point defects can serve
as a source for the origination and development of an
ordered misfit-disl ocation network. The significance of
ordering lies in the fact that this network should be
formed of single-type dislocations; reactions between
these disl ocations should be energetically favorable and
lead to the annihilation of threading dislocations. The
issue concerning the properties of the sources required
for the generation of misfit dislocations is most impor-
tant in this context.

It is reasonable to assume that, as the density of pri-
mary heterogeneous M D-generation sources related to
various inhomogeneities in the substrate surface
decreases, the main sources of MD generation become
associations of intrinsic defects at the heterostructure
interface. The number and atomic structure of these
associations are governed by the conditions of low-
temperature growth of the Si buffer layer and by the
properties of the adjacent portion of a stressed GeSi
layer (or by the structural state of Si substrate after irra-
diation). It is known [85, 86] that annealing of silicon
containing a high concentration of point defects gives
rise to specific rodlike defects in {311} planes. These
defects are oriented along the [1100directions and are
composed of intergtitial atoms located in the {311}
planesin the form of a hexagonal Si monolayer. Under
certain conditions, the rodlike defects become the
sources of dislocation loops [87]. The formation first of
vacancies in the plane parallel to the interface and then
of dipoles of 60° dislocations was observed after direct
irradiation of pseudomorphic GeSi/Si(001) layers with
electrons in a high-resolution electron microscope
(HREM) (Fig. 14) [88].

Heterogeneous sources of dislocations at the sub-
strate surface are formed before the onset of growth of
the stressed layer and exist irrespective of the presence
of thislayer. These sources are activated both when the
temperature is elevated and when the thickness of the
pseudomorphic layer is increased beyond the critical
thickness; as a result, it is generaly assumed that a
complete set of dislocations is formed in the relaxing
film. Clusters composed of point defects are initially
absent in the LT-Si (or (LT-GeSi) layers and appear
only under certain conditions, in particular, when there
isafield of internal stressesin the course of growing the
stressed layer. We may assume that the diversity of the
crystallographic shapes of these clusters becomes lim-
ited when they are formed in the presence of a biaxial
stress field. Under conditions of a plane-stressed state
of the heterosystem, the clusters become ordered with
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respect to both the crystallographic orientation and spa-
tial distribution. As aresult, the formed clusters have a
specific crystallographic orientation and are conducive
to the generation of a more limited variety of MDs; in
other words, as Gaiduk et al. note [25], “a self-assem-
bled network of primary dislocationsisformed.” Inthis
case, the annihilation rate of threading dislocations is
bound to increase drastically compared to the conven-
tional case (adecreasein the density of threading dislo-
cations is inversely proportional to the film thickness
[89]), which ultimately brings about alower density of
threading dislocations.

Thus, under the effect of self-organization of the pri-
mary MD network we mean the following sequence of
events: point defects, which are present inthe LT-Si and
(or) LT-GeSi layers, are grouped into clusters in the
vicinity of the interface during the growth of the
pseudomorphic GeSi layer; the 60° MDs are then gen-
erated on the basis of these clusters. The determining
factor of this processisthefact that the above structural
rearrangements occur under the effect of a stress field
of the growing pseudomorphic solid-solution layer.
Despite the apparent consistency of the model, which
implies ordering of MDs at the initial stage of forma
tion of the dislocation network and, as a consequence,
an increase in the probability of threading-dislocation
annihilation, direct observations indicating that this
mechanismis plausiblearelacking in the available pub-
lications.

2.4. Basic Methods for the Fabrication of Artificial
Substrates Based on Plastic Relaxation
of Heterostructures

Thus, after more than 20 years of attempts to grow
perfect GeSi/Si heterostructures with constant-compo-
sition films, the crystalline quality of these structures
leaves much to be desired. This manifests itself in a
high threading-dislocation density, which increases
with an increasing Ge fraction (see the solid line in
Fig. 5). Asthe mismatch between the | attice parameters
of the film and substrate becomes more significant, the
glideratefor threading dislocationsincreases; however,
the number of these dislocations increases as well. In
our opinion, the observed high density of threading dis-
locations is governed by the relation between the den-
sity of generated MDs and the vel ocities of propagation
of threading segments in GeSi heterostructures grown
under similar conditions (standard Si substrates and
conventional growth conditions of GeSi films); the
terms of the above relation have common driving
forces, and the relation itself varies within a narrow
range.

Recently, new methods for treating substrates have
been devel oped and new conditions of film growth have
been suggested; these innovations made it possible to
affect the above processes independently, which
resulted in theimprovement of the crystalline quality of
grown GeSi films. For example, the density of the cen-
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ters for the heterogeneous generation of MDs can be
reduced significantly by thorough preepitaxial treat-
ment of the substrate surface and by overgrowth of the
Si buffer layer (with a thickness of 50-100 nm); this
layer moves the GeSi/Si interface away from the sub-
strate surface. As follows from the above discussion,
the rate of the threading-dislocation propagation can be
increased by a number of methods. These methods
include introducing point defectsinto the substrate and
theinterfacial region of the heterostructure and the for-
mation of “insertions’” within the heterostructure in the
form of separate layers or superlattices. The efficiency
of these methodsin increasing the rate of threading-dis-
location glide has been observed so far only in experi-
ments in which the Si substrate is enriched with hydro-
gen atoms[80]. In other cases, the effect of these meth-
ods is within reasonable assumptions based on the
analysis of experimental data related to efforts to
improve the structural properties of the heterostructure.

The data listed in Table 1 make it possible to corre-
late the new methods with possible mechanisms for
reducing the threading-dislocation density, which were
discussed above. It can be seen that, in the majority of
cases, explaining the positive effect of a certain factor
will betentative. Thus, these new methods require more
thorough experimental studies with the aim of gaining
insight into specific mechanisms that bring about an
improvement in the structural properties of relaxed
GeSi films.

Nevertheless, if we combine the anaysis of the
aforementioned experimental data with basic concepts
of the theory of plastic relaxation in heteroepitaxial
films, we can envisage the following methods that are
conducive to adecrease in the density of threading dis-
locationsin relaxed films and to an acceptable morpho-
logical quality of these films:

(1) The MD density caused by the activation of pri-
mary centers of MD generation should be low (~10%—
10° cm?), which is ensured by thorough preepitaxial
treatment of the substrate surface, absence of contami-
nants during growth, and overgrowth of an Si buffer
layer.

(1) 1t is necessary to satisfy the conditions for the
activation of threading-dislocation motion and for an
increase (or retention at the same level) of the propaga
tion of these dislocations. Suggested methods consistin
introducing a high concentration of point defects and
forming additional inhomogeneities in growing films
by introducing separate layers with a different compo-
sition or superlattices.

(1) It necessary to provide conditions for an
increase in the probability of annihilation of threading
didlocations (presumably, a high concentration of point
defects and ordering of the dislocation network can be
conducive in this respect).

(V) Specia attention should be paid to ensuring a
two-dimensional mechanism of growth and planarity of
the growth surface. These requirements can be met by
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Table 1. The factors that are conducive to decreasing the density of threading dislocations in relaxed layers with lattice-
parameter mismatch and realization of these factors in various methods

Factor
an ordered
misfit-dislo- ; adecreasein
Method adecreasein |anincreaseinthe | promotion of | cation net- t%g?rﬁlor} theimmobiliza- number
0 the density of | propagation rate | threading-dis- |work condu- threa?jﬁ)n dis tion of thread- of publi-
primary mis- | of threading dis- | location anni- |  civeto locati ongb a ingdislocations caﬁ)i ons
fit dislocations locations hilation threading- rouch surfgce by misfit dislo-
dislocation 9 cations
annihilation
1. Graded buffer | Experiment | Constant rate Assumption Expected on >10
(conventional and theory expected on the [34] thebasis of the
technology) [8, 32, 33] basis of the modd [33]
model [33]
2. Graded buffer | Expected Congtant rate Reduction Expected on 3
with Sb asasur- | onthebasis | expected on the of roughness, | thebasisof the
factant of themodel | basisof the experiment | model [33]
[33] model [33] [61]
3. Graded buffer | Expected Should be Circumgtan- | Possible, since 4
based on short- | onthebasis | expected on the tia evidence, | misfit didoca
period superlat- | of themodd | basisof assump- thisreview tionsresidein
tices [33] tions [52] different planes
4. Filters based Assumption [52] | Assumption 2
on superlattices [8, 52]
5. Individual Assumption,this | Assumption Assumption 4
inserted layers review [45] [55]
6. Buffer layer | Experiment | Assumption Assumption | Assumption | Assumption >10
grown atalow | [26, 27] based on cir- [37] [25-27] [22, 24]
temperature cumstantial evi-
dence[79], this
review
7. Enrichment of Experiment [80] 2
silicon substrate
with hydrogen
8. Implantation of Assumption 3
hydrogen under [41]
the pseudomor-
phic GeS layer
with subsequent
annealing

inserting thin layers of either a pure Si layer or short-
period (graded) SLsinto the film or by using antimony
as a surfactant.

The conditions of growth of heterostructures
intended for use as artificial substrates should be cho-
sen on the basis of the aforementioned special features.

3. “COMPLIANT” AND “SOFT” SUBSTRATES:
EXPECTATIONS AND REALITY
3.1. Basic Concepts

The idea of using a compliant substrate is based on
the effect related to redistribution of elastic strains
between the pseudomorphic layer and the substrate if

the thickness of thelatter is comparableto the thickness
of the growing layer (see, for example, the monograph
[90]). In Fig. 15, we show the schematic representation
of a structure in which this effect can be used. It is
assumed that a thin membrane, which serves as a com-
pliant substrate, can move freely in the lateral direction
without, however, losing contact with the thick support-
ing substrate. Strains in the pseudomorphic layer, with
allowance made for the substrate thickness, can be writ-
ten as[90]

do
€ = —¢€,,
f O+h0

(7)
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where d, and h are the thicknesses of the compliant sub-
strate and the layer, respectively; and g, isthetotal elas-
tic strainin the case of athick substrate. The smaller the
thickness of the substrate-membrane, the smaller the
total strain in the layer.

Theterm “compliant substrate” was introduced into
scientific literature by Lo [91]. It was assumed that,
under certain conditions (for example, a small thick-
ness of the membrane), the elastic strain in a growing
pseudomorphic film decreases as the film thickness
increases. In this case, the introduction of MDsinto the
films becomes energetically unfavorable at any film
thickness; correspondingly, the process of plastic relax-
ation of stresses in the growing film may not set in at
all. Since the idea of using a compliant substrate was
quite clear and promised real advantage in improving
the crystalline quality of growing filmswith a differing
lattice parameter, it was rapidly accepted by the scien-
tific community; specifically, experiments with various
materials were conducted [92-104)], theoretical calcu-
lations of the critical thickness and relaxation of
stressed films [105-109] were performed, and the rele-
vant reviews were published [3, 110-114].

3.2. Technical Realization

To date, two variants of fabricating compliant sub-
strates have become known and implemented.

(1) The first variant relies on the use of silicon-on-
insulator (SOI) substrates [94, 95]. In these structures,
asilicon layer on oxide is thinned and becomes a thin
membrane (substrate) for the growth of the heteroepi-
taxial film, whereas the oxide layer is treated as a vis-
cous spacer, which ensures diding of the heterostruc-
ture with respect to the main substrate. In addition,
other methods for the formation of an amorphous vis-
cous spacer between the main substrate and the mem-
brane have been used. These methods include (i) the
implantation of B into the SIO, layer in order to reduce
its viscosity [98] and (ii) the bonding of the GeSi/Si
heterostructureto the Si substrate using aSiO, interme-
diate layer [100]. Recently, Luo et al. [99] reported the
use of acompliant substrate with an underlayer of boro-
silicateglassfor thegrowth of aGe,Si; _, solid-solution
film with x = 0.25. This underlayer was formed by ion
implantation of B and O into the buried SO, layer.
With respect to the threading-dislocation density in
GeSi films, the result reported in [99] was comparable
to the best data obtained in other studies using thick
graded buffer layers or silicon buffer layers grown at
low temperatures.

In a version of this method used for 111-V com-
pounds, a GaAgAlGaAgGaAs heterostructure is
bonded via an intermediate layer (which will play the
role of a “soft” substrate in what follows) to the sup-
porting substrate [93, 96, 97]. The heterostructure sub-
strate and the AlGaAslayer are then dissolved in differ-
ent etchants[AlGaAsis used as a stopper layer in etch-
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Fig. 15. A schematic heterostructure model including athin
membrane which can slide over the supporting substrate.

<&
i

Fig. 16. Schematic representation of the formation of a
compliant substrate according to the twist-bonding technol -
ogy: (a) apreliminarily grown GaAs/AlGaAsGaAs hetero-
structure, (b) a supporting GaAs substrate, (c) bonding of a
and b by welding with rotation by an anglea, (d) etching off
of the GaAs substrate, (€) etching off of the stopping
AlGaAs layer (the compliant-substrate structure is finally
formed), and (f) an InGaAslayer is grown on the compliant
substrate.

ing the GaAs substrate according to the well-known
technology for the fabrication of photocathodes (see,
for example, [115])]. The remaining GaAs film on the
“soft” underlayer istreated as acompliant membranein
the course of growing stressed InGaAs films.

(I1) The second variant consists in bonding with
misorientation (the so-called twist bonding) [42, 101-
104]. Inthis case, the GaAsAlGaA s GaAs heterostruc-
ture is bonded directly to the GaAs substrate (without
intermediate layers), with the crystallographic orienta-
tions of the components of the bonded pair being differ-
ent. Intheideal case, twist boundarieswith aweakened
bond structure and an ordered network of screw dislo-
cations are formed between joined wafers. Eventualy
(asiillustrated in Fig. 16), the GaAs substrate and the
AlGaAs stopper layer are etched off in the sameway as
in the previous variant. It is assumed that, in the course
of subsequent growth of astressed layer on athin GaAs
layer, thelatter is compliant since the region containing
screw dislocations is conducive to the dliding of the
GaAs layer over the supporting substrate [101].
Ejeckam et al. [101] reported on the efficiency of using
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such a substrate in their pioneering studies concerned
with the heteroepitaxy of InSb on GaAs. In this case,
the lattice-parameter mismatch amounts to 14.7%.
According to Ejeckam et al. [101], it is possible to
reduce the density of threading dislocations to 10° cm.

It is noteworthy that both methods are based on
bonding technology, which is sophisticated and costly.
It seems that the method based on the use of a viscous
amorphous layer, which isformed “automatically” dur-
ing the growth of crystalline strontium titanium oxide,
ismore promising [116]. The authors of the latter pub-
lication, in attempting to improve quality of a GaAg/Si
structure, introduced an additional SITiO; layer
between the Si substrate and GaAs film. This layer has
alattice parameter which isintermediate between those
of Si and GaAs; this circumstance is conducive to a
more gradual (two-stage) transition from Si to GaAs. In
addition, it has been found [116] that oxygen diffusing
from SITiO; into the Si substrate forms a SiO, amor-
phous spacer in the substrate; it is believed [116] that
this spacer gives rise to the effect of compliance. This
method was used to grow GaAs layers on Si substrates
that were 12 inches in diameter; the authors state that
the properties of these layers were no different from
those of homoepitaxial GaAs.

3.3. Mechanisms of Relaxation

It has been demonstrated repeatedly that the struc-
tural quality of relaxed films grown on compliant sub-
strates is indeed higher than in the case of films grown
otherwise; the relevant results are summarized in pub-
lished reviews [112-114]. However, the relaxation
mechanism based on redistribution of elastic strains
between the film and elastic membrane (or a region
with decreased elastic constants, e.g., a region of
porous silicon) cannot be dominant, even though this
mechanism is suggested in the majority of publications.
In fact, if the film on the substrate initially grows
pseudomorphically and then relaxes el astically without
the formation of MDs, the strain in this film is trans-
ferred to the compliant membrane. Thefinal lateral size
of the film after elastic relaxation should be larger than
the initial size (larger by the magnitude of mismatch).
Consequently, if the substrate size is reasonable, both
the epitaxial film and the membrane should slide unim-
peded over the inflexible substrate by large distances
(by fractions of a millimeter, or by several millimeters
in the case of 12-in. wafers). Despite a large body of
experimental dataand the analysisof it in relevant pub-
lications, sliding of an extended relaxing film over the
substrate was not detected.

Typically, the interface between the membrane and
substrate involves a number of various defects (steps,
inclusions, impurities, and so on), which hinders the
free diding of a membrane by large distances and
makes this slide impossible without detachment of the
heterosystem from the inflexible substrate. The same
problem also persistsin the case of plastic relaxation of
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the membrane if the processes of introduction, glide,
and interaction of dislocation half-loops are confined to
the compliant (“soft”) intermediate layer. The process
of dlide of the layer—membrane pair over the inflexible
substrate should set in at different (random) sites of the
substrate surface, which must inevitably result in the
counterslide of separate regions and the formation of a
cellular structure. In addition, the regions of perfect
material are expected to aternate with folds, cracks, or
highly imperfect zones.

It has been shown recently [117, 118] that relaxation
of stressed films on a viscous substrate occurs via el as-
tic extension of the film due to the film’s slide over the
above spacer only if the latter has a small latera size.
For example, Yin et al. [117], when studying the char-
acteristics of relaxation of 30-nm-thick pseudomorphic
Gey3Sig; idands connected to the Si substrate via a
layer of borosilicate glass, found that the mesa islands
relax in the course of annealing; this relaxation is
mainly due to buckling. Relaxation of elastic strainsin
these islands as a result of dlide of the film over the
interface has been observed to prevail over buckling
only at the corners of theislandswith diametersranging
from 10to 20 um. Tezukaet al. [118] showed that GeSi
mesa islands which were 5 um or lessin diameter and
had been grown on SOI substrates relaxed completely
without the formation of MDs as a result of annealing
at 1000-1200°C. This is evidenced by the absence of
so-called cross hatches, which are markings of disloca-
tions' outcrop. However, extended regions (with sizes
of 300 um or larger) of GeSi films on the same substrate
contain surface cross hatches, which constitutes direct
evidence that these layers are plastically relaxed.

The use of continuous intermediate porous buffer
layers, which are expected to act as “lubricants’, is
inefficient in the context of the conventional interpreta-
tion of the phenomenon of compliance. Since the
porous layer isrigidly linked to the main Si substrate,
such alayer cannot freely slide over the supporting sub-
strate. The porous layer has low mechanica strength
and is more likely to be used as a plastically relaxing
membrane. The forming of small-sized mesa regions
made of porous silicon and covered with athin silicon
membrane seemsto be the most appropriate method for
realizing the idea of acompliant substrate [119]. These
mesaregions have asmall Young's modulus (at least an
order magnitude smaller than the Young's modulus of
solid silicon [120]) and can accommodate strainsin the
heterosystem; in addition, the small sizes of these
regions make elastic relaxation possible due to distor-
tion of the crystal lattice of porous silicon, since the
variation in the absolute dimensions of the film does
not exceed fractions of a micrometer. Corresponding
calculations were carried out by Novikov et al. [119].
Figure 17 illustrates the effect of the width of a porous
mesastrip (L =5, 10, and 30 um) with athickness hye, =
1 um on the degree of elastic relaxation in a Ge, ;Si 7
layer. It can be seen that the layer grown on 30-pum-
wide porous Si mesa strip (hye/L ~ 0.03) is virtualy
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unsusceptible to elastic relaxation. The “softness’ of
the mesa strip is caused by its porosity and begins to
manifest itself only when the transverse size of the
mesa-strip decreases and its height increases, i.e., when
the ratio h,./L (the aspect ratio) increases.

Thus, the mechanism of elastic relaxation in a
stressed film due to the dliding of this film over avis-
cous substrate can be efficient only at small distancesin
the mesoscopic range, i.e., in the situation where the
film is of the island type owing either to its formation
(so-called quantum dots [121]) or if it was grown on
intentionally formed mesaislands.

On the basi s of the above discussion, we should con-
sider the mechanisms of plastic relaxation in films
grown on “compliant” substrates. The main contribu-
tion to a reconsideration of relaxation mechanisms in
such films was made by Késtner and Gosele [113].
They returned again to plastic relaxation of strainsasan
aternative to elastic relaxation and suggested a modi-
fied concept of plastic relaxation; this concept consists
in the following. The conventional variant of formation
of MDs at the interface between a stressed film and a
substrate-membraneisillustrated in Fig. 18a. If thereis
an amorphous or amorphized spacer near the interface,
an MD sinksin this spacer (Fig. 18b); this phenomenon
iscaused by thefact that an MD ispulled from thefilm—
membrane interface by forces which are similar to
image forces acting on the dislocation line near thefilm
surface. As in the case of a free surface, a dislocation
leaves astep at the interface between the membrane and
the“lubricating” layer (seedashed linesin Fig. 18). The
additional energy caused by the origination of such a
step is much lower than the MD energy at the interface
(similarly to what happensin the case of afree surface).
The difference between the above two energies repre-
sents the driving force for the displacement of an MD
to the interface between the membrane and “lubricat-
ing” layer. Correspondingly, the work spent on the MD
formation decreases.

Sincethe retarding forcesinhibiting the propagation
of threading didlocations decrease [see expression (1)],
the critical thickness for the introduction of MDs
decreases rather than increases, as follows from calcu-
lations based on the model of redistribution of elastic
strains between the film and a compliant membrane. In
this case, the velocity of motion of threading disloca-
tions increases, which contributes to a decrease in the
density of these dislocations. A similar situation is pos-
sibleif porous silicon or asystem of screw dislocations
after the twist-bonding procedure are used as “lubricat-
ing” layers. Experimental verification of these two
casesislacking at present; therefore, these methods are
listed as suggestions. In the latter case, a periodic net-
work of strainsin the vicinity of the interface between
the stressed film and the membrane can serve [42, 111]
as the site of origination for an ordered network of
MDs, which is conducive to the annihilation of thread-
ing dislocations.
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Fig. 17. The behavior of dlastic relaxation of strainsin GeSi
film grown on a porous silicon strip with athickness of 1 um
and awidth L as afunction of the film thickness[119].
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Fig. 18. “Disappearance”’ of amisfit dislocation in a hetero-
structure grown on the substrate-membrane, which is posi-
tioned on a viscous amorphous spacer (according to Kuast-
ner and Gosele [113]). TD stands for threading disl ocation;
and MD, for misfit dislocation.

Recently, Pei et al. [122] also suggested the idea of
“pulling” MDs from the interface between the stressed
film and Si membrane to the interface between the Si
membrane and SiO,. By growing GaAs on SOI sub-
strates with thinned Si membranes 100 and 200 nm
thick, it was possibleto attain the smallest half-width of
the X-ray rocking curve (128") for GaAs films grown
on Si [122].

Thus, we return again to the concept of modifying
the plastic-rel axation mechanism; this concept was out-
lined above in Subsection 2.4 and consists in the fol-
lowing. In heterosystems with intermediate layers
(grown at low temperatures or subjected to ion bom-
bardment) including viscous spacers, the velocity of
propagation of threading dislocations increases. As a
result, the relation (between the generation rate of MDs
and the velocity of propagation of threading disloca-
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Table 2. The basic characteristics of SiGe/Si heterostructure bipolar transistors

o , Design parameter
v | TSI | oo Ty | of complemeniay o

AMSINT 35 30 0.8
AMTEL 30, 50 50, 50 0.35
AMTEL 30, 50, 80 30, 70, 90 0.5
AMTEL 40, 70 50, 80 0.21
Daimler Chrysler 156 80

Hitachi 76 180 0.25

IBM 47 50 0.35

IBM 48, 90 72,105 0.18
Infineon 75 80 0.25
Lucent 72 116 0.25
Motorola 48, 75 100, 65 0.25
National Semiconductor 30 0.35

NEC 73 61 0.18
Philips 45 43

ST Micro 52 71 0.35

Texas Instrument 50 0.35

tions) determined for heterosystems with a steplike
transition from the substrate to the film and conducive
to a high resulting density of threading dislocations
(107-10'° cm?) isimpaired. As aresult, an opportunity
arises to control each of these parameters separately,
which makes it possible to reduce the threading-dislo-
cation density to a value smaller than 10°-10° cm,

4. ELECTRICAL PROPERTIES OF SIGE FILMS
ON ARTIFICIAL SUBSTRATES

First of al, we should mention the continuing and
growing use of the GeSi solid solution in so-called het-
erostructure bipolar transistors (HBTs) based on
GeSi/Si heterostructures. It is evident that heterostruc-
tures without MDs (i.e., with a pseudomorphic base)
are necessary for HBTs. It is also noteworthy that the
SiGe/Si-based HBTSs have been brought into commer-
cial production and more than ten leading companies
are already producing (or will be producing in the near
future) ultrahigh-frequency integrated circuits based on
HBTs. The most important characteristics of S—-Ge
HBTs are listed in Table 2 [123]. At present (May
2002), the best characteristics of SiGe/SI HBTsaref; =
207 GHz and f,,,, = 285 GHz [124].

The set of electrical parameters for the GeSi;_,
solid solution, which are of interest from the standpoint
of device applications (as for any semiconductor), is
rather wide. Undoubtedly, the most important of these
parameters are the concentration and mobility of free
charge carriers. The product of these quantities defines
the conductance of the undepleted channel in a metal—

oxide-semiconductor (MOS) transistor (or in a field-
effect transistor with modulation doping) or the con-
ductance of the base of aHBT; i.e,, this product repre-
sents one of the most important characteristics of a
device. If we consider optoelectronic applications of
SiGe/Si heterostructures, we realize that, in this case,
the most important parameter (along with the concen-
tration and mobility of the charge carriers) is the con-
centration of nonradiative-recombination centers
related to the point and linear defects in the structure.
For example, if the dislocation density in Si and Ge sin-
gle crystalsislower than 10° cm, it virtually does not
affect the electron and hole mobility; in contrast, the
effect of thisdensity on the lifetimest,, and T, of minor-
ity charge carriersis appreciable even if the dislocation

density is as low as 10° cm2. Notably, T,(t) ~ Ny
[125], whereas the absolute value of T1,(1,) depends
heavily on the impurity type and the doping level.

Even more conclusive evidence of the effect of iso-
lated dislocations on the properties of the n-Si/p-GeSi
p— heterojunction was obtained in the course of
unique in situ studies using a transmission electron
microscope [ 126]. Figure 19a shows the dependence of
areverse current on the number of misfit dislocationsin
the heterojunction plane. Dislocations were introduced
into the structure (see the inset in Fig. 19) by heating
the sample directly in the column of atransmitting el ec-
tron microscope; the current—voltage characteristic of
the structure (after cooling to 300 K) was al so measured
in situ. Similar correlations were also obtained using
traditional methods (Fig. 19b) [127].
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4.1. Electrons

A major contribution to the devel opment of the tech-
nology for growing Ge,Si; _, films on an intermediate
buffer layer with a varying composition was made by
the team of researchers headed by Fitzgerald [30-32,
36, 59]. Thefabrication of Ge,Si; _, solid-solution films
with a low dislocation density (Ngg < 10° cm) was
originally reported in 1991 [30]. Rapid thermal chemi-
cal-vapor deposition was used [30] to grow the films at
a substrate temperature of 900°C; the composition gra-
dient in the buffer layers amounted to 10% of the Ge
content per micrometer of depth [30]. Unprecedented
low densities of threading dislocationswere obtained in
these structures: (4 + 0.5) x 10° cm for x = 0.23 and
(3 + 2) x 108 cm? for x = 0.5. Shortly thereafter, high
mobility of electrons in similar layers grown by MBE
on a graded buffer layer was reported [128]. A two-
dimensional electron gas (2DEG) was formed in a
guantum well (QW) fabricated from pure silicon (a
15-nm-thick pseudomorphic Si film) using the method
of modulation doping to introduce an Sb donor impurity
(=10 cm3) into the 40-nm-thick Ge, 5,Siy 7o top layer;
a 10-nm-thick spacer made of undoped solid solution
with the same composition was used. According to the
results of Hall effect measurementsin the van der Pauw
configuration (assuming that the Hall factor is equal to
unity), the 2DEG density was 1.2 x 10* cm? at 300 K
and 7.8 x 10" cm at T < 77 K. The e ectron mobility
in this gas was equal to 9600 cm? V1 st at 77 K and
96000 cm?V-1stat 4.2K,

Over the last ten years, the number of publications
concerned with the electrical properties of 2DEG and
two-dimensional hole gas (2DHG) in modulation-
doped SiGe/Si heterostructures has exceeded severa
hundred; therefore, we refer the reader to the compre-
hensive reviews [1, 2, 129-131] which illuminated the
current state in this field up to 2000, we will mention
only the most important and recent relevant publica-
tions.

The advent of artificial GeSi substrates with a low
density of threading dislocations and the use of these
substrates to form 2DEG and 2DHG with high mobili-
ties of charge carriers (4, = 180000200000 cn? V-1 st
aT=42Kand p,>17000 cm?V*sta T=40K
[132]) necessitated a comprehensive theoretical analy-
sis of scattering mechanisms in the SiGe heterostruc-
ture. Monroe et al. [133] analyzed the following mech-
anismsthat can limit the low-temperature mobility in a
2DEG: (i) scattering by “remote” donors, which are
separated from 2DEG by a spacer made of undoped
solid solution; (ii) scattering by background impurities;
(iii) scattering at roughness of the heterointerface;
(iv) scattering at the fluctuations of the solid-solution
composition; and (v) scattering by dislocations pene-
trating into the channel from a completely relaxed
graded-gap buffer layer. Comparison with experimental
datamadeit possible to state [133] that threading dislo-
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Fig. 19. (@) Dependence of reverse current through the
n-Si/p-SiGe heterojunction on the number of misfit disloca-
tions which intersect a 1-cm-long segment of the heter-
oboundary; the measurements were performed using an
electron microscope; the heterojunction was biased by
0.5V [123]. (b) Dependence of the leakage current in the
bulk of the Sig ,5Gey 75 p—i—n diode (see the inset) on the
density of dislocations threading from the graded-gap
buffer layer [124].

cations (if their density was lower than 10° cm™) did
not limit the mobility in 2DEG (and 2DHG) and that
the first four mechanisms were the most important. It
was shown [134] that, if the mean amplitude of the het-
erointerface roughness (to be more specific, the ampli-
tude of the corresponding Fourier component of the
roughness spectrum) exceeded 1.2 nm, the electron
mobility was no higher than 10° cn?V-sta T=04K
in a 30-nm-thick SI QW with a 2DEG density of 5 x
10 cm (Fig. 20). A similar problem was considered
in more detail by Yutani and Shiraki [135]; the depen-
dence of electron mobility on the channel thicknesswas
studied.

Ismail et al. [136] noted that the role of misfit dislo-
cations was underestimated by Monroe et al. [133].
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Fig. 20. The electron mobility in pseudomorphic Si films
(d=7-8 nm, ng = 5-6 x 10'* cm3, T = 0.4 K) grown on
thick relaxed buffer layers with the final composition of
Sip 7Gep 3 as a function of the roughness amplitude for a

heteroboundary with a lateral correlation length of 30 nm.
The circle, square, and triangle correspond to experimental
data. Theoretical results: dashed line represents the contri-
bution of roughness; the dash-and-dot line, the contribution
of scattering by ionized impurities; and the solid line was
calculated taking into account both mechanisms.

Ismail et al. [136] drew attention to the fact that misfit
dislocations (in addition to threading dislocations)
could be found at the interface between the SiGe buffer
layer and Si channel if the thickness of the channel
layer exceeded the critical thickness. Using Ge Si; _,
buffer layerswith avarying final composition (x = 0.34,
0.3, and 0.25) and growing Si filmswith subcritical and
supercritical thicknesses, Ismail et al. [136] used trans-
mission electron microscopy to ascertain that MDs
were indeed formed at the SiGe/Si interface in accor-
dance with the Matthews-Blakeslee model [7, 14]. The
MD generation was accompanied by adecreasein elec-
tron mobility inthe channel; this effect can berelated to
the strain field which is generated by 60° MDs and pen-
etrates into the channel.

Ismail et al. [136] managed to obtain mobilities in
2DEG at alevel of (300-400) x 10°cm?V-1s?instruc-
tures with a pseudomorphic channel at T = 0.4-1.4 K;
if the substrate was used as a back gate, the mobility
was even higher (526000 cm? V=t st at T = 0.4 K).
Thisresult remained unsurpassed for along time until
Sugii et al. [137] reported an electron mobility of
800000 cm? V1 stat T =15K. The latter mobility is
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Fig. 21. Chronologically arranged collection of data on the
temperature dependence of the Hall mobility for two-
dimensiona electron gas in pseudomorphic Si films grown
on artificial GeSi substrates [135, 136].

the highest ever achieved. In Fig. 21, we summarize the
data[138, 139] on the temperature dependence of elec-
tron mobility in modulation-doped pseudomorphic Si
channels on artificial GeSi substrates.

The low-temperature mobility of charge carriersis
generally of no practical interest but serves as a sensi-
tiveindicator of the quality of SiGe/Si heterostructures.
The charge-carrier mobility at room temperature or
higher (to be more specific, from —60°C to 100°C) is
important for practical applications. At these tempera-
tures, the pattern changes significantly and scattering of
electrons at the deformation potential of acoustical
phonons becomes the main limitation of mobility. Corre-
sponding cal culations were carried out by Basu and Paul
[140] for a specific structure (a SipsGeys/Si/SipsGey s
QW with an Si layer thickness of 6 and 9 nm on an
Siy75G€y 05 relaxed buffer layer on Si(001) substrate).
The calculations showed that the mechanism of inter-
valley scattering, which is dominant in bulk unstrained
silicon, was found to be virtually suppressed in a
stretched pseudomorphic Si film; in addition, the con-
ductance of the channel [140] was shown to be gov-
erned by electrons with a low longitudina effective
mass (m* = 0.19m,). The combination of these factors
in such a film makes it possible to attain an electron
mobility which exceedsthe mobility in bulk Si by afac-
tor of 1.5-2 (even if the 2DEG density is equal to 1 x
10* cm). The predicted effect has been repeatedly
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substantiated experimentally; an electron mobility
exceeding 2000 cm? V-t s in modulation-doped
pseudomorphic Si channels at room temperature is not
something extraordinary (keeping in mind that electron
mobility inintrinsic Si at 300 K is 1450 cm? V- sb).
The mobility equal to 2830 cm? V- s reported in [141]
is unprecedentedly high. In one of the recent studies in
thisfield [142], mobility in the channel exceeded that in
the bulk material also by afactor of 1.8.

4.2. Holes

The complex anisotropic three-subband structure of
the valence-band top in silicon and germanium makes
the prablem of calculating the kinetic effects in p-Si
and p-Ge extremely difficult even if strains are disre-
garded [143-145]. Elastic nonuniform strains (at alevel
of 1%) bring about a radical reconfiguration of con-
stant-energy surfaces of the valence band. By way of
example, Fig. 22 shows the constant-energy sections
(E = 40 meV) of a heavy-hole band in Si subjected to
uniaxial deformation in the [001] direction (pane a:
0.7% compressive strain; panel b: undeformed state;
and c: 0.7% tensile strain). Taking into account that
there are three types of holes (heavy, light, and those
related to spin—orbit coupling), we find that the Hall
factor (ry) in p-Si canvary from 3to 0.1 when the strain
along the [001] direction varies from —1 to +1% [146].
Therefore, itisclear that cal cul ation of the hole concen-
tration based on the assumption that r,; = 1 may lead to
unacceptably large errors. Theoretical approaches to
calculating the hole and electron mobilities and the
energy-band structure in pseudomorphic [grown on
Si(100)] and unstrained Ge,Si; _, solid-solution films
are outlined el sewhere (see papers [147-152] and book
[153]).

Pseudomorphic SiGe films are used in device
structures as materials for modulation-doped QWs
with top and bottom layers composed of pure silicon
or asolid solution with an increased content of germa-
nium (Fig. 23). In this case, scattering by remote
acceptors and at rough heterointerfaces is added to the
mechanisms of scattering in bulk SiGe. It has been
shown convincingly in a number of publications that
scattering at the surface roughness is dominant at low
(liquid-helium) temperatures [154]. As of 1995, the
highest |ow-temperature mobility of holesin 2DHG has
been 19820 cm? V1 st a T = 7 K in a modulation-
doped “norma” (Fig. 23a) Si/SipgGey /S hetero-
structure (in this case, the sheet concentration of holes
is3.9 x 10'° cm) [155].

The charge-carrier mobilities of 1300 cn?V-1 st at
300 K and 14000 cm? V-1 st at 77 K were reported
[156] for 12.5-nm-thick Ge channels grown on relaxed
buffer layers with a thickness of 3-5 um and modula-
tion-doped with Gato a sheet hole concentration of 1 x
10%2 cm?; the structure had a 1.2-pm-long gate and
Siy.4Gey 6 top and bottom layers. This made it possible
to fabricate field-effect transistors (FETs) with the
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Fig. 22. Constant-energy surfaces (E = 40 meV) for the
band of heavy holes in a silicon crystal: (a) a crysta
stretched by 0.64% aong the [001] direction; (b) an
unstrained crystal; and (c) a crystal compressed by 0.64%
aong the [001] direction (reproduced with permission of
the authors [143]).

slope of the current—voltage characteristic (g,,) equal to
125 and 290 mS/mm at 300 and 77 K, respectively. Itis
worth noting that FETs with a graded-gap Si; _,Ge,
channel (with athickness of 4.5 nm and with x varying
from 0.7 to 0.55) fabricated on artificial Si,,Ge, 5 sub-
strates by the IBM company [157] are amost as good
as the FETs reported in [156] with respect to the slope
of the current-voltage characteristic; specificaly, the
IBM FETSs had g,, = 105 and 205 mS/mm at 300 and
77 K, respectively (the channel length was 0.7 um).

Structures in which electrical parameters of 2DHG
are measured include many layers in addition to the
channel with 2DHG (see Fig. 23); these layers may
affect the results of measurements. As a result, simple
Hall effect measurements are inadequate to correctly
determine the charge-carrier mobility. In this situation,
the “mobility spectrum” method [158], which accounts
for the conductivity of a paralel channel, yields more
precise data on the mobility [159]. The Hall mobility
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Fig. 23. Cross section of typical heterostructures used in
measurements of the charge-carrier mobility in two-dimen-
siona hole gas within pseudomorphic SiGe channels
formed on Si substrates [(a) isanormal structure and (b) is
an inverted structure)] and also (c) on artificial GeSi sub-
strates [156)].

can increase by 50% if parasitic n-type conductivities
in i-type layers are taken into account [159].

As mentioned above, artificial SiGe substrates
grown on a buffer layer with a varying composition
have a number of serious drawbacks (see Subsection
2.2). One of these drawbacks is related to roughness,
which tendsto build up asthick (3—10 um) buffer layers
are grown: atypical amplitude of the profile can be as
large as 10-15 nm. Over the last decade, numerous
efforts have been made to reduce the thickness of the
GeSi buffer layer, thus decreasing the roughness of its
surface, while retaining an acceptable density of
threading dislocations or even reducing it. The method
suggested by Chen et al. [20] was found to be the most
appropriate; this method is based on the use of Si and
GeSi buffer layersgrown at low temperatures. The elec-
trical parameters of 2DHG in an SiGe/Si heterosystem
fabricated using this technology represent the state of
theart inthisfield. In what follows, we consider therel-
evant results.

Irisawa et al. [160] grew Sig 33Ge, 6/ Ge/Sij 33GE) 67
structures with Ge QWs modul ation-doped with B; an
Sig 7366y 07 buffer layer grown at low temperatures
was used. The amplitude of the LT-Si surface rough-
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ness did not exceed 5 nm. Irisawaet al. systematically
varied the thickness of the Ge channel (the growth
temperature was 350°C) and obtained hole mobilities
of 1300 cm?Vs? (20K) and 1175 cm? V-1 s (300 K)
at a Ge channel thickness of 7.5 nm. A decrease in the
growth temperature to 300°C made it possible to obtain
ahole mobility of 1320 cm? Vs at 300 K. It should
be mentioned that the data on hole mobilities of about
1700 cm? V! s (300 K) reported previously by Ueno
et al. [161, 162] were found to be erroneous [160] as a
result of incorrect Hall measurements.

until recently, the highest hole mobility in a
pseudomorphic Ge channel (1700 cm?V-s?at 300K
with ps = 7.9 x 10" cm?) was measured in a
Gey 7SI 4/Ge/Gey ;S5 heterostructure (dg. = 15 nm)
with etched off Si substrate [163]; this mobility is still
lower than that in bulk Ge. At the same time, the theory
[164] unambiguously predicts a significant increase in
the hole mobility in Ge films compressed or stretched
along the [001] direction; as a result, the mobility
exceeds that in unstrained crystal. As recently as 2002,
the mobility-spectrum method was used to ascertain
that the hole mobility in elastically strained Gefilmsis
indeed higher than the mobility in an unstressed bulk
crystal [165]. Relaxed Sij33Gey; buffer layers were
grown in two stages [165]. First, a50-nm-thick Si layer
was formed at 400°C on n-Si substrate with aresistivity
of 5-10 Q cm; a500-nm-thick Si, 73Ge, o7 film wasthen
grown on thislayer at 600°C. Next, a 50-nm-thick layer
with the same composition was grown at 300°C and
overgrown at 500°C with a 500-nm-thick Sij33G€y 67
layer. Finally, a SiGe film doped with B to a concentra-
tion of ~2 x 10* cm™ was grown epitaxially on top of
the above complex system of buffer layers; a 20-nm-
thick Ge active layer was then grown on an undoped
20-nm-thick spacer. The hole mobility inthe Ge layer
at room temperature was 2940 cm? V-1 s, with the
sheet concentration of the charge carriers being equal to
5.11 x 10* cm. It is clear that the technology used is
quite efficient, so that the correctly measured hole
mobility in pseudomorphic Ge film exceeds the mobil-
ity inabulk Ge crystal by 55% (the latter mobility isthe
highest among all semiconductors). A hole mobility of
2700 cm? V-t stinasimilar structure was also attained
owing to doping of Siy;Ge,; buffer layers with Sb
[166]. Lastly, we note that a high hole mobility in an
SiGe/Si heterosystem not only improves the high-fre-
guency characteristics of transistors but also facilitates
the solution of the so-called “short channel” problem
[167, 168].

4.3. Summary

Thus, it is experimentally ascertained at present that
the electrical parameters of 2DEG and 2DHG in
pseudomorphic Si, SiGe, and Ge layers grown on arti-
ficial SiGe substrates, which are optimized with respect
to the structure and surface morphology, excel the
kinetic properties of electrons and holes in unstrained
No. 5
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crystals. Therefore, we may expect that these structures
will be widely used in the near future in the electronics
of superlarge-scale integration. At the same time, it is
also clear that much effort is still needed in order to
develop acommercia technology for the fabrication of
complementary MOSs; research in this field is being
actively pursued [169-171]. Leading researchers at
IBM emphasized at the |IEEE International Solid-Cir-
cuit Conference [172] that the crucia factor for the
commercial success of SiGe/Si-based HBTs is the fact
that, in their production, it is possible to use the same
equipment and the same technological processes as
those used in the production of Si integrated circuits. It
is not inconceivable that the use of artificial SiGe sub-
strates will make it possible to attain real successin the
development of relevant FETSs.

5. CONCLUSION

As aresult of more than 20 years of studies of the
structural characteristics of plastically relaxing con-
stant-composition GeSi layers grown under conven-
tional conditions, it became clear that the density of
threading dislocations in these films is unacceptably
high. In our opinion, thisiscaused by thevirtually iden-
tical dependences of the density of generated misfit dis-
locations (MDs) and the velocities of propagation of
their threading segments in GeS heterostructures
grown under conventional growth conditions on mis-
match stresses. In order to reduce the MD generation
rate and, at the same time, preserve an acceptable prop-
agation velocity of the already existing threading dislo-
cation segments, a method for growing graded buffer
layers has been suggested; the first encouraging results
have been obtained using this method. New methods
for film growth, which were devel oped recently, made
it possible to extend the separate effect on the genera-
tion and propagation (including annihilation) of MDs;
as a result, the crystalline quality of the grown GeSi
films improved.

Over the last decade, intensive studies of the growth
processes of heterostructures were replaced by practi-
cal applications of these structures. As a result of this
development, we have observed both unprecedentedly
high room-temperature mobilities (exceeding those in
bulk crystals) of electrons and holes in 2DEG and
2DHG in Si/GeS heterojunctions and large-scale
applications of these structures in the development of
FET metal—insulator—semiconductor transistors.

With respect to the so-called “compliant” substrates,
it can be considered proven that the mechanism of elas-
tic relaxation in astressed film due to the sliding of the
film over a viscous substrate is effective only at small
distances in the mesoscopic range when the film is of
theisland type. Relaxation of stressesin extended films
occurs via the introduction of misfit dislocations and
glide of their threading segments.
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We still have some unresolved problems. These
include

(i) the remaining ambiguity in choosing a specific
method for growing the heterostructures with artificial
substrates (some of these methods have still not been
adequately tested);

(i) a deficit in experimental data on the determina-
tion of specific mechanisms responsible for a decrease
in the density of threading dislocations in such hetero-
structures; and

(i) the lack of a widely acceptable technology for
forming “compliant” substrate.
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Abstract—Propagation of nonequilibrium acoustic phonons in ZnTe single crystals at helium temperature
was studied with phonons being both optically generated and produced by a metal-film heater. Experiments
with [110] ZnTe allowed for the detection of the arrival of longitudinal and transverse acoustic phonons,
which are particularly well resolved when generated by a heated metal film. A bolometer al so detected emis-
sion of ZnTe material with atime constant T ~ 90 ns, which can apparently be attributed to the luminescence
of oxygen complexes, because the lifetimes of other complexes and bound excitons are substantially shorter.

© 2003 MAIK “ Nauka/lInterperiodica” .

1. INTRODUCTION

The 11-V1 compounds have aroused interest in con-
nection with their application as film photodetectors in
the visible region of the spectrum since the middle of the
last century; this was followed by their wide application
in acoustoel ectronics, optoelectronics, and laser technol-
ogy. Thin [110]-oriented ZnTe waters have recently
found use as coherent electro-optica sensors with a
detection band width of up to 40-50 THz [1, 2].

Thissituation callsfor acomprehensive study of the
thermal properties of ZnTe to achieve good hest dissi-
pation, which, in turn, would permit one to reduce deg-
radation of ZnTe-based devices and, hopefully, to
improve their response times.

Data on nonequilibrium heat transport in ZnTe are
lacking in the literature, except for [3]—a communica:
tion that gave preliminary results of the first investiga-
tion in this field. The goa of this study was to gain
insight into the propagation pattern of nonequilibrium
acoustic phonons generated by various meansin ZnTe
single crystals.

2. EXPERIMENTAL

The propagation of nonequilibrium phonons was stud-
ied in samplesof single-crystal ZnTe (p ~10-20Q cm) in
the form of [110]-oriented wafers with a thickness of
970 um and surface area of 6 x 6 mn? [4].

We additionally measured the photoluminescence
(PL) of the sample whose thermal properties had been
studied.

The PL spectra were measured at 2 K. The sample
was optically pumped with an argon laser emitting

2.41-eV photons (514.5 nm). The spectrum was ana-
lyzed with a double-grating monochromator providing
a resolution of 0.1 meV. The photomultiplier signals
were fed to a narrow-band amplifier with a lock-in
detector.

Figure 1 showsaPL spectrum of aZnTesinglecrys-
tal measured at T =2 K. In addition to the intrinsic radi-
ation dueto the free exciton (FE, FE-LO), the PL spec-
trum includes lines which are due to recombination of
excitons bound to neutral donors (D°X) and four accep-
tors A°X: Cu, Li, Ag, and k (an unidentified acceptor)

i E A%X (Cu, Li)
- E 0
2rz A% Ag
ELZ AX L0 A% -LO
=gs
o £ A% Ag-LO
.= | | | | \
S| 180 185 190 195 200 )EALLO
2 Proton energy, eV
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SL Lo
E . DX
-r 25 Li
axao |
- 28 Cu-l;O X 4000I 28k | < 3OI 21 X SI
2.15 2.20 2.25 2.30 2.35 2.40

Photon energy, eV

Fig. 1. Photoluminescence spectrum of ZnTe obtained at
T=2 K, argon laser (A = 514.5 nm) excitation density
10 W/cm?. Inset shows emission spectrum of the exciton
bound to Ore.
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Fig. 2. Main processes involving the generated acoustic
phonons: (1) spontaneous decay, (2) elastic scattering, and
(3) sample boundary effects.

[5]. In the latter case, the spectrum also includes, in
addition to the main A°X lines (where A = Cu, Li, Ag),
the so-called two-hole transitions denoted in Fig. 1 by
2SA (A=Cu, Li, Ag, K). The long-wavelength part of
the spectrum contains a structure of four lines, in
which a short-wavelength line (Kg) is caused by a
zero-phonon transition and the three other lines repre-
sent LO-phonon replicas of K,. According to [6], K,
originates from the emission of acomplex defect con-
taining a Zn vacancy.

The inset in Fig. 1 presents a PL spectrum around
1.9 eV, which is due to the emission of excitons bound
to the isoel ectronic impurity Oy, (0xygen in the Te sub-
lattice) [7]. The peask emission intensity is about
10* times lower than the intensity of the A%X line.
However, unlike the narrow A°X line, the Oy, spectrum
extends over awide spectral range, which is caused by
strong electron—phonon coupling (LO, LA, and TA
phonons are emitted) [7]. This spectrum is typical of
bulk ZnTe crystals (see, e.g., the cathodolumines-
cence spectrum of samples grown in an argon environ-
ment [4]).

The propagation of nonequilibrium phonons in
ZnTe was studied by the heat pulse technique. The
schematic of the experiment and the main processes
occurring with nonequilibrium phonons are shown in
Fig. 2. Nonequilibrium phonons are generated in sam-
ple Sby pulsed excitation. In our experiments, the exci-
tation was effected by light with a photon energy
greater than the band gap of the material under study
(P1); inthissituation, phonons are generated directly in
the sample as aresult of both the cooling of hot carriers
and nonradiative recombination, or via heating by a
laser pulse of ametal film deposited on the sample (P2).
In their propagation through the sample, the generated
phonons undergo spontaneous anharmonic decay (1),
elastic scattering by lattice defects (2), and so on. Upon
being absorbed in detector D, they produce a signal.
The specific processes occurring with the nonequilib-
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rium phonons and the mode of their propagation are
derived from the shape of the time-resolved signal.

We used photoexcitation of the sample surface by
pulses of an LGI-21 nitrogen laser (A = 337 nm, 1q, =
7.5 ns) and heating by these pulses of a 150-nm thick
gold film deposited on the sample surface.

To detect the arrival of nonequilibrium phonons in
transmission geometry, a superconducting bolometer
based on fine-grained aluminum was deposited on the
opposite surface of the sample [8]. The detection sys-
tem included an RU3-33 broadband preamplifier and a
computer-controlled stroboscopic V9-5 voltage con-
verter. The time resolution of the detection system was
about 5 ns.

2.1. Photoexcitation

The solid line in Fig. 2 shows typical bolometer
response in the case of ZnTe surface photoexcitation.
Theresponseis seen to consist of several superimposed
peaks.

Thefirst peak, whose leading edge is hot delayed in
time, isdueto alight pulse striking the bolometer. This
cannot be the laser pulse passing through the crystal
since the nitrogen laser photon energy (hv = 3.7 eV) is
greater than the ZnTe band gap width (E, = 2.4 €V); As
aresult, the absorption coefficient of Iig€11t in ZnTe for
this wavelength is equal to ~10° cm™, so that the light
cannot pass through the 970-um-thick crystal. At the
same time, as already mentioned, illumination of ZnTe
gives rise to luminescent emission in the red spectra
region; this emission can traverse the crystal. Analysis
shows that the first peak of the signal decays exponen-
tialy (~exp(—t/1)), with a characteristic time 1 = 90 ns
(dashed line in Fig. 2); we believe that this signal can
be related to emission from the oxygen complex [9],
because the lifetimes of the other complexes and bound
excitons are considerably shorter [7].

The phonon part of the response, which was
derived by subtracting the exponential curve from the
total signal, is shown in Fig. 3 by circles (a similar
spectrum obtained at a different excitation level is
given in [3]). Numbers in the phonon part of the
response indicate the arrival of differently polarized
phonons. Peak 1 starting at t = 235 ns corresponds to
the arrival of longitudinal acoustic (LA) phononswith
apropagation velocity of 3.88 um/ns. The next peak 2
starting at t = 420 ns corresponds to the arrival of fast
transverse acoustic (FTA) phonons propagating at
2.35 um/ns. Interestingly, the amplitude of thispeak is
smaller than that of the peak corresponding to the
arrival of the LA phonons, athough the density of
states of FTA phonons is four times that of the LA
phonons. The next peak 3, afairly diffuse one, is due
to the show transverse acoustical(STA) phonons,
whose propagation velocity is 2.18 um/ns.
No. 5
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Fig. 3. Salid line: typical bolometer response to the photo-
excitation of ZnTe surface by nitrogen laser pulses. Dashed
line shows the exponential decay with characteristic time
T =90 ns. Circles identify the “phonon” response compo-
nent. The numbers indicate the pesks of arrival of (1) LA
phonons, (2) FTA phonons, and (3) STA phonons.

2.2 Gold Film Heater

The solid lines in Fig. 4 represent the bolometer
response signals obtained when a gold film deposited
on the ZnTe surface and heated by laser pulsesis used
as the phonon generator. One can see differences when
thisis compared with the case of phonon generation by
photoexcitation of the ZnTe surface. First, as would be
expected, thereisno peak dueto the arrival of the lumi-
nescent emission. Next, the peaks associated with the
LA and FTA phonons are substantially sharper. This
circumstance should be attributed to the fact that the
gold film heated by laser pul ses generates phonons of a
lower frequency (v ~ 1.5 THz) than in the case of pho-
toexcitation (v ~ 3.1 THz). Since the phonon mean free
path with respect to elastic scattering by point defects
depends heavily on phonon frequency, T = 1/(AquV?),
where v is the phonon frequency and A, isthe elastic
scattering constant, these lower frequency phonons are
scattered substantially less, and this brings about
sharper responses. It should al so be noted that the peaks
become progressively sharper with increasing excita
tion energy. It would seem that this observation is in
contradiction with the previous statement, because the
film pumped at higher excitation energies is heated to
higher temperatures and, accordingly, generates
phonons of higher energies, which should be scattered
more intensely. At the same time, this behavior of the
response may be caused by the fact that phonons gener-
ated in the entire excitation energy range have mean
free paths comparabl e to or exceeding the crystal thick-
ness. Inthiscase, the peak shapeisgoverned by phonon
generation during the film cooling rather than by
phonon scattering. A hotter film, as shown in [10],
cools at a higher rate, thus reducing the duration of the
LA and FTA phonon peaks.
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Fig. 4. Bolometer responseto agold film deposited on ZnTe
surface and heated by nitrogen laser with pulse energiesE =
(1) 1.0, (2) 0.5, (3) 0.25, and (4) 0.14 pJ.

Interestingly, when a pul se-heated metal filmisused
as the phonon generator, the relative peak amplitude
becomes dependent on excitation energy; indeed, asthe
latter increases, the amplitude of the peak correspond-
ing to the FTA phonons, which was initially equal to
that of the LA peak, becomes substantially larger. The
amplitude of the third peak varies even more strongly.
While at lower energies its amplitude is smaller than
that of the LA and FTA peaks (curve4inFig. 4), it first
becomes equal in amplitude to the others as the energy
increases and, after that, outgrows them. We believe
that this may be due either to a decrease in the fraction
of the LA phonons as aresult of decay processes, whose
intensity grows with increasing phonon frequency, or to
the formation of a hot phonon spot [11, 12].

An analysis of the experimental response signalsin
which they are compared with Monte Carlo calcula
tions [13], as was done, for instance, for CdTe [14],
would require knowledge of phonon decay constantsin
ZnTe, and these are not available at present.

3. CONCLUSION

The heat pul se technique was employed to study the
propagation of nonequilibrium acoustic phonons (both
higher frequency ones produced by optical excitation
and the comparatively low-frequency species generated
by aheated metal film) in aZnTe single crystal sample.
The transmission of both longitudinal (LA) and trans-
verse (FTA and STA) phonons was detected. The good
resolution with phonons with different polarizations
confirms the high quality of the ZnTe single crysta
used in this study.
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Abstract—The oscillations caused by optical interband electron transitions at the point L of the Brillouin zone
of bismuth are studied in the temperature range of 77—280 K and magnetic fields up to B = 22 T. It is shown
that the method of simulation of the experimental line shape allows one not only to refine the band parameters
of the material, but also to obtain detailed information about physical reasons for the specific features observed
in the experimental magneto-optical spectra. © 2003 MAIK “ Nauka/Interperiodica” .

In this paper, we report the results of studying the
transmission of IR radiation by astrip line consisting of
two tranglation-symmetrical halves of a bismuth single
crystal separated by a gap on the order of the optical
wavelength (A = 10.6 um) [1]. The measurements were
performed in pulsed magnetic fieldsuptoB=22T and
in the temperature range T = 77—280 K. The direction
of the magnetic field coincided with the binary axis of
bismuth single crystal (B || ¢).

The temperature was varied using a heater mounted
on the wall of the sample holder and was controlled
with an accuracy of 1.0 K. These conditions eliminated
uncontrolled changes in temperature and its gradients
in the course of experiments (see[2, 3]).

The use of a strip line provides the possibility of
increasing the signal by afactor of 5-10 in comparison
with the signal obtained by direct reflection from the
crystal surface [4].

As can be seen from Fig. 1, with increasing temper-
ature, the intensity | of the transmitted signal and the
number of magnetooptical oscillations decrease, the
half-width of the peaksincreases, and the peaks shift to
higher magnetic fields.

In order to account for all the features of the experi-
mental spectrum in its simulation, it is not sufficient to
consider the contribution of only interband and intra-
band transitionsin the Landau levels[3, 4]. One should
introduce a complex quantity which accounts for the
contribution of electrons from other bands. This
enables one to obtain good agreement between the
experimental and calculated line shapes.

The complex permittivity € was studied previously
in [5, 6] but without taking magnetic quantization into
account. Comparison of the experimental data on mag-
netoreflection obtained in [4—6] and also in our experi-
ments with the results of calculations shows that the

real part of the permittivity €, considerably exceedsthe
imaginary part €' (Table 1).

Simulating the line shape in a magnetooptical
experiment with due regard for the influence of the
electronsin other bands on the diel ectric-constant func-

tion yields more precise values of E/m; (Table 2), in
contrast with the data givenin [3, 4].

The set of pronounced oscillations in magnetoopti-
cal experiments in a wide temperature range (Fig. 1)
allows the temperature, orientation, field, and concen-
tration dependences of the relaxation time to be stud-
ied.

In [3] it is shown that the relaxation time increases
linearly with an increase in the inverse temperature at
110K or higher due to the phonon origin of an increase
in the rate of the charge-carrier collisions with scatter-
ing centers.

Anaysis of the dynamics in changes of the relative
intensity, the half-width at half-maximum, and theform
of magnetooptical oscillations in our experimenta
spectra alows us conclude that the intensity of oscilla-
tions | grows stronger with increasing magnetic field

1, arb. units

Fig. 1. Intensity of magnetooptical oscillationsasafunction
of the magnetic field at various temperatures.

1063-7826/03/3705-0523%24.00 © 2003 MAIK “Nauka/ Interperiodica’
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Tablel. Thevaluesof real € andimaginary €' partsof per-
mittivity €

T, K & g

77 60 60
110 60 50
140 63 50
170 63 32
200 63 32
230 63 1
260 63 1
280 63 1

than it could be expected from the theory on the
assumption of constant relaxation timet (Fig. 2).

Such discrepancy between theory and experiment
can be dleviated by the introduction of a field-depen-
dent relaxation time. Indeed, the scattering of charge
carriers by phonons can occur only if there exist
unfilled final states. The experiment is performed under
the conditions of magnetic quantization when the unoc-
cupied statesin the conduction band are separated from
the occupied states by an energy gap equal to the dis-
tance between neighboring Landau levels. The energy
spacing between the Landau levels increases with
increasing magnetic field; and for a certain magnitude
of magnetic field determined by the value of the effec-

tive cyclotron mass of an electron mZ , this energy

1, arb. units

18 — 1 /N
cee ) I

L7 _—_3 !

1.6
1.5
1.4
1.3
1.2
1.1

Fig. 2. Dependence of theintensity of magnetooptical oscil-
lations on the magnitude of the magnetic field: (1) experi-

ment; (2) calculation, T = 2 x 1013 5, and (3) calculation,
1=3x1018g

KONDAKOV, IVANOV

Table 2. The values of parameters E/m; for B || ¢ in bis-
muth at various temperature

Ey/ me
T, K | Simulation of | Approximation | Approximation
the line shape |by a polynomial |by a polynomial
(this study) [3] [4]
77 6.13 6.56 6.68
110 5.83 6.22 6.37
140 5.46 5.90 6.03
170 5.27 5.57 5.65
200 4,97 5.23 5.23
230 4.88 4.88 4.76
260 4.60 452 4.24
280 4.38 4.28 3.87

Note: Egistheband gap, eV; mg isthe effective cyclotron mass of
electron in the units of mg (M is the mass of afree electron).

spacing initially becomes equal to the phonon energy
and then exceeds it. This results in an abrupt decrease
in the probability of electron—phonon scattering, which
manifests itself as an increase in the effective intensity
(and also as the decrease in the half-width at a half-
height) of specific features in magnetotransmission
interpreted as an increase in the relaxation time with
increasing magnetic field. The relaxation time as a
function of magnetic field when the vector of induction
of themagneticfield is parallel to the binary axisof bis-
muth crystal is shown in Fig. 3. The curves shown in
Fig. 3 can be associated with the features of the phonon
spectrum in bismuth. Indeed, the existence of acoustic
and optical modes that differ greatly in energy, and the
possibility of two-phonon processes, should result in a

1,103
3.0F
/ 77K
2.5+ 110K
2.0
140 K
L5r 170K
1.0 200K
e ~a 230K
e
280K
1 1 1 1 1 1
0 1 2 3 4 5 6

Fig. 3. Relaxation time as a function of magnetic field. The
curves were used for simulating the line shape of the mag-
netooptical spectrum at various temperatures. Simulation
by two values of relaxation times (for low and high mag-
netic fields) is shown by thin lines; simulation by a polyno-
mial is shown by athick line.
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complex mechanism of interaction of charge carriers
with the phonon subsystem.

According tothedatareportedin[7,8],a T= 77K,
only acoustic phonons are effectively excited. Typical
values of the energy of acoustic phonons fall in the
range of 3.7-6.5 meV [7, 8]. In fields up to 1 T, the
energy spacing between the neighboring Landau lev-
els does not exceed 6.5 meV. InthefieldsB> 1T, the
optical transitions of charge carriersoccur at thelevels
with the principal quantum numbersj =1, 2, 3, 4, with
the energy spacing between these levels being consid-
erably larger than the energy of an acoustic phonon.
This is the reason why the relaxation time increases.
Under these conditions, the scattering is governed
either by the two-phonon mechanism involving acous-
tic phonons or by the processes involving optical
phonons with a characteristic temperature of 130 K.
Both scattering processes are highly improbable at a
temperature T = 77 K.

When the temperature increases to T = 110 K, the
value of E/m¢ changes (Table 1) and the peaks
dlightly shift to higher magnetic fields (Fig. 1). How-
ever, it is of importance that the processes of scattering
by two acoustic phonons now become possible, and the
contribution of optical phonons to scattering processes
also considerably increases. Thisresultsin anoticeable
decrease in the relaxation timein thefieldsB> 2 T.

At T = 140 K, where the Debye temperature is
reached, the optical phononswith energiesof 11-13 meV
become involved in the scattering processes; the spec-
truminthis caseisdescribed by asinglerelaxationtime
in the entire range of magnetic fields. Such a situation
is observed in the temperature range up to T = 230 K,
where the contribution of two-phonon processes of
scattering by optical phonons becomes essential. These
processes occur in sufficiently strong magnetic fields,
i.e.,, when the spacing between neighboring Landau
level s becomes comparable with the doubled energy of
an optical phonon. A further increase in temperature to
T =280 K preservesthis situation; the spectraare again
characterized by two relaxation times.

SEMICONDUCTORS Vol. 37 No.5 2003
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Inthefields B = 6-22 T the relaxation time remains
constant. The absence of a field dependence of relax-
ation time in the ultraguantum limit of magnetic fields
confirms the suggested mechanism of the 1(B) depen-
dence.

Thus, the value of the cyclotron mass of the elec-
tron, on which the energy spacing between neighboring
Landau levels depends, and the existence of acoustic
and optical phonons of various energy in bismuth gov-
ern the dependence of the relaxation time on the mag-
netic field.

The strip line experimental method makes it possi-
ble to observe all the special features of interaction of
radiation with magnetized plasmain a solid in awide
temperature range. Simulation of the line shape alows
one to explain the observed specia features in the
behavior of the parameters responsible for the basic
properties of the material under study.
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Abstract—A dense hot electron—hole plasma and picosecond superluminescence appeared upon pumping
of a GaAs layer by a picosecond (ex) optical pulse. The distribution of electrons over the conduction band
was modulated with a period equal to the LO-phonon energy. The effect of additional pumping of GaAs (p;)
by an optical pulse with a photon energy of hwp < fiwe — 0.1 eV on the superluminescence was investigated.
In the case of simultaneous pumping by ex and p; pulses, alocal maximum or minimum appeared in the spec-
trum of relative increase in the superluminescence energy at the photon energy, which corresponds to the
peak in the superluminescence-energy spectrum of the active region of the GaAs layer. The local maximum
appeared when the electrons that were excited by the p; pulse to the level with a depleted popul ation emitted
L O phonons (one phonon per each electron) and recombined. The local minimum appeared when electrons
were excited by the p, pulse to the level with the Fermi population. The spectral width of the local maximum
and minimum turned out to be narrower than the calculated width of the energy level from which the elec-
trons recombine. © 2003 MAIK “ Nauka/Interperiodica’ .

1. INTRODUCTION

The purpose of this study is to clarify the influence
of additional excitation of charge carriersby apulse (p;)
with a photon energy of 7wy, < i, 0N theintense pico-
second superluminescence that occurs upon the pump-
ing of GaAs by a powerful picosecond (ex) optical
pulse. The electrons were excited by p; pulses to the
region near the bottom of the conduction band, where
the electron-energy distribution was strongly modu-
lated, i.e., differed from the Fermi distribution. The
experiments were carried out at room temperature.

Let usinitially describe the situation that occursin
the case of pumping of GaAs by the ex pulse with the
photon energy #w,, = 1.558 eV and aduration of 14 ps.
Upon the interband absorption of a powerful ex pulsein
athin (~1-um) GaAs layer, a dense hot electron—hole
plasma (EHP) arises and picosecond superlumines-
cence occurs [1-4]. The latter is considered to mean
induced radiative recombination in an active GaAs
medium without a resonator with a characteristic relax-
ation time of ~10 ps. The superluminescence relaxation
is interrelated with the relaxation of the temperature
and concentration of the EHP [5, 6]. As estimations
show, the superluminescence intensity integrated over
the spectral range exceeds 108 W/cn?.

Under these conditions, the energy distribution of
electronsin the conduction band is modulated by oscil-

lations with a period %w, o (fw, o is the energy of the
longitudinal optical (LO) phonon) [7]. Periodically
located regions arise in which the popul ations of energy
levels are depleted in comparison with the population
characteristic of the Fermi distribution of electrons. The
following physica mechanism was suggested to
explain the modulation of the electron-energy distribu-

tion [7].

The superluminescence intensity B, increases with
an increase in the superluminescence-recombination

rate of charge carriers: (dn/dt)g [ o, B, dw. Here, wis

the frequency of superluminescenceradiationand a,is
the absorption coefficient in the light-amplification
region; the integral istaken over the spectral amplifica-
tion band. An increase in |(dn/dt)g| prevents |a,| from
increasing in the amplification region. For high super-
luminescence intensities, this causes depletion of the
inverse population of the energy levels near the bottom
of the conduction band, from which the electrons are
induced to recombine, compared with the populationin
the case of the Fermi distribution of EHP. Such adeple-
tion is represented by the difference between two
absorption spectra for the amplification region, one of
which is experimental and the other is calcul ated under
the assumption of Fermi distribution for EHP (Fig. 1).
Let us cal this difference the dip in the amplification

1063-7826/03/3705-0526%$24.00 © 2003 MAIK “Nauka/ Interperiodica’
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range. The shape of the dip spectrum is similar to that
of the part of the superluminescence-energy spectrum

which is located above the energy Wts (the superlumi-

nescence energy at those two values of 7w which deter-
mine the dip boundaries [8]) (Fig. 1).

The depletion of populations leads to non-compli-
ance with the principle of detailed balancing. As a
result, intense transitions of electronsto the levelswith
depleted inverse popul ation occur; these transitions are
accompanied by the emission of LO phonons. Thetran-
sitions with the emission of LO phonons turn out to be
so intense that they lead to the formation of another
region of population depletion in the conduction band.
The second depletion region is located above the first
one; the energy spacing between these regionsis equal
to the energy of the LO phonon %w, 5. The second
depletion region results in the formation of a shoulder in
the experimental absorption spectrum at 2w > 1.417 eV
(Fig. 1). The further extension of this process upward
over the conduction band leads to the periodic modul a-
tion of the electron-energy distribution within the band.

We used the mechanism of modulation described in
[7] to explain the effects we revealed:

(i) the modulation of the bleaching (increase in
transparency) spectrum of the GaAs layer by phonon
oscillations with a period

A = Aw o(1+m/my),

where m, and m, are the effective masses of an electron
and a heavy hole, respectively [7];

(ii) the energy transport of electrons which occurs
via emission of LO phonons in the course of picosec-
ond superluminescencein GaAs[9];

(iii) “LO-phonon” correlation between the picosec-
ond-superluminescence spectrum and the specific fea-
tures of the absorption spectrum of GaAsin the case of
the non-Fermi distribution of carriers[8].

The effects reported in [7-9] allow one to assume
that, under the above experimental conditions, the
relaxation times 1., o and 1., become comparable.
Here, 1o o isthetime of such relaxation of electronsto
the bottom of the conduction band, under which the
electrons, emitting LO phonons, undergo transitions to
the level with depleted population [9]. The quantity T...
is the time of intraband energy relaxation of electrons
due to collisions between the carriers, leading to the
Fermi distribution of electrons. The fact that the times
Tolo and T.. become comparable has not been
explained theoretically yet and continues to arouse
interest. For comparison, according to the calculations

[7-9], in the dense quasi-equilibrium EHP, v.' o > T,
(VeLo istherate of emission of LO phonons by an elec-
tron) for the electrons from the energy region in which
the above effects were observed.

It is worth noting that the largest depth of the dip
within the amplification region at the photon energy
SEMICONDUCTORS  Val. 37
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Fig. 1. (1) Spectrum of superluminescence radiation emerg-
ing from GaAs normally to the surface of the active region
of the epilayer, (2) experimental light-absorption spectrum
of photoexcited GaAs, and (3) calculated light-absorption
spectrum for the case of Fermi distribution of the EHP in
GaAs. Thefigureistaken from [8]. The arrows point to the

photon energies i Q p, and f Qp, of the pulses py and py,
which were used in this study, as well as to the photon
energy i g .

Ay islarger than the amplification factor o measured

ath o, by afactor of 2. Here, # 0o, isthe photon energy

at which the superluminescence spectrum of the active
region of GaAs s peaked (Fig. 1). It follows from this
relation that the inverse frequency A= of induced
recombination transitions, which are accompanied by

emission of photons with the energy % w; , isalso com-
parable with the intraband relaxation time 1.

In this study, in the spectrum of substantial relative
increase in the energy of picosecond superlumines-
cence, which is caused by the additional excitation of
electrons by the p; pulse, an abnormally narrow local
minimum and maximum were detected. This phenom-
enon, observed in the case of simultaneous pumping of
GaAs by picosecond ex and p; pulses, is described and
discussed in detail below.

2. EXPERIMENTAL

In this study, we analyzed a sample irradiated by an
ex pulse. Thethickness and composition of the epitaxial
layers, aswell asthe pulse parameters, wereidentical to
those used in [8]. Therefore, the results obtained in [8]
(see Fig. 1) are completely applicable to this study.

The samplewas an Al ,,Ga, 76AS-GaAs-Al ,Gay AS
heterostructure with layer thicknesses of 1.2, 1.6, and
1.2 um, respectively. The heterostructure was grown by
molecular-beam epitaxy on a GaAs(100) substrate.
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Then, the heterostructure was separated from the sub-
strate. This operation was not performed in [8]. The con-
centrations of donor and acceptor impurities in the het-
erostructure did not exceed 10* cm3. The ALGa, _,As
layers were designed to stabilize the surface recombi-
nation and mechanical strength. These layers are trans-
parent to light of the frequency used in the experiment.
An antireflection coating was deposited on the outer
surfaces of the Al,Ga, _,As layers. As aresult, the por-
tion of light reflected normally to the layer surface was
no more than 2%.

The heterostructure was irradiated by one (ex) or
two (ex + p;) pulses with an approximately Gaussian
spatial distribution of intensity; the pulseswerefocused
onto a single point. The duration of both p, and ex
pulses was equal to 14 ps. The diameters of the focal
spots of the ex and p; pulses were equal to 0.5 and
0.46 mm, respectively. In the case of pumping of GaAs
by the p, pulse only, the EHP concentration was just
close to the threshold one, at which superluminescence

appears.

The photoexcited active region of the GaAs layer,
where superluminescence occurred upon pumping by
the ex pulse and which was additionally enhanced upon
pumping by the p, or p, pulses, was located at a dis-
tance of about 1.4 mm from the side face of the hetero-
structure. During the excitation pulse, this circum-
stance made it possible to exclude the following: (i) the
effect of the positive feedback caused by the reflection
of the superluminescence radiation from the side face
of the heterostructure (the superluminescence radiation
passed through the photoexcited region after the excita
tion pulse), and (ii) the effect of |attice defects near the
side face of the heterostructure. The superluminescence
radiation propagated mainly in the plane of the GaAs
layer. After the emission from the side face of the het-
erostructure, the spectrum of the picosecond-superlu-
minescence energy integrated over time, W, was mea-
sured in the solid angle of 4°.

Due to the absorption in the nonexcited region of
the GaAs layer, the spectrum we measured differed
from the superluminescence spectrum of the photoex-
cited active region of the GaAs layer. The superlumi-
nescence spectrum of the active region is shown in
Fig. 1, which is taken from [8]. In [8], owing to the
poor waveguiding properties of the sample, we mea-
sured the spectrum of radiation emerging from a simi-
lar sample normally to its surface. As was mentioned
above, we used the ex pulse with the same parameters
as those of the pumping pulse used in [8]. The thick-
nesses of the layers and the composition of the samples
were also identical. Therefore, we can assume that
Fig. 1 also shows the superluminescence spectrum
measured in this study for the active region of the
GaAs layer upon pumping by the ex pulse.

Itisunderstandablethat the shoulder at 2w > 1.417 eV
in the light-absorption spectrum measured in this study,
which is related to the depletion of the carrier popula-

AGEEVA et al.

tion, also coincided with the shoulder in the spectrum
measured in [8] and represented by curve 2 in Fig. 1.

Despite the partial absorption of superluminescence
radiation in the passive region of the GaAs layer, we
found some specific spectral features which allowed us
to draw anumber of substantial conclusions. In order to
exclude, wherever possible, the effect of absorption of
the superluminescence radiation in passive region of
the GaAs layer, the spectrum of the relative increasein
the superluminescence energy Wyex + p)/WJex) =
f(hw) wasmeasured. Thisincreaseisdueto the fact that
the pumping by the p, pulse was added to the pumping
of the sample by the ex pulse. Here, W(ex + p;) and
W(ex) are the energies of superluminescence for the
cases of combined pumping by the ex and p; pulses and
pumping by the ex pulse solely, respectively.

In these experiments, p; pulses with two values of
the photon-energy, 2 Q, and 7 Q, (shown by arrows

inFig. 1), were used. Thefirst value1Q,, =#wg +A=

1.43 eV coincided with the frequency corresponding to
the shoulder peak in the absorption spectrum. Upon the
absorption of the p; pulse, the electrons were excited to
the energy level of the conduction band, which had the
largest depletion of population in the second depletion
region. The energy of this level exceeded by 7w, g the
energy of the level which was maximally depleted in
the first depletion region and from which the electrons

recombined, emitting photons with the energy %, .

The variation in the superluminescence was investi-
gated in detail for the spectral region closeto the photon

energy %, . Upon simultaneous irradiation of the het-
erostructure with ex and p; pulses, the picosecond-
superluminescence energy increased substantially
compared with the case of superluminescence upon
pumping of GaAs by the ex pulse solely. In this case, a

local maximum at 2w = A, appeared in the spectrum

of the reative increase in the superluminescence
energy Wy(ex + p)/Wyex) = f(hw) (Fig. 2). The base
width of the local maximum was 1.9 meV.

No local maximum was observed in the spectral
dependences W (ex + p,)/Wyex) = f(fw) measured for
T4 = —20 ps and 14 = 20 ps, where the ex and p, pulses
were not overlapped in time. Here, 14 isthe delay time
of the p, pulse with respect to the ex pulse (Fig. 3).
Thus, the local maximum appeared specifically under
the conditions of simultaneous pumping by the ex and
p; pulses.

The second energy vaue of the p; pulse Q=

1.455 eV corresponds to the short-wavelength edge of
the shoulder in the absorption spectrum (Fig. 1). Upon
absorption of the p, pulse, the electrons were excited to
that level in the conduction band, at which there was no
population depletion. The energy of this level exceeds,
by lessthan iw, o, the energy of thelevel to which elec-

SEMICONDUCTORS Vol. 37 No.5 2003
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Wlex + py)/W(ex)

25k
2.0+
1.5+
1 1 1
1.384 1.388 1.392
hw,, eV

Fig. 2. Spectrum of relative increase in the superlumines-
cence energy, caused by the addition of synchronous pump-
ing of the sample by the p; pulse to pumping by the ex

pulse. fiwg = 1.558 eV, i Q b, = 1.43eV. Thearrow points

to the photon energy ficxs = ficoy =17 Q, -A

trons were excited due to the absorption of the p, pulse.
Upon simultaneous pumping by the ex and p, pulses, a
local minimum appeared in the spectrum of the relative
increase in the superluminescence energy Wy(ex +
p.)/Wyex) = f(fiw); however, this also occurred at the

photon energy #w = #w, (Fig. 4). The base width of
the local minimum was 1.7 meV.

3. RESULTS AND DISCUSSION

Aswasexplained above, upon generation of EHP by
the ex pulse, regions with a lowered population of the
energy levelsare formed in the conduction band, giving
rise to corresponding depletion regions in the el ectron-
energy distribution. These regions are located with the
period AW o. The electrons were excited to the level
with thelargest depletion in the second depletion region
in the conduction band by the p; pulse with the photon

energy 1 Q, , which resulted in alocal enhancement of

radiiation with the photon energy iws =% wg =AQ, —A
(Fig. 2). The base width of the local maximum in the
experimental spectrum Wy(ex + p,)/Wyex) = f(fiw) was
equal to 1.9 meV. The appearance of alocal maximum
inthe W (ex + p))/W,(ex) = f(Aw) spectrum pointsto the
following. After the excitation of electrons by the p;
pulse, some of them emit LO phonons (one phonon per
electron) and undergo transitions to the levels with the
largest depletion in the first depletion region at the bot-
tom of the conduction band. At these levels, the elec-
trons, having experienced no energy relaxation due to
the interactions with other electrons of the conduction
2003
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Fig. 3. Spectrum of relative increase in the superlumines-
cence energy, caused by the addition of pumping of the
sample by the p; pulse to the pumping by the ex pulse; the

pulses were not overlapped in time. fiwe, = 1.558 €V,
ﬁQp1 =1.43¢eV; (1) 1y=-20ps, (2) T4 =20 ps (14 isthe
delay time of the p; pulse with respect to the ex pulse).

band, are forced to recombine, thus enhancing the

superluminescence at fiwg = A, . This confirms the
fact that 1., o and 1... are comparable. Hence, the effec-
tivelifetime of an electron at such alevel, 1 =A%, and
the quantity 1. . are also comparable. Here, A istherate
of forced recombination transitions at 1y = 0, during

which photons with an energy # . are emitted. We
should note that the same assumption, based on the
value of the dip depth in the amplification region, was
formulated in the Introduction.

The base width of the local maximum in the experi-
mental spectrum Wyex + p,)/Wyex) = f(hw), as was
mentioned above, was equal to 1.9 meV. In this case,
the width AE of the level from which an €electron

recombines emitting a photon with an energy %,
should be equal to AE < 1.9 meV. According to the
uncertainty principle, the effective lifetime of an elec-
tron at thislevel Tz > 3.5 x 103 sand therate A < 2.9 x
10*?2 s, The evaluations by formulas (6.2.35) and
(4.3.19) from [10] for quasi-equilibrium carrier distri-
bution yield the following times (i) of relaxation of the
perturbation of the Fermi gasat an energy of 25 meV due
to the electron—€lectron scattering, T, =4 x 10° s, and
(ii) of absorption of an LO phonon by an electron with
an energy of 25 meV, T, = 9 x 10 s. For calcula-
tions, we used 5 x 10%* cm as the value of the concen-
tration of electron—hole pairsand T = 52 meV for the
temperature. These values correspond to the calcu-
lated absorption spectrum with the Fermi distribution
of the EHP, which is shown in Fig. 1. Thetimest.. =
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Fig. 4. Spectrum of relative increase in the superlumines-
cence energy, caused by the addition of synchronous pump-
ing of the sample by the p, pulse to the pumping by the ex

pulse. fiwg, = 1.558 eV, A Q b, = 1455 eV. Thearrow point

to the photon energy 7= i ooy, .

4 x 107 sand Tep, = 9 x 10 s turned out to be sub-
stantially smaller than the time 1 = 3.5 x 103 s,
Therefore, doubt arises whether it is possible to use the
estimates obtained under the assumption that the true
modulated carrier distribution is the approximated
Fermi distribution in the situation under investigation.
Apparently, there are either some unknown reasons for
increasing thetimes T and T, 5, OF SOMe unknown spe-
cific features of the physica mechanism of formation
of the local maximum in the spectrum of the relative
increase in the picosecond superluminescence.

We should note that the picosecond superlumines-
cence relaxes after the pumping with a characteristic
time of ~10 ps. The superluminescence energy was
measured, i.e., the superluminescence intensity inte-
grated over time. It isdemonstrated in this study that, in
the spectrum W(ex + p;)/W(ex) = f(fw), alocal maxi-
mum appeared during the synchronous pumping of the
sample by the ex and p, pulses with 14 = 0 (Fig. 2).
When the intensity of light in the ex pulse approxi-
mately passes through the maximum, the depletion of
the electron populations, which is distributed with a
period Aw, o in the conduction band, is strongest [7,
11]. The strongest superluminescence recombination,
which is necessary to create the depletion, should also
occur under these conditions. The density of nonequi-
librium LO phonons is aso close to the largest value
during photoexcitation [12]. After the ex pulse, the
depletion of populations and superluminescence
recombination are substantially weaker [5-7, 11] and
the density of nonequilibrium L O phononsislower too.
When the excitation by a p, pulse was carried out after
the ex pulse with the delay time 14 = +20 ps, ho local
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maximum appeared in the spectrum of the relative
increase in the superluminescence (Fig. 3). Conse
quently, the local maximum appears under conditions
of strong depletion of populations, strong superlumi-
nescence recombination, and high density of nonequi-
librium LO phonons.

The reason for the absence of alocal maximum at
Tq = —20 ps, when the sample was initially irradiated
with a p, pulse and then with aex pulse (Fig. 3), is evi-
dent, and we will not discussit.

At the present time, it is difficult to conclusively
establish the physical mechanism of formation of the
local minimum in the spectrum of relative increase in
the superluminescence energy Wyex + py)/W(ex) =
f(hw) (Fig. 4).

We may assume that the spectrum of energy statesis
renormalized due to the coherent interaction of the
superluminescence radiation with electrons and a gap
arisesin this spectrum [13]. The spectral position of the
gap coincides with the maximum of the superlumines-
cence spectra. The gap width 27 should be equal to the
base width of thelocal minimum (1.7 meV) in the spec-
trum of relative increase in the superluminescence
energy (Fig. 4). In this case, the frequency of interband
transitions A = 1.3 x 10 s%. For GaAs,

AN = 0.0173%(eV).

Here, Jisthe intensity of superluminescence radi-
ation measured in GW/cm?. The superluminescence
radiation should be monochromatic and, conse-
guently, occupy avery narrow region in the vicinity of

the photon energy #w. in the superluminescence

spectrum. Accordingly, we obtain the evaluation of J =
2.5 x 10% W/cm?. The interaction of electrons with the
electromagnetic field is coherent if the frequency of
interband transitions A exceeds the frequency of intra-
band electron scattering 1/1, i.e., AT > 1. In order to sat-
isfy this relation, T should exceed 7.7 x 103 s. In the
above analysis we found that the effective lifetime of
electrons at the isolated level 1z = 3.5 x 10® s, The
estimations of the lifetimes T and 14 made by us do not
exclude the explanation of the local minimum consid-
ered here; however, they are obvioudly insufficient to
confirm it.

There is another question, specifically, why the
spectral widths of the local minimum and maximum
turn out to be approximately equal? A possible reason
is that the energy levels that lie within these extrema
should have approximately the same energy. The elec-
trons excited by the p, pulse have the same energy, and
these electrons, each emitting one LO phonon, should
undergo transitions to approximately the same level. If
we assume that the local minimum representsagap in
the spectrum of the energy states of electrons, it is
worth noting that monochromatic radiationisrequired
to form the gap. For the spectrum of picosecond
superluminescence, monochromatic radiation, in the
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extreme case, isthe radiation caused by the recombina
tion of electrons from the same level.

In our opinion, the issues analyzed in Section 3 are
of interest for subsequent investigations both from a
physical and practical points of view. The practical
interest is due to the need to understand the physical
processes that may occur in ultra-high-speed semicon-
ductor optoel ectronic devices, whose operation is based
on the use of powerful ultrashort pulses of induced radi-
ation and pumping (more than one pulse simulta-
neously).
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Abstract—Optical properties of GaN layers grown by the molecular-beam epitaxy (MBE) and chloride-hydride
vapor-phase epitaxy (CHV PE) have been studied, and the quality of two types of samples has been compared. The
photol uminescence spectra have an excitonic nature for both types of layers. To determine precisely the nature of
exciton transitions, therefl ectance spectrawere studied. A key point wasthe investigation of phonon-assisted exci-
ton luminescence, which provides information on the density distribution of the exciton states. Temperature
dependences of the exciton transition energy and the ratio of intensities of one- and two-phonon replicas were
studied. The high quality of both types of layers has been confirmed, though the concentration of acceptors in
MBE-grown samplesis higher than in CHV PE samples. © 2003 MAIK “ Nauka/Interperiodica” .

1. INTRODUCTION

Semiconducting nitrides of Group Il elements are
currently under intensive investigation. These com-
pounds have adirect band structure with the energy gap
ranging from 6.2 (AIN) to 1.9 eV (InN) or lower; thus,
they are being applied in various optoel ectronic devices
(short-wavelength devices first and foremost).

Asis known, the optical properties of semiconduc-
tors are strongly dependent on the behavior of excitons
in a material, including their scattering on structural
inhomogeneities (impurities, defects) and elementary
excitations (phonons, etc.). Experiment and theory
show that, for the case of polar semiconductors with
direct transitions, excitonsinteract mainly with longitu-
dinal optical (LO) phonons|[1, 2]. Among the radiative
processes related to the interaction of excitonswith LO
phonons, it is necessary to draw attention to free exci-
ton luminescence with simultaneous emission of
phonons. The principal specific feature of the spectral
lines related to this process is the fact that their shape
reflects the kinetic-energy distribution of free excitons,
thus providing information on the density of exciton
statesin structures of varied quality [1, 3].

Phonon-assisted optical processes have been thor-
oughly studied in such polar semiconductors as CdS,
CdSe, ZnO, and Cu,O [1-3], whereas some specific
features of exciton-phonon interaction in wide-gap
nitrides deserve further study.

In the present study, we perform acomparative anal-
ysis of the quality of GaN layers grown by chloride-
hydride vapor-phase epitaxy (CHVPE), which are

promising substrates for nanostructures, and those
obtained using molecular-beam epitaxy (MBE), as the
basic methods for nanostructure growth. The photolu-
minescence (PL) and reflection spectra are studied, in
particular, the shape and relative intensity of single-
phonon and two-phonon (1LO and 2L O) replicas of the
free A-exciton line.

2. SAMPLES AND EXPERIMENT

Two types of samples were studied. A thick
(~25 um) GaN layer was grown by CHVPE at a tem-
perature of 1090°C on Al,O5(0001) substrate. The sec-
ond sample, ~0.7 pm thick, was aso grown on
Al,04(0001) substrate without a buffer by plasma-
assisted MBE at 650°C [5]. Preliminary characteriza-
tion of the structures was done using X-ray diffraction
analysis (XRD), transmission electron microscopy
(TEM), and scanning electron microscopy (SEM).

The PL and reflection spectra were recorded in a
closed-cycle He cryostat at atemperature of 15 K. The
temperature dependences of the PL spectrawere stud-
ied in the temperature range of 15-280 K. The lumi-
nescence was excited by an He—Cd laser (325 nm). A
xenon lamp was used in the study of the reflection
spectra.

3. RESULTS AND DISCUSSION

Preliminary characterization demonstrated a high
quality of thick CHVPE-grown GaN. According to
TEM data, the density of dislocations in the surface

1063-7826/03/3705-0532%$24.00 © 2003 MAIK “Nauka/ Interperiodica’



PHONON-ASSISTED EXCITON LUMINESCENCE IN GaN LAYERS

PL intensity, arb. units Reflection, arb. units

10° (@  DBE FE,
105E P

£ W[ \FEg
10*¢

FE,LO

FE{10

10°F

102}
104k

103k

v
i
| | | | | | |

1
3.20 3.25 3.30 3.35 3.40 3.45 3.50 3.5
Energy, eV

102

Fig. 1. (1) PL and (2) reflection spectraof GaN layersgrown
by () CHVPE and (b) MBE. T = 13 K.

layer did not exceed 108 cm™. At room temperature,
the layer experiences a biaxial compressive stress g ~
0.2 GPa. According to XRD data, the structure has an
unprecedentedly low deflection of columns from the
growth axis c (the half-width of the w-rocking curvein
the Bragg configuration was ~62 seconds of arc). The
structural characterization of thin MBE-grown GaN
also showed a satisfactory quality of the layer. Aver-
age densities of vertical screw (10° cm™) and edge
(10*° cm®) dislocations determined by XRD are close
to the valuesin the thick layer.

Figure la shows the PL spectrum of a thick
CHVPE-grown GaN layer recorded at T = 13 K. To
unambiguously identify the PL lines, the surface reflec-
tion spectrum was recorded. The spectrum clearly
shows excitonic features, and the energy spacings
between them correlate with the known energies of free
excitonsin GaN [6]. The PL line of adonor-bound exci-
ton (DBE) dominates at a low temperature. The low-
energy shoulder of the DBE lineis related to an accep-
tor-bound exciton (ABE). The emission lines of free A
and B excitons (FE, and FEg) are well resolved. The
main DBE line aso dominates in the spectrum of the
thin MBE-grown GaN layer (Fig. 1b). A shoulder
related to a free A-exciton is also seen. The observed
resonance energies of the A-exciton emission are
3.4810 and 3.4820 eV for CHVPE- and MBE-grown
samples, respectively, which indicates that the
MBE-grown layer is more strained. However, the pres-
ence of excitonic features in the spectrum of MBE-
grown GaN confirms the satisfactory quality of this
sample.
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Fig. 2. The temperature dependences of the exciton transi-
tion energies for epitaxial GaN grown by (a) CHVPE and
(b) MBE. Points: experimental dependence for the lines of
(1) a donor-bound exciton (DBE), (2) a free A-exciton
(FE,), and (3) afree B-exciton (FEg). Lines: fitting interms
of Passler’'s model.

For both samples, temperature dependences of the
PL spectrawere studied. According to earlier data[7, 8],
at temperatures above 50 K, the free A-exciton line
becomes dominant and the intensity of the main DBE
line decreases. Temperature dependences of the exciton
energies (Figs. 2a, 2b) were fitted using Passler’s ana-
Iytical moddl [9], which describes fairly well the tem-
perature behavior of energy levels in homoepitaxial
GaN layers[10]:

00
2

E(T) = E(0) -

T
O

2 6o QU
+<1-p>%omg%-g_1g}

where E(0) isthe energy of the main transitionat T=0
K; aj is the slope of the high-temperature part of the
E(T) dependence; the parameter p > O determines the
contribution of long-wavel ength acoustic phonons, and
(1 - p), the interaction with optical and short-wave-
length acoustic phonons; and ©, is defined in terms of
the Debye temperature O, as ©, = 2/30p/(1 — 1/2p).
The parameter p plays a key role in this model, as it
specifies a change in the curvature of the fitting curve,
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Fig. 3. PL spectra of a 1LO-replica of afree A-exciton for
GaN layersgrown by (a) CHVPE (recorded at T=64 K) and
(b) MBE (T = 68 K). Points: experimental data. Lines:
(2) the dependence | ~ E3’2exp(—E/kT), (2) the deconvolu-
tion of the experimental spectrum into two lines using the
Lorentz profiles.

whereas the slope a and the point of intersection of the
high- and low-temperature asymptotes are fixed.

A satisfactory approximation of the temperature
dependences of the energy of the free A-exciton (FE,)
line for the samples under study was achieved at the
same vaue of ©, = 420 K and at different slopes a;:
0.42 for CHVPE- and 0.29 for MBE-grown GaN. The
values of the parameter p aso differed: 0.3 for
CHVPE-grown and 0.4 for MBE-grown GaN. Thisdif-
ference in the parameters describing the exciton—
phonon interaction is indicative of different mecha-
nisms of interaction with phonons in our samples, and
it is this fact that stimulated us to investigate the
phonon-assisted PL spectra.

The 1LO- and 2LO-phonon replicas of the free
A-exciton line arewell resolved in the PL spectraunder
study. Phonon replicas of ABE and DBE excitons are
also observed (Fig. 1). The energy positions of the
phonon replicas coincide with the known energy of an
optical phononin GaN (~92 meV). The 1LO-replica of
ABE iswell resolved in the PL spectra, and the inten-
sity of single-phonon DBE luminescence is, by con-
trast, much smaller. The ratio of the intensities of the
two-phonon replicas of these lines is quite the reverse.
The two-phonon replica of DBE emerges, and the
intensity of the 2LO-replica of ABE decreases. This
effect was observed earlier [11, 12], where it was
assigned to the differencein the radii of wave functions
of excitons bound on a donor and an acceptor. Since

TKACHMAN et al.

thereare“ strict” momentum selection rulesfor the 1LO
replica[3] (for more details, see below), theintensity of
1L O luminescence of a donor-bound exciton is low.
With respect to two-phonon luminescence, since the
process can proceed by various ways, the factor of a
much higher density (n ~ 10'” cm™3) of intrinsic donors
in the material becomes dominant and the two-phonon
luminescence of a DBE exciton emerges.

Thekinetic energy of excitonsisdirectly manifested
in the phonon-assi sted radiative recombination of exci-
tons. The shape of the phonon replica lines reflects the
Maxwell distribution of excitons over kinetic energy. If
thermal equilibrium exists in the exciton system, the
line shape of the phonon-assisted exciton luminescence
iswell described by the Maxwell distribution [3]:

I-° O(dN(K)/N)W,(KO EY exp(—E/kgT)W.(E), (2)

where | -° istheintensity of the respective phonon rep-

lica, mis the number of phonons involved in the pro-
cess, E isthe kinetic energy of an exciton, N isthe den-
sity of exciton states, and W, (k, E) is the probability of
phonon-assisted exciton emission of order m for an
exciton with the kinetic energy E [1, 3]. The shapes of
spectral lines for one- and two-phonon processes are
essentially different, due to the difference in the quasi-
momentum conservation rules for these processes. As
shown in [3, 13], studying the shape of lines in the
phonon [uminescence spectra furnishes direct informa:
tion on the real density of exciton states and on exciton
scattering mechanisms (the presence and di stribution of
impurities, etc.). However, the dissimilarity in the
momentum conservation rules for 1L O and 2LO pro-
cesses results in significant differences in the line
shapes for these processes. Indeed, in the case of 1LO
luminescence involving an exciton with a momentum
ks, the momentum of a generated phonon can only
haveasinglevalue, k; = k,, whereasfor the two-phonon
process the momentum conservation law |ooks like

ke = K; + ki . This condition can be satisfied in multi-

pleways, with k; and k taking anumber of values. As

discussed in detail and confirmed experimentally [3], the
line shape of two-phonon luminescenceiswell described
by the Maxwell distribution | ~ EV2exp(—E/KT); i.e., the
probability W, isindependent of the exciton energy and
is nearly the same for different excitons, with only the
distribution of the kinetic energies of excitons mani-
fested in the spectrum. The probability of the one-
phonon process W, ~ E (or k?); thus, the line shape of
one-phonon luminescence is described by the expres-
sion| ~ E32exp(—E/KT). Therefore, it isthe line shape of
the one-phonon replica in the exciton luminescence
spectrathat contains information on the mechanisms of
exciton scattering in a crystal. Previoudly, these results
were obtained theoreticaly in [14,15].
SEMICONDUCTORS  Vol. 37
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Fig. 4. Theratio of intensities of 1LO- and 2L O-replicas of
the free A-exciton line vs. temperature. (1) CHVPE- and
(2) MBE-grown samples. For clarity, the data for the
MBE-grown sample are shifted along the ordinate axis.

We studied the shape of one-phonon replicas of free
A-exciton luminescence lines for both types of GaN
layers (Fig. 3). The shape of the 1L O spectral line of the
thick CHVPE-grown layer is well described by the
relation | ~ E32exp(—E/KT) (Fig. 3b), whereas the spec-
trum of the thin MBE-grown sample (Fig. 3a) contains
a clearly resolved additional component, which we
identified as a 1L O replica of the emission line of an
acceptor-bound exciton. This assignation is confirmed
(as mentioned above) by thefact that the contribution of
the acceptor-bound exciton is well pronounced in the
one-phonon replica [12], whereas, in the two-phonon
replica, the contribution of the donor-bound exciton is
dominant, with the acceptor line virtually disappearing.

Since theintensities of ABE™-C and F X;-° phonon rep-

licas are comparable, we can assume that acceptor
impurities are present in thin MBE-grown GaN layers.
Carbon can act asan impurity of thiskind, as confirmed
by the SIMS spectra of MBE-grown GaN structures
[16]. The different ways in which the momentum con-
servation laws are formul ated for one- and two-phonon
luminescence not only lead to a dissimilarity in the
respective line shapes, but also cause a change in the
relative intensities of these lines with temperature. As
shown earlier [1, 14], the probability of the 1L O-pro-
cess is proportional to the squared momentum of an
exciton. With increasing temperature, the average ther-
mal momentum of an exciton grows. Consequently, the
overall probability of one-phonon recombination
increases and the intensity of the 1LO-line becomes
higher. Since the probability of the two-phonon process
is, to afirst approximation, independent of the magni-
tude of exciton momentum, we can calculate, with a
knowledge of the relations describing the shape of one-
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and two-phonon emission lines, the ratio of their inte-
gral intensities as a function of temperature [3]:

s = 197, 3)

where [*-° and 12-° are the integrated intensities of the
one- and two-phonon lines.

Figure 4 shows the intensity ratio of 1LO- and
2L O-lines as a function of temperature for CHVPE-
and MBE-grown GaN samples. As can be seen, the
intensity ratio of the phonon replicas linearly increases
with temperature but the slope of the dependence is
higher for the MBE-grown layer. As shown in [1, 13],
thisindicates that scattering on impurities and intrinsic
defects, whose concentration is higher in the MBE-
grown layer, makes a considerable contribution to the
radiative recombination of excitons.

4. CONCLUSION

The study of zero-phonon and phonon-assisted PL
has been used to compare the quality of CHVPE- and
MBE-grown epitaxial GaN layers. Excitonic spectral
features were observed for thin layers grown by MBE
without a buffer at thicknesses about 25 times smaller
than those of CHV PE-grown layers. This indicates that
MBE is a promising technique for the fabrication of
high-quality nanostructures.

The comparative study of the shape and the tem-
perature dependence of 1L O- and 2L O-phonon repli-
cas for thick CHVPE-grown GaN layers has shown
that the phonon-assisted recombination of excitonsin
these layersis not affected by scattering on impurities
and defects, which is observed in thin MBE-grown GaN
layers. The comparison of the shapes of 1LO-phonon
replicas for two types of samples indicates that the
concentration of acceptor impurity (probably, carbon)
is higher in MBE-grown layers compared with
CHVPE-grown GaN samples.

REFERENCES

1. S. A. Permogorov, in Excitons, Ed. by E. |. Rashba and
M. D. Sturge (North-Holland, Amsterdam, 1982; Nauka,
Moscow, 1985).

2. R. S. Knox, Theory of Excitons (Academic, New York,
1963; Mir, Moscow, 1966).

3. E. F Gross, S. A. Permogorov, and B. S. Razbirin, Usp.
Fiz. Nauk 103, 431 (1971) [Sov. Phys. Usp. 14, 104
(2971)].

4. T. Paskova, S. Tungasmita, E. Valcheva, et al., MRS
Internet J. Nitride Semicond. Res. 551, W3.14 (2000).

5. V. N. Jmerik, V. V. Mamutin, V. A. Vekshin, et al., Mater.
Sci. Eng. B 59, 60 (1999).

6. B. Monemar, Mater. Sci. Eng. B 59, 122 (1999).

7. B. Monemar, J. P. Bargman, T. Lundstrém, et al., in Pro-
ceedings of Topical Wbrkshop on 111-V Nitrides,



536

10.

11

12.

TKACHMAN et al.

Nagoya, Japan (1995); Solid State Electron. 41, 181
(1997).

S. Chichibu, T. Azuhata, T. Sota, and S. Nakamura,
J. Appl. Phys. 79, 2784 (1996).

R. Passler, J. Appl. Phys. 83, 3356 (1998).

K. Thonke, K. Kornitzer, M. Grehl, et al., IPAP Conf.
Ser. 1: IWN2000, 587 (2000).

K. P. Korona, A. Wysmolek, J. M. Baranovski, et al.,
Mater. Res. Soc. Symp. Proc. 482, 501 (1998).

T. V. Shubina, T. Paskova, A. A. Toropov, et al., Phys.
Status Solidi B 228, 481 (2001).

13. 1. A. Buyanova, J. P. Bergman, B. Monemar, et al., Solid
State Commun. 8, 497 (1998).

14. A. 1. Anse’'mand Yu. A. Firsov, Zh. Eksp. Teor. Fiz. 30,
719 (1956) [Sov. Phys. JETP 3, 564 (1956)].

15. K. K. Rebane, V. G. Fedoseev, and V. V. Khizhnyakov, in
Proceedings of X International Conference on Physics
of Semiconductors (Moscow, 1968).

16. E. Cdlga, M. A. Sanchez-Garcia, and F. J. Sanchez,
Phys. Rev. B 62, 16826 (2000).

Translated by D. Mashovets

SEMICONDUCTORS Vol. 37 No.5 2003



Semiconductors, Vol. 37, No. 5, 2003, pp. 537-545. Translated from Fizika i Tekhnika Poluprovodnikov, Vol. 37, No. 5, 2003, pp. 557-564.

Original Russian Text Copyright © 2003 by Brudnyi, Grinyaev, Kolin.

ELECTRONIC AND OPTICAL PROPERTIES

OF SEMICONDUCTORS

Electronic Properties of Irradiated Semiconductors.
A Model of the Fermi Level Pinning

V. N. Brudnyi*, S. N. Grinyaev*, and N. G. Kolin**
* Kuznetsov Physicotechnical Institute, pl. Revolyutsii 1, Tomsk, 634050 Russia
e-mail: brudnyi@ic.tsu.ru

** Karpov Institute of Physical Chemistry (Obninsk Branch),
Obninsk, Kaluga oblast, 249033 Russia
Submitted July 22, 2002; accepted for publication October 16, 2002

Abstract—A theoretical model of a defect state with highest localization in a semiconductor crystal is sug-
gested. This model can be used to calculate the steady-state position of the Fermi level in radiation-modified
semiconductors and to estimate the barrier height in metal—semiconductor contacts and the energy-band offsets
in semiconductor heterojunctions. It is shown that the deepest level in the band gap of each semiconductor cor-
responds to the above state. Thislevel playsarole similar to that of the level of electronic chemical potential in
a bulk imperfect semiconductor and at the interphase boundary. Numerical calculations of the energy position
of the level under consideration in the band gaps of Group IV and I11-V compound semiconductors were per-

formed. © 2003 MAIK “ Nauka/Interperiodica” .

1. INTRODUCTION

It is well known that high-energy irradiation (bom-
bardment with gamma-ray photons, electrons, ions, and
fast neutrons) of semiconductors gives rise either to
localized energy defect states of dangling bonds, in the
case of irradiation with gamma-ray photons, electrons,
or low-energy protons, or to local energy levels and
tails of the gap states due to formation of point defects
and macroscopic defect clusters, as a result of irradia-
tion with heavy ions or fast neutrons. All these states
radically affect the electrical properties of semiconduc-
tors. This is caused by the fact that, as a result of the
buildup of radiation defects in the crystal lattice of
semiconductors, the Fermi level position changes,
which represents the main cause of modification of a
materia’s electronic characteristics. The Fermi level
position in an imperfect semiconductor and, corre-
spondingly, the electronic properties of such a material
are governed by a balance between radiation defects of
donor and acceptor types. Since the types and proper-
ties of the majority of radiation defects, especiadly in
compound semiconductors, are poorly known, themain
problem in studying the properties of radiation-modi-
fied materialsis related to the development of a model
for an irradiated semiconductor; this model should be
applicable to the calculation of electronic properties of
this semiconductor, taking into account that there is a
lack of information about the origin and parameters of
radiation defects.

In this study, we develop a theoretical model that
ensures a unified understanding of the processes occur-
ring inthe course of both radiation modification of elec-
tronic characteristics of semiconductors and the forma-

tion of interphase boundaries. This model is based on
the well-known phenomenon of Fermi level pinning in
the steady-state (limiting) position Fg, which is char-
acteristic of every semiconductor and isindependent of
irradiation conditions and the history of a material [1,
2]. Numerous studies show that similar Fermi level pin-
ning occursin covalent (and highly covalent) semicon-
ductors at the metal—semiconductor interfaces (Schot-
tky barriers) and semiconductor heterojunctions. More-
over, experimental data indicate that there is close
agreement between the values of F; and Fg (the latter
stands for the Schottky barrier height) in studied mate-
rials [3, 4]. This observation indicates that there is a
unified origin of the Fermi level pinning both in semi-
conductors with a high density of intrinsic structural
defects and at the interphase boundaries; this circum-
stance makesit possible to consider the phenomenon of
pinning using a unified approach.

2. BASIC CONCEPTS

Since the physics of interfaces in semiconductors
has been developed to a much greater extent than that
of radiation-modified semiconductors, we will start
with a consideration of the problem of Fermi level pin-
ning at interphase boundaries. Models of Fermi level
pinning at interfaces aretypically based on the concepts
of the origin of defect-related (gap) states in the semi-
conductor band gap. In the defect-related models (the
model of surface atomic disorder [5] and the model of
unified defect [6]), it is assumed that a defect is a nec-
essary component of an interphase boundary; it is also
assumed that characteristics of this defect are more
important in interphase-boundary formation than bulk
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thermodynamic potentials (the work function, electron
affinity, and so on). In the model of atomic disorder, the
tails of the density of states appearing in the surface
region of the semiconductor as aresult of atomic disor-
der are considered as the aforementioned defects; in
addition, the position of the chemical potential at the
interface is identified with the minimum of the density
of surface states. In the unified-defect model, it is
assumed that the Fermi level pinning at the interface
occurs in the vicinity of the defect which exceeds in
concentration all other defects; the dominant defects of
this type presumably include vacancies, antisite
defects, and defect clusters formed during fabrication
of the barrier. Insufficient information about the origin
of possible defects and difficultiesin obtaining reliable
calculated energies of corresponding defect states
responsible for interphase-boundary formation limit
the applicability domain of defect-related models.
Therefore, idealized models of interfaces have become
widely accepted; these model s are based on the concept
of gap quantum-mechanica states of the tunneling
type, which are introduced into the band gap of a semi-
conductor in the surface region [7]. Filling these states
with electrons defines the position of the level of the
charge (local) electroneutrality E \, for an interphase
boundary and, thus, the properties of this boundary [8,
9]. A specia feature of these studies [8, 9] consistsin
the fact that the Schottky barrier height and, corre-
spondingly, the energy-band offsets in heterojunctions
are completely defined by the parameters of the elec-
tronic energy-band spectrum of a bulk crystal and are
independent of the interphase-boundary state. This cir-
cumstance makesit possible to use the calculated value
of E . for estimating the Fermi level position Fg; in
bulk semiconductors subjected to high-energy radia
tion. The values of E , calculated on the basis of the
above models were found to be close to experimental
data on both Fg; in irradiated semiconductors and Fg
for the Schottky barriers[2, 4, 9].

In this study, we used the results of previous exper-
imental and theoretical investigations [1, 2, 4, 10] to
develop a new approach to the praoblem of Fermi level
pinning in an imperfect crystal and at the interphase
boundary; in this approach, the level of loca electro-
neutrality E . is treated as a particular case of elec-
tronic-structure invariants, which are independent from
the crystal matrix in a group of semiconductors with
related types of chemical bonding. Such invariants that
can be related to the observed physical quantities are
the moments of the single-particle Green function. In
particular, the first moment of the Green function char-
acterizes the charge density; the highest localization of
this density for a gap state defines the energy level,
which is identical in related semiconductors. It is
assumed in the model that there exist localized states
which have aimost the same energies in all similar
semiconductive materials, we develop a model for
determining the energy-level position for such local-
ized states. We also consider the relation of thislevel to
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the limiting position of the Fermi level in a bulk semi-
conductor enriched with radiation defects and a so with
the height of the barrier at the interface and offsets of
energy bands in semiconductor heterojunctions.

3. MODEL CALCULATIONS

Let W be the potential of a defect which introduces
adeep localized state, and let H, be the Hamiltonian of
an ideal crystal. The energy E and the wave function
d(r) of the deep-level center are determined from the
Schrodinger equation

(Ho+ W)®D(r) = EPD(r).

The wave function ®(r) can either be represented in the
form of an expansionintheidea-crystal states g, (r) as

CD(I') = zcnkl-pnk(r)1 (1)
nk

HoWn(r) = EnWn(r)
or determined from the integral equation

d(r) = J'Go(r,r')W(r‘)CD(r')dV',

where Gy(r, r') isthe Green function for anideal crystal,
ie,

Go(r, 1) = S W)/ (E = Eqy). 2
nk

Summation is performed over all bands n and wave
vectors k within thefirst Brillouin zone. Using formu-
las (1) and (2), we can write the coefficients C,,. in the
expansion as

an = I\/Ink/(E_ Enk)f

Mnk = DanleVI ®L

For highly localized defect states, the matrix element M,
depends only dightly on the wave vector; asaresult, this
dependence can be ignored in thefirst approximation. In
addition, it follows from cal culations of wave functions
for point defects that the coefficients C, have pro-
nounced peaks in the vicinity of the band extrema;
these peaks are governed mainly by the energy
denominator E — E,,.. This circumstance makesit possi-
ble to ignore the dependence of M, on the band number
aswell. Asaresult, we obtain the following approximate
expression for the wave function of the defect:

®e(r) = MY Wn(N/(E-Epy). ©)
nk

The mean matrix element of the defect potential M is
determined from the condition for the wave-function
normalization

M = D_GGO(E)D‘”2
0 g O
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Fig. 1. Squared moduli of coefficients in the expansion (in symmetrized Bloch functions) of localized functions of intrinsic defects

(8 Asg

2 (D) Gapg, (C) Vag and (d) Vg, in GaAs: (1) the results of pseudopotential-based calculations and (2) the coefficients in

model function (3). The energies are reckoned from the valence-band top.

where

_ o(E)dE
Go(E) = Z(E £ - JE-D

isthe energy representation of the Green function G(r, r')
and p(E) is the density of states in an idea crystal.
Function (3) depends only on the bulk energy-band
spectrum and the Bloch wave functions of an ideal
crystal. The energy corresponding to this function sat-
isfiesthe equation [-0G,(E)/0E] Y2 = G,(E) and depends
only on the density of states.

Pantelides et al. [11] used the method of Green
functions to show that the deep-level state of an unre-
laxed vacancy in Si could be described using model
wave function (3). We similarly studied the localized
states generated by the intrinsic defects in GaAs, i.e.,
gallium vacancies Vg, arsenic vacancies V,., and anti-
site defects Ga,, and Asg, Which can be introduced
into GaAs using high-energy irradiation. The deep lev-
elsof defectswere calculated using the pseudopotential

SEMICONDUCTORS Vol. 37 No.5 2003

methods and an extended unit cell (8 x 8 x 8) inabasis
of symmetrized combinations of Bloch functionsfor an
ideal crystal (see[10, 12]).

In Fig. 1, we show the cal culated squared moduli of
coefficients C,, for symmetrized functions at the points
in the Brillouin zone which are equivalent to the point
I" in the superlattice; the corresponding coefficients in
model function (3) calculated for the deep-level ener-
gies determined from the pseudopotential calculation
are also shown. With allowance made for the correction
of the spin—orbit splitting of the valence band, the
energy-level positions coincide with those reported by
Grinyaev and Chaldyshev [10, 12]. It follows from
Fig. 1 that, for all states (asin the case of avacancy in
Si [11]), the wave functions of deep-level centers are
mostly composed of the statesin thevicinity of extrema
of the valence and conduction bands; i.e., these func-
tions are similar to those obtained in the effective-mass
approximation. It can be seen from a comparison of the
data shown in Fig. 1 that the coefficients of the model
function yield an averaged (and satisfactory) descrip-
tion of the results of exact calculation. The charge den-
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Fig. 2. The distribution of the charge density for the deep
center A, of the antisite defect Asg, in GaAs along the
direction of the covalent bond [111]. Vj is the volume of an
extended unit cell. The solid line represents the results of
the pseudopotential-based calculation, and the dashed line
corresponds to the cal culation based on model function (3).

sities of the states under consideration are localized in
the vicinity of defects within a sphere with a radius of
about 2-3 A. The functions of deep-level centers
depend not only on the moduli but also on the phases of
coefficientsin expansion (1). If the phasesin the model -
function expansion (3) are set the same as those for the
function calculated by the pseudopotential method, the
distributions of corresponding charge densities will be
amost identical in both cases (Fig. 2). Localization of
the defect function depends on the deep-level position
in the band gap. Such a dependence is shown in Fig. 3
for model function (3), which has symmetry A, and is
localized at a cationic lattice site in GaAs (Asgy). A
maximum in the charge density of this defect state is
attained at the energy of E; = E, + 0.57 eV.

The aforementioned properties of the model func-
tion ®(r) make it possible to use it asatria function,
which depends on the energy E as a parameter, to deter-
mine the deep-level position for the known defect
potential. Typically, the relaxation and distortion of the
lattice result in a reduction of symmetry of the actual-
defect potential. The symmetry of relaxed defect
depends on its type. For example, the symmetry can be
completely absent for the complex defects produced as
a result of irradiation. Therefore, we will assume in
what follows that the defect potential does not possess
symmetry and that expansion (3) consists of nonsym-
metrized Bloch functions Y, (r).

We now specify another crystal whose crystalline
potential differsfrom theinitial potential by AV. Gener-
aly, another deep-level energy E + AE and another
wave function @ + A® would correspond to the previ-
ous defect. Using expression (3), we obtain the follow-
ing correction to the energy of the deep level in theini-
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Fig. 3. The maximum of the charge density for a deep state
with symmetry A; in the cation sublattice as a function of
the energy position of this state (level Eg) in the GaAs band
gap; the calculation was based on the model function
defined by formula (3).

tial crystal inthefirst order of perturbation in parameter
AV intheinitia crystal:

AE=M"S [udD)IAVIYe(r)I(E ~ Eqd (E ~ Enno)-
nk, n'k'

If the Bloch wave functions corresponding to the

Hamiltonian functionsH, and H, + AV are closeto each

other, the condition for minimization of AE with

respect to the deep-level position E

0AE/OE = 0
yields the equation

[Z 1/(E - Enk)e}[z 1/(E- Enk)z}
nk nk

X zkAEnk/(E— En)’— zkAEnk/(E— Ex)’ =0,

-1
(4)

where AE,, is the difference between the energy-band
spectra(the band offsets) for two crystals. The deep-level
energy defined by Eqg. (4) depends on the characteristics
of two crystals (in terms of AE,,) and, therefore, is not
transitive. However, compounds with the same types of
chemical bonding and crysta structure have generally
similar energy-band spectra; asaresult, AE,, depend (on
average) more weakly on the band number and wave
vector compared with the quantity in the denominator in
Eq. (4) if thedeep level Egislocated within the band gap.
The above is especidly true for the second term in Eq.
(4); thisterm includesthe higher power of the energy dif-
ference, (E — E,)°. Therefore, it follows that Eq. (4) has
an approximate solution defined by the relation

9E? % ©

22 1/(Eg—E,)°
nk

SEMICONDUCTORS Vol. 37 No.5 2003



ELECTRONIC PROPERTIES OF IRRADIATED SEMICONDUCTORS

541

Table 1. Calculated band-gap widths Ey, positions of the deep defect level Eg, and the levels of local electroneutrality E y ;
experimental values of the steady-state Fermi level position in an irradiated semiconductor Fg; and the Schottky barrier

heights F,g and the calculated position of the level Eg in reference to the vacuum level (EaBbs)

Crystal E, Eq E* E, . [16] an,gnﬁgeﬂ] rﬁggt()eﬁe{'é] S
s 120 0.47 0.39 0.36 0.39 0.32-0.48 4.65
Ge 0.78 0.26 0.18 0.18 0.13 0.07-0.18 454
3C-SiC 242 153 140 - - 10-1.05 -

BP 1.99 0.95 0.81 - - 0.87 -

AlP 248 137 1.20 127 - - -

AlAs 224 107 0.88 105 - 0.94-1.04 4.93
AlSb 160 0.63 0.47 0.45 05 0.55-0.60 464
GaP 237 116 1.00 0.81 10402 | 094127 4.89
GaAs 151 0.7 0.63 0.50 06 0.52-0.82 473
Gash 0.87 0.24 0.14 0.07 002-005 | 007-0.10 461
InP 143 103 0.89 0.76 10 0.76-0.98 467
InAs 0.42 0.53* 0.51* 0.50 052 0.42-0.47 478
InSb 0.24 0.17* 0.12* 0.01 0.0 0.0-0.15 4,66

Note: Asterisks (*) indicate refined data obtained in this study with 913 special points taken into consideration; the values of Ef\, were
calculated according to the model reported in [2]; the energies are expressed in €V; and the calculated values of Eg, E, y , and Fgy

are given in reference to the valence-band top.

where the energy Eg depends on the energy-band spec-
trum of only one of the crystals and, thus, satisfies the
condition for transitivity. It followsfrom the form of the
wave function for the deep-level center (3) that Eq. (5)
corresponds to the condition for maximization of both
the relevant normalization factor and the mean defect
potential M; accordingly, the condition for highest
localization of the state near the defect is also satisfied.
Thus, the deep-level center with the highest degree of
localization of the wave function has an energy Eg; the
latter dependsthe least on the crystal matrix, into which
the center under consideration is introduced.

The energies Eg for various crystals were calcu-
lated using formula (5), the methods of singular points
[13] and empirical nonlocal pseudopotential [14, 15],
and taking into account the spin—orbit interaction. For
the majority of compounds, the values of Eg can be
determined within ~0.02 eV if ten specia points and
~100 spin orbitals are taken into account. In the case of
narrow-gap InSb and InAs compounds, the position of
the Eg level depends more heavily on the statesin the
valley of thelower conduction band, in which the effec-
tive electron mass is low. Therefore, we took into
account 913 special pointsin theirreducible part of the
Brillouin zone in order to improve the accuracy of cal-
culating Eg; these points were determined by the
method of extended unit cell (32 x 32 x 32). The graph-
ical solutionto Eq. (5) for GaAsisshowninFig. 4. The
calculated energy levels Eg in reference to the valence-
band top arelisted in Table 1. The positions of the elec-
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troneutrality levels E,\, calculated previously [2, 16]
for the semiconductors under consideration and the
experimental values of the Schottky barrier height F g
(mainly, for contacts with Au and Al [9, 16]) are also
listed in Table 1.

It can be seen from the results listed in Table 1 that,
despite approximations used in deriving Eg. (5), the
obtained values of Eg are close to the limiting position
of the Fermi level in the band gap of irradiated semi-
conductors F; and to the Schottky barrier heights F;
in addition, the dependence of E; onthe band gap inthe
sequence of materials under investigation is similar to
the corresponding dependences of F,sand Fg;. Such a
correlation between calculated and experimental data
show that, asin the case of Eg, the positions of Eg; and
F,sare governed mostly by averaged integrated charac-
teristics of the crystal energy-band spectrum. Using
calculated values of Eg and experimental data for the
first ionization potentials 1, of the semiconductors
under consideration [17], we can estimate the level
position E; on the absolute energy scale (in referenceto

the “vacuum” level). These values of Egbs =l,—Egare
listed in Table 1. According to estimations, the mean

value of Eg EEa‘Bbs Of or the materials under investigation

is equal to about 4.71 eV. These data support the con-
clusionthat Egisaunified energy level in al related tet-
rahedral semiconductors.
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Table 2. Energies of interband transitions E,, Erx, Er , E;, and Ay; and the deep-center level Eg and the level of local elec-

troneutrality E, 5, in model [2] for GaAs, |

s, and InSb at two temperatures T

S | TK £ Erx Ert E; B Eu =
GaAs 10 152 194 1.82 3.12 0.34 0.61 0.76
300 144 1.88 178 3.06 0.34 0.59 0.73

InAs 10 0.42 184 151 2.70 0.41 0.51 0.53
300 0.35 176 143 2.62 0.41 0.49 0.49

InSb 10 0.24 1.03 0.71 2.00 0.86 0.12 0.17
300 0.17 0.93 0.63 1.93 0.86 0.09 0.12

Note: Energies are expressed in eV.

Table 3. Magnitudes of the valence-band offsets AE,, at interfaces between semiconductors according to this study (AEY, )
and according to cal culations based on the models reported in [2, 16]

Heterostructure |Aa), A AE, AEy [2] AE, [16] experi mAeE\t/'m’ 19
GelS 0.22 0.21 0.21 0.18 017,02, 0.4
GaP/S 0.02 0.69 0.61 0.45 0.62,0.80

GaAsS 0.22 0.30 0.24 0.14 0.05

Si/GaSh 0.66 0.23 0.25 0.29 0.05,0.15

INAY/SI 0.62 0.06 0.11 0.14 0.15

InP/Si 0.43 0.56 0.50 0.40 0.56, 0.57

GaAs/Ge 0.01 0.51 0.45 0.32 0.35, 0.56, 0.65
AIASGe 0.01 0.81 0.70 0.87 0.89, 0.92, 0.95
GaPIGe 0.20 0.90 0.82 0.63 0.80,0.88

InPIGe 0.21 0.77 0.71 0.58 0.64

INASGe 0.40 0.27 0.32 0.32 0.33

AIAS/GaAS 0.01 0.30 0.25 0.55 0.34,0.45, 0.56
INAS/GaAs 0.40 0.24 0.12 0.0 0.05,0.17
GaSb/inAs 0.04 0.29 0.36 0.43 0.40, 0.46, 0.51, 0.57
AlSb/GaSh 0.04 0.39 0.33 0.38 0.4, 0.45, 0.46
GaP/InP 0.41 0.13 0.11 0.05 0.27

INP/GaAs 0.21 0.26 0.26 0.26 0.36

GaPIGaAs 0.20 0.39 0.37 0.31 0.63

Note: |Aa| isthe difference between the lattice constants of the heterostructure components. Energies are expressed in €V.

We considered the temperature dependence of the
Eg level for GaAs, InAs, and InSh. This dependenceis
related to changes in the energy-band structure, which
are caused by thermal expansion of the lattice and
vibrations of the lattice atoms. In order to take these
vibrations into account, we renormalized the atomic
pseudopotentials using the Debye-Waller factor and by
accounting for standard deviations (see [18]). The
results of calculations for two temperatures (10 and
300 K) are listed in Table 2. The data show that
0Eg/0T = (1/3)0E//0T in a wide-gap semiconductor
(e.g., GaAs) and OEL/0T = (L/2)0E4AT in narrow-gap

semiconductors (e.g., InSb and InAs). An increase in
the temperature coefficient for the Eg level in narrow-
gap semiconductors is related to the corresponding
increase in the temperature dependence of energies of
side valeys in the lower conduction band; these side
valleys make the major contribution to the Green func-
tion and its derivatives with respect to energy.

Using the condition for the continuity of the Eg level
at the heteroboundaries between related semiconduc-
tors and the relation

AE, = Eg(1)-ER(2),

SEMICONDUCTORS Vol. 37 No.5 2003
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where Eg(1) and Ez(2) arethe energy levelsEg in refer-
enceto the top of the vaence bands in semiconductors 1
and 2, we can also estimate the valence-band offsetsfor
various semiconductor heterostructures (Table 3). In
the calculation under consideration (as in [2, 9]), the
stresses, which appear in the layers and are caused by a
mismatch in the lattice constants of components, were
disregarded; as a result, the best agreement between
theory and experiment is mainly observed for less
stressed structures. For the known parameters of strains
in the layers, corrections to the band offsets can be
accounted for inthe model under consideration interms
of corresponding changesin the energy-band spectra of
semiconductors.

4. DISCUSSION

We notethat, in this study, the model of a deep-level
center isnot directly related to any specific defect inthe
crystal. Rather, inthismodel, which constitutes adevel-
opment of the unified-defect model [5], asingle, abeit
very important, attribute of the deep-level center is
taken into account, specifically, the most pronounced
localization of the wave function for this center com-
pared to al other possible defects in the material. It is
for the energy E = Eg that the lowest sensitivity of this
deep level to variationsin the crystalline semiconductor
matrix and to the type of metal at the interface is
ensured. In this case, localized states with energies
closetothat of thelevel Eg areleast sensitiveto thetype
of crystal in the sequence of related semiconductors,
the defects corresponding to these states [such as the
well-known center EL2 in GaAs (the Asg, antisite
defect)] can accumulate in the course of irradiation,
which is confirmed by experimental data on the spectra
of electron spin resonance[20]. It isnoteworthy that the
specific type of radiation defects dominant in a semi-
conductor depends to a great extent on irradiation con-
ditions (the sample temperature, the energy and mass of
incident particles, and so on) and sometimes on the
materia’s history; in the particular case of the energy
region E = Eg, the density of defect states can be insig-
nificant. For example, in the case of irradiation of GaAs
with y-ray photons or electrons (1-2 MeV) at tempera-
tures T < 295 K, so-called eectron (E) and hole (H)
traps are accumulated; presumably, these traps are
related to elementary defects in the As sublattice and
have levels concentrated in the upper and lower halves
of the band gap, respectively (i.e., away from the
energy Eg =E,—0.77 eV for GaAs[21]). Such asystem
of radiation defects is found to be thermally unstable
and annedls out at temperatures in the vicinity of
200°C. At the sametime, irradiation of GaAswith elec-
trons at el evated temperatures (>200°C) or withionsor
fast neutrons at about 295 K leads to the preferential
formation of so-called P centers whose energy levels
are grouped around the energy Eg [21, 22]. Hypotheti-
cally, these centers correspond to more complex defects
(e.g., clusters), since they remain stable even when the
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samples are heated to high temperatures (as high as
450-650°C). We may assume that, in the course of
high-temperature irradiation (when elementary defects
are mobile in the crystal lattice) or irradiation of the
semiconductor with heavy ions or fast neutrons, which
form collective defects (so-called displacement spikes),
defects of the cluster type should be preferentially
formed; these defects can pin the Fermi level in the
vicinity of Eg, aswas shown by the example of Gaclus-
tersin GaAs[10]. However, when applied to irradiated
semiconductors, this problem requires special consid-
eration with allowance made for the nature and sizes of
the defect clusters.

Since a deep-level defect with an energy Eg is
formed from the Bloch states, which correspond to
large regions of the Brillouin zone and to many energy
bands, the properties of this defect depend only dightly
on the special features of the energy-band structure in
the energy interval close to the band gap E; of the semi-
conductor and al so on the specific type of material and
orientation of the interphase boundary. As aresult, the
electronic properties of an irradiated semiconductor
(e.g., the Hall coefficient and the Seebeck coefficient)
are governed precisely by the specia features of the
energy-band spectrum of the semiconductor in the
energy interval near Eg; i.e, the above properties
depend on the positions of the levels 'y in direct-gap
semiconductors and the levels X4 and L in indirect-
gap semiconductors and also on the position of the Iy,
level in reference to the energy Eg(=F;). For example,
the high resistivity of irradiated GaAs (~10°-10° Q cm
at 300 K [23, 24]) and the n*-type electrical conductiv-
ity of irradiated InAs (~1023Q cm at 300 K [25]) are
caused by the fact the level F; is pinned near the mid-
dle of the narrowest band gap in GaAs and in the con-
duction band of InAs (Table 1). This circumstance is
related to specific features of the energy-band spectrum
in the semiconductors under consideration. In particu-
lar, the n*-type conductivity inirradiated InAsis caused
by the low position of the level I, which isformed by
the heavy In cation, in reference to the energy Eg. The
specia features of the electronic properties of other
irradiated semiconductors can be considered similarly.
For example, the p(p*)-type conductivity of irradiated
binary antimonides is caused by significant spin—orbit
splitting of the valence band in these materials. Thus,
thelevel position F.,(=Eg) in the energy-band spectrum
of acrystal controls the steady-state electron ng; (and
hole pg;) concentrations and, correspondingly, the elec-
tronic properties of an irradiated semiconductor. Nota-
bly, the radiation-induced modification of a semicon-
ductor’s electrical characteristics can be considered as
compensation of the electrical activity of doping chem-
ica impurities due to the introduction of radiation
defects; asaresult of thiscompensation, theinitial con-
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Fig. 4. Graphical solutionto Eq. (5) for aGaAscrystal. The
partial contributions of the valence and conduction bands
and the sum of these contributions are shown.

centration of free electrons n, or holes p, varies accord-
ing to the following expressions:

Nex = No€XP[(Fo—Fg)/KT],
Pst = Pol—(Fo—Fs)/KT].

Here, F, is the initial (before irradiation) Fermi level
position in a semiconductor. By analogy with doping
by introducing chemical impurities, high-energy irradi-
ation can be considered as the doping of a semiconduc-
tor with radiation defects (see, e.g., [26]). However, it
should be taken into account that, in the former case
(doping with impurities), the material’s properties (the
conductivity type and the concentration of free charge
carriers) are governed by the type and solubility of the
chosen chemical impurity in the semiconductor under
consideration. In contrast, in the latter case (doping
with radiation defects), the “ultimate” electronic
parameters of the irradiated material are inevitably
strictly controlled by the corresponding universal value
of Fy (BEg) for each semiconductor; this value
depends on the energy spectrum of anideal crystal and
is independent of both the conditions of high-energy
irradiation and the history (the growth method and
impurity types) of amaterial.

5. CONCLUSION

Theresults of experimental studies and calculations
reported in this paper show that pinning of the Fermi
level both in a bulk imperfect crystal irradiated with
high-energy particles and at the interface (at a Schottky
barrier or aheterojunction) occursin the vicinity of the
deepest defect state of the crystal within the band gap
of asemiconductor. Thisdefect stateisformed from the
gap states with the highest localization, which is con-
firmed by experimental studies of irradiated semicon-
ductors under conditions of uniform compression [27].

BRUDNYTI et al.

Asaresult, thelevel Eg of the defect state under consid-
eration corresponds to the direction-averaged position
of the branching point in the complex energy-band
structure of a semiconductor and is consistent with the
results of calculations in terms of models [2, 9] based
on the above concept. Indeed, as follows from the data
shown in Fig. 4, the solution (5) to Eq. (4), used to
determine the position of Eg, and the corresponding
solutions for calculating the position of the local-elec-
troneutrality level E . inthe modelsreportedin [2, 9]
correspond to the inflection point for the Green func-
tion. This circumstance accounts for the correlation
between calculated data listed in Table 1 for various
theoretical approaches to the problem of the pinning of
the Fermi level in semiconductors. Thelevel Egisauni-
versal energy level in all related semiconductors and
represents a basic crystal parameter; it characterizes
both the properties of a bulk imperfect semiconductor
and the characteristics of the interface in the semicon-
ductor. Sincethislevel isinsensitive to the type of radi-
ation defects in the crystal lattice, the models of the
Fermi level pinning, which are based on the concepts of
agap (thetailsin the density of states) and local defect
states in the crystal, should yield virtualy the same
guantitative results. This ensures unification of elec-
tronic characteristics (the position of the level Fg;) ina
semiconductor containing point structural defects (after
irradiation with y-ray photons, electrons, or low-energy
protons) or in amaterial with defect clusters (after irra
diation with fast neutrons or heavy ions).
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Abstract—The relaxation of a silicon defect subsystem modified by the implantation of high-energy heavy
ionswas studied by varying the electrical properties of irradiated Si crystal annealed at atemperature of 450°C.
It is shown that quenched-in acceptors are introduced into Si crystals as a result of irradiation with compara-
tively low doses of Bi ions and subsequent relatively short annealing (no longer than 5 h); the distribution of
these quenched-in acceptors has two peaks located at a depth of about 10 um and at a depth corresponding
approximately to the ions' projected range (43.5 um). The peaks in the distribution of quenched-in acceptors
correspond to the regions enriched with vacancy-containing defects. As the heat-treatment duration increases,
the acceptor centers are transformed into donor centers with the centers' spatial distribution remaining intact.
Simultaneously, an amost uniform introduction of quenched-in donors occurs in the entire crystal beyond the
depth corresponding to the projected range of ions. © 2003 MAIK “ Nauka/Interperiodica” .

1. INTRODUCTION

Irradiation of a crystalline material with high-
energy (higher than 1 MeV/amu) ions transforms the
defect—impurity structure of thismaterial in arelatively
large volume, i.e, to a depth of several tens of
micrometers. In this case, in contrast to implantation of
medium-energy ions, not only do the ions penetrate to
agreater depth but also therole of the surface asa sink
for introduced defects as the surface becomes much
diminished. In addition, the formation of regionswith a
prevalence of vacancy-containing point defects (from
the surface to a depth of about (1/2)R,, where R, isthe
projected range of ions), of large vacancy clusters (at a
depth of about R;), and of interstitial defects (at adepth
greater than (1/2)R, and greater than R) is observed [1,
2]. The phenomena of gettering of metals and oxygen,
not only at a depth corresponding approximately to R,
but also at a depth of about (1/2)R, [3, 4], result from
the above separation of defects. Furthermore, the depth
of (U2)R, is to a great extent conditional; a specific
depth corresponding to the appearance of a peak (e.g.,
in the distribution of gettered impurity) is typically
shifted somewhat in reference to the exact value of
(V2)R,. The relaxation of a damaged crystal lattice
occurs even at relatively moderate temperatures of heat
treatment and is accompanied with variations in the
electrical properties of amaterial. These variations can
be deduced, e.g., from changes in the number of
guenched-in donors (oxygen-containing defects),
which are electrically active defects in silicon [5].
These centers are formed in silicon at temperatures T

from 350 to 550°C, with the formation rate attaining a
maximum at 450°C. At low oxygen concentrations and
(or) heavy damage to the crystal lattice, quenched-in
acceptors that formed in the regions enriched with
vacancy-containing defects may compete with
guenched-in donors in silicon in the aforementioned
temperature range [6]. The aim of this study isto gain
insight into the rel axation of the defect subsystemin sil-
icon irradiated with high-energy heavy ions, using
crystal annealed at atemperature of 450°C after irradi-
ation as an example.

2. EXPERIMENTAL

As the starting material, we used silicon crystals
with athickness of 350—380 [mu]m; these crystalswere
grown by the Czochralski method (Cz-Si) and con-
tained oxygen at a concentration of 1 x 10*® cm3. The
oxygen concentration was determined from an infra-
red-absorption band at 1107 cm~ using the calibration
coefficient of 3.14 x 10 cm™. The Cz-Si crystals
were doped with boron to a concentration of (0.8-1.0) x
10% cm=3. The crystals were irradiated with Kr and Bi
ions using a U-400 cyclotron at the Nuclear-Reaction
Laboratory at the Joint Institute for Nuclear Research.
The parameters of irradiation, the projected ranges of
ions, and the concentrations of doping impurity in as-
grown crystals are listed in Table 1. The temperature of
the samplesduringirradiation did not exceed 50°C. The
samples were subjected to postirradiation annealing at
T = 450°C in atmospheric air. The concentration and

1063-7826/03/3705-0546%$24.00 © 2003 MAIK “Nauka/ Interperiodica’



RELAXATION OF A DEFECT SUBSYSTEM IN SILICON IRRADIATED

547

Table 1. Parameters of irradiation, projected ranges of ions R,, and concentrations of doping impurity in the as-grown crystal's

lons Dgg'lrs‘%r'ﬁ’f' Conductivity type | lon energy, MeV Dose F, cm™ Ry, UM
Bi* 1 p 710 7 x 10% 435
Krt 1 p 305 1x10% 37
Krt 1 p 246 3x 104 32

depth distribution of charge carriers were determined
from the measurements of capacitance-voltage (C-V)
characteristics and the Hall effect coefficient. In order
to obtain the concentration profiles of electrically active
centers, we used layer-by-layer etching of Si crystalsin
an HF : HNO; (1 : 100) solution. Error in determining
the thickness of the removed layer could accumulate as
a result of multiple etching events; this error did not
exceed +4 um at relatively great depths (closeto R).

3. RESULTS

3.1. The Effects Observed at Depths
no Greater than R,

According to the results of measurements of C-V
characteristics, the entire implanted layer was compen-
sated before the heat treatment of silicon crystalsirra-
diated with high-energy ions. Annealing (for 5 h at
450°C) of a p-type CZ-Si crysta implanted with Bi*
ions brings about a recovery of the p-type conductivity
at a depth extending to the projected range R, of ions.
In the hole-concentration profile, we can recognize a
peak at a depth of about 10 um (see Figs. 1a, 1b) and a
peak at adepth corresponding approximately to R, after
annealing the samples for 5 h. An increase in the
annealing duration to t = 7 h brought about the inver-
sion of the conductivity type (to the n-type) in the entire
volume of theimplanted layer, both in the vicinity of
and at greater depths. Notably, the shape of the electron
concentration profile in the region between the surface
and R, (Figs. 1c, 1d) did not change significantly in com-
parison with the hole concentration profile (Figs. 1a, 1b):
the same peaks in the depth distribution of free charge
carriers are observed. Thus, relatively small changesin
the hole-concentration distribution asaresult of anneal-
ing for 2-5 h are followed by a drastic change in the
conductivity type as aresult of 7-h annealing, with the
concentration of electrons and their distribution
retained after further increase in the heat-treatment
duration.

A somewhat different situation took place after
implanting Kr* ions with energies of 246 and 305 MeV
(see Table 1). Inthis case, the formation of donor cen-
ters was observed even after annealing for 2 h at
450°C; alayer with n-type conductivity was detected
in the surface region (Fig. 2). A compensated region
was observed at depths ranging from the n-type layer
position to R,. The electron concentration in the n-type
layer increased with increasing heat-treatment dura-
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tion; the depth of this layer also increased and became
asgreat asR, after annealing for 10 h (Fig. 2). Itisnote-
worthy that apeak at adepth of 67 um can beseeninthe
€l ectron-concentration profile after annealing for 10 h.

3.2. The Effects Observed at Depths Greater
than R,

Variations in the average charge-carrier concentra-
tion at depths greater than R, (averaging was performed
over the entire thickness of the sample ignoring the
layer near R,) in relation to the heat-treatment duration
for samples irradiated with different ions are shown in
Fig. 3. As was mentioned above, the p-type conductiv-
ity converts to n-type in the Si samples irradiated with
Bi* ions and then annealed for 5 and 7 h. The donor
concentration required to attain the observed electron
concentration is equal to 2 x 10% cm=3. A further
increase in the heat-treatment duration to 10 h no longer
affects the electron concentration. In the case of irradi-
ationwith Kr* ions, the most intense formation of donor
centers is observed when the hest-trestment duration
doesnot exceedt =2 h; if thisdurationist > 2 h, the con-
centration of donor centers increases more gradualy
with increasing t. However, the conductivity-type con-
version is not observed in the entire range of t under
consideration. Moreover, the hole concentration
increases when the depth corresponding to R, is
reached from the substrate side; i.e., an increase in the
concentration of shallow acceptor centers is observed.
A decrease in the hole concentration in the as-grown
unirradiated crystal due to introduction of quenched-in
donorsis also shownin Fig. 3.

4. DISCUSSION

4.1. The Effects Observed at Depths no Greater
than R,

It is well known that irradiation of high-resistivity
silicon crystals with electrons or neutrons leads to the
formation of shallow-level acceptor centers [6]. The
structure of these centersremainsto be clarified; never-
theless, they are believed [6] to be comparatively sim-
ple complexes of vacancies with background impuri-
ties. The involvement of vacancies in the formation of
guenched-in acceptors is confirmed by the results
obtained in this study. The introduction of quenched-in
acceptorsisobserved only if Bi* ionsareimplanted; the
interaction of these ions with Si crystals is character-
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ized by the highest specific energy losses through ion-
ization and elastic scattering. For the sake of compari-
son, Table 2 lists the results of computations of both the
highest ionization losses (dE/dX);,,, in the region of the
ion track for each ion and the number of vacancies (N,)
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Fig. 2. Concentration (N) profiles of electronsm the p-type
CzS crystals |rrad|ated with 305-MeV Kr* ions at a dose
of 1 x 101 cm and then annealed for 2 and 10 h at 450°C.

at the peak of elastic losses; the computations were
realized using the TRIM-95 software package. The
threshold energy for displacement wasset at 15€V. The
number of displacements integrated over the range for
eachionisalso listed in Table 2. A higher local density
of vacanciesin the central region of theion track during
irradiation with Bi* ions can be the cause of formation
of both agreater number and larger clusters of vacancy-
type defects along the ion path (especiadly at a depth
corresponding to the highest elastic losses) compared
with what is observed for Kr* ion implantation. In addi-
tion, we cannot exclude specific phenomena related to
the influence of a high ionization density on the silicon
structure, notwithstanding the fact that ionization does
not constitute an independent source of radiation-defect
production in the case of irradiation with high-energy
ions with energy losses no higher than 30 keV/nm [7].
Such phenomena can include a decrease in the thresh-
old energy for the displacement of atoms from lattice
sites, which is observed in the case of irradiation of sil-
icon with 5.68-GeV Xeions[8]. At the same time, the
integrated number of defects (see Table 2) produced by
irradiation with Bi is amost an order of magnitude
smaller than that in the case of irradiation with Kr ions;
thisis caused by the fact that the doses of Bi ions were
much lower than those of Kr ions. Most likely, differ-
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Table 2. Characteristics of primary radiation defects produced in silicon as aresult of irradiation with bismuth and krypton

ions
lon (dE/dX);on, kEV/nm Ny, nm= NyF, 10°t cm Ny, 1018 cm™
Bi* 225 19.7 14 1.37
Kr* (305 MeV) 9.2 10.8 11 3.55

Note: (dE/dX);on is the highest ionization loss per ion; Ny, is the number of vacancies at the peak of elastic losses per ion; NyF isthe cal-
culated concentration of vacancies at the peak of elastic losses for theion dose under consideration; and Ny isthe number of vacan-

ciesintegrated over theion range for the given ion dose.

encesinthelocal density (concentration in the region of
the ion track) and spectrum of defect clusters, i.e., for-
mation of larger vacancy clusters upon irradiation with
Bi ions, account for the fact that quenched-in acceptors
are formed only in the case of irradiation with Bi, even
at low doses.

The peak of the acceptor concentration at a depth of
about 10 um (Fig. 1) corresponds to the region where
various impurities are efficiently gettered at vacancy-
containing defects (the so-caled (1/2)R, effect) [2-4].
The peak of the acceptor concentration at a depth cor-
responding approximately to R, aso coincides with a
peak in the concentration of large vacancy-containing
defectsin silicon; at the same time, various impurities,
in particular, oxygen, are efficiently gettered in this
region [3]. This means that the role of vacanciesin the
formation of quenched-in acceptors can beindirect. For
example, vacancies may simply play the role of nucle-
ation centers for some complexes (clusters) composed
of impurity atoms gettered at radiation defects.

Apparently, an abrupt change of the p-type conduc-
tivity in the samples annealed for 5 h to the n-type con-
ductivity in the sample annealed for 7 h can be
explained assuming that the addition of a certain defect
(or some impurity atom, for example, oxygen) to a
guenched-in acceptor center gives rise to predominant
donor properties of this center. This inference is based
not only on drastic changes in the electrical conductiv-
ity under a relatively small increase in the heat-treat-
ment duration but also on complete agreement between
gpatial distributions of holes and electrons. In addition,
the emergence of the peak in the el ectron concentration
profile at a depth corresponding to R, can be partially
related to the activation of Bi impurity, which isadonor
insilicon.

An aternative explanation for the close agreement
between the spatial distributions of donors and accep-
tors can be based on the realization of the following
mechanism. As was mentioned above, quenched-in
acceptors [6] can be composite complexes of vacancies
and background impurities; i.e., the quenched-in accep-
tors can be formed of large vacancy-containing clusters
introduced by bismuth and decorated with impurities.
In the course of heat treatment, large vacancy-contain-
ing clusters dissociate into smaller clusters; apparently,
this dissociation takes several hours as the annealing
temperature is relatively low (450°C). As long as
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vacancy-containing clusters are dissociated and point
vacancy-related defects appear in the crystal, the latter
defects manifest themselves as catalysts for the forma-
tion of oxygen-related quenched-in donors.

If particles with lower energies and masses (N* [9]
and Kr*) are used for ion implantation, in which case
comparatively large vacancy-containing clusters are
not formed, the introduction of acceptor centers is not
observed. The annealing kinetics for shallower radia-
tion defectsis different; asaresult of Kr* ion implanta-
tion, quenched-in donors are formed near the surface
even after annealing for 2 h.

4.2. The Effects Observed at Depths Greater
than R,

As arule, no changes were observed in the rates of
introduction of quenched-in donors at depths greater
than the projected range in the crystals annealed after
ion implantation in comparison with annealed as-
grown crystals (Fig. 3, Kr*) [9]. The use of ions with a
higher mass and energy (Bi*) gave rise to another
unusual effect, i.e, to the enhanced formation of
guenched-in donors in the entire undamaged crystal
layer at depths greater than R,.. Typically, similar effects

N, 105 cm™3
aBi, 710 MeV, F =7 x 1012 cm2
oKr, 305 MeV, F =1 x 104 cm™2
1.0 o Reference sample
05+
p-type
O O YN s
n-type
05
1.0
1 1 1 1 1

1

0 2 4 6 8 10 t,h
Fig. 3. Dependences of the average charge-carrier concen-
tration N on the heat-treatment duration t at 450°C in the
bulk of the Si samples (at depths greater than R,)) irradiated
with Bi and Kr ions; the corresponding dependence for the
reference (unirradiated) sampleisalso shown. Theion ener-
gies and doses are indicated in the panel.
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are observed in the case of implantation of ions with
medium energies [10, 11]. The enhanced introduction
of donors at depths greater than R, is usually observed
in the temperature range of 380-520°C and only in
Cz-Si (with higher oxygen concentration [10, 11]),
which indicates that quenched-in donors are formed.
The appearance of additional concentrations of self-
interstitials [12] or vacancies [10, 11] is often consid-
ered a plausible mechanism foe the enhanced introduc-
tion of quenched-in donors. Asiswell known, enrich-
ment of silicon with sef-intertitials is invariably
observed at depths greater than R, in the case of high-
energy ionimplantation [1, 2, 4]. However, the effect of
enhanced introduction of quenched-in donors is
observed only in specific cases (possibly, when rela-
tively low doses of ions are used). This fact suggests
that diffusion of vacancies (stimulating the enhanced
formation of quenched-in donors) to the silicon bulk
from the relatively undamaged region in the vicinity
of R, occurs in the course of annealing of silicon
implanted with bismuth ions. It is worth noting that a
7-h delay in the enhanced formation of quenched-in
donors is observed both in the region of depths lower
than R, and in the undamaged part of the crystal. An
increasein theion dose and the corresponding accumu-
lation of defects at adepth closeto R, (and possibly the
onset of amorphization as well) suppresses the emis-
sion of free vacanciesinto the crystal bulk in the course
of annealing at 450°C; this suppressionis caused by the
formation of another set of radiation defects that are
annealed out at higher temperatures. As a result, the
effect of enhanced formation of radiation defectsis not
observed at high ion doses.

5. CONCLUSION

The above experimental data indicate that
guenched-in acceptors are formed in silicon as a result
of irradiation with relatively low-doses of heavy Bi*
ions and subsequent annealing at 450°C (the heat-treat-
ment duration does not exceed 5 h); the concentration
profile of these acceptors has two peaks (a peak at a
depth of 10 um and a peak at a depth corresponding
approximately to R,) and replicates the profile of

SMAGULOVA et al.

vacancy-containing defects. As the heat-treatment
duration is increased, acceptor centers are transformed
into donor centers, with the concentration profile of the
centers remaining intact. Simultaneously, quenched-in
donors are formed almost uniformly with a concentra-
tion as high as 2 x 10% cm=3 in the entire crystal bulk
(at depths greater than R,). A further increase in the
heat-treatment duration to 10 h virtually does not affect
either the concentration itself or the concentration pro-
file of quenched-in donors. The observed phenomena
are attributed to the effect of vacancies which enhance
the formation of quenched-in donors.
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Abstract—The diffusion of europium in silicon has been studied for the first time in the temperature range
1100-1250°C by the direct radioactive-tracer method. The diffusion parameters of europium impurity in silicon
have been established. © 2003 MAIK “ Nauka/Interperiodica” .

A study of the diffusion of rare-earth elements
(REE) in silicon is of interest in view of their applica
tion in improving the thermal stability and radiation
hardness of silicon and in the context of specific fea
tures of the electronic structure of elements belonging
to thisgroup [1-3], aswell as prospects for the applica-
tion of REE-doped silicon in optoelectronics as a
source of light [4].

However, studies of thiskind have been few in num-
ber and their results are contradictory. Our experiments
on diffusion of praseodymium [5], scandium [6],
erbium and thulium [7], promethium [8], and yttrium,
aswell asthe results obtained in studying the diffusion
of samarium and gadolinium in silicon, indicate that,
similarly to other Group Il elements (B, Al, Ga, In),
these impurities movein silicon viacrystal lattice sites.

This communication reports the results obtained in
studying the diffusion of an REE, i.e., europium, in sil-
icon. Previously, the diffusion of this element was stud-
ied only indirectly [11, 12], whereas the present com-
muni cation reports data obtained using the direct radio-
active-tracer method.

A layer of europium chloride or adopant containing
aradioactive isotope in the form of an oxide, *>Eu,0O,,
was deposited, respectively, from solution or by vac-
uum evaporation onto the surface of n-type silicon sam-
ples (p = 15 Q cm, area~1.5 cm?, thickness ~380 um).
Diffusion annealing was performed in air or in evacu-
ated (10 Torr) quartz cells in the temperature range
1100-1250°C in the course of 548 h. After the anneal -
ing, the samples were repeatedly washed with hydrof-
luoric acid and amixture of H,O, and HCI. The concen-
tration profile of the diffusing substance was deter-
mined by the sectioning method. Thin layers were
etched off inal: 4 solution of HF and HNO;, with the
samples washed with a mixture of H,0, and HCI, and
the residual beta activity of a sample was measured on
a UMF-1500M low-background installation with an
SBT-11 counter. The thickness of the layers removed
(0.05-0.5 um) was determined by weighing the sasmple.
The autoradiograms obtained before and after anneal-
ing, and also those measured in the course of sample

sectioning, indicate that the europium impurity is uni-
formly distributed across the sample and there are no
inclusions.

Assuming that Fick’s law is observed and the sur-
face concentration of the impurity is time-independent
(diffusion from a constant source into a semi-infinite
body), we determined the diffusion coefficient D of
europium in silicon. For this purpose, the experimental
curve of the residual amount of impurity was approxi-
mated, as was done in [5], with a theoretical curve for
diffusion from a constant source

Q(X) = 2c,./Dtierf(cx)/2./Dt,

where ¢, is the surface concentration, x is the total
thickness of layers removed in sectioning, and t is the
time of diffusion.

As follows from the data obtained (see figure), the
diffusion coefficient of europium in silicon grows with
increasing temperature from ~2 x 1072 to 10 cm?/s.
The temperature dependence of the diffusion coeffi-

T, °C
1250 1200 1150 1100
T T T T
10—11 -
E
Q
Q
—12 1 |
10 0.65 0.70
103/, K!

Temperature dependence of the diffusion coefficient of
europium in silicon. Points, experiment; solid straight line,
calculation.
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cient is of the Arrhenius type and can be described at
1100-1250°C by the relation

Dg, = 2 % 10 %exp(—2.8/kT) cm?/s.

The depth to which europium penetrates into sili-

con, evaluated using 2./Dt in thisstudy, did not exceed
several micrometers, with the surface concentration of
europium equal to ~10*® cm=.

Comparison of the results obtained in studying the
diffusion of europium with earlier data on REE diffu-
sion in silicon [5-12], obtained using radioactive trac-
ers and other techniques, shows that the method by
which a diffusing substance is deposited and the diffu-
sion medium do not significantly affect the characteris-
tics of REE diffusion in silicon. Based on the results
obtained—diffusion coefficients and activation ener-
gies of europium diffusion—we can conclude that both
europium, aGroup 1A impurity, and the already men-
tioned REE [5-10] diffuse in silicon similarly to other
Group I11B elements [13, 14] viacrystal lattice sites.
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Abstract—Photosensitive structures based on CdGa,Se, single crystals have been fabricated for the first time:
IN/CdGa,Se, surface-barrier structures and InSe/CdGaySe, heterostructures. The current—voltage characteris-
tics and the quantum efficiency spectra of these structures were studied. The polarization photosensitivity of
IN/CdGa,Se, structures were found. The photosensitivity is discussed taking into account the photoactive
absorption in CdGa,Se, crystals in the impurity-related and intrinsic spectra ranges. A conclusion has been
made that CdGa,Se, single crystals are promising for commercial applications in photoelectric converters of
unpolarized and linearly polarized light. © 2003 MAIK “ Nauka/Interperiodica” .

Anisotropic semiconductors A'B}'C)' (where 11

standsfor Cd or Zn; |11, for Ga, In; 1V, for Se, S) with a
wide (up to ~4 eV) band gap can significantly extend
the capabilities of modern semiconductor electronics
for the short-wavel ength spectral range[1, 2]. However,
theissues of single-crystal growth, fabrication of semi-
conductor structures, and the study of their physical
properties remain virtually unexplored. The current
study, which deals with a promising new branch of
semiconductor electronics, presents results obtained in
the design of thefirst photosensitive structures based on
single crystals of cadmium selenogallate CdGa,Se,, a
representative of a new class of ternary compounds.
These data open up new opportunitiesfor investigations
of the photoelectric properties of these compounds in
natural and linearly polarized radiation (LPR).

1. CdGa,Se, single crystals were grown by directed
crystallization from a nearly stoichiometric melt of this
compound in evacuated quartz crucibles coated with a
film of pyrolytic carbon to suppress the interaction
between the melt and the quartz surface. The crystalli-
zation was performed with the temperature gradient
AT 010°C cm at avelocity of the crystallization front
motion ~0.5 mm h%. According to X-ray diffraction
data, the single crystals obtained belong to the space

group S, with lattice constants a = 5.740 + 0.003 and
¢ =10.739 + 0.006 A, which is in satisfactory agree-
ment with the data[1, 3]. The grown crystals are easily
cleaved along {112} facets, forming mirror planes. In
transmitted white light, ~1-mm-thick CdGa,Se, wafers

have a uniform light-orange color. The average size of
the obtained CdGa,Sg, singlecrystalswas~10 x 5 x mm?.
Without intentional doping, al of the grown single-
crystals had n-type conduction with a dark resistivity
p=10-10°Qcmat T=300K.

The first studies of the electrical properties of con-
tacts between CdGa,Se, and metal s have shown that the
deposition of thin layers of (d = 0.1 mm) pure indium
metal onto the cleaved surface of this compound
enables the fabrication of In/CdGa,Se, structures with
pronounced electrical rectification. Figure 1 showstyp-
ica current-voltage (I-V) characteristics of such a
structure in the dark (curve 1) and under illumination
from the side of the thin layer of barrier metal (curve 2).
The forward biasin In/CdGa,Se, structures, in the dark
and under illumination, always corresponds to the pos-
itive voltage applied to CdGa,Se, crystal. The rectifica-
tion factor, defined astheratio of the forward to reverse
current at fixed bias, can be as high as K = 400-500 (at
U = 2V) under illumination. Thisvalue greatly exceeds
the rectification factor in the dark, which can be attrib-
uted to a decrease in the resigtivity of the semiconduc-
tor when the surface-barrier structure is illuminated.
Under external bias, U > U,, the forward |-V character-
isticsarewell described, both in the dark and under illu-
mination from the side of the barrier contacts, by

= (U-Up)/Ry, (D)

where U, is the cutoff voltage, and R, is the residual
resistance (see table) decreasing under illumination
(Fig. 1, curves 1 and 2). The dark cutoff voltage of the

1063-7826/03/3705-0553%24.00 © 2003 MAIK “Nauka/ Interperiodica’
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Photoel ectric properties of structures based on n-CdGa,Se, single crystals (T = 300 K)

Structure type Ry, Q Ug, V SHRYA fiw, eV 5, eV
In/CdGa, Se; 2% 108 0.8 500 2.7-3.7 >1
InSe/CdGa,Se, 4% 107 0.9 80 1.95 0.3

* Structure illuminated from the side of the barrier contact.

|-V characteristics of In/CdGa,Se, structures remains
virtually unchanged under illumination and can be cor-
related with the potential barrier in the contact between
In and the semiconductor. Theforward |-V characteris-
tics of surface-barrier structuresat U < 0.5V follow the
standard photodiode equation [4]. The diode coefficient
of the obtained structures n = 12-14 in the dark and
decreases to 67 under illumination. This reflects the
influence of high structure resistance on the forward
|-V characteristics, which still hinders the discussion
on the mechanism of current transport in these structures.
The reverse current in In/CdGa,Se, structures follows

the power law i O UY, and in therange U < 5V thevaue
of yincreasesfrom 1.1 to 1.4 under illumination (Fig. 2,
curves 1' and 2), with no evidence of breakdown
observed. Usudly, the dark reverse currents in the best

1,107 A
5

1,107 A
2

Fig. 1. I-V characteristics of a surface-barrier INfCdGa,Se,
structureat T= 300 K: (1) in the dark, (2) under exposureto
integral light. Sample no. 6. The forward bias corresponds
to a positive voltage applied to the CdGay,Se, crystal.

In/CdGa,Se, structures are not higher than 10-102 A
under an external biasof ~5V and T = 300 K.

Under illumination of the In/CdGa,Se, structures,
the photovoltaic effect appears with a positive voltage
to which CdGa,Se, corresponds and which is indepen-
dent of the photon energy and light beam position on
the structure surface. Generally, the photovoltaic effect
dominates when the structures are illuminated from the
side of the barrier contact. For example, under illumi-
nation by integral unfocused light of an incandescent
lamp (P = 80 W), the open-circuit voltage is ~20 mV
and the short-circuit photocurrentis~2 x 108 A at T =
300 K. The highest voltage responsivity of the best sur-
face-barrier structureswas S =500V W,

Fig. 2. (1, 2) Forward and (1', 2') reverse -V characteristics
of the In/CdGaySe, structure measured (1, 1') in the dark
and (2, 2') under exposure to integral light at T = 300 K.
Sample no 6.
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n, arb. units

10°F
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10

1
3 hw,eV

Fig. 3. Spectra of the relative quantum efficiency of pho-
toconversion n of the In/CdGa,Se, structure exposed to
unpolarized light at T =300 K. The structureisilluminated
(1, 2) from the side of In and (3) from the CdGa,Se, side.
Samples: (1 and 3) no. 6, (2) no. 3.

Figure 3 shows typical spectra of the relative quan-
tum efficiency of photoelectric conversion n(Aw), cal-
culated as the ratio of the short-circuit photocurrent to
the number of incident photons, for two In/CdGa,Se,
structures exposed to unpolarized light. As follows
from the figure, the surface-barrier In/CdGa,Se, struc-
tures enable, in principle, photoelectric conversion in
therather wide spectral rangefrom 0.6 to 3.6 eV. Under
illumination from the barrier-contact side (Fig. 3,
curves 1 and 2), photosensitivity is mainly observed in
the short-wavelength spectral range; by contrast, a
sharp short-wavelength threshold at w > 2 eV aways
exists under illumination from the CdGa,Se, substrate
side (Fig. 3, curve 3). Thisindicates that, in the case of
high optical absorption, n decreases as the region of
photogeneration of nonequilibrium carriers moves
away from the active region of a structure. The long-
wavelength part of the spectrum is nearly independent
of the geometric characteristics of structure illumina-
tion, which is dueto bulk photoexcitation at low optical
absorption in CdGa,Se, crystals. The photosensitivity
spectrum of the Schottky barriersat Aw< 1.4 eV iswell
described by the Fowler law (Fig. 4, curve 1) and, thus,
can be attributed to the photoemission of nonequilib-
rium carriers. It is noteworthy that the extrapolation of
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Fig. 4. Spectra of n in the coordinates (1) +/n — Aw and

(2) ynfiw — fiwr IN'CdGay,Se, structure, sample no. 6,
T=300K.

the long-wavelength photosensitivity edge /i — 0
yields an energy barrier height &z 00.75 €V, whichisin
satisfactory agreement with U, found from the 1-V
characteristics of the same structures (Fig. 1).

Independently of the geometric characteristics of
illumination, afine structure in the form of three peaks
a energies of 1.84, 2.0, and 2.05 €V is reproducibly
manifested in the n(hw) spectra at photon energies
above 1.5 eV. This structure can be attributed to photo-
active absorption involving deep levels lying, respec-
tively, at 0.74, 0.57 and 0.52 €V away from one of the
unoccupied bands if account is taken of the CdGa,Se,
band gap E; = 257 eV a T = 300 K, which was
obtained from the optical absorption spectra [1, 5].
Detailed calculations of the band structure of

A'B})'CY' compounds have not be carried out yet, and,

therefore, the nature of the fine structure of the n(Aw)
spectrum can aso be attributed to the known weak

pseudo-direct band-to-band transitions in A'B'VCY

ternary semiconductors [6]. Evidently, further study is
necessary to resolve this problem conclusively. Com-
parison of curves 1 and 2 in Fig. 3 shows that, if the
In/CdGa,Se, barriers are illuminated from the side of
the In layer, the contribution of the long-wavelength
structure to the photosensitivity of the barriers starts to
vary significantly between different structures and
ceases to be the principal one. For example, in some
structures, photosensitivity is predominantly observed
inthe range of the fundamental absorption of CdGa,Se,
(Fig. 3, curve 1). An exponentia rise of photosensitiv-
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Fig. 5. The spectrum of the relative quantum efficiency of
the photoelectric conversion n of 1nSe/CdGaySe, hetero-
structures exposed to unpolarized light at T = 300 K. Inset:
schematic of the heterostructure and geometric characteris-
tic of itsillumination.

ity at > 2.4 eV is characterized by a steep slope S=
O(Inn)/3(hw) = 20 eV~L, which, generally speaking, is
typical of direct-gap semiconductors. As seenin Fig. 4
(curve 2), the spectral dependence of quantum effi-
ciency at iw > 2.6 eV is linear in the coordinates
(N%w)? — Aw, which are typical of direct band-to-band
transitions, and yields Eg = 2.58 eV upon the extrapo-
lation (nAw)?> — 0, which isin good agreement with
the data obtained from the analysis of the optical
absorption in this crystal [5]. Theincreaseinn at iw >
E¢ and the absence of a short-wavelength falloff in pho-
tosensitivity up to 3.6 eV, observed in the surface-bar-
rier structures obtained, indicate a high efficiency of
separation of photoexcited electron—hole pairs.

Along with the above-discussed example of the
spectral dependence n(Aw) achieved for the designed
photoelectric converters, structures are also frequently
obtained whose photosensitivity in the range 2w < Eg
is comparable with its value near E¢. A fine structure
appears in the form of distinct peaks at 2w [11.84, 2.0,
2.39, 2.70, and 3.0 eV in the n spectra of these struc-
tures. For thetime being, there are no sufficient grounds
for discussing the nature of these peaks. It is notewor-
thy, however, that the study of surface-barrier structures
produced by standard technology reveal s differencesin

VAIPOLIN et al.

their photosensitivity spectra. It seems natural to assign
these differences to changes in the physical properties
of CdGa,Se, crystals, which, considering the data [1],
can be presumably attributed to possible deviations
from stoichiometry.

2. Inthe design of the first photosensitive structures
based on n-CdGa,Se, single crystals, we also used the
method of bringing the cleaved (112) plane of these
crystals into direct optical contact with the cleavage
plane of lamellar n-InSe single crystals (n = 10* cm3,
U,=30cm?V1s?) at T=2300K. The method used to
fabricate these structures was similar to that employed
in[7]. The heterostructure itself was produced after the
deposition of current leads onto each of the semicon-
ductor compounds. A single-crystal InSe wafer was
mounted onto the surface of a microscope dide, and
then a(112) mirror plane of CdGa,Se, was pressed onto
a freshly cleaved (001) mirror surface of InSe. Owing
to the elasticity of n-InSe and the high surface quality
of the contacting semiconductors, mild pressing and
attrition of the adjoining surfaces provided a close opti-
cal contact of InSe and CdGa,Se, [7, 8]. To fix the con-
tact and ensure its long-term stability, CdGa,Se, was
pressed onto the (001) InSe surface with a spring. The
heterostructure design is shown schematically in the
insert in Fig. 5. As arule, the heterostructures demon-
strate rectification characterized by a factor K = 24 at
the voltage U = 50V, with the forward bias correspond-
ing to the negative voltage applied to the n-InSe crystal.
The linear approximation of the dark 1-V characteris-
tics hasthe form (1), with the U, and R, values close to
those observed in surface-barrier structures based on
the same crystals (see table). It is noteworthy that the
parameters of the |-V characteristics in these structures
are reproducible and show no degradation after InSe
and CdGa,Se, crystals are brought in contact. Figure 5
shows a typical spectra dependence of the relative
guantum efficiency of photoelectric conversion in iso-
type n-InSe/n-CdGa,Se, structures exposed to unpolar-
ized light from the side of the wide-bandgap CdGa,Se,
component. These curves reproducibly demonstrate the
known “window” effect with respect to the intensity of
the optical radiation incident from the CdGa,Se, side
[4]. Indeed, the spectral position of the long-wave-
length n(%w) edge corresponds to band-to-band transi-
tions in the narrow-bandgap component of the hetero-
structure[3, 7], whereas the short-wavel ength fall of f of
nataw>4.95eV (Fig. 5) isdetermined by the growing
optical absorption in the CdGa,Se, wafer, with acorre-
sponding increase in the distance between the layer of
photoexcited nonequilibrium carriers and the active
region of the heterostructure. The predominance of het-
erostructure photosensitivity in the wide-bandgap com-
ponent of the device results from the preferential local-
ization of the active region in the bulk of CdGa,Se,,
which is due to the difference in the doping level
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between the heterostructure components. Special atten-
tion should also be given to the close similarity between
the n(hw) spectra of heterostructures (Fig. 5) and the
spectra of surface-barrier structures illuminated from
the side of the CdGa,Se, wafer (Fig. 3, curve 3). The
reason for this coincidence is that the n(%w) spectrain
both types of structures are defined by the photoactive
absorption in the crystal of the CdGa,Se, ternary com-
pound. Due to the radiation absorption in bulk
CdGa,Se,, the peak of voltage responsivity is red-
shifted in heterostructures with respect to surface-bar-
rier structures, and its magnitude appears to be lower
than in InSe/CdGa,Se, heterostructures (see table). For
the same reason, the FWHM of n(Aw) spectrain het-
erostructures is significantly narrower than in the sur-
face-barrier structures fabricated on CdGa,Se, of simi-
lar quality.

3. The photosensitivity to polarized radiation has
been studied for the first time in surface-barrier struc-
tures oriented in the (112) plane. As seen in Fig. 6
(curves 1 and 2), the photosensitivity of 1n/CdGa,Se,
surface-barrier structures exhibits a dependence of the
guantum efficiency of photoelectric conversion, n, on
the orientation of the electric field vector of the light
wave E with respect to the tetragonal axis c of
CdGa,Se, single-crystal, whichistypical of anisotropic
crystals of ternary semiconductors [7, 9, 10]. Under
illumination of the (112) plane and when the incident
photon energy isfixed near the CdGa,Se, band gap, the
n polarization indicatrices follow Malus' law, so that in
al cases nll > nY, where the indices “|[" and “[0" show
the orientation of E with respect to c. Figure 6 (curve 3)
shows atypical spectral dependence of the natural pho-
topleochroism in In/CdGa,Se, structures, calculated
using therelation [9, 10]

Py = (n"=n")1(n"+n"). )

The maximum coefficient of natural photopleochro-
ism is observed near the energy of direct band-to-band
A-transitions in CdGa,Se, crystals, and its positive
signisin conformity with the selection rules for these
transitions [11, 12]. It is necessary to emphasize that

the maximum value Py, [012% obtained in our study
near the CdGa,Se, E [1] can be raised by fabricating
structures with a coplanar tetragonal axis on
CdGa,Se, wafers, because the orientation E ||cisonly
partially accomplished in the structures on CdGa,Se,
wafers with (112) orientation. Special attention
should be drawn to the fact that, in the range 2w > Eg,
in which the allowed transitions from split-off sub-
bands of the valence band comeinto play [1, 2], no Py
sign inversion is observed in the In/CdGa,Se, struc-
tures under study, i.e., n!l>n" (Fig. 6, curve 3). This
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Fig. 6. Spectraof (1) E || ¢, (2) E O ¢ photosensitivity, and
(3) the coefficient Py of natural photopleochroism of the
IN/CdGaySe, structure. T =300 K, illuminated plane (112),
sample no. 6.

fact indicates that the influence of surface recombina-
tion is strongly suppressed in the best of the
In/CdGa,Se, structures obtained [9].

Our study has demonstrated that CdGa,Se, single
crystals can find application in the design of photode-
tectors of unpolarized and linearly polarized radiation
in awide spectral range. The natural photopleochroism
of structures based on CdGa,Se, single crystals is
selective and related to band-to-band A-transitions,

similarly to the case of A"B'VCY and A'B"'C}' ternary
compounds[9, 10].
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Abstract—Structural and optical properties of InAs quantum dots (QDs) grown in a wide-bandgap
Al 3Gag /Asmatrix isstudied. It isshown that a high temperature stability of optical properties can be achieved
owing to deep localization of carriersin amatrix whose band gap is wider than that in GaAs. Specific features
of QD formation were studied for different amounts of deposited InAs. A steady red shift of the QD emission
pesk as far as ~1.18 pm with the effective thickness of InAsin Al ;Gay 7AS increasing was observed at room
temperature. This made it possible to achieve a much higher energy of exciton localization than for QDsin a
GaAs matrix. To obtain the maximum localization energy, the QD sheet was overgrown with an InGaAs layer.
The possibility of reaching the emission wavelength of ~1.3 pum is demonstrated. © 2003 MAIK “ Nauka/Inter-

periodica” .

1. INTRODUCTION

The investigations of self-organized quantum dots
(QD) on GaAs substrates are motivated, anong other
factors, by the prospect of applying them in high-effi-
ciency light-emitting devices [1]. Interest in hetero-
structures with self-organized QDs in the INAS/GaAs
system isdueto the possibility of expanding the spec-
tral range of GaAs-based structures to wavelengths
A =1.3-1.5 um, which would open the way for the
design of lasers with an emission wavelength longer
than in InGaAs/GaAs QD lasers [2]. In particular,
vertical-cavity surface-emitting lasers were designed
[3], and 1.3-um stripe lasers with a record-breaking
low threshold current density and high internal differ-
ential efficiency have been fabricated [4, 5]. One of
the most important parametersfor lasing isthe energy
depth of carrier localization in QDs: the higher the
confining barrier, the lower the threshold current den-
sity and the better the temperature stability of param-
eters[6].

We now consider the quantity

AE = AE,+AE, = Eg°—EY,
where AE, is the energy spacing between the conduc-
tion band bottom and the electron ground statein aQD;
AE,, is the spacing between the hole ground state in a

D and the valence band top: and ES*° and EX° are
Q p pl pl

the energies of electron-holetransitionsfor recombina-
tion in the matrix and QD, respectively. This quantity
characterizes the energy of the electron localization in
a QD with respect to a nonlocalized exciton in the

matrix. An emission wavelength up to 1.4 um has been
achieved in IN(Ga)As/GaAs QD structures [7], with
AE, not exceeding 0.55 V. However, the use of awide-
bandgap AlGaAs matrix for QDs provides for a signif-
icant risein AE.

Asshownin [8], INAsQDs in AlysGaysAS grow by
the Stranski—K rastanow mechanism, with the transition
to island growth after the deposition of 2.1 InAs mono-
layers (ML). This amount of deposited InAs is higher
than in the case of growth on the GaAs surface, owing
to adifference in the kinetics of indium deposition onto
GaAs and AlGaAs surfaces [8]. In these structures, AE
exceeded 0.6 eV. Temperature dependences of photolu-
minescence (PL) indicated a higher temperature stabil-
ity of the optical properties of QDs in AlGaAs com-
pared with QDs in a GaAs matrix, with the exciton
localization energy in the latter case being smaller. The
study of the effect of the Al,Ga; _,As matrix composi-
tion on QD optica properties revealed that the widen-
ing of the matrix band gap resultsin a smaller decrease
in the PL intensity with rising temperature; this fact
also indicates the strong effect of the exciton localiza-
tion depth on the temperature stability of QD optical
properties[9].

Herewe present adetailed study of InAsQD forma-
tionin an Aly 3Ga, /As matrix. The effect of the amount
of deposited InAs on the optical properties of QDs in
the Al 3Ga,-As matrix was aso studied. It has been
shown that the overgrowth of the QD layer with an
InGaAs layer opens the way to obtain emission in the
range up to ~1.3 um.

1063-7826/03/3705-0559%$24.00 © 2003 MAIK “Nauka/Interperiodica’
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Fig. 2. PL spectra of QD structures with differing amounts
of InAs deposited in the Alg 3Gag 7AS matrix recorded at
77 K (solid lines) and 300 K (dashed lines).

2. EXPERIMENTAL

QD structures were grown by MBE. After the depo-
sition of a GaAs buffer layer, a 0.1-um-thick
Al 3Gay-Aslayer was grown, with asheet of INAsQDs
deposited in the middle of this layer. To prevent carrier
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leakage to the surface and substrate, which is followed
by nonradiative recombination, the Al,;Ga,/As layer
with QDs was confined by short-period superlattices
(five AlGaAg/GaAs periods, 20/20 A) on the sides of
the substrate and surface. All layers, except the InAs
QD sheet and the subsequent 5 nm of AlGaAs, were
grown at the temperature of 600°C. QDs were formed
by depositing athin InAs layer at 485°C. The effective
thickness of the InAs layer was varied between 1.7 and
4.5 ML, and the RHEED patterns recorded in situ dem-
onstrated the formation of nanoislands after depositing
more than 2 ML of InAs. The InAs growth rate was
0.1 ML s. The sheet of InAs islands was then over-
grown with athin (5-nm) Al, ;Ga, 7/As layer at the tem-
perature of InAs deposition to prevent the evaporation
of InAsupon the subsequent risein temperature[10]. In
one of the samples, the sheet of InAs nanoislands was
overgrown with an In, 1,GayggAS layer in an effort to
increase the emission wavelength, and only then was
the 5-nm Al,;Ga,-As layer deposited. To compare
optical properties, samples with InAs QDs in a GaAs
matrix were also grown.

ThePL wasexcitedwithanAr-ionlaser (A =514.5nm,
the excitation power density P, = 500 W cm) and
detected with a cooled Ge photodiode.

A TEM study was performed withaPHILIPSEM 420
€l ectron microscope with a 100-kV accel erating voltage.

3. RESULTS AND DISCUSSION

Figure 1 shows the cross-sectional and plan-view
TEM images of a structure containing QDs in an
Aly3Gay7As matrix. The effective thickness of the InAs
layer deposited in this structure was 2.5 ML. Three-
dimensional (3D) InAs nanoislands and a thin two-
dimensional (2D) InAs wetting layer [11] are seen in
the images. According to TEM data, the lateral dimen-
sion and height of the nanoislands are ~18 and 5 nm,
respectively, which correspondsto atypical QD sizein
a GaAs matrix [12]. Therefore, the use of Al ;Ga,-AS
solid solution instead of pure GaAs as the matrix mate-
rial causes no fundamental changein the QD formation
mechanism.

Figure 2 shows the QD PL spectra for structures
with differing amounts of InAs in the Aly3Ga,/As
matrix, recorded at temperatures T =77 and 300 K. The
spectrum of the samplewith an effective InAsthickness
of 1.7 ML contains a relatively narrow peak with a
broadened short-wavelength wing. This type of spec-
trum shape indicates that the 2D InAs layer is retained
and its thickness is lower than the critical value for QD
formation. With the InAsthicknessincreasingto 2.3 ML,
the PL peak is considerably broadened (to 240 meV)
and red-shifted. A large line broadening indicates the
beginning of 3D-island formation [13]. This result is
consistent with the RHEED data showing that the QD
formation in an Al ;Ga,,As matrix begins at an effec-
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tive InAsthickness of ~2 ML. A further increase in the
InAs layer thickness red-shifts the PL peak to 1.18 pm
at T = 300 K. In addition to a P2 peak related to the
ground state, a short-wavelength shoulder Pl is
observed; it can be related to recombination viasmaller
QDs or excited states.

Figure 3 shows the PL peak positions for QDs in
Aly3Gay,As and GaAs matrices as functions of the
InAslayer thickness. The calculated energy of the tran-
sition between electron and heavy hole states in an
InAS/Al, 3Ga, -As quantum well (QW) with athickness
of 1 ML [14] isaso shown. The PL peak of aQD inthe
Aly3Gay7As matrix exhibits a strictly monotonic red
shift as the amount of InAsincreases. The rate of shift-
ing is higher when the effective thickness of the InAs
layer is between 1.7 and 2.5 ML. This thickness corre-
sponds to the onset of QD formation. In the GaAs
matrix, the QD PL line position depends on the InAs
layer thickness in a somewhat different manner: the
peak position isvirtually independent of the amount of
deposited InAs at a thickness above 2.3 ML. Different
behaviors of the QD PL peak positions in Al ;Ga,-AS
and GaAs matrices can originate from different condi-
tions of QD formation during the growth process. We
believe that, in this case, we are dealing with differ-
ences in the kinetics of the surface processes during
InAs deposition onto Al ;Ga,/As and GaAs surfaces
[8], including those differences related to the morphol-
ogy of the Al ;Ga, /As surface.

Because of the nearly complete termination of the
shift of the PL line for QDs in the GaAs matrix, AE
does not exceed ~0.42 eV. At the same time, AE is
~0.76 eV for QDs grown in the Aly ;Gay7AS matrix in
the same mode. These results are indicative of deeper
exciton localization in the Aly;Gay/AS matrix. In our
opinion, the reason for such ahigh AE is, in addition to
the structural properties of the QDs themselves, the
great height of the confining Aly;Gay,As barrier.

Figure 4 shows the temperature dependence of PL
for a sample with QDs formed by deposition of 4 ML
INAsin the Al ;Gay ,As matrix. Two peaks, P, and P,
150 meV apart are well resolved at low temperatures.
The relative intensity of the short-wavelength peak
decreases with rising temperature. This temperature
dependence of the intensity of these peaks indicates
that they are related to recombination in QDs with dif-
ferent sizes. In this situation, the decrease in the short-
wavelength peak intensity is due to carrier excitation
into the matrix and the recapture of carriers by deeper
QDs. The formation of two QD types can be related to
specific features of the surface morphology of
Al 3Gay-As[7], aswell asto the kinetics of processes
occurring during deposition in the INAg/Aly;Gay7AS
system.

Theinsert in Fig. 4 shows temperature dependences
of the integra intensity, energy E,,, and FWHM of the
PL peak for structures with 2.3 and 4 ML of InAs. The
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Fig. 5. The room-temperature PL spectrum of InAs QDs
overgrown with an Ing 1,Gag ggAs layer in an Al 3Gag 7AS
matrix.

dependences are normalized to the integral intensity at
the lowest temperature. The decrease in the PL integral
intensity for a structure with 2.3 ML of InAsis three
times that of a structure with 4 ML of InAs. The tem-
perature-induced decreasein the PL integral intensity is
due to nonradiative recombination of carriers thermally
excited into the matrix. Since the average energy of the
exciton localization in QDsformed by the deposition of
2.3 ML of InAsislessthan that for 4 ML InAs, carrier
excitation at low temperatures is more probable in the
former case. This results in a stronger decrease in the
emission intensity for the 2.3-ML InAs structure. Fur-
ther, the thermal excitation of carriersis more probable
for the least localized QD states responsible for the
short-wavelength portion of the spectrum. This
accounts for the considerable decrease in the linewidth
for QDs formed by 2.3-ML InAs deposition. The tem-
perature shift of the PL peak, in this case, is stronger
than that for the 4-ML InAs structure, because it is
caused not only by the temperature-related decrease in
the band gap, but also by the redistribution of carriers
between isolated QDs differing in their exciton local-
ization energy. An insignificant temperature-induced
decrease in the QD PL intensity for the 4-ML InAs
structureisindicative of not only deep exciton localiza-
tion, but also alow defect density in these samples.

Figure 5 shows the PL spectrum of the structure
with an Al ;Gay-As matrix and QDs overgrown with
an InGaAslayer. After deposition of an InAslayer with
an effective thickness of 2.5 ML, an Iny ;,Gay gsAS layer
was deposited. A similar technique for QD growthin a
GaAs matrix makesthe QD emission wavelength much
longer, 1.3 um [15], and yields high-efficiency lasers
for this spectral range. The increase in the wavelength
may originate from several causes: the increase in the
QD effective size owing to stimulated phase separation
in InGaAs, the decrease in the elastic stress fields in
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QDs, and the quantum-mechanical effect associated
with placing a QD in an InGaAs QW [15]. We have
obtained room-temperature emission at a wavelength
A =1.25 um from such QDs grown in an Al ;Ga, /AS
matrix (Fig. 5). Owing to a high potential barrier, the
AE value in these structures is 0.86 €V. Therefore, the
exciton localization energy for QDs in AlGaAsis con-
siderably higher than that in a GaAs matrix.

4. CONCLUSION

The structural and optical properties of QDs in an
Alg3Gay-As matrix have been studied. QDs in
Aly3Gay-As are formed by the Stranski—Krastanow
mechanism, which is the same way they are formed in
a GaAs matrix. However, the critical thickness for the
transition to island growth for QDs in Al ;Ga,/AS is
dlightly higher (~2 ML) than in a GaAs matrix.

In the case of an Al ;Ga,;As matrix, the red shift of
the QD PL spectral lineis observed asthe average InAs
thickness increases up to 4 ML. By contrast, the red
shift amost terminates at ~2.3 ML for QDsgrown in a
GaAs matrix. The overgrowing of QDs in the
Aly3Gay7As matrix with an InGaAs layer alowed usto
raise the emission wavelength to 1.25 um, and to obtain
an energy of exciton localization in a QD that was con-
siderably higher than that for a GaAsmatrix at the same
emission wavelength.

The high temperature stability of the optical proper-
ties of QDs in a wide-gap Aly3Gay,As matrix offers
promise for the design of light-emitting devices with
improved thermal characteristics.
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Abstract—A two-dimensional model of multi-island single-electron arrays, based on a numerical solution to
the Poisson equation and the Monte Carlo method, is suggested. The adequacy of the model is shown by com-
paring the |-V characteristics calculated for two different five-island structures with experimental data. This
model was used to assess quantitatively a number of geometrical parameters of a single-electron device struc-
ture, which are difficult to determine experimentally. © 2003 MAIK “ Nauka/Interperiodica” .

1. INTRODUCTION

The Monte Carlo method has become one of the
principal approaches to constructing completely ade-
guate models for describing the physical processesin a
variety of device structures [1, 2]. For example, it will
suffice to mention the theoretical studies[3, 4] of MOS
(metal—oxide—-semiconductor) transistors based on a
number of semiconductors that are significant for
microelectronics. It turned out that none of the semi-
conductor materialswhich have been studied offerssig-
nificant advantages over silicon when transistor chan-
nels are shorter than 100 nm. Only indium phosphideis
an exception. Unfortunately, acompletely adequate and
much needed model [3, 4] is difficult to develop and
cannot be widely used. In particular, the calculation of
asingle point of the I-V characteristic of a MOS tran-
sistor using the DAMOCLES code requires from 10 to
100 h (or more!) using the high-efficiency IBM 3090S
computing system. Therefore, great efforts are now
being made to develop various efficient procedures for
the models under consideration on the basis of physical
approaches, approximations, and a fuller account of
problem specific features [5].

The overall situation seams to be even more compli-
cated for nanoelectronic device structures. Fortunately,
the situation is somewhat less serious in the theoretical
study of structureswhose description using the semiclas-
sical approach remains correct. Specifically such struc-
tures are single-electron devices [6, 7]. Asisknown, the
Monte Carlo method is presently one of afew more or
less efficient approaches for the theoretical analysis of
multi-island single-electron one-dimensiona arrays [6,
8, 9]. A popular code for Monte Carlo simulation is
MOSES[9] in the case under consideration.

Nevertheless, the conventional models of multi-
island single-el ectron one-dimensional arrays, based on
the Monte Carlo method, have a significant limitation.

These models rely on tunnel junction resistances and
capacitances as required parameters for matching with
experimental data. As aresult, the relation between the
model and the device design and material parametersis
lost. Hence, applying the model in the course of theo-
retical studies and development of single-electron
device structures is complicated.

This study is aimed at the development of a model
of multi-island single-electron one-dimensional arrays
on the basis the Monte Carlo method, devoid of the
abovementioned drawback, as well as the confirmation
of itsadequacy by comparing it with experimental data.
It is significant that the model suggested may be real-
ized using a Pentium 111 computer; i.e., the model may
be widely used.

2. MODEL

In[10-12], atwo-dimensional numerical model of a
single-electron transistor with a single island was sug-
gested. In this model, the Poisson and master equations
are solved. In [13], this approach was extended to the
case of two-island single-electron one-dimensional
arrays. The model described in [13] is characterized by
an acceptable adequacy and high efficiency; unfortu-
nately, the solution of the master equation becomessig-
nificantly more complicated as the number of tunnel
junctions increases. Therefore, we apply this approach
to single-electron structures with a large number of
islands in combination with the Monte Carlo method.

Let us consider the essence of the model suggested.
According to the classification [7], the device being
analyzed was chosen to correspond to the principa
block diagram of multi-island single-electron one-
dimensional arrays (see Fig. 1). The initial parameters
are the structure sizes, material properties, background
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charges at islands, and the controls: source, drain and
gate voltages, and temperature T.

The Poisson equation in the form given in [10-12]
isnumerically solved in theregion ABCD (Fig. 1). The
influence of background charges at idandsistakeninto
account using the approximation suggested in [13]. The
Dirichlet boundary conditions at contacts and the Neu-
man conditions at free ABCD boundaries are chosen as
boundary conditions. The numerical methods of the
finite-difference approximation of the Poisson equation
and the solutions of sets of linear algebraic equations
are described in [10] in detail. The numerical solution
of the Poisson equation yields a potential distributionin
the device in relation to the geometrical and electrical
parameters of the structure and control effects.

Theresistances of the tunnel junctions and the prob-
abilitiesof carrier transport through them are cal cul ated
by the known formulas, whose form when taking into
account the role of the electrostatic potentia for one-
island structures is given in [10]. These formulas are
easily extended to the case of multi-island structures.

The current passing through the tunnel junction is
calculated by the formula (see [6, 13])

_ Ve [ €VerT].
'R [1 &P kBTD}’ @)
V,+V
Vers = > f, (2

where V; and V; are the voltages before and after elec-
tron tunneling, respectively; and kg is the Boltzmann
constant.

We now consider the procedure for calculating the
|-V characteristic by the model suggested. The flow-
chart of this procedure in the case of one-point calcula-
tionisshowninFig. 2. Asan example, weexplainit for
the case of afive-island structure, i.e., N=5.

First, the Poisson equation is solved for an initial
(with theindex i = 0) combination of excess carriersin
isands, {n} =(n,=0,n,=0,n3=0,n,=0, n;=0), and
partial currents through all of the tunnel junctions are
calculated by formulas (1) and (2). To save computer
time, the values obtained are stored when the next com-
bination{n,} arises. We note at once that the most time-
consuming process is solving the Poisson eguation.
Therefore, this time-saving method in this moddl is
expedient and shortens the computer time by three
orders of magnitude, or even more in specific cases.
Then the number K of tunnel events was selected. The
larger the value of K, the more accurate the result;
unfortunately, the computation time also increases.
Then, according to the Monte Carlo method, the first
random number r; 00 [0, 1] is generated and the time t;
to the next tunnel event is determined,

elnr,
b= (©)
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Fig. 1. Structure of the multi-island single-electron one-
dimensiona array.

where 2| isthe sum of partial currentsfor all the prob-
able independent events, corresponding to tunneling of
acarrier in two directions through either junction.

Then the next random number r; is generated. The
interval [0, 1] is partitioned into segments proportional
to partia currents corresponding to tunneling of a car-
rier in two directions through either junction. A seg-
ment within which a given random number r; occursis
advantageous. As a result, a new combination {n;} is
determined. It is then checked whether this combina-
tion was found previoudly or not. If it was, partial cur-
rents are extracted from the computer memory; if not,
the Poisson equation is solved and partial currents
through all of the tunnel junctions are calculated and
stored. It is then checked whether all the probable tun-
nel events (number K) were enumerated or not.

Thetotal current j passing through an isolated tunnel
junction is given by

|, = = )

where n; isthe number of carriersthat passed through a
given junction for the entire period, eisthe elementary
charge, and t5 is the total time of tunneling events. The
validation criterion of the calculation is the equality of
the currents|; through all of the tunnel junctions within
acertain accuracy.

The most significant differences between the model
suggested and the models of [6, 8, 9], which are aso
based on the Monte Carlo method, are as follows:
(i) the Poisson equation is solved in the form given in
[10-12] with the aim of calculating the voltages at the
tunnel junctionsand (ii) the partial currentsthrough the
tunnel junctions calculated by formulas (1) and (2) are
used instead of the tunneling rates. We note a number
of advantages of the model suggested in comparison
with the model of [13], in which the master equation is
solved: (I) complex single-electron one-dimensional
arrays with N > 2 can be calculated; (I1) the proce-
dure under consideration is based on a microscopic
model of tunnel events, which more closely reflects
the actual behavior of carriers in the single-electron
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Solution of the Poisson
equation for the combination {n};

determination of partial currents

l

Storing the result
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Selection of the number
i=1, ..., K of tunnel events

Calculation of the time #;
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Yes
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equation for the combination {n;};
calculation of partial currents

l

Storing the result

Extraction of the
result from
memory

Calculation of the current

l

Fig. 2. Flowchart of the calculation procedure for a point of
the 1-V characteristic of single-electron one-dimensional
arrays according to the model suggested.

structure; and (111) there is high stability of the com-
puting process. The disadvantage of the model is much
longer times for calculating the |-V characteristic at
N = 2 in comparison with the mode! of [13]. Neverthe-
less, this time, eg., for five-island one-dimensional
arrays, is, in general, no longer than 10 h (which is
acceptable) for the Pentium |11 compuiter.

The model suggested was redized in FORTRAN
and incorporated inthe MTJSET-NANODEYV package
for calculating multi-island single-electron one-dimen-
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siona arraysinthe NANODEYV softwarefor simulating
nanoel ectronic devices [10]. All the results considered
in Section 4 were obtained using a Pentium |11 com-
puter.

3. RESULTS

Asthe object to be simulated, we took asingle-elec-
tron transistor with fiveisands, i.e., N =5. This choice
is explained as follows. First, this number of islands
allows manifestation of al the basic features of multi-
isand array operation, e.g., the tempora and spatial
correlation of tunneling events. Second, in the case of a
larger number of islands, thetotal resistanceishigh (the
passing current is very small); hence, production of
such structures is complicated. Therefore, data on
structures with N > 5 are scarce in the literature. Third,
the time of calculating the |-V characteristic unfortu-
nately becomes longer as the number of islands
increases further.

We now consider the simulation results confirming
the adequacy of the model suggested. They were
obtained at K = 20000, proceeding from the attainable
equality of the currents through all the tunnel junctions
within an error no larger than 0.1%.

In[14], the fabrication of asingle-electron transistor
with five islands is described, as are experimental data
and results calculated by the MOSES code. We note
that the structure is produced artificially and controlled
using the SECO (step-edge cutoff) method. Titanium
and p-type silicon are used as the island and tunnel
junction materials, respectively. Figure 3 shows the
experimental characteristic for the drain current |4 ver-
sus the drain voltage V, (curve 1), aswell asthe results
calculated by the MOSES code (curve 2) and the model
suggested (curve 3). One can see that both models sat-
isfactorily fit the experimental data.

The model developed also fitswell the experimental
data on single-electron multi-island one-dimensional
arrays based on other materials at various operating
temperatures. Furthermore, the model suggested allows
reconstruction of the basic sizes of the structures under
study. To illustrate this, we now consider a very com-
plex case.

In [15], a multi-isand one-dimensiona array is
described in which AuPd nanoparticles are used as
islands. The structure is rather complex (see Fig. 5in
[15]). As the author of [15] reports, it was possible to
determine only the following initial parameters of the
structure: (i) the number of tunnél junctions along the
shortest drain—source distance was found to be six;
(ii) the idand sizes were from 2 to 3 nm; (iii) the
source—drain distance was 20-30 nm. Thus, the avail-
able information is very ambiguous.

Figures 4a and 4b display the experimental dataand
the results calculated by the suggested model, respec-
tively. One can see that, in general, the experiment and
model agree satisfactorily at T=300and 77 K. Thedata
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in Fig. 4b were obtained with the following basic initial
parameters of the structure: N = 5; the distance between
islands is 1.5 nm; and the islands are of the same size
(2.5 x 2.5 nm?). Thus, the source-drain distance was
takenas21.5nm (6 x 1.5+5 x 2.5). It issignificant that
all of these reconstructed initial parameters lie within
the numerical rangeindicated by the author of [15] (see
above). Theresults shownin Fig. 4b allow determina-
tion of the Coulomb blockade region in this structure
at avery low temperature (T = 0.01 K), in particular
[-0.25V, +0.25 V]. Comparing curves 1-3 in Fig. 4b,
one can ascertain that the Coulomb blockade effect is
“destroyed” as the temperature increases to 300 K in
the structure under study, which is fully confirmed by

| | | |
-200  -100 0 100 200

v, mv the experimental datain Fig. 4a.
The results obtained, in addition to confirming the
Fig. 3. |-V characteristics of the single-electron transistor conclusion on the adequacy of themodel, also allow the
with five islands: (1) experimental data, (2) calculation by following comments. First, the model suggested can be
the MOSES code, and (3) calculation by the model devel- applied to reconstruct some of the initial parameters of
oped. multi-isand single-electron one-dimensional arrays,
e.g., their sizes. This seemsto be of crucial importance
1, pA in view of the likely problems in determining them
0L experimentally, asin the case under consideration. Sec-
(a) 1 ond, notwithstanding the seemingly high complexity of
60 2 the single-electron structure being analyzed, it is possi-
401 ble to ssmulate it using the flowchart shown in Fig. 1.
Thus, the basic physical principles of the operation of
20 multi-island single-electron one-dimensional arraysare
oL adequately described within the model suggested,
which isbased on arather ssmpleflowchart (Fig. 1). We
—20+ note that thisis also important, since the use of a prac-
_aol tical structure configuration, in many cases, will cause
significant additional problems in the numerical simu-
-60F lation of this type of single-electron structures. As a
80 , , , , , , result, it would, in fact, become impossible to study
06 -04 —-02 0 02 04 06 theoretically the influence of the design and material
1, pA Vy V parameters on electrical characteristics of these struc-
80+ tures.
(b) ;2
60
40- 4. CONCLUSION
20+ 3 A two-dimensional model of multi-isand single-
ok electron one-dimensional arrays was developed on the

basis of a numerical solution of the Poisson equationin
-20+ combination with the Monte Carlo method. This model
was shown to be reasonably adequate and efficient. The

—40r model may also be used to reconstruct some initial
-60} parameters that are difficult to determine from experi-
mental data.
—80 1 1 1 1 1 1
-0.6 -04 -02 0 0.2 0.4 0.6
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Abstract—Ionized-impurity scattering of quasi-two-dimensional electrons in GaAs/Alg 36Gag g4AS Superlat-
tices (SLs) with doped quantum wellsis considered. The scattering probability is calculated assuming that the
electron wave function is represented by the ground-state eigenfunction of the lowest SL miniband. Analytical
expressions describing dispersion of the longitudinal and transverse relaxation times with respect to the longi-
tudinal wave vector are derived and numeric calculations are carried out. The dependence of the components
of the relaxation-time tensor on the SL period and the temperature in the region around T = 77 K is analyzed.

© 2003 MAIK * Nauka/Interperiodica” .

1. INTRODUCTION

The theoretical treatment of electron scattering by
ionized impurities in heterostructures with quantum
wells (QWSs) has been carried out in anumber of studies
[1-3]. In these studies, the relaxation time and the
mobility characterizing the charge-carrier transport in
the QW plane were calculated in the two-dimensional
(2D) electron gas approximation. When a number of
QWs are arranged to compose a superlattice (SL),
transport in the SL miniband in the direction normal to
the layers can take place in addition to the lateral trans-
port; there are almost no publications where the impu-
rity scattering-limited mobility of the charge carriersis
calculated for this case. The solution of this problem
was considered in [4], where the Boltzmann equation
was used to derive formulas for the relaxation time and
to analyze longitudina and transverse mobility of
guasi-2D €electrons in GaAgAl,Ga, _,As SLs. How-
ever, the calculation of the scattering probability was
performed with a simplified electron wave function,
taken as a Bloch-type sum of the wave functions of iso-
lated, infinitely deep QWs. To this approximation, the
transverse and longitudinal relaxation times appear to
depend only on the transverse wave vector—in other
words, on the energy of the motion perpendicular to the
SL axis—and are independent of the longitudinal wave
vector.

In this study, we analyze the scattering of quasi-2D
electrons by ionized impurities in GaAg/Al 36Gay 64AS
SLswith doped QWSs. The scattering probability is cal-
culated with the electron wave functions substituted by
the eigenfunction of the ground state in the lowest SL
miniband; this calculation yields the dependence of the
electron relaxation time on the longitudinal wave vec-

tor. We derive analytical expressionsdescribing thedis-
persion of the longitudinal and transverse relaxation
times with respect to the longitudinal wave vector and
carry out numerical calculations. The dependence of
the components of the relaxation-time tensor on the SL
period and on the temperature in the region around T =
77 K is also considered.

2. BASIC FORMULAS

Calculating the probability of intraminiband scatter-
ing of electronsin a SL by ionized impurities, we rely
on the same approximation for the wave functions of
the lowest miniband as that used in [5], i.e.,

Wi(r) = %uo(zx (1)

where k = (k, k) isthe electron wave vector (here, the
z axis of the coordinate system is oriented along the SL
axis) and uy(2) isthe periodic part of the envelope Bloch
function for k, = 0. Then, in an SL with doped QWs, the
probability of electron scattering from the state with the
wave vector Kk to the state with the wave vector k' is
given by

N,/2

nn=-N,/2

sin[rrg(n—n')}
- —————8(E(k) ~E(K)),
na(n—n')

2 422 NCW
w(k, k') = %
heyeVd

)
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= aj expE——d—-%uo(zﬂ dz,
—d/2 (©)]
W(q) = =
q2+ C(Z’
_ _ A
E(k) = E = ED+§[1—cos(kzd)],
h2KE 21N N )
0% om, BT KokFTge <y

N, isthe number of SL periods (which is assumed to be
infinite), A is the width of the lowest miniband, aisthe
QW width, disthe SL period, e, is aunit vector along

the SL axis, eZ and N©" are the charge and concentra-
tion of ionized impurities in the QWSs, a is the screen-
ing coefficient, and € isthe static permittivity. Formula
(2) is derived in the random-phase approximation for
the case of uniform distribution of impurity over the
QWs. In addition, uniformity of the dielectric function

over the SL is presumed and the k, dependence of u,_(2)
is assumed to be weak.

The nonequilibrium contribution to the electron dis-
tribution function was calculated in the form

of
g(k) = ea—;ZTi(k)EiVi(k), ()

where E; are the components of the electric field
strength, v(k) = O,E/% isthe electron vel ocity, and fy(€)
is the equilibrium Fermi—Dirac distribution function.
The functions T1;(k) represent the components of the
relaxation-time tensor, which depend on the compo-
nents of the wave vector. Calculation of these functions
relies on the linearized Boltzmann's equation used to
derive the following integral equations:

T(K) = Tk Y Wik, K)To(k)52+ 15, (6)
04
1K) = To(k)DzW(k () gt 1 @
Here,
(k) = Y wik.K) (8)
)

isthe total probability per unit time of electron scatter-
ing from the state with the wave vector k. Let us con-
sider the approximation of a quasi-2D éectron gas (A =
0if A < kyT). Using expression (2) for the scattering

BORISENKO

probability (where only theleading termwithn=n'=0
istaken into account), we can rewrite Egs. (6) and (7) as

1,(Ey, 9) _
(. 9)
§ " 2E T (Ey, 9')d9" +(91)
I[t 29" = 9)7 + ] 4B + (9 = 9)2+y P
Xi(Eo, 9) _
To(E9)
x " (2B + (5 9)7 + yAIx (Ex )" +Sir(12;90))
_{T[tz(e'—f})“vz] HaE + 5@ -9 +y ™ ’
where
1 _
o(EaD)

2.+ E@ -0y +yim P

x_[I[tZ(S'—S)%vZ]”[zlED+t2(e'—8)2+v2]3’2
Xi(Ep, 3) = 1 (Eq, 9)sin(d);

cw

(12)

and

It should be noted that, unlike in the case of acous-
tic-phonon scattering [5], the only parameter character-
izing the SL in Egs. (9)—«(11) is the period d. Other
parameters, such as the QW width and the barrier
height and thickness, have little influence in the case of
uniform distribution of impurity. The reason for thisis
that the contribution of terms with n, n' # 0 in the sum
(2) is small in comparison with the zero-indexed term,
which is related to the behavior of the Fourier compo-
nent of the screened Coulomb potentia at small values
of the longitudinal wave vector.

The electron mobility was calculated as

Mxx = IJ-yy = Hpg = eEtDDImDI (13)
Mz = Wy = el Iyl

where

00 00

b= I[—fB(Em)]T (En) Edem/Ifo(Em)dEm, (14)
0 0

0= [[-fo(Ealt(En)dEs/ [[-fo(En)] dEs, (15)
0 0
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1,
To(Ep) = TEOITD(ED’s)dS’
(16)

t,(En) = ‘;‘JTH(ED,s)sinz(S)dﬁ,
0

<)

1F ;%;EI[ fo(ED)]dED/IfO(E 9dE, (17)

isthe energy-averaged value of the inverse longitudinal
effective mass of electrons.

3. NUMERICAL ANALYSIS

The relaxation time and mobility of electrons under
conditions of ionized-impurity scattering were calcu-
lated numerically for a GaAg/Al35Gay6.AS COMposi-
tiona SL with doped QWs. We used the following
material parameters for GaAs and Al,Ga, _,As [6]:
my = m* = 0.066m, and € = 13.18. Nonlinear integral
equations (9) and (10) were solved numerically by the
difference method [7].

Dependences of the relaxation time on the energy of
the transverse motion and on the longitudinal wave vec-
tor were calculated for an SL witha=5nm, b=8 nm,
and A = 0.10 meV, where b is the barrier width. Calcu-
lation of the miniband width was carried out using the
method described in [8]. The relaxation time was cal cu-

|ated under the condition aN{™" = nd for nondegenerate

electron gas with adensity n =10 cm=3 at T = 77 K.
With these parameters, the energy-averaged relaxation
times calculated by formulas (14) and (15) are @ 0=
2.1 psand @ 0= 1.1 ps. Thisis close to the value of
[@0= 1.6 psfor the relaxation time in uniformly doped
GaAs caculated for the same parameters by the
Brooks-Herring formula and to the value of @[+ @[
1.8 ps for the acoustic-phonon-limited relaxation time
of electrons calculated for the same SL [5]. The mobil-
ities calculated by formulas (13) with [in[J= 25m, are
Hp=5.6m?V1stand =79 x10°m?V1s? this
can be compared with the mobility in bulk GaAs. p =
43m?V-1st

The dependences of the transverse and longitudinal
relaxation times on 9 = k,d for a constant transverse-
motion energy E = kT are plotted in Fig. 1 (curves 1
and 2, respectively). One can see that both 15 and T,
grow with increasing k,. However, the transverse relax-
ation time exhibits onIy a moderate increase with k,,
whereas the longitudinal relaxation time tends to infin-
ity as k, approaches 1vd.

The dependences of the transverse and longitudinal
relaxation times averaged over the longitudinal wave
vector on the energy of the transverse motion were cal-
culated from (16) and are shown in Fig. 2 (curves 1 and

SEMICONDUCTORS  Val. 37

No. 5 2003

571
T",pS T[l! ps
41.1
50+
1.0
1 4
1ol 0.9
St 2 Ho08
0.7
1+
| | | | | | | 06
0 05 10 15 20 25 3.0 35

kA
Fig. 1. Dispersion of the transverse and longitudinal relax-
ation timeswith respect to the longitudinal wavevector; T =
77 K, the transverse-motion energy Eq = kgT.
T, ps
10 I 1

8-

Fig. 2. Dispersion of the transverse and longitudinal relax-
ation times (averaged over the longitudinal wave vector)
with respect to the transverse-motion energy: (1) t1o(Ep),
(2 1 (Ep), (1) 1a(E)*, (2) 1)(Ep)*, and (3) T(E) for bulk
GaAs, * marks the results obtained with the approximate
wave function [4].

2, respectively). Their behavior is close to the power
law with the exponent being greater than unity for
T(Ep) and smaller than unity for 1 (Eq). One can see
that the transverse relaxation time always exceeds the
relaxation time in bulk GaAs (curve 3), while, for the
longitudinal relaxation time, this is the case only at
Eq < 3k, T. An approximate cal culation carried out with
the el ectron wave function taken as a Bl och-type sum of
the wave functions of isolated, infinitely deep QWs[4]
yields lower values of both 1+(E;) (curve 1) and
T(Ep)(curve 2). In contrast to the transverse relaxation
time, this discrepancy is considerable for the longitudi-
nal relaxation time. This leads to a reduced anisotropy
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oom2 V-l T, ps shown in Fig. 4. One can see that an increase in the SL
9 13.0 period leads to an increase in the transverse relaxation
8 ’ time (curve 1) and a decrease in the longitudinal relax-
7 ation time (curve 2). Due to this different behavior, the
6 1ss anisotropy of the relaxation time @, Jincreases
St ’ nearly by afactor of four upon atwofoldi mcrease inthe

4 SL period (see curve 3).

3 42.0
4. CONCLUSION

0.01 1is Thus, the following conclusions can be made from
: the numerical analysis of the electron scattering by ion-
0.008 ized impurities in SLs with doped QWs, carried out
0.006 10 using the electron wave function given by expression (1):

Fig. 3. Temperature dependences of the mobilities and the
energy-averaged components of the relaxation-time tensor:

(1) Mo, @y, (1) BpLand (2) @)t

[ ps @t 0
24F - 140
22+ 20
2.0F ! o7 >
1.8F -7 130
1.6+ 42.5
1.4+

Lol 42.0
1.0+ H1.5
0.8F

061 41.0

1
10 12 14 16 18 20
d, nm

Fig. 4. Dependences of the energy-averaged components of
the relaxation-time tensor on the SL period under constant
electron density: (1) @50 (2) @) Land (3) ©pUE)

of the energy-averaged relaxation time calculated in this
paper ([, = 1.9) in comparison with that obtained
from the apprOX| mate cal culation ([T, = 3.4).

Differences in the variation of longitudina and
transverse relaxation times with the transverse-motion
energy lead to different temperature dependences of the
energy-averaged relaxation times and mobilities (Fig. 3).
One can see that, with increasing temperature, @0
(curve 2) grows considerably weaker than [@[{curve 1);
asaconsequence, thelongitudinal mobility u (curve2)
decreases with increasing temperature, whil e the trans-
verse mobility Py (curve 1) increases—a behavior sim-
ilar to the mobility in bulk GaAs.

Dependences of the energy-averaged components of
the rel axation-time tensor (@ [and [1,Jon the SL period
under a constant electron density n = 10% cm are

(i) thereisapronounced dependence of thelongitudinal
relaxation time on the longitudinal wave vector; (ii) the
longitudinal and transverse relaxation times show dif-
ferent dependences on the transverse-motion energy,
which results in different temperature dependences of
the longitudinal and transverse mohilities; and (iii) the
anisotropy of the relaxation time increases with an
increase in the SL period.

It should be noted that the results of the numerical
analysis were obtained in an approximation assuming a
quasi-2D nature of the electron gas. This imposes sub-
stantia limitations on the SL parameters (such as the
width of the QWs and the height and thickness of the
potentia barriers) and the relationships between them,
which ensure that the condition A < k,T remainsvalid.
In order to extend the present treatment to the SLs
where the electron gas no longer exhibits quasi-2D
behavior, one needs to take into account the energy of
longitudinal motion in the equation expressing total-
energy conservation when an electron is scattered by an
ionized impurity.
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Abstract—Electronic states in the conduction band of (AlAS)\(Al,Ga, _,AS)\(110) superlattices are investi-
gated for various M and N. It is shown that electronic properties of these structures are mainly determined by
electrons of two pairs of valleys, namely, either F-X% or X*-X. Calculations based on the developed mode! of
joining the envel ope functions were carried out. Miniband spectra, symmetry, and localization of wave func-
tions, as well as probabilities of miniband-to-miniband infrared absorption, are determined and analyzed. It is
shown that, in the case of the X*-X" pair of valleys, the absorption probabilities are high not only for polariza-
tion of light along the growth axis of the superlattice but also for the normal incidence of an optical wave on
the structure surface. © 2003 MAIK “ Nauka/Interperiodica” .

1. INTRODUCTION

When investigating electronic and optical proper-
ties of I11-V-based nanostructures, most attention is
given to structures for which the statesin the center of
the Brillouin zone (I point) play aleading role. Con-
siderably fewer studies are devoted to the structures
whose el ectronic properties are caused by the states at
the edge of the Brillouin zone (X point). Previously,
we considered similar structures with the [111]
growth axis [1, 2]. This study is devoted to the theo-
retical investigation of the electronic and optical prop-
ertiesof (AlAg)u(Al,Ga, _,As)y superlattices (SL) with
(110) interfaces. Here, M and N are the number of
monolayers for the AlAs layer and a solid solution
layer, respectively. To date, thereisalack of theoretical
knowledge about these systems, in contrast with the
structureswith (001) and (111) interfaces. The symme-
try of defect states for an SL with (001), (110), and
(111) layers was investigated in [3]. The electronic
statesin GaA s(110) quantum wellswereinvestigated in
[4, 5]. The optical properties of GaAs/AIAS(110) SLs
were investigated in [6]. To our knowledge, the SLs
with a[110] growth axis and a rather large period, for
which the role of the X electrons is decisive, have not
been investigated.

Let wus discuss the symmetry of an
(AlAS)u(ALLGa, -, A)N(110) SL. By virtue of the
closeness of the lattice constants a for the AlAs and
AlLGa, _,Ascrystals, wewill consider them to be equal
and ignore the strains emerging in the SL which are
caused by their actual distinction. Each atomic plane
normal to the growth axis contains anions and cations.
The distance between neighboring atomic planes

equals a/2./2.. Increasing numbers can be assigned to

atomic planes as the distance from a certain plane (con-
sidered astheorigin) increases. In this case, planeswith
even and odd numbers will emerge. The atomic
arrangement for even (or odd) planesisidentical. The
atomic arrangement for odd planes differs by a certain
vector in the (110) planerelative to even planes. There-
fore, the SL symmetry depends on the M and N num-
bers. Let us first consider the trandational symmetry.
All possible SLsbelong to an orthorhombic crystal sys-
tem. For an even M + N sum, it is convenient to select
the SL unit cell in the form of arectangular parallelepi-
ped, which is based on the vectors A, = (a/2)(1, -1, 0),
A, = (M + N)(a/2)(1, 1, 0), and A; = a(0, O, 1). Such a
lattice is simple; it is denoted by a 'y symbol. For an
odd sum M + N, the A; and A; vectors are retained,
whereas the A, vector can be selected in the form A, =
(M + N -1)(a/2)(1, 1, 0) + (a/2)(1, O, 1). The corre-
sponding lattice is body-centered; it is denoted by a "y

symbol. The Brillouin zone for the I lattice is rather
simple and constitutes arectangular parallelepiped. The
Brillouin zonefor the 'y latticeis showninFig. 1. Let

us further consider the SL point symmetry. If thereisa
layer in which the ML number is odd, i.e., one or both
numbers, M and N, are odd, the origin of coordinates
can be placed at one of the atoms in the middle atomic
plane of such alayer. In this case, the SL is symmetric
relative to arotation by 180° around the [001] axis and

relative to reflections in the (110) and (110) planes.
Corresponding space groups of symmetry are symmor-

phic (C4, for odd M and N, and C2_ for odd M(N) and

even N(M). If the ML number is even for both layers, it
is convenient to select the origin at the middle of one of

1063-7826/03/3705-0573%24.00 © 2003 MAIK “Nauka/Interperiodica’
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(110)

(001)

Fig. 1. Brillouin zone of the (AlAS)\(AlGey _,AS)N(110)
superlattice; (M + N) is an odd number.

the layers between two atomic planes. In this case, the

SL is symmetric relative to the reflection in the (110)
plane. However, the rotation by 180° and the reflection
in the (110) plane should be accompanied by fractional
tranglations; the SL should superpose itself due to this
operation. The corresponding space group is non-sym-

morphic; it is symbolized as CZV [7].

2. MODELS OF ELECTRON SCATTERING
AT THE HETEROINTERFACE

We investigated the electronic states for the SL in
the approximation of an interface-discontinuous poten-
tial. In contrast with structureswith (001) and (111) ori-
entations [1, 2], we selected heterointerfaces in the
middle of spacings between atomic layers. The calcula-
tion was carried out by the scattering-matrix method,
and a complex band structure was determined by the
empirical pseudopotential method. The calculation is
described in detail elsewhere [1, 2]. To describe the
electronic states in these structures, we developed cor-
responding approximate modelsin the framework of an
approximation of envelope functions. They are briefly
discussed below. A more detailed substantiation of the
models suggested will be given in a separate report.

2.1. X*-XY Model

Depending on the value of the component k;, of the
wave vector, which is parallel to heterointerfaces, elec-
tronic minibands are formed from various valleys of
starting components.

In the case k; = (2Ma)(1/2, -1/2, 0), two X valeys
exist, whose wave-vector components are normal to the
heterointerface: ké = (2ma)(1/2, 1/2, 0) (k = (217a)(100),
X% valey), and ké = (2ra)(-1/2, -1/2, 0 (k =

(217a)(010), XY valley). For an even ML number,

M + N, the XX and XY pointsfind themselves at the same
point at the boundary of the Brillouin zone. For an odd

KARAVAEV et al.

ML number, they are found at various points on the T
dtar (see Fig. 1). For this k, two X wells (X* and X)
exist in the AlAs layer and two X barriers exist in the
Al,Ga, _,As layer; as a result, the X*-X¥ mixing of
statesis possible.

Our investigations showed that, for the case k; =
(2a)(1/2, -1/2, 0), we can restrict ourselvesto afour-
valey model in which the wave function for each
medium can be represented as

W = i |X3 OF FalXa OF Fyy X OF FalXa0F X, (1)

where [X;0 |X{0 X530 and |X;Oare the real wave
functions of the X; and X; levels at the points X* and XY
and F are the envelope functions for corresponding
states. Joining conditions at the heterointerfaces are
found for precisely these functions and their normal
derivatives. For joining conditions of a desired wave
function, allowanceis madefor contributionswhich are
related to four valleys. However, this does not mean
that only four summands should be represented in
expansion (1). Even more than four terms can be
involved in expansion (1); however, only four envelope
functions can be considered asindependent. Other con-
tributions, which are described by the x function in
expansion (1), should be taken into account to deter-
mine the energy spectrum and wave functions more
exactly.

It was found that the envel ope functions F and their
normal derivatives F' at the heterointerfaces satisfy the
following joining conditions:

~A ~ =B

F =TF. 2
Here, index A corresponds to the AlAs layer; index B
corresponds to the solid solution layer; F" and F° are
the column vectors with eight components; Fx;, Fxs,
Fius Fxas (Fx1)' (Fxa)' (Fxa)', and (Fya);and T is
the (8 x 8) joining matrix. By virtue of the symmetry of
the problem, the system of eight equations (2) could be
reduced to two uncoupled systems of four equations. To
this end, let us form symmetric and antisymmetric lin-
ear combinations of envelope functions and their deriv-
atives, and write joining conditions for these functions.
Asaresult, Eq. (2) transformsto the form

F* = TF®, ©)

where FA and FB are the column vectors,
F o= S (F 4 Pl B+ Fla (FX + FX) (FX
2 “
+Fa)'s Fia—Fya Fla—Fa (Fa—Fx)'s (Fa—Fi));
T=T,0T,. 5)
SEMICONDUCTORS ~ Vol. 37
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The (4 x 4) matrices T, and T, take the form
Ti2) = XE+(1-X)By(y), (6)

where x characterizes the composition of the solid solu-
tion, Eisa(4 x 4) unit matrix, and B, are the matrices
determined according to the procedure [1, 2] and are
equal to

H 09715 70.0109 ¥0.0073 0.0033 4
030,047 1.0236 —0.0045 F0.00590 (7,
H+0.1268 —0.0679 1.0579 ¥0.0486
0-0.1761 +0.2933 ¥0.0039 1.0630 U

The upper signs in matrix (7) are related to the B,
matrix, and the lower signs are related to the B, matrix.
Note that matrix elements which couple the envelope
functions to their derivatives are not dimensionless.
Numerical values in matrix (7) are given with the pro-
viso that the length unit is the lattice parameter of the
bulk material. The basis Bloch functions for bulk mate-
rials are determined with the proviso that the origin of
coordinates is at the As atom; these functions are
selected as real functions. As a result, the elements of
matrices By, are also found to bereal. Matrices T, and
T, determined at the selected nth interface do not

|

By =

575

change in passing to the mth interface if the number K
of monolayers between them is even, and matrix T,
transforms to matrix T, and vice versaif K isodd. This
variation in joining matrices can be formally described
by the relationship T(m) = UX(K)T (n)U(K), where

oy = 50 €5 @®
O-E 00O

and E isaunit four-by-four matrix.

To carry out the numerical calculations, the joining
conditions for envelope functions should be comple-
mented by a model for determining the energy spec-
trum and wave functionsfor bulk materials. When solv-
ing the Schrodinger equation, the states associated with
the XX and XY points may be considered separately for
each layer. In the neighborhood of the XX point, we
find the wave function in a form of expansion in the

wave functions of the X;™ and X3 states of the

conduction band and in two functions of the X2"

states of the valence band. Upon substituting these
expansion into the Schrodinger equation for the XX
valleys, we derive asystem of linear equationsfor coef-
ficients D of this expansion:

HEq +EW —E  —E,RW iE;RyW 0 BD D, -
E iEQRAW  Eyg+ EqW —E iE,RGW D3 D 0. ©
O .
o - EOR;(W 0 Eys + Eov\/2 -E 0 DHDSV(XD
O : X U0p, U
|:| 0 _l EOR3W EX5 + Eow E D z
Here, w = (kg — kém)a; E, = #%2mea2 # is Planck’s applicability of Egs. (9). There are four such roots for

constant; my is the rest mass of afree electron; and
Ry = i OXy|Py| X{BA2/4,
Ry = —i [Xy|Py| Xsy[BA/2/1,
Ry = —i [X4|P,| XsB4/2/H.

The energies of the X;, X;, and X; states, as well asthe
matrix elements [X;|P,|X;Uof the momentum operator
for the Al,Ga, _,As layer at various x, which are neces-
sary for the calculation, are determined by the pseudo-
potential method and are given in [2]. Note that the set
of equations (9) is identical for the X* and X" valleys,
since we are considering the case for a fixed k; =
(2ra)(V2, 12, 0).

From the conditions of solvability for the system of
algebraic equations (9), the roots wi(E) are derived. In
this case, not all roots derived are taken into account,
but only those which satisfy the conditions for the
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each system of equations. Thus selected, the w;(E) roots
turn out to be very closeto those found upon investigat-
ing the complex band structure by the pseudopotential
method. The envelope functions of the XX and XY wave
functions take the form of linear combination of partial
solutions D" (j)exp(iwy/a./2), wherey = (x+y)/ /2.
The wave functionsw; for both valleys are identical. As
aresult, for each layer, general solution (1) depends on
eight arbitrary coefficients.

2.2. T-X? Model
For k =0, the I state with k; = 0 and a state with
ké = (21a)(110) exist. It is clear that the latter state is
equivalent to the X? state to within the reciprocal lattice

vector b = (2rva)(111). For this k; value, X wells and
I barriersexistintheAlAslayer, and I wellsand X bar-
riersexist in the Al,Ga, _yAs layer; the T'—X mixing of
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states is possible at the heterointerfaces. For an even
ML number inthe SL period, the ™ and X? points of the
Brillouin zone of sphalerite convolve at the center of
the Brillouin zone of the SL; and in the case of an odd
ML number, the X? point finds itself at the Brillouin
zone boundary (F point).

To describe electron states for k, = 0, a three-valley
model isagood approximation. In thismodel, the wave
function for each medium is written in the form

W = Fp|M,OF FaaXI0OF Fal X530 X, (10)

where |, |XZ [and | X5 Care the wave functions for
the ', X;, and X; states; F are the envelope functions
for corresponding states; and the x function

X = FauXe,0F Fa X5, 0F FislM 150 Fis M50 (12)

E0.9637 0.0064 0.0373
£0.0005 0.9900 0.0299
B - 10,0372 —0.0594 0.9348

= [
E 0 0 0
o o 0 0
O o 0 0

KARAVAEV et al.

describes the contribution of Xg states of the valence
band and the nearest I ;5 states (the latter imply the

combinations |IMys= (1 4/2)(IM s, |15,

As before, the envelope functions F and their nor-
mal derivatives F' at the heterointerfaces satisfy joining
conditions of form (3); in this case, F are the six-com-
ponent column vectors:

F = (Fxu Fxa (FF1)', (FX1)'s (Fxa)'s Fra)-

The joining matrix T has a six-by-six order and, simi-
larly to the previous case, can be represented in the
form

(12)

T = xE+(1-Xx)B. (23
The B matrix, which is also determined according to
the procedure [1, 2], has the form (for the same system
of units)

0 0 0 O
0 0 0 [
0
0 0 0 g (14)

1.14477 0.1454 0.8011 O
—0.0585 0.9524 —0.8218%
0.0252 0.0251 0.8020 U

IntheT matrix, the elements describing the T—XZ interaction change sign when the interface spaced at an odd num-

ber of monolayersis reached.

To find the envelope functions in the I' and X# valleys, the systems of equations of type (9) should be used. A
system of equations for the XZ valley evidently differs from system (9):

HE + EW’ —E 0 i E,RAW i EoRAW BEDX%
E 0 iEys + EQW —E  iE,Rw i E,RAw EEDX% 0 (15)
0 —iE,Rw AE,R'W  Eys+ EgW?—E 0 D%DXSE
| . X . X 2 D[D ]

Here, w = (ky — ké )a, and the other designations are similar to system (9).

For the T valley, we used a system of equations which permits one to adequately describe the nonparabolicity
of the energy spectrum. We took into account the direct interaction of the " ; level in the conduction band with the
nearest 15 levelsin the valence and conduction bands. As aresult, we derived a system of three equations:

E Er, +EwW -E iE;Rlw

O

E —ERW  E. +EAW -E
HiERw 0

HERW  gPr
mr
0 g = o (16)
00
Erc + EhoW —E I
SEMICONDUCTORS Vol. 37 No.5 2003
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Here, w = k-g;

_ 4E(,|Rg|2
Ae=1+ E.-E

r15 r15

4E0|R3|

Av=1 =,

account for the direct interaction 5, —I"}5 in effective
masses, and

Ry = —i [T 4|Py| M B2/4,
R, = i [T 4Py B2/,
Ry = —i [T 55| Py M B2/

Matrix elements of the momentum operator, similarly
tothe Er, Ef_, and Ef energies, are determined by

the pseudopotential method. From the conditions for
the solvability of the sets of algebraic equations (15)
and (16), the roots w,(E) that satisfy the conditions for
the applicability of Egs. (15) and (16) arefound. It turns
out that there are four such roots, if we consider the
envelope functions of X functions, and two rootsin the
case of I" functions. Thus-chosen roots are used to con-
struct the general solution for envelope functionsin the
form of a linear combination of partial solutions

D! @ (j)exp(iwy/a~/2). Itisclear that, in this case the
wave numbers w;, are different for the I” and X* valleys.

Thus, the models presented in this section allow
one to investigate various quantum properties of
AIAFAILGa, _ As-based nanostructures. Note that our
calculations with the use of the pseudopotential method
and calculations based on the above models give prac-
tically identical results.

3. ANALY SIS OF ELECTRONIC PROPERTIES
OF SUPERLATTICES

We investigated the situation where the resonance
energies of the I' states for the Al,Ga, _,As layer are
higher than the energies of the X valeys for the AlAs
layer. This condition is realized by the choice of x and
N guantities, and allows one to exclude the influence of
I" electrons on the photoel ectric properties. The proper-
ties of such superlattices are mainly governed by X
electrons.

In this study, we report the results of calculationsfor
the (AlAs)\(AlLGa, _,A9)N(110) structures, which are
further denoted as (M, N), whereM =13 or 16 and N =
13 or 16 withx=0.3. Let d; bethethickness of theAlAs
layer, and d,, the thickness of the solid solution layer. In
this case, the SL period along the growth direction is
d =d, + d,. According to the Bloch theorem, with a shift
by an integer SL vector (mainly along the growth axis
by the period d = d; + d,), the solution should be

SEMICONDUCTORS  Val. 37
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changed by a phase factor. Let uswritethisconditionin
the form

FAOy) = e “uM+N)F*®P(y+d), (17

where Q isthe component of the wave vector of the SL
along the [110] direction. If k, = (2Wa)(1/2,-1/2, 0), Q
is counted from the T point, into which the X* point
convolves, the F vector is defined by formula (4), and
the matrix U is defined by formula (8). If k; =0, Q is
counted from the I point, F takesform (12), and U isa
diagonal six-by-six matrix, which differs from the unit
matrix by four termsin the main diagonal (elements 1,
2,4, 5), which are equal to (-1)M*+N,

Let usfirst consider the case k= (21Ma)(1/2, -1/2, 0).
As was already noted above, the general solution for
each layer depends on eight arbitrary coefficients.
Since condition (17) is valid for each y', eight linear
equations follow from this relationship, which link 16
unknown coefficients. Just as many equations for the
same coefficients can be derived using the scattering
matrix, which couples the states at opposite boundaries
of the SL unit cell aong the [110] direction. From the
condition for solvability of these sets of equations, the
spectrum of admissible energies is determined. Then,
the envelope functions are constructed for each layer and
the general solution of the problem isfound in form (1).
We described this procedure in detail previoudy [1].

The energy spectra for four lower states in relation
to the wave vector Q of the SL for the SLs (13,13),
(16,13), and (16,16) are shown in Fig. 2. Note that the
energy position of minibands correlates well with the
levels of corresponding quantum wells. Attention
should be drawn to theradically different run of disper-
sion curvesfor the three cases under consideration. For

the SL (13,13), the space group is Cév and al smal
corepresentations for the points at the Brillouin zone
boundary along the line (217a)(0.5 + K, 0.5 + K, 0),
where |k| < 0.5(N + M), are one-dimensiona [7].
Therefore, each miniband in Fig. 2a is nondegenerate.

For the SL (16,16), the space groupis C;v anditssmall
corepresentations along this line are two-dimensional.
Accordingly, the minibands are doubly degenerate
(Fig. 2¢). Finally, for the SL (16,13), all small corepre-
sentations for the points along the same line, which
now passes through the Brillouin zone and connects
two nonequivalent points of the T star (see Fig. 1), are

one-dimensional (the SL space group is C. ) and the
minibands are nondegenerate. It can be seen that the
splitting of minibandsissmall, specifically, about 0.01—
0.02 eV both for the first and second pair of minibands.

Thetota electron density for the structure (16,13) at
Q = 0for thefirst and third lower levels, which is aver-
aged over the unit cell of a bulk crystal, is shown in
Fig. 3. The dependences of the electron density for the
second and fourth levels have a similar form. It can be
seen that the electron density is concentrated mainly in
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Fig. 2. Miniband spectrum for the (AlAs)\ (Al 3Gag 7AS)\(110) superlattices—dependences of energy E on the wave vector Q for
k= (2ma)(1/2, —1/2, 0). Numbers (M, N): (a) (13,13), (b) (16,13), and (c) (16,16). Miniband energies E are reckoned from the con-

duction band bottom of GaAs.

the AlAs layer. Similar behavior is aso observed for
most of the other structures investigated. A small dis-
continuity of the average electron density is observed at
the heterointerface, which is associated with the differ-
ence between Bloch wave functions for the AlAs and
Al,Ga, _,As layers. For all above-listed SLs, the X

IFP
0.25

0.20

0.15

0.10

0.05

1 1 1 1 | 1 1
0 24 6 8101214161820222426283
Distance, monolayers

Fig. 3. Distribution of the total electron density |F|® over the
period of the (AlAS) g(Alg3Gag 7AS)13(110) superléttice.
The solid line corresponds to the first miniband, and the
dashed line corresponds to the third miniband.

quantities, which characterize the SL ability to absorb
infrared radiation, were calcul ated:

S = |elPy,”.

Here, Py, = [@,(r)|P|W,(r)Uis the matrix element of
momentum between the wave functions of the first
and second pair of minibands; and eisthe polarization
vector of the optical wave, which is chosen so that the
value of X is largest. The calculation showed that the
(AlAS)\(ALGa, _,AS)N(110) structures can absorb nor-
mally incident radiation rather efficiently (seetable). In
the table, the indexes, which are given in the second
column, numerate the functions of minibands as the
energy increases. For the degenerate case (16,16), s (a)
denotes the function which is symmetric (antisymmet-

ric) relative to the reflection in the (110) plane, while
the number indicates the miniband number. Note that
zero values of the Z quantity for the structures with an
even ML number (13,13) and (16,16) are caused by the
symmetry of wave functions. For these structures, sim-
ilarly for both normal and lateral incidence of light, the
2 quantity decreases monotonically with increasing Q.
For the structures (13,16) and (16,13), the Q depen-
dence of % is different for dissimilar transitions. Fur-
thermore, the values Z = 0 for these functions, which
are given in the table, smply mean that = < 1073, It can
be seen from the results obtained that, in general, the Z
quantity for normal incidence is smaller than this quan-
tity for lateral incidence of light on the structure by a
factor of 3—4. The results obtained are quite acceptable,
since the normal incidence of light can involve an area
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Optical parameter > for various directions of incidence of the optical wave
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Q=0 Q=12d vd
(M, N) Transition
Normal Lateral Normal Lateral Normal Lateral
(13, 13) 1-3 0 0.348 0 0.436 0 0.573
14 0.114 0 0.126 0 0.158 0
2-3 0.129 0 0.14 0 0.169 0
24 0 0.388 0 0.457 0 0.589
(13, 16) 1-3 0.021 0.314 0 0.451 0.021 0.314
14 0.111 0.137 0.126 0 0.111 0.137
2-3 0.131 0.207 0.142 0 0.131 0.206
24 0.019 0.291 0 0.457 0.019 0.291
(16, 13) 1-3 0 0 0.113 0.002 0 0
14 0.107 0.332 0.001 0.385 0.107 0.332
2-3 0.137 0.478 0.004 0.401 0.137 0.478
2-4 0 0 0.124 0.014 0 0
(16, 16) sl-s2 0 0.372 0 0.406 0 0.447
sl-a2 0.117 0 0.122 0 0.130 0
al-s2 0.117 0 0.122 0 0.130 0
al-a2 0 0.372 0 0.406 0 0.447

whichislarger than that for lateral incidence by afactor
of several orders of magnitude.

Let usbriefly consider the results for k; = 0. In con-
trast with the previous case, the choice of M and N val-
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Fig. 4. Miniband spectrum for the
(AlAS)16(Alg 3Gag 7AS)13(110) superlattices as a function
of the wave vector Q for k= 0. Miniband energies E are
reckoned from the conduction band bottom of GaAs.
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ues basically does not affect the energy spectrum. Asan
example, the spectrum of the SL with M =16, N = 13,
and x = 0.3 isshown in Fig. 4. In this case, the Q com-
ponent of the wave vector of the SL along the [110]
directionisreckoned fromthel point. Notethat, inthis
case, the energy position of corresponding minibandsis
approximately 0.01 eV higher than that for k, =
(27a)(1/2, -1/2, 0). This correlates with the difference
in effective masses for the XX and X? valleys along the
[110] direction. The calculation demonstrated that the
electron density is concentrated mainly inthe AlAs|lay-
ers. It isfound that the Z quantity for transitions from
the first miniband to the second miniband for the nor-
mal incidence of light for all Q is considerably smaller
compared with this quantity for the lateral incidence of
light on the structure.

4. CONCLUSION

In this study, the energy spectrum of electronsin an
(AlA9u(ALGE _,As)y SL with (110) interfaces and
solid solution composition x = 0.3 was investigated. In
this case, the electrons of the X valleys play the main
role, sincethel states are higher in energy. In the gen-
era case, these X valleys are located at various points
of the Brillouin zone of the SL. The energies of lower
minibands were found, and the origin of corresponding
stateswas analyzed. It was shown that the electron den-
sity in lower minibands is concentrated mainly in the
AlAs layers. The squares of corresponding optical
matrix elements were determined; it was shown that,
similarly to an analogous SL with (111) interfaces, the
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SLsinvestigated can absorb rather efficiently the radia-
tion that isincident normally on the surface. It turns out
that such behavior is characteristic of the states that are
related to the XX valleys. However, for the states
related to the X valley, the absorption of radiation that
is incident normally on the SL surface is actually for-
bidden. It was noted that the minibands that are related
to the XX valleys are actually lower than the mini-
bands related to the T—X? valleys in energy. Therefore,
the former minibands will manifest themselves more
clearly. Thus, the (AlAs)y(AlLGa, _,AS)y SLsgrownin
the [110] direction, similarly to the SL grown in the
[111] direction [1, 2], may be of interest as structures
for infrared photodetectors.
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Abstract—Photoluminescence (PL) spectra of Alg»1Gag7gASYGaATAl»Gag79AS double quantum wells
(DQWSs) separated by athin AlAsbarrier have been studied in the temperature range 77-300 K. The well width
was varied from 65 to 175 A, and the thickness of the AIAs barrier was 5, 10, or 20 A. In the case of a suffi-
ciently thin (5, 10 A) AlAs barrier, the energy spectrum of QW states is considerably modified by coupling
between the QWSs. This effect shifts the main spectral peak of PL, and specific features associated with the
splitting of the ground state into symmetric and asymmetric states are observed in the spectra at higher tem-
peratures. The DQW structure with a 20-A-thick AlAs barrier is a system of two uncoupled asymmetric
Al 21Gag 76AIGaASAIAS QWSs. The energy levelsin double coupled QWs were cal culated as functions of the
well width and AlAs barrier thickness, and good correlation with the experimentally observed energies of opti-
cal transitions was obtained. © 2003 MAIK “ Nauka/Interperiodica” .

1. INTRODUCTION

Double quantum wells (DQWSs), which constitute a
system of two QWs separated by athin (several mono-
layers) layer of another material, have been investigated
experimentally and theoreticaly over the last three
decades. Initially, these studies were closgly associated
with the problem of the fabrication and application of
semiconductor superl attices, since a system of two cou-
pled wells can be regarded as a unit cell of a superlat-
tice.

Recently, new interest in these systems was inspired
by studies which predicted new effects in DQWSs and
discussed their possible applications in micro- and
optoelectronic devices. These effects include (i) an
increasein mobility dueto adecreaseintherate of elec-
tron-phonon scattering and (ii) population inversion for
electron quantum subbands and the related stimulated
emission [1, 2].

It is necessary to note that the majority of studies
were performed with AlIGaAsGaAgAIGaAs DQWSs
with a thin AlGaAs barrier having the same composi-
tion as the main barriers. The electrical and optical
properties of this system have been thoroughly investi-
gated. In particular, the photoluminescence (PL) spec-
tra have been studied in relation to the thickness of the
AlGaAs barrier and it was shown that the coupling of
electron wave functions in the wells strongly modifies
the energy spectrum of localized states in DQW for an
AlGaAs barrier thickness up to 40 A [3].

Much less studied is the AlIGaAs/GaAs/AlGaAs
DQW system with athin AlAslayer asthe separating
barrier, impenetrable to phonons. A considerable

decrease in the electron—phonon scattering and an
improvement in the transport characteristics was pre-
dicted for thissystem [4]. In this case, it iS necessary
to ensure that, being a “phonon-wall,” the AlAs bar-
rier remains tunnel-transparent for electrons. There-
fore, an important step in the engineering of
AlGaAs/GaAs/AlGaAs DQWswith anAlAsbarrier is
the study of eectron states as functions of the main
parameters of a structure: the AlAs-layer thickness,
width of wells, and height of the main Al,Ga, _,As bar-
riers. One of the most informative methods for studying
specific features in the energy spectrum of carriers in
semiconductors is PL spectroscopy. Investigations of
PL spectra enable the high-accuracy determination of
the ground state energy in a QW at low temperatures
and the energies of excited states at higher tempera-
tures.

The goal of the present study is to investigate
the temperature behavior of PL spectra of
Al Gay,0ASGaAFAly,,Gay .6As DQWs with an
AlAsbarrier of varied thickness depending on the QW
width and to correlate the data obtained with calcu-
lated energies of localized states in this system. The
PL in similar structures has been studied in [5, 6].
However, in these studies, there was considerable dis-
crepancy between the experiment and calculations.
We believe that this incongruence resulted from sev-
eral assumptions made by the authors to simplify the
calculation of quantum levels, such as the equality of
effective massesin all layers[5], or an infinitely high
AlAs barrier [6]. In the present study, we have made
an attempt to perform more stringent cal culations tak-
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Fig. 1. Calculated energies of (eg ea) eectron and (hhg, hhy)

holelevelsrelativeto GaAsenergy gap edgesvs. the AlAs-bar-
rier thickness d in an Alg 21 Gag70AYGaATAl 21Gag 70AS

DQW with the QW widths (solid lines) L = 65 A and
(dashed lines) L = 130 A. Insert: a profile of the conduction
band bottom.

ing into account the real parametersof all thelayersin
aDQW.

2. EXPERIMENTAL

A standard technique was applied in the study of PL
spectra I(hv). The PL was excited using a CW Ar-ion
laser (488 nm) with the excitation density varied in the
range 10-10° W cm. A sample was placed in an opti-
cal cryostat, and itstemperature was varied from liquid-
nitrogen to room temperature. An FEU-62 photomuilti-
plier was used as the photodetector.

Parameters of structures and peak energieshv,,,,, in PL spectra

Structure L, A d, A MV e €V
SQW 61 65 1.552
DQW 55 65 20 1.565
DQW 62 65 5 1.552
SQW 54 130 1523
DQW 46 130 20 1.528
DQW 50 130 10 1.524
DQW 56 130 5 1.520
SQW 45 260 1.510
DQW 52 90 20 1.546
SQW 51 180 1514
DQW 59 175 20 1516
SQW 58 350 1.507

GALIEV et al.

The structures for study were grown by MBE on
(100)GaAs substrates by successive deposition of the
following undoped layers: a GaAs buffer layer (0.5 um
thick); an Aly»,Gay-9AS lower barrier layer (310 A);
a GaAs layer serving as the QW material; an
Al 1Gag70AS top barrier (310 A); and a GaAs (80 A)
capping layer. The growth temperature was 600°C for
GaAs and AlAs, and 640°C for Aly,,Gag70AS layers;
the ratio of As and Ga flow rates in the growth region
was 30. Along with symmetric AlGaAs/GaAs/AlGaAs
single QWs (SQW), DQWSs were grown, which dif-
fered by the presence of athin AlAslayer in the middle
of the GaAs well, which was thus separated into two
asymmetric AlGaAsGaAgAlAs wells of equal width.
The insert in Fig. 1 shows a schematic profile of the
conduction band bottom in aDQW. Structureswith dif-
ferent QW widths L = 65-350 A and thicknesses of the
AlAs separating layer d = 5, 10, and 20 A have been
studied. The parameters of samples with double and
single quantum wells (DQW and SQW) arelisted inthe
table.

3. RESULTS OF CALCULATIONS

The energies of electron and hole levels in SQWs
and DQWs with parameters corresponding to those in
the structures under study have been calculated.

The energy levelsin wellswere obtained by solving
the Schrédinger equations (three for SQW and five for
DQW) taking into account the continuity of wave func-
tions and their first derivatives at heterointerfaces. The
calculations were performed using an approximation of
the isotropic parabolic dependences of the electron and
hole energies on the wave vector; the ratio between the
offsets of the conduction and valence bands, AEJAE,,
was assumed to be 0.6/0.4.

The electron and hole energy levels E, in SQWSs
with asymmetric barriers were found by numericaly
solving the equation

(Tk=y1ky)(ik=y,ky)
(ik+y.ky) (ik +y,ky)

where i is an imaginary unit; k = ./2mE,/A; Kk =

2m(V,—E,) /f; k, = ./2my(V,—E,) /h; V, and V,
are the height of AlGaAs and AlAs barriers, respec-
tively; m, my, and m, are the effective masses in the
GaAs well and in the AlGaAs and AlAs barriers,
respectively; L is the QW width; y; = mVmy; and v, =
nmm.

For asymmetric SQW, k; = k;.
For aDQW, the equation for the calculation of levels
can be simplified to the form

B yiz—iﬁ/% —yiz—iﬂz — exp(-2k,d) = 0,
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where

B = o exp(—ikd/2) + exp(ikd/2)
aexp(—ikd/2) —exp(ikd/2)’

ikt yikg .
= ik—ylkleXp[l k(2L +d)],

L is the width of each of the asymmetric wells consti-
tuting the DQW, and d isthe AlAs-barrier thickness.

Figure 1 shows the calculated results for DQWSs
with well widths L = 65 and 130 A. At large enough d,
when coupling between the wellsin aDQW is absent,
the calculation yields the energy of the ground level in
an isolated SQW of the width L with asymmetric
AlGaAsGaAg/AlAs barriers. When the separating
barrier becomes thinner, the coupling between the
wells is enhanced, and the levels are split into sym-
metric (es, hhg) and antisymmetric (e,, hh,) states. In
thelimit d = 0, the DQW turnsinto asingle symmetric
AlGaAgGaAgAIGaAs well of width 2L, and the split
states turn into 1e and 2e (1hh and 2hh) levels in this
well. Between the two limiting cases, the calculated
dependences describe the electron spectrum of a sys-
tem of two bound asymmetric wells, each of width L. It
is seen that the coupling of electron wave functions is
manifested to a greater extent in DQWSs with narrower
wells. The levels e, and e merge in the DQW system
with the well width L = 130 A: i.e,, the wells are no
longer coupled at the AlAs-barrier thicknessd = 15 A.
A dlight (~5 meV) splitting of electron levels till
remains in QWs of the width L = 65 A with d = 20 A.
Calculations show that the hole level is split to a much
lesser extent than the electron level; at L = 130 A, split-
ting is virtually absent, so the curves are not shown in
the picture.

Figure 2 shows the calculated energies of the PL
peak (hv,..) related to the transition 1e-1hh as func-
tions of the well width for SQWs with symmetric and
asymmetric barriers, AlGaAs/GaAsAlGaAs and
AlGaAgGaAs/AlAs. The energy deficit with respect to
the GaAs energy gap (Ecaad Eget = NVinax — Ecaas 1S
plotted along the ordinate axis, which is commonly
done in studies of the energy spectrum of localized
states in quantum-confined semiconductor systems.
This representation allows for amore accurate compar-
ison of the experimental and calculated datathan that in
the case of absolute values. Furthermore, it excludesthe
temperature dependence of the GaAs energy gap and
allows comparison of spectrarecorded at different tem-
peratures.

AsseeninFig. 2, theenergy of the le-1hhtransition
is higher in asymmetric wells than in symmetric wells.
The difference decreases as the width of the well
increase, and it becomes negligible at d > 150 A.
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Fig. 2. Calculated dependences of Egg = Vg — Egaas ON
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AlGaAs/GaAs/AlGaAs SQW, (dashed line) asymmetric
AlGaAs/GaAgAIAs SQWSs. Points: (1) experimental
Eger. values for symmetric SQWSs, and (2) a DQW with a
20-A-thick AlAs barrier.

4. DISCUSSION

Figures 3aand 3b show the experimental PL spectra
I(hv) recorded at T = 77 K. Each figure compares the
spectra of two DQWSs of the same width L which differ
inthe AlAs barrier thickness (5 and 20 A) and the spec-
trum of asymmetrical SQW of the width 2L. The spec-
tra of al the studied structures with double and single
wells show a high-intensity band related to the transi-
tion between the ground states: this band corresponds
to the 1e-1hh transition in an SQW and the ec-hhgtran-
sition in a DQW (the experimental values of the peak
energy hv,. of the main band are listed in the table).
The shape of this band is nearly symmetric, its half-
width being typical of undoped QWs (13-15 meV). It
is noteworthy that the DQW spectra do not differ in
their shape and half-width from the SQW spectra and
that they contain no additional features, which confirms
the high quality of the grown structures: the abruptness
of heterointerfaces and the equality of widths of QWs
constituting a DQW.

In the majority of structures, the spectrarecorded at
T=77K at ahigh excitation level contained, along with
the main band, very weak bandsin the high-energy part
of the spectrum that were shifted from the main band by
90-100 meV. Judging from their energy position, these
bands can be assigned only to transitions involving vir-
tually bound carriers, i.e., electrons and holes in the
continuum, with their energy close to the height of the
main barriers AE; and AE,, respectively. The possibility
of luminescence caused by aresonance increase in the
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Fig. 3. PL spectra of different structuresat T = 77 K. (a):
ML= 1305£ (SQW54); (2)L=65A,d=5A (DQW 62);
(3)L=65A,d=20A (DQW 55). (b): (1) L =260
(SQW 45); (2) L=130A,d=5A (DQW 56); (3) L=130A,
d=20A (DQW 46).

1, arb. units
le — 1hh
1.0+

0.8

0.6

04

0.2

0.04 0.06
(hV — hV 00, €V

0 =
-0.02 0 0.02

Fig. 4. PL spectra at T =180 K with band peak positions
brought into coincidence for structures with a QW width
L = 65 A: (1) (dashed line) SQW 61; (2) (solid line)
DQW 55,d=20A; (3) DQW 62, d=5A.

probability of capture by these levels was discussed in
[7, 8]. In structures with L = 65 A, the energy of these
weak bands 1.660 + 0.003 eV corresponds to the tran-
sition between electrons in a virtually bound state and

GALIEV et al.

holes at the 1hh level; in structures with L = 130 A,
these bands were observed at (1.610 + 0.003) eV, which
corresponds to the transition between the virtualy
bound holes and electrons at the 1e level. These bands
were not observed at elevated temperatures due to the
strong temperature quenching of luminescence.

For SQWs, the experimental data on the peak ener-
gies hv,, of bandsin the PL spectra correlate with the
calculation for an SQW with symmetric barriers (solid
curvein Fig. 2). For al DQWswith an AlAs barrier of
thicknessd = 20 A, the energies hv,,,, fall on the curve
calculated for asymmetric SQWs (dashed curve). Even
for the DQW with the thinnest wells L = 65 A, for
which, according to calculations, a small splitting of
electron levels remains, the transition energy differs by
no more than 1-2 meV from the value calculated for an
asymmetric SQW of the same size. Therefore, at the
AlAslayer thicknessd = 20 A and in the studied range
of well widths 65-175 A, any DQW may be regarded
as a system of two isolated asymmetric wells.

AstheAlAsbarrier becomesthinner (d=10and5A),
its tunneling transparency increases, and the changes
caused by enhanced coupling between the electron
wave functionsin a DQW are observed in the PL spec-
tra. The spectral peaks are shifted to lower energies
with respect to those for the DQW with d = 20 A. Spec-
tral features related to the splitting of the lowest elec-
tron and hole levels appear at high temperatures.
According to calculations, the PL spectra of narrower
wells are more strongly affected by coupling: atd=5A,
the spectral peak is shifted by 15 and 8 meV for the
wells of 65 and 130 A width, respectively (Figs. 3aand
3b). These data are in good agreement with the calcu-
lated dependence of the energy of thefirst electron level
on the thickness of the AlAs barrier in coupled wells
(Fig. 1).

With rising temperature, the peak of the main PL
band of all of the structures shifts in accordance with
the temperature dependence of the GaAs band gap and
the short-wavelength shoulders related to filling of
higher subband levels appear. The number and the
energy positions of these transitions depend on the well
width and also on the tunneling transparency of the sep-
arating AlAs barrier in the case of aDQW.

In narrow wells, in which the energy spacing
between the first and second electron levels is large,
high-energy transitions can be related only to thefilling
of higher hole states. Figure 4 shows spectra of struc-
tures with the same QW width L = 65 A: an SQW and
two DQWs differing in the AsAs-barrier thickness,
with peak positions of the spectra brought into coinci-
dence. The spectra of the DQW with d = 20 A and the
SQW spectrum show one and the same transition
le-1lh at adistance of 18-19 meV from the main band,
which coincides with the results of calculationsfor iso-
lated wells. In the spectrum of coupled DQWs with an
AlAs-barrier thickness d = 5 A, in which the energy
spacing between the symmetric and antisymmetric
2003
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Fig. 5. PL spectra: (1) SQW 45, L = 260 A, T = 250 K;
(2) SQW 51, L=180A, T=210K; (3) DQW 59, L =175 A,
d=20A, T=210K.

states arising from the splitting of thefirst electron level
is 26 meV, the transitions involving these states were
revealed on raising the temperature. The calculated
energies of these transitions are indicated by arrowsin
the figure. The transition between the antisymmetric
electron and symmetric hole levels, e,—1hg, which is
forbidden in an ideally rectangular well, is rather
clearly manifested in the spectrum. The appearance of
this transition can be accounted for by the presence of
abuilt-infield, which liftsthe selection rules. Thisfield
exists even in undoped structures owing to a back-
ground impurity [9].

Thermal filling of the second electron level becomes
possible in wide wells. The transitions from this level
are revealed in high-temperature PL spectra of struc-
tures with well widths of 175 and 260 A (Fig. 5).

5. CONCLUSION

Our study has shown that if a sufficiently thin (5,
10 A) AlAs barrier is introduced into the middle of a
Alg1Gay7,0AYGaATAl 1 Gay .6AS QW, the electron
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coupling between the wellsin a DQW exerts a consid-
erable influence on the energy spectrum of quantum
states, which leads to a shift of the main PL band, and
in high-temperature spectra, to the appearance of spec-
tral features related to the splitting of levels into sym-
metric and antisymmetric states. At an AlAs-barrier
thickness of 20 A, aDQW is a system of two isolated
wells with asymmetric AlIGaAsGaAgAlAs barriersin
the entire range of studied well widths. The lack of cou-
pling between the wellsis confirmed by coincidence of
the PL spectra with the spectra of single wells of the
same size. Good correlation between the experimen-
taly observed and calculated energies of the optical
transitions has been obtained.
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Abstract—The electron heating by a strong longitudinal electric field and the energy |osses due to the scattering
of nonequilibrium electrons by polar optical phonons in rectangular GaAs/AlGaAs quantum wells are studied.
A ssimple modél is suggested to calculate the rate of energy losses due to the scattering of electrons by nonequi-
librium optical phonons. Some of the experimental results on the heating of charge carriersin quantum wellsare
discussed, and it is shown that taking nonequilibrium optical phonons into account significantly improves the
agreement between the theoretical and experimental data. © 2003 MAIK “ Nauka/Interperiodica” .

1. INTRODUCTION

The intraband transitions of electrons in quantum
wells (QWSs) have been intensively studied in recent
years. The reason is that some new types of optoelec-
tronic devices can be developed on the basis of QWs.
However, the heating of charge carriersin a QW by a
longitudinal electric field (lying in the QW-layer plane)
was analyzed only in afew studies. In most cases, elec-
tron heating during optical pumping was investigated
[1]. There are also a number of theoretical and experi-
mental studies where electron transport in superlattices
in atransverse electric field was analyzed [2-5].

In this study, the electron heating by a strong longi-
tudinal electric field and the energy losses of nonequi-
librium charge carriers in QWSs are analyzed. The
energy losses due to the scattering of charge carriers by
optical and acoustic phonons, both in bulk semiconduc-
tors [1, 6-8] and in QWs (see, for example, [9, 10]),
have been investigated in a number of studies (includ-
ing those where phonon accumulation was taken into
account). In particular, it was found that phonon accu-
mulation leads to a decrease in the rate of energy loss
[11] and also affects the dynamic properties of non-
equilibrium charge carriers. The models for simulating
electron—phonon interaction are in agreement with the
experimental data. The majority of theoretical models
take into account scattering by optical and acoustic
phonons, quantization of the phonon spectrum, phonon
accumulation, and screening.

The purpose of this study is to consider the results
of some experiments in which charge carriersin QWs
were heated and to investigate the effect of nonequilib-
rium optical phononson the energy-lossrate of carriers.
A simplemodel for calculating the rate of energy losses
of electrons due to their scattering by nonequilibrium
optical phonons is suggested. It is shown that taking

nonequilibrium optical phonons into account consider-
ably improves the agreement between the theoretical
and experimental data.

2. CALCULATION OF THE RELAXATION TIME
AND THE RATE OF ENERGY LOSSES
DUE TO SCATTERING BY POLAR OPTICAL
PHONONS, WITH AND WITHOUT
CONSIDERATION OF PHONON
ACCUMULATION

L et us calculate the energy-loss rate of hot electrons
in a QW. In polar semiconductors, hot charge carriers
transfer their energy to the crystal lattice, mainly dueto
the scattering by long-wavelength polar optical (PO)
phonons[12]. Inthis case, therate of energy loss of one
electron with awave vector k lying in the QW planeis
governed by the difference in the probabilities of
phonon absorption and emission [12], i.e.,

d€(k)/dt = f[Wy(k) —we(K)], (1)

where wy, is the frequency of an optical phonon and
w,(k) and w,(k) are the prababilities of phonon absorp-
tion and emission in the course of intrasubband transi-
tions of an electron from the state with the wave vector
k. We assume that energy losses occur predominantly
within the lower subband of an infinitely deep QW.
Thisisagood approximation, since, in all of the exper-
iments discussed below, the energy spacing between
the subbands is large; therefore, the QWs can be con-
sidered asinfinitely deep.

The smooth envelope of the wave function of an
electron in the lower subband, W(X, y, 2), represents the
product of a plane wave and the wave function ((2) that
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describes the motion of the electron in the transverse
direction (along the structure-growth axis Oz):

Yx .2 = epikiud, v = [FandE
o= () k= (koK)

Here, Sisthe area of the quantum-confinement layer, L
isthe QW width, and r ; is the radius vector of an elec-
tron in the plane of the QW.

When emitting or absorbing phononswith all possi-
ble values of g, the electrons with the initial wave vec-

tor k; undergo transitionsto the final statek; = k; ¥ q,

where the upper and lower signs correspond to the
emission and absorption of aphonon, respectively. The
expressions for the probabilities of emission and

absorption upon such a transition, Wi;j(ki) and
w, "~ (k;), respectively, can be written as

W,k = 28 F(k){ 1 f(K,
(ki) zIH PH){L- (k) -

x 6[%(kj)—%(ki) + 100y .

Here, H.% is the matrix element of the electron-
phonon interaction and f(k; ;) is the value of the distri-
bution functioninthe statek; ;. Expression (3) accounts
for the possibility of partial occupation of the final
states of the electron after scattering.

Some models for calculating the processes of elec-
tron—phonon interaction take into account the quantiza-
tion of the phonon spectrum [13-15]. However, it was
found that the quantization of the phonon-energy spec-
trum in heterostructures based on GaAs only dlightly
changes the energy-loss rate of electrons [16]. There-
fore, when simulating the scattering processes, we dis-
regarded phonon quantization.

L et us assume that the phonon spectrum of a hetero-
structure is the same as that of a bulk semiconductor.
The matrix element describing the scattering of elec-
trons within the lower subband of a two-dimensional
(2D) system by the potential formed by three-dimen-
sional (3D) long-wavelength PO phonons is con-
structed on the basis of the wave functions (2) and has
the form [17]

o _ J2me, Jhoy(et — e

Ha,e -

Gi(a,)

Wi+ 4)

1_1
X /N +2+ 6k K +qy-

Here, the upper and lower signs refer to the absorption
and emission of a phonon, respectively; e is the e emen-
tary charge; V isthe volume of the crysta; and €, and €,
arethe high- and low-frequency permittivities of thepolar
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semiconductor, respectively. Theintegral G;(q,) includes
the overlapping of the wave functions of the initial and
final electronic states (;(2) and ;(2), respectively):

6y(a) = [ snf4] ¢ ©)
0

There are anumber of approximate methods for cal-
culating integral (5). For example, in the momentum-
conservation approximation (MCA) [18], integral (5) is
approximated by the delta function. However, this
approximation is not always accurate.

In order to eliminate error in the calculation of the
intrasubband scattering in narrov QWs by the MCA
method, we will use the calculation method sugg%ted
in [17]. Let us change the summation over k; with the
summation over g inexpressions(3) in accordjancewnh
the law of conservation of momentum. Furthermore, in
order to calculate the probabilities of scattering (3), we
will change the summation over g with double integra-
tion; i.e., over q in the plane of the QW layer and over
g, along the transverse direction:

—+oo

ZF(q)—» I

, = —

quax

ZququGS
q;[.n IO (2 )

Here, 6 isthe angle between the vectors k; and q. The
limits of integration over g for emission (qgmin, max )

and absorption (qgmm, max ) Of phonons are determined
from the law of conservation of energy:

- (6)

quin,max = ki + k|2—2m(,00/ﬁ,

(7)

quin, max — k|2 + meolh + ki'

Here, m is the effective electron mass. The limits of
integration over g, are determined by the Brillouin zone
boundaries; i.e., integration is performed from —Tva to
+17a, where a isthelattice constant. Sincea < L, these
limits can be considered asinfinite; i.e., from —oo to +co.
The wave vector of the electron along the zdirection is
determined accurate to TUL; therefore, the wave vector
of the phonon along the z direction is determined with
the same accuracy.

Using expressions (4)—7) to calculate the probabili-
ties(3), wefind that the probabilities of e ectron—phonon
scattering are determined by the multiple integral, in
which theintegration variables (z, q,, g, k and 8) are not
separable. Let us denote the integral over g, asl;j(qp):

+o00

lij(an) = Iz_q22|Gij(qz)|2
LAdoT g
" el NG
- [y .
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In the case of arectangular, infinitely deep QW, the
integral 1;;(qn) can be calculated analytically:

2 + 1
(qgL)*+ 41

||J(qD) = T[LD
E(CIDL)

_ 32 1-exp(-qL)l O
(A:L)%[(qoL)’ +417)° 0

(9)

Integration over the angle 6 can aso be performed
andytically using the delta function. The functions f(k;)
and f(k; £ gp) can be regarded as the symmetric parts of
the distribution function of eectrons; in this case, f(k;) =
f(€y,), f(ki £ an) = f(é,, * huy), and the distribution
functions are independent of the angle 6. When integrat-
ing over 0, it is convenient to use the transformation

d6 —» dcosd/sind = dcosd/ /1 — cos’ 6 . Then, integra-
tion over cosB yields the expression

2n

2 2
Ideétﬁ qD— kq cose+ﬁwq]

1
d(cosB) a[ﬁ qD_ qu

0
=2 J’ Tom cosO * ﬁwqj (20

1—cos’0

_ 2m 1
7%Ki0lo /1 — (Mo Ak g * 0o/ 2k,)°

where the upper and lower signs refer to the processes
of phonon emission and absorption, respectively.

It is convenient to go from integration over the wave
Vectors to integration over the corresponding energies
€, = h2ki 12mand €, = h2q,/2m. Then, teking into

account expressions (9) and (10), we obtain the follow-
ing expressions for the probabilities of phonon emis-

sion and absorption by an electron with the energy € :

e wom(es —€5")

Wiefj éy) =
(€) o1’k
qgmax
mao,
X Id%hj(%)[l—%k'qom SEE}

QEmm
xf(€)[1- (€ —hwo)] (Ng+1);
e“w,m(e.’ —€5) (11

wia”j €y) =
(&) 21 °K;
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DPomax
I dq[lI Ij(qD)|:

qum

xf(€)[1-f(Ey + )] N,.

The total probability of scattering by equilibrium polar
optical phonons can be obtained by performing numer-
ical integration of expressions (11) over k; using the
equilibrium distribution function of phonons N, = N,
o,
Nqo = |: [ﬁ._qj_

where
-1
exp EkBTD 1} ,

ks is the Boltzmann constant, and T is the lattice tem-
perature. The quantity that is inverse to the obtained
total scattering probability determines the relaxation
time.

The energy-loss rate of an electron with the wave
vector k is determined by expressions (1) and (11). To
obtain the average energy-loss rate, it is sufficient to
average the difference of the probabilities (11) over the
ensemble of electrons as follows:

ge.  [(dé/dtkidk
(50 = e

J’ f (ki) k;dk;

In order to take into account the effect of phonon
accumulation, we introduce the nonzero lifetime of
optical phonons 1,,. Let us assume that this lifetime is
independent of the phonon wave vector. In this case, the
nonequilibrium distribution function of phonons can be
written as

Ehkqm 2kD

(12)

(13)

Ng = Ngo+ Ngy= Ngg + —2 (14)

dt
where Ny is the nonequilibrium part of the distribution
function of phonons and dN/dt is the rate of variation
in the number of phonons with the wave vector q:

dN

d_tq = 2%[2|H:;O|2f(ki + qm)[l_ f(ki)]
ki

x 3[€ (ki +qp) = (k;) —f10x]

2 W - ra]
ki

x 8[ € (ki) =€ (ki +qp) + 7wy .

The matrix elements H-® and H5°, which appear
in (15), contain the nonequilibrium distribution func-
tion of phonons N,. Let us use relation (14) for this
function. This means that the quantity dN,/dt appears
on both sides of expression (15); i.e., expression (15) is
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the equation for determining dN,/dt. Let us denote the
factorsin (15) that are independent of dN,/dt as F,(q)
and F.(qy) for the processes of absorption and emis-
sion, respectively. Then, the equation for dN/dt can be
written as

ING@) _ )+ ),
(16)
o) P + T
The solution to this equation has the form
dNy(a) _ Fl@)(Noo* D) =Fo(@)(Neo) 1

dt - 1_Tq[Fe(qD) - Fa(qD)]

The functions F,(qy) and F.(gy) contain al integra-
tion operations, as well as the dependence on the
phonon wave vector we are interested in. In order to
calculate these functions, we will replace the summa-
tion over k; with integration, and then pass from the
wave vectors kj and g to the energies. After integrating
over g, and z |n the same way as in (9), and over the
angle 6 using the delta function, the functions F,(qy)
and F4(qp) will have the form

ﬁezwomyzL(S;l - 851) li;(dn)
PE

Fe(dn) =

) f(€—hwo)[1— F(E)] _
X 1 d%kiv
2
(ho + 8o ) 148, J% K~ Z(h(*)O/A/%qL +./€q) (18)
J2efw,m*PL (e
ﬁ?:

—£50)1;;(dn)

Fa(an) =

§ ® F(E)[1—T (& +hwy)] 4
K-

1 1
(hey—6q )*14E,_ J% Kk~ ‘(ﬁooo/A/%qD - A/%qu)2

After determining dN(qp)/dt from (17) and (18), we
can find the averaged energy-lossrate per electron, tak-
ing into account the noneqw librium phonons:

< > quDdequ(qD)

dt
Here, n isthe surface eI ectron concentration.

L et us evaluate the possible decrease in the obtained
energy-loss rate due to the screening of phonons by a
2D electron gas. In order to do this, it is sufficient to
multiply the induced potential by the factor ¢,./(€,, +
04/90), Where qq is the inverse screening length [19].
Thisfactor contains the ratio q4/q to the first power, in
contrast to the case of a bulk semiconductor where the
screening effect is governed by the square of this ratio.

hwy

(19)
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This fact indicates that 2D electron gas screens the
phonons more weakly than 3D electron gas. For aGaAs
QW with athickness of 5-10 nm and a surface concen-
tration ng ranging from 1 x 10*-5 x 10 cm at tem-
peratures T = 100-300 K, the factor that accounts for
screening ranges from 0.8 to 0.95; i.e, it is close to
unity. Thus, inaQW with such parameters, the effect of
screening on the energy-loss rate isinsignificant.

3. RESULTS AND DISCUSSION

Let us consider a heterostructure with a
GaAs/AlGaAs QW with awidth L = 6 nm and doped
to a concentration of 5 x 1017 cm. Under these con-
ditions, due to strong el ectron—electron scattering, the
distribution function of electrons can be regarded as
the Fermi distribution function. Thus, in order to
describe the behavior of the electron gas during its
heating by an electric field, we can introduce the hot-
electron temperature T, as a parameter into the Fermi
distribution function

f(ki):[ P %'ﬂ+l}

eXpE——— T (20)

Here, € isthe chemical-potential level.

The lifetime of nonequilibrium optical phonons in
GaAs, 1, which was determined from a comparison of
the experimental datawith the results of theoretical cal-
culations of the energy-lossrate for abulk semiconduc-
tor, isequal to 7 x 102 s[20].

The results of the calculations of the energy-loss
rate in terms of the model suggested above are shown
in Fig. 1 for two values of the lattice temperature. The
dashed curves represent the case of scattering by equi-
librium PO phonons; the solid lines correspond to the
case where phonon accumulation is taken into account
a 1, = 7 x 102 s. In the absence of an electric field,
when the electron temperature T, is equal to the lattice
temperature T, electrons absorb and emit equal num-
bers of phonons and [dé/dtC= 0. When an electric field
is applied, the average electron energy increases,
accordingly, under steady-state conditions, the energy-
loss rate gradually increases as well. The run of the
dependences [dé/dtlon T, in 2D systems is similar to
that for a bulk semiconductor (shown by the dash-and-
dot linesin Fig. 1).

The effect of phonon accumulation results in
decreasing [dé/dtlIdue to the abrupt increase in the
absorption rate of the accumulated nonequilibrium
phonons. The inset in Fig. 1 shows the dependence of
the nonequilibrium part of the phonon-distribution
function Ngy = (dN,/dt)t, on the reduced phonon wave
vector, calculated according to (17) at the lattice tem-
perature T =77 K for two values of the electron temper-
ature T.. The maximum value of this function approxi-
mately corresponds to the magnitude of the phonon
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Fig. 1. Energy-loss rate of two-dimensional electrons upon
their interaction with polar optica phonons in a
GaAgAIGaAsQW (thewidth L =6 nm and the surface con-
centration ng = 3 x 10™ cm™) per electron, disregarding
phonon accumul ation (dashed lines) and with consideration
of this phenomenon at 1, = 7 x 102 s (solid lines), for two
values of the lattice temperature. The dash-and-dot lines
represent the results of the calculations of [dé/dtCfor bulk
GaAs, disregarding the effect of nonequilibrium phonons.
The nonequilibrium part of the distribution function of
polar optical phononsfor thesame QW at T=77 K isshown
in the inset in relation to the reduced wave vector (the
parameter gy = ,/2mfiwy /f2; the electron temperature T =

300 (1) and 500 (2) K).
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Fig. 2. Energy-loss rate of two-dimensional electrons (per
electron) in GaAgJAlIGaAs QWs with a surface concentra-
tion ng= (a) 0.5 x 10, (b) 1 x 10, and (c) 3 x 10™ cm™
calculated with consideration of the accumulation of polar
optical phonons (phonon lifetime 1, = 7 x 1072 s). The
solid and dashed lines represent the data for QWs with a
width L = 6 and 10 nm, respectively; T = 77 K. The depen-
dence of the energy-loss rate on the QW widthat T =77 K,
To= 290K, and ny = 3 x 10" cm is shown in the inset.
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wave vector q,, which isequal in magnitudeto the wave
vector of an electron whose energy iscloseto 7wy gy =

[2mhw, /f. As can be seen from Fig. 1, the number of

nonequilibrium phonons abruptly increases with an
increase in the electron temperature. In magnitude, the
nonequilibrium part of the phonon-distribution func-
tion is close to unity at high electron temperatures.
Therefore, the effect of the nonequilibrium phononson
the energy losses of electrons heated in a strong elec-
tric field turns out to be significant. For the phonon
lifetime 1, = 7 x 1072 s, the value of the energy-loss
rate is smaller by a factor of 56 in comparison with
the case where the nonequilibrium phonons are disre-
garded.

The effect of the doping level and the QW width on
the average energy-loss rate, with consideration of the
accumulation of polar optical phonons, isillustrated in
Fig. 2. An increase in the electron concentration leads
to adecrease in the energy losses per electron at afixed
value of the electric field. In addition, increasing the
electron concentration results in a higher occupancy of
the final states for the processes of phonon emission.
Due to this circumstance, the value of [Wé/dtO]
decreases. The dependence of [dé/dtlon the QW
width, which follows from expression (9) in [17], is
weak.

If we know the dependence of the energy-loss rate
on the electron temperature, we can determine the elec-
tron temperature corresponding to a specified value of
the longitudinal electric field. In order to determine the
dependence of the e ectron temperature on the longitu-
dinal electric field, we solved [21] the power-balance
equation:

el E* = M€/dt (21)

Here, |, is the electron mobility and E is the applied
electric field. The mobility of electronsin alongitudinal
electric field was experimentally studied in [22] for a
structure with rectangular GaAgAl»,Gay75AS QWS
with awidth L = 6 nm and a surface concentration of
free electrons n, = 3 x 10'* cm. The attained value of
the electron mobility only slightly depended on both
the electric field and the temperature. Therefore, for the
structure with similar parameters analyzed in the pres-
ence study, we used the average value of the mobility
He = 3400 cm? V- s determined in[22], whichisinde-
pendent of the longitudinal electric field. Figure 3
shows the dependences of the electron temperature on
the electricfield obtained by solving Eq. (21), both with
and without alowance made for the accumulation of
PO phonons (solid and dashed lines, respectively). It
can be seen that phonon accumulation leads to a signif-
icant increasein T,
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4. CONSIDERATION OF SOME EXPERIMENTAL
RESULTS IN TERMS OF THE SUGGESTED
CALCULATION MODEL

The results of calculating the energy-loss rate in
terms of the model suggested here are in good agree-
ment with the experimental data obtained in various
studies. Let us consider some of these experimental
results.

(i) In[11], the dependence of the energy-lossrate on
the hot-electron temperature was obtained from photo-
luminescence spectra (see experimental dotsin Fig. 4a).
The experiment was carried out with a sample contain-
ing GaAgAlGaAs QWswith awidth L =6.5nm and a
surface electron concentration ng = 1.42 x 102 cm? at
T = 4.2 K. The calculations performed in terms of the
model suggested in the present study showed that con-
sideration of nonequilibrium phonons considerably
improves the agreement between the theoretical and
experimental data.

(i) The experimental dataobtained in [23] for wider
GaAg/AlGaAs QWSs by direct measurement of the
energy-loss rate are shown in Fig. 4b. These measure-
ments were performed using a combination of optical
and el ectrical methods. The luminescence spectra, from
which the temperature of carriers was determined, and
the current—voltage characteristics, from which the
power per carrier was independently obtained, were
recorded simultaneously. The thickness of the QW
layer in the structure studied in [23] was equal to L =
25.8 nm, the surface electron concentration ng = 3.9 x
10 cm?, and the temperature T = 1.8 K. For this case,
the calculation performed here with consideration of
noneguilibrium phonons also adequately describes the
experimental results.

(iii) Let us analyze the role played by the consider-
ation of the nonequilibrium phononsin explaining the
modulation of the intersubband absorption of far-
infrared radiation in a strong longitudinal electric
field. The modulation of the absorption coefficient a
was experimentally studied in [22] in a structure with
GaAg/Al; _,GaAs QWSs, in which the barrier regions
were selectively doped. The parameters of the QWs
were chosen in such a way as to make it possible to
study the modulation at the short-wavelength edge of
the peak related to the intersubband absorption of the
radiation of a CO, laser. Electron heating by alongitu-
dinal electric field leads to an increase in the energy
spacing between two QW levels. As aresult, the inter-
subband-absorption peak shifts to shorter wavel engths
in comparison with the case when the field is absent
and the absorption coefficient at the wavelength of the
CO,-laser radiation increases.

The reason as to why the energy-level spacing
changes is as follows. The space charge that arises due
to the selective doping of the intermediate barrier
regions of the structure distortsthe form of the potential
and leads to the formation of a shallow QW in the bar-
rier region. In a strong longitudinal electric field, elec-
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Fig. 3. Dependence of the electron temperature on the elec-
tric-field strength with consideration of the nonequilibrium
polar optical phonons (solid line) and disregarding their
effect (dashed line). The lattice temperature T = 77 K, the
width of the GaAs/Alg 24Gag 76AS QW L = 6 nm, and the

surface concentration ng = 3 x 10™ cm .
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Fig. 4. Energy-loss rate for hot electrons in quantum wells.
Dots represent the experimental data (a) from [11] and
(b) from [23]. The solid and dashed lines represent the
results of calculationsin terms of the model suggested inthe
present study with and without consideration of the non-
equilibrium phonons, respectively.
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Fig. 5. Variation in the intersubband-absorption coefficient
at the wavelength A = 10.6 um as a function of the longitu-
dina electric-field strength at T = 77 K. The dots represent
the experimental data[22]; the solid and dashed linesrepre-
sent the results of calculations in terms of the model sug-
gested here with and without consideration of the nonequi-
librium phonons, respectively.

trons are heated, undergo transitions from the lower to
the upper subband, and become redistributed in the
space between the main deep GaAs/AlGaAs QW and
the shallow QW in the barrier region. The electronsthat
find themselves in the barrier region compensate the
dopant charge. As a result, the depth of the QW in the
barrier region decreases; accordingly, the upper-level
energy increases.

In this study, the changesin the potential profile and
in the energy-band spectrum of the sample under inves-
tigation depend on the applied electric field and are
determined by finding a self-consistent solution to the
Schrédinger and Poisson equations. The electron tem-
perature corresponding to each value of the electric
field is determined by solving the power-balance equa-
tion (21). Inthis case, the calculation of the energy-loss
rate is performed with consideration of nonequilibrium
PO phonons. The obtained value of the electron tem-
perature as a parameter in the distribution function of
electrons made it possible to determine the fraction of
electrons that compensate the dopant charge in the bar-
rier region. The Poisson equation alowed us to relate
the change in the dopant charge with the change in the
QW depth in the barrier region. The energy levels cor-
responding to the new shape of the potential were deter-
mined from the Schrodinger equation. Thus, the shift of
the upper level, and, accordingly, of the intersubband-
absorption peak was determined as a function of the
applied electric field. The shift of the absorption peak,
to the frequency of the CO,-laser indicates that the
absorptance at this frequency increases.

The experimental and theoretical dependences of
the variation in the absorption coefficient of light Aa on
the applied electricfield E are shownin Fig. 5. For com-
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parison, the results of calculations for the cases of scat-
tering of electrons by equilibrium and nonegquilibrium
PO phonons are also shown. It can be seen that the cal-
culation of the shift of the absorption peak with consid-
eration of the nonequilibrium phonons yields better
agreement between the calculated and experimental
Curves.

5. CONCLUSIONS

In this study, the effect of accumulation of polar
optical phonons on the energy-lossrate of hot electrons
in quantum wells was investigated. The simple model
we suggested for calculating the energy-loss rate with
consideration of nonequilibrium phonons describes
fairly well the experimental data obtained in various
studies. It is ascertained that the allowance made for
nonequilibrium optical phonons in the theoretical cal-
culations considerably improves the agreement
between the results of the theoretical and experimental
studies of the energy-lossrate and makesit possible the
determine the electron temperature with higher accu-

racy.
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Abstract—Semi-insulating silicon carbide layers have been obtained by diffusion of vanadium into porous
4H-SiC. The diffusion was performed from a film deposited by cosputtering of silicon and vanadium, with the
content of the latter equal to 20%. The diffusion profile of vanadium in porous silicon carbide has a complex
structure with a fast diffusion coefficient of 7 x 107> cm?/s. The activation energy of the resistivity of vana-
dium-diffusion-doped porous SiC layersis 1.45 eV. The resistivity of vanadium-doped semi-insulating layers
is5 x 10 Q cm at 500 K, which exceeds the resistivity of undoped porous SiC by two orders of magnitude.
The results obtained indicate that porous SiC is a promising material for semi-insulating substrates in device
structures based on wide-bandgap semiconductors. © 2003 MAIK “ Nauka/Interperiodica” .

Semi-insulating silicon carbideisapromising mate-
rial for high-integration devices of microwave el ectron-
ics operating at high temperatures and frequencies in
strong €electric fields [1-3]. In particular, substrates
made of semi-insulating silicon carbide are used to fab-
ricate devices based on such wide-gap semiconductors
as SIC, GaN, and AIN. Semi-insulating SIC can be
obtained by doping with compensating impurities,
among which vanadium is the most widely used. Asis
known, V impurity is amphoteric for SIC; i.e., it can
produce both deep acceptor and donor levels [4]. It is
preferable, especially for the 4H polytype, that a deep
donor level be created near the midgap, sinceit is mate-
rial of this kind that retains a high resistivity at high
temperatures [5].

Vanadium is commonly introduced into SiC either
in the stage of crystal growth [1, 2] or during post-
growth treatment, e.g., by ion implantation with subse-
quent activation of the impurity [6, 7]. Doping SiC with
vanadium is, however, far from being a simple task,
since the working range of dopant concentrations is
rather narrow. For example, light doping does not
change the electrical properties of the material, and the
doping level is bounded from above by the solubility
limit, which is as low as ~3 x 10*" cm for SIC [1, 8].
Precision doping of semiconducting materials is fre-
guently done using the diffusion method; however, car-
rying out diffusion in SiC is complicated by the very
low diffusion coefficientsfor most impurities at techno-
logically reasonable temperatures. It is known, how-

ever, that effective and fast diffusion can be achieved in
porous semiconductors with a developed internal sur-
face [9]. Porous silicon carbide has already been used
as a material for substrates for high-quality epitaxia
layers of both SiC [10-12] and GaN [13]. In this con-
text, it is of interest to obtain semi-insulating porous
SiC, which could be used in device structures based on
wide-bandgap semiconductors both as a substrate for
the further growth of active layers and as an insulating
layer. It is noteworthy that the possibility of using the
semi-insulating properties of porous SiC itself for the
passivation of p—n silicon carbide junctions has already
been reported [14].

This communication reports on the fabrication of
semi-insulating silicon carbide layers on the basis of
vanadium-diffusion-doped porous SiC. Wafers of sili-
con carbide of the 4H polytype served as the starting
material. Porous SiC was obtained by surface anodiza-
tion of the wafers in an agueous solution of hydrofluo-
ric acid by the procedure described in [15]. During
anodization, part of a wafer was covered with a mask
and served as a reference in further experiments.
According to cross-sectional images obtained by scan-
ning electron microscopy (SEM), the thickness of the
porous layer was 6 pm. After anodization, an aloy
composed of silicon and vanadium was deposited on
part of the wafer. The use of the Si+V aloy was gov-
erned by the necessity of achieving the minimum sur-
face concentration of vanadium in order to prevent the
introduction of vanadium into SiC above the solubility
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limit, in which case precipitation occurs and the prop-
erties of the material inevitably degrade. The alloy was
obtained by plasma cosputtering of avanadium foil and
a slicon wafer. After depositing the alloy, the SIC
wafers were annealed in an atmosphere of nitrogen at
1100°C for 10 h. After the composition of the alloy was
determined, the latter was removed from the surface of
the SIC wafers by chemical etching.

The composition of the alloy on the surface of an
annealed silicon carbide wafer was studied by Auger
spectroscopy. The data obtained are shown in Fig. 2.
The results for the porous and unanodized (reference)
parts of the wafer are the same. It can be seen from the
figure that the thickness of the Si+V layer on the sur-
face of the SiC wafer is 400 nm. The content of vana-
dium in the Si+V aloy is about 20%, with vanadium
distributed uniformly across the deposited aloy layer.
Carbon was present on the surface of the aloy only as
adventitious layer.

The digtribution of vanadium in the SiC wafer was
analyzed by secondary-ion mass-spectrometry (SIMS).
Preliminary measurements demonstrated that, at vana-
dium concentrations of less than 10'” cm3, analysis of
a sample with oxygen ions is required. To lower the
vanadium detection limit, an increased current density
of the oxygen ion beam was used and the parameters
of the electron diaphragm were modified. The current
of secondary Si ions (30 amu) from silicon carbide
amounted to 2 x 10° pulses per second, whereas the
current of the vanadium (51 amu) signal from the
starting “pure” SiC amounted to 2 pulses per second.
The vanadium concentration calculated for this cur-
rent (in accordance with the ionization potential of V
in SiC) was 103 cm~3. Thisisthe minimum recordable
concentration of vanadium (and, correspondingly, its
detection limit) in SiC in the experiments described.

According to the results of SIMS analysis, after car-
rying out the process, vanadium is present in the unan-
odized (reference) part of the wafer only at the back-
ground level, i.e., V diffusioninto SIC does not occur to
any significant depth. Thisisseenin Fig. 2 (curve1). At
the same time, it follows from Fig. 2 (curve 2) that V
diffusion from the Si+V layer into porous SiC does
occur. The vanadium concentration is ~10' cm= in the
surface layer and gradually decreases away from the
surface to become 10* cm= (background level) at a
depth of 450 nm. It is also noteworthy that, according
to SIMS data, the surface layer of the SiC wafer is not
enriched with silicon from the Si+V aloy.

As seen from curve 2 in Fig. 2, the vanadium con-
centration profile in porous SIC has a rather complex
shape. To a depth of ~100 nm, the profile does not cor-
respond to the known solutions of a diffusion equation
with a concentration-independent coefficient. At the
sametime, Fig. 1 doesnot indicate any significant inter-
diffusion of elements across the interface between
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Fig. 1. Component distribution in a film of the Si+V alloy
on the surface of a silicon carbide wafer after annealing,
according to Auger spectroscopy: (1) for Si, (2) for V, and
(3) for C. The dashed line shows the approximate position
of the interface between the film and the SiC wafer.
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Fig. 2. Vanadium distribution in an SiC wafer after perform-
ing diffusion: (1) in unanodized part of the wafer, (2) in the
porous part of thewafer, and (3) calculated diffusion profile.

Si+V and porous SiC. Presumably, this part of the pro-
file reflects a complex interaction betweenV atoms and
intrinsic defects at the interface during thermal treat-
ment. It isalso noteworthy that, according to SEM data,
the structure of porous SiC obtained by anodization is,
as a rule, nonuniform across the layer thickness [15],
and, therefore, it would hardly be expected that asingle
classical diffusion profile could be obtained along the
entire diffusion length. Nevertheless, part of curve 2 in
Fig. 2, which begins at a depth of ~120 nm and can be
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Fig. 3. Temperature dependences of theresistivity of porous
silicon carbide: (1) for vanadium-diffusion-doped SiC, and
(2) for SIC undoped and subjected to thermal annealing
under the same conditions as those in V diffusion. Solid
lines represent the results of linear fitting from which the
activation energy was determined. The activation energy for
undoped porous SIC is1.09 + 0.03 eV.

related to “fast” diffusion, is well described by a com-
plementary error function, as seen from the calcul ated
diffusion profile represented by curve 3. The best fit is
achieved with aV diffusion coefficient equal to 7.5 x
1015 cm?/s.

Since noV diffusion into the unanodized part of the
wafer was observed, it seemsimpossibleto evaluate the
acceleration of diffusion in porous silicon carbide rela
tive to the starting single-crystal SIC wafer (presently,
no data on the diffusion coefficient of V in SIC can be
found in the literature). Nevertheless, it is apparent that
it is the porous structure of the anodized part of the
wafer that enables vanadium diffusion from the Si+V
aloy to asubstantia depth. It is noteworthy that diffu-
sionin SiCis, asarule, performed at T > 1600°C, i.e,,
at much higher temperatures[16]. If the dataof [16] are
extrapolated to lower temperatures, then the coefficient
of fast V diffusion in porous SiC will even exceed the
diffusion coefficients of Be and B impurities, whose
diffusion into SiC isthe fastest.

To study the electrical properties of porous SiC
with V introduced by diffusion, metal—semiconductor—
metal structures were fabricated. An Ni contact pad
300 um in diameter, deposited by vacuum evaporation,
served as a contact to the vanadium-doped SiC layer.
The contact to the rear side of the wafer was made of an
aloy of Inand Ga. Theresistivity p of thelayer of vana-
dium-doped porous SiC was determined by measuring
the dc current across the structure at a bias of 30V in
the temperature range from 300 to 700 K. As shown by

MYNBAEVA et al.

the measurements, the current across the structure was
limited by the resistance of the vanadium-doped porous
layer.

Thetemperature dependence of theresistivity of this
layer is shown by curve 1 in Fig. 3. It can be seen that
the dependence exhibits a region of exponential
growth, with an activation energy of 1.45 + 0.03 eV.
Sinceit is known that vanadium gives rise to precisely
this energy level in 4H-SiC [4], it seems reasonable to
assume that the semi-insulating properties of the
porous silicon carbide layer are determined in the case
in question by the compensatory effect of vanadium.

It is noteworthy that the p value obtained for vana-
dium-diffusion-doped porous 4H-SiC is rather high:
5 x 10 Q cm at 500 K, which exceedsthe p value mea-
sured for comparison on an undoped porous layer at the
same temperature by two orders of magnitude (Fig. 3,
curve 2). The p value also exceeds the resitivity of
semi-insulating SIC layers obtained by doping with
vanadium during crystal growth [2, 17] and ion implan-
tation [6, 7].

Thus, a porous structure of SiC subjected to anod-
ization was successfully used to carry out diffusion of
vanadium in order to obtain semi-insulating silicon car-
bide layers. The diffusion profile obtained at 1100°C
has a complex structure with afast diffusion coefficient
of 7.5 x 107%5 cm?/s. The activation energy of the resis-
tivity of vanadium-diffusion-doped porous SiC layers
is 1.45 eV. The resistivity of the semi-insulating layers
is5x 10 Q cm at 500 K. The results obtained indicate
that porous SIC is a promising material for semi-insu-
lating substrates for device structures based on wide-
gap semiconductors.
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Abstract—Quantum-chemical simulation of the influence of defects, such as hypervalent configurations and
dipole valence-ateration pairs, on the | R-absorption spectrum and the el ectronic structure of a-Se has been car-
ried out. It was shown that the formation of dipole valence-alteration pairs gives rise to an additional peak in
the high-frequency region (337 cm™) and that the hypervalent configuration yields two additional peaks near
the fundamental frequency of stretching vibrations. It was ascertained that the formation of hypervalent config-
urations causes significant shifts of the highest occupied and lowest unoccupied molecular orbitals, which
should giveriseto localized statesin the band gap. These states can act as both electron traps and donors. In the
X-ray-emission spectrum, only one of the defects considered here gives rise to an additional peak, which is
spaced from the upper edge of the absorption band by 1.5 eV, which makes it possible to detect it experimen-

tally. © 2003 MAIK “ Nauka/Interperiodica” .

1. INTRODUCTION

As is known, neutral and diamagnetic defects in
chalcogenide vitreous semiconductors (CVSs) govern
many of their properties, including the absence of the
dark signa of the electron spin resonance and the
inability to form solid solutions with dopants [1]. Cur-
rently, there are several models of defect states in
CVSs. The most widely used is the model of valence-
aternation pairs (VAP) (or intimate valence-alternation
pairs (IVAP)) [2], which assumes the existence of
atomic pairs. Each pair consists of a positively charged
overcoordinated atom and a negatively charged under-

coordinated atom (in a-Se, C; and C;, respectively,
where the superscript stands for the charge and the sub-
script stands for the coordination). Within the model of
hypervalent configurations (HV Cs), atoms whose num-
ber of nearest neighbors Z, exceed that in the crystal of
the same composition are assumed to be neutral and
diamagnetic defects [3]. The model of soft atomic
configurations (SACs) accounts for many properties
of CVSs, under the assumption that defect configura-
tions with abnormally small force constants exist in
glasses [4].

Currently, the set of al experimental data does not
allow one to ascertain reliably what type of defectsis

dominant in CVSs. Therefore, this problem may be
solved, to some extent, by quantum-chemical simula-
tion. The simulation results can make it possible to
determine specific characteristics of defects, aswell as
explain experimentally the observed phenomena. It was
ascertained by simulation that the defect-formation
energy Eg in the VAP model exceeds the bonding
energy E,, and the band gap E, for amost al configura-
tions, except for adipole valence-alteration pair (VAP-d),
in which a positively charged atom is immediately
bound with a negatively charged one [5-8]. In our pre-
vious study [9], we showed that metastable HV Cs may
exist in amorphous Se. These configurationsyield local
minima of the potential surface, and their energy levels
are significantly lower than that of the defect corre-
sponding to the dangling bond. The content of such
HV Cssignificantly exceeds the content of VAP defects.
Furthermore, some of the atomsin HV Cs are character-
ized by the bonds with nearest neighbors, which are
weaker in comparison with an ordinary covalent bond.
Thismeansthat such atoms are consistent with the SAC
model.

The aim of this study is to analyze the influence of
appreciable concentrations of HV C and VAP-d defects
on the measurable characteristics of CVSs. With this
purpose in mind, the infrared (IR) absorption spectra
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Frequenciesv and relative intensities | of vibrations of the basic fragments of the a-Se CDN

Seg ring Se; ring SegH chain
MP2 B3LYP B3LYP B3LYP

v, cmt I, % v, cmt I, % v, cmt [, % v, cm™ [, %
277 0 257 0 263 0 265 100
277 0 256 0 254 100 265 9
272 100 256 0 254 100 253 15
272 100 255 100 243 0 249 24
271 0 255 100 243 0 246 7
267 0 255 0 202 0 238 24
267 0 234 0 151 12 224 0
260 0 219 0 127 0 128 1
121 0 118 0 97 0 131 2
121 0 118 0 97 0 105 1
119 27 114 10 78 8 105 1
106 0 104 0 78 8 76 1
93 47 91 49 43 0
93 47 91 49 38 0
74 0 70 0 26 0
74 0 70 0 16 0
33 0 35 0 13 0
33 0 35 0 12 0

are calculated for the metastable defects observed in
[9], theinfluence of HV Cs on the el ectronic structure of
a-Se is considered, and the possible manifestation of
these defects in the X-ray emission spectrum is dis-
cussed. Some suggestions are made concerning the
relationship between peaks of the typical of a-Sein the
IR spectrum (which are almost absent in the case of
crystalline Se) and the defects studied.

2. SSIMULATION METHOD

The model clusters were calculated by ab initio
methods, taking into account the electron correlation
both within the density-functional theory (B3LY P) and
in terms of the second-order Moller—Plesset perturba
tion theory (conventional MP2 scheme). As arule, the
valence approximation was used, within which the
influence of the core electrons of Se atoms was mod-
eled by the LanL2 or Stevens-Basch—Krauss (SBK)
pseudopotentials with corresponding valence-split
bases with polarization atomic d orbitals added. The
calculations are described in more detail in[9]. Thecal-
culations were carried out using GAMESS [10] and
GAUSSIAN-94 [11] software at the Institute of Chem-
ical Physics, Russian Academy of Sciences (RAS), and
at the Ingtitute of Organic Chemistry, RAS.
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3. RESULTS AND DISCUSSION

3.1. Infrared Spectra of the Fragments
of the a-Se Initial Network and of the Hypervalent
Configurationsin a-Se

First, we modeled the spectra of the Se; ring, the
defect-free chain, and the Se; ring, which represent the
basic elements forming the a-Se continuous disordered
network (CDN). If the dangling bonds at the cluster
boundaries are closed by hydrogen atoms, the coordi-
nates of these bonds are not frozen, sincethe a-Se CDN
is one-dimensional and the positions of its atoms are
fixed much less rigidly than in three-dimensional
CDNSs, such as g-SiO,. In this case, vibrations charac-
terized by small effective masses, which are mostly
related to the motion of hydrogen atoms, were removed
from the calculated spectrum.

The data obtained arelisted in thetable. The Sig ring
is characterized by three vibration groups, which are
clearly pronounced in the IR spectrum. These group are
related to changesin the lengths of the bonds, aswell as
in the valence and torsion angles. Thefirst group isthe
most intense one. This fact is in agreement with the
experimental data on the crystalline modifications con-
structed of Se; rings. Concerning the ratio of the inten-
sities of the bands at 115 and 90 cm?, there is less
agreement; specificaly, the third band in the experi-
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mental IR spectrum hasalower intensity in comparison
with the second one, while the calculation yields an
inverserelation. In this case, the B3LY P scheme yields
more significant distortions than the MP2 method. The
frequencies corresponding to the bond stretching are
overestimated by approximately 20 cm withinthe M P2
method, whereas the B3LY P scheme shows better agree-
ment with the experimental value of Ve, = 255 cmr™.,
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Fig. 3. IR absorption spectrum of the Se?1 center formed at
the intersection of eight-member rings.
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Concerning the bending vibrations, both approaches
slightly (by 5-10 cm™) underestimate the frequencies
(Ve = 120 cm™ [12]). When we pass to the strained
Se; ring, the change in the vibrationsrel ated to the bond
stretching is insignificant, whereas the frequencies of
the second-group vibrations increase. In this case, the
vibration intensities, in general, decrease and the rela-
tions between them change. As a result, two weak
bands arise at 150 and 80 cm in the | R spectrum of the
Se; ring instead of bands at 120 and 95 cm™ in the case
of Se;. The intensities of similar vibrations decrease
even more strongly when passing to a chain. This is
consistent with the IR-spectroscopy data on an Se trig-
ona crystalline modification constructed of infinite
chains.

Thus, the methods we used quite satisfactorily
reproduce the experimental IR spectra of crystalline Se
modifications.

3.2. Spectra of Defect Configurations

The defect configurations we considered are shown
in Fig. 1; their spectra are shown in Figs. 2-5. In order
to minimize the influence of boundary hydrogen atoms
that close the cluster on the IR spectrum, the VAP-d (1)
defect was modeled at the eight-member ring and the

HVC Cj (I1) defect was modeled at the intersection of

two such rings. In the case of the VAP-d defect, the geo-
metrical structure and relative stability werefound to be

the same as for the chain. The CZ configuration is

dightly strained: the relative energy E increases by
0.1 eV [9], and thegeometrical parameters (interatomic
distances) differ somewhat from those corresponding to
the minimum in the case of chains: r(1-2) = 2.63 A,
r(1-3) =2.75 A, and r(1-4) = r(1-5) = 2.46 A.
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Fig. 4. IR absorption spectrum of the Se?1 center formed at
theintersection of chains.
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Fig. 5. IR absorption spectrum of the HVC six-member
ring.

The model spectrum calculated within the cluster
approach represents a discrete set of frequencies with
corresponding intensities. In order to facilitate its com-
parison with the glass spectrum, represented as a con-
tinuous curve in the frequency—intensity coordinates,
for the configurations modeling the defects, the calcu-
lated spectrum was transformed into the superposition
of Gaussian curves: I(f) = Aexp{-{(f —a)/s]?}, where
f is the frequency, | is the relative intensity of the total
spectrum, A, is the relative intensity of an individual
vibration, g isthe frequency of an individual vibration,
and s is the factor determining the Gaussian blurring
(~10 cm™).

In the VAP-d defect, the bond 1-2 has a shorter
length and is characterized by alarger force constant in
comparison with the Se-Se bondsin defect-free config-
urations. This circumstance leads to a high value of the
corresponding frequency of vibrations (337 cm™). The
high intensity is caused by alarge change in the dipole
moment in the course of the motion of atoms 1 and 2
relativeto each other, sincethey are oppositely charged.
The peak at 266 cm is caused by the vibrations along
the bonds 46 and 3-5, which are aso somewhat
shorter than ordinary bonds due to the bond alternation
that occurs in the defect. For the same reason, the
bonds 4-1 and 3-1 are weaker than ordinary bonds
and the frequency of corresponding vibrations is
lower (~200 cm™2). The vibrations related to the bend-
ing of valence and torsion angles are characterized by
low relative intensities and are unlikely to be observed
in the IR spectrum of a-Se.

Concerning the Seg defect, the spectra calculated

for clusters consisting of rings and chains are shown in
Figs. 3 and 4, respectively. Qualitatively, the spectra
turn out to be similar. The basic differences are
observed for the bending vibrations: their intensitiesare
appreciably lower in the case of the cluster constructed
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Fig. 6. Experimental IR transmission spectra of a-Se [12]:
(2) red and (2) black amorphous selenium.

of chains. In the frequency region corresponding to the
stretching vibrations, two strong peaks (at ~250 and
~180 cm™ in Fig. 3) are split off from the band corre-
sponding to the vibrations of an ordinary Se-Se bond.
The appearance of these peaksis caused by the fact that

the Sef’1 defect has two groups of weakened bonds;

namely, bonds 14 and 1-5 (close to ordinary), and
bonds 1-2 and 1-3, which are much less rigid. The
peak at 261 cm™ (see Fig. 4) isrelated to stronger bonds

in the second coordination shell relative to Seg

The bond alternation in the ring HV C —Se-Se;—Se—

(2C3) (Fig. 5) causes splitting of the peak at 256 c?
(corresponding to the frequency of the Se-Sevibrations
in the defect-free CDN) into two peaks (at ~270 and
~230 cm™). Furthermore, a strong peak arises in the
low-frequency region (~110 cm™), which is probably
caused by a significant change in the electronic struc-
ture of this nonrigid configuration due to changesin its
geometrical parameters (see [9]). Unfortunately, this
peak is obscured because it appears in the region close
to the central peak of the band related to the vibrations
of the Se; ring.

We will now attempt to compare the differences
between the experimental IR spectra of a-Se and c-Se
with the results obtained here. One can see from Fig. 6
that additional weak minima, whose positions are con-
sistent with the frequencies of strong vibrations in the
HVCs, arise in the experimental transmission spectra
when we pass to amorphous modifications. Arrows
indicate features which, in our opinion, correspond to
the vibrations in which the defects under study are
involved. Thelow intensity of the additional absorption
bands is caused by a low (few percent) content of
defects.
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Seg(R) denotes the Seg ring.

3.3. Influence of Hypervalent Configurations
on the Band Structure of Chal cogenide Vitreous
Semiconductors

Theformation of metastable HV Csresultsin signif-
icant changesin the structure of one-electron levels: the
highest occupied molecular orbitals (HOMOs) and the
lowest unoccupied molecular orbitals (LUMOSs) are
shifted upwards and downwards, respectively, in the
energy scale; these shiftsmay beashighas1-2 eV (see
Fig. 7). Certainly, these data give only a rough idea of
the changes in the CV S-band structure in the course of
formation of HV C defects. A more consistent approach
would be to compare the band gap with the energies of
the electronic transitions between the boundary molec-
ular orbitals (MOs); however, the direct calculation of
MOs is a time-consuming problem. The spacings
between the one-electron level sdiffer from the energies
of corresponding transitions by the integrals of the
Coulomb interaction between these MOs, aswell as by
the values of the relaxation and correlation corrections.
Therefore, these spacings are significantly overesti-
mated. Nevertheless, the changes in the structure of
one-electron levels qualitatively illustrate the possibil-
ity of localized states (which can act as both electron
traps and donors) appearing in the band gap.

According to this scheme, the energies of the one-
electron levels of boundary MOs in the chain and Seg
ring are close to one another. The appearance of the
VAP-d defect causes a weak splitting-off of two levels
from the edge of the valence band and a somewhat
stronger splitting-off of two levels from the bottom of
the conduction band. Another situation is observed in

the case of Ci: changes in the LUMO position are
insignificant, whereas the HOMO substantially shifts

ZYUBIN et al.

-2 | 1
Seg(R) HSegH VAP-d () —Se—Seq—Se—

Fig. 8. Relative positions AE of the high-energy transitions
in the X-ray emission spectrum of different configurations
in a-Se. The reference point correspondsto the highest tran-

sition in the Seg ring (Seg(R)).

upward. Therefore, one might expect that the VAP-d
defects should serve as low-efficient electron traps,

while the Cg defects may promote the appearance of

electrons in the conduction band at lower excitation
energies. In the case of HVC defects of the ring type

(2CY), the structure of both the HOMOs and LUMOs

significantly changes. The configuration 2C2 is non-

rigid, and its electronic structure substantially depends
on geometrical parameters[9]. This dependence mani-
festsitsalf not only in the electron-density distribution,
but also in the behavior of boundary MOs: the geomet-
rical parameters obtained within the B3LYP method
result in more significant shifts than in the case where
the structureis optimized within the M P2 method. Nev-
ertheless, the qualitative picture remains the same. One
might expect that such defects would facilitate the for-
mation of localized excited states, which could then be
involved in photostructural transformations. In our
opinion, this problem is promising and interesting;
however, it requires complex and time-consuming
investigations.

3.4. X-ray Emission Spectra

The defect-caused splitting-off of individual levels
from the edge of the valence band can shift the high-
energy edge of the band in the X-ray emission spectrum
(XES) when we pass from crystalline to amorphous
maodification. However, the value of the shift is ambig-
uously related to the behavior of the HOMOs, since
defect formation also changes the positions of the core
levels at which electrons are trapped. The possible
influence of the defects considered above on the posi-
tion of the edge of the band in the XES of Se was mod-
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eled in this study on the basis of the spacings between
the levels (calculated by the Hartree—Fock method) of
several HOMOs and the levels of the 1s orbitals of the
atoms, whose p orbitals make dominant contributions
to the HOMOs under consideration. The corresponding
diagram is shown in Fig. 8, where the position of the
highest-energy transition in the eight-member ring is
taken as areference point. Unfortunately, inthe clusters

simulating the VAP-d and C{ defects, the energies of

the highest-energy transitions turned out to be almost
the same asthose in Seg or in the chain. Therefore, it is
highly improbable that these defects could be detected
using the XES technique. The HV C-ring (—Se-Se;—Se-)
defect shifts the edge of the XES band to a greater
extent; however, one might expect the corresponding
peak to be blurred due to the fact that this structure is
nonrigid.

4. CONCLUSIONS

It was shown that hypervalent configurations give
rise to additional peaks in the IR spectra both in the
low- and high-frequency regions. The frequencies of
strong high-frequency vibrations in clusters simulating
HV C and VAP-d defects in selenium are in agreement
with the positions of the additional peaks in the IR
spectra, which arise when passing from crystalline Se
to its amorphous modifications. The formation of
HVCs results in the shifting of the LUMOs and
HOM Os downwards and upwards, respectively, which
should bring localized states (which split off from the
edge of the valence band and the bottom of the conduc-
tion band) into existence in the band gap. It is probable
that an additional peak, related to the HV C and spaced
from the upper edge of the band by 1.0-1.5 eV, will
arisein the X-ray emission spectra.
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Abstract—Thereflection of a probing beam with awavelength A = 0.63 um from a silicon surface layer (a-Si)
amorphized by ion implantation was detected during its melting and solidification initiated by excimer ArF
laser radiation. When theirradiation energy is below the epitaxial threshold, asingle event of a-Si layer melting
leads to the formation of single nanocrystals separated from one another in the amorphous matrix rather than
to the appearance of polycrystalline material. The presence of nanocrystals makes possible the formation of
polycrystalline Si from amelt under exposure to asecond laser pulse and allowsthe intermediate crystallization
of Si inalaser-induced sequence of phase transitions. The data obtained are compared to the results of studying
the phase transitions initiated in similar experimental conditions in thin layers of hydrogenated a-Si layers on
glass substrates. © 2003 MAIK “ Nauka/Interperiodica” .

INTRODUCTION

Asis known, Phase transformations initiated in the
systems consisting of amorphoussilicon on acrystal S
substrate a-Si/c-Si [1, 2] or on a quartz or glass sub-
strate a-Si/glass [3-5] by single-shot nanosecond laser
radiation with an energy density E above the melting
threshold E,, of athin (~10-° cm) a-Si layer may cause
the formation [from the melt (I-Si)] of fine-grained
(FG) and/or coarse-grained (CG) polycrystalline sili-
con (pc-Si) with an average grain size ranging from
5-10 nm to ~0.1 um, respectively. When E exceedsthe
threshold E., the laser heating of the a-Si/c-Si system
causes the melting front to propagate into the single-
crystal layer. If this is the case, the epitaxia process
[-S — ¢-Si is redlized. Furthermore, phase transi-
tionsa-Si — |-Si — a-Si are possible [1] in amor-
phous Si layers subjected to short (with the half-max-
imum duration T, < 10 ns) pulses of the second har-
monic of YAG:Nd or ruby lasers, as well as in
hydrogenated a-Si/glass layers under the ultraviolet
(UV) pulsed radiation of excimer lasers [3-5].
Although alarge body of data has been accumulated in
this field, there are still some gaps in the knowledge
concerning, primarily, the kinetics of fast phase transi-
tions that take place in highly nonequilibrium condi-
tions of pulsed irradiation. Moreover, some of the cur-
rently available data are contradictory. For example
(see [1] and references therein), the phase transition
[-Si — a-Si was not observed during the laser melting
of pure a-Si; this fact was considered by the authors as
indicative of a significant role played by impurity in
this transformation process. However, this statement is
inconsi stent with the data of another experiment where

such a phase transition took place in pure a-Si sam-
ples obtained by the amorphi zation of asingle-crystal
surface by Si* ions. Another issue yet to be clarified
is to what extent the initial (a;) and final (a,) struc-
tural states, i. e., before and after the phase transitions
a;-Si — [-Si — a,-Si, correspond to the amorphous
phase of Si. The forgoing considerations have moti-
vated this study, which is aimed at gaining insight into
melting and solidification processes that take place in
thina-Si layers subjected to UV radiation of an excimer
laser.

EXPERIMENTAL

The experiments were held under conditions similar
to [5] with the use of an EMG-100 excimer laser with a
wavelength A =0.193 um and apulseduration 1, =10 ns.
Implantation of 75-keV P+ ionsinto KDB-10 (p-Si:B,
p =10 Q cm) (111) wafers at a dose of 2 x 10'> cm
resulted in the formation of a 0.1-um-thick amorphous
layer. We varied the energy density E by moving the
focusing lens along the laser beam axis. The areato be
irradiated was defined by athin metal plate with an ori-
fice 0.5 mm in diameter placed immediately ahead of
the sample, which was spaced from the lens by more
than the focal distance. A probing He-Ne laser beam
(A = 0.63 pm) polarized in the plane of incidence was
focused onto a 0.05-mm-wide spot centered within the
irradiated zone with the angle of incidence being 30°.
After the probing beam reflected from the sample, it
was detected by asilicon photodiode. A signal from the
photodetector was fed to a TS-8123 storage oscillo-
scope connected to a computer. The rise time for the

1063-7826/03/3705-0604%$24.00 © 2003 MAIK “Nauka/ Interperiodica’
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response characteristic in the measuring circuit was
about 4 ns. Pulse-to-pulse fluctuations of radiation
energy were no larger than +10%. Before proceeding to
a discussion of the data obtained, we should note the
following.

In our previous study [2] concerned with the dynam-
ics of annealing of similar implanted Si samplesirradi-
ated with ruby laser pulses (1, = 70 ns, A = 694 nm), the
recovery of the single-crystal structure (or the CG-Si
formation) was shown to occur as aresult of acomplex
sequence of phase transitions. a-Si — |,-S —
FG-S — 1,-S — ¢-Si (CG-S), involving interme-
diate crystallization with the formation of FG-Si. Asthe
radiation energy decreases to ~0.5 Jcm? (E.,), the
ensuing melting of FG-Si isruled out of the process and
the laser influence is reduced to the following transfor-
mations. a-S — |-S — FG-Si. FG-Si is formed
according to the mechanism of explosive crystallization
[1], with aliquid phase being supercooled considerably
since the a-Si melting temperature T, is ~200 K lower
than the equilibrium point T,,. = 1685 K of the crystal—
melt transition in Si. The formation of pc-Si at the radi-
ation energies E,, < E < E,. = 1.6 Jcm?, which is con-
firmed by TEM data [6], can be visually observed due
to aspecific tint of the irradiated area. In this case (Fig.
1), the microscope study of the sample surface with |at-
era illumination dearly indicates the presence of an
irradiated zone 2.5 mm in diameter, which stands out
against the general a-Si background as a result of scat-
tering of incident light by the pc-Si layer microprofile;
if E> Eg, the area of epitaxialy crystallized silicon is
encircled by an easily distinguishable thin polycrystal-
line ring. In the experiment with the excimer laser, a
similar pattern appeared upon the formation of pc-Si.

THE DYNAMICS OF AN IMPLANTED S
SURFACE UNDER SINGLE-PULSE LASER
IRRADIATION

Studying the dynamics of the reflection of aprobing
beam from the samples irradiated by the excimer laser
showed that irradiation with an energy 0.16 Jcm? < E <
E. = 0.75 Jem? (1 < A < 4.7, parameter A = E/E,,,)
resultsin the phase transformations a,-Si — |I-Si —
a,-Si, rather than in the formation of a polycrystalline
structure. In this situation (Fig. 2, curves 1-6), thefinal
value of the reflection coefficient R appears to be equal
toitsinitial value and thelifetime of theliquid phase (i.
e., the duration of phase transitions), characterized by
an increased reflectance, amounts to 1, < 50 ns. AsE
increases within the interval specified above, the time
dependence R(t) changes radically: at E > 0.4 Jcm?
(A > 2.5), the establishment of the final value of R
becomes nonmonotonic (Fig. 2, curves 4-6). This
effect is most pronounced when E approaches the epi-
taxial threshold and can be explained by the fact that,
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Fig. 1. Irradiated zone at the laser energy (a) below and
(b) above the epitaxial-crystallization threshold in
implanted silicon.
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Fig. 2. Dynamics of the probing beam reflection from ion-
implanted silicon. Dashed line shows the pulse of the exci-
mer ArF laser.

during solidification, the silicon layer becomes amor-
phous not only from the substrate side but also from the
surface of the melted layer; as a result, the reflection
coefficient R first drops below the initial value, then
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Fig. 3. Silicon liquid-phase lifetime vs. the energy density
of the laser.

passes through a weak maximum, and finaly again
approaches its initial value. Such changes in R are
caused by the interference of the probing radiation asit
reflects from the a-Si/I-Si system with an increasing
thickness of the a-Si surfacelayer. A similar reflectance
dynamics R(t) was derived from a theoretical analysis
of themaodel of an electromagnetic wave propagating in
a multilayer media [7] (under the assumption that
amorphization starts from the surface and the inter-
phase boundaries propagate towards each other). Simi-
lar dependences R(t) and anal ogous interpretation also
follow from [8], which dealt with the effect of picosec-
ond laser pulses on thin amorphous germanium films
on silicon.

Laser radiation with E = E.. (A = 4.7) initiates the
epitaxial crystalization of a molten layer, and the
reflectivity of the sample dropsto the val ue correspond-
ing to c-Si (Fig. 2, curves 7-9), which islower than the
initial value of R. As the energy density increases to
1.5 Jem? (A= 9.4), thevalue of 1,,growsto 0.12 us; at
the stage when quasistationary R (reflectivity of [-Si) is
becoming established, a reversible decrease in the
reflectance is observed, which can be attributed [9] to a
considerable heating of the melt surface (Fig. 2, curve9).
When the solidification (amorphization) of Si occurs
from both the substrate and the melt surface sides, the
duration of the enhanced-reflectivity phase T < 1,,,; Iin
contrast, these time intervals are equa in the case of
solidification from the substrate side only. It should be
noted that the liquid phase involved in the phase transi-
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Fig. 4. Dynamics of the probing beam reflection from the
implanted Si surface during the second exposure to radia-
tion.

tionsa;-Si — |I-Si — a,-Si appearsto have anotice-
ably shorter duration when there is a small excess of E
over E.. (Fig. 2, curve 7) than at the energies dightly
below E. (Fig. 2, curve 6). The longer time period
required for the phase transitions to occur in the latter
case can be attributed to the lower thermal conductivity
of a-Si compared to that of c-Si (the difference amounts
to about two orders of magnitude), which lowers the
efficiency of heat removal to the substrate and, thus,
prolongs the liquid phase lifetime relative to that corre-
sponding to the epitaxial process. The dependences
T(E) obtained for thea-Si/c-Si and c-Si samples (Fig. 3)
practically coincide at E = 1 Jcm? (A = 6.3). AsE
increases, the time 1 grows nonlinearly and reaches
300 ns at the energies close to the ablation threshold in
silicon E, = 2.3-2.4 Jcm? The measured melting
thresholds of the a-Si/c-Si layer and the single-crystal
Si surface differ by afactor of about 4.
SEMICONDUCTORS  Vol. 37
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Fig. 5. Dynamics of reflectivity and electrical conduction of a-Si/glass films at the irrediation energies below and above the a-Si
melting threshold. Dashed line shows the pulse of the excimer ArF laser.

THE DYNAMICS OF PROBING-RADIATOH
REFLECTION FROM THE IMPLANTED Si
SURFACE UNDER REPEATED LASER
IRRADIATION

The reflectivity behavior (E,, < E < E.) of the
implanted silicon subjected to the second laser irradia-
tion (Fig. 4) differsradically from the time dependence
R(t) in the conditions of the first irradiation; i. e., the
preliminary exposure (E = E;) has an effect on the
kinetics of phase transformations initiated by the sec-
ond pulse (E=E,). Thisinfluence isinsignificant if the
radiation energy iscloseto E,, (Fig. 4, curve 1). How-
ever, at higher values of E, (E; = 0.2-0.3 Jcm?), the
observed dependences R(t) (Fig. 4, curves 2—7) do not
resemble those obtained after thefirst irradiation of the
sample (Fig. 2, curves 3—6) within approximately the
same energy range E, = 0.4-0.7 Jcm? (A = 2.5-4.4).
This circumstance can be explained by the formation of
a polycrystalline structure due to the second pulse and
the corresponding drop of R below the initial value, as
well as by the intermediate crystallization of silicon,
which is possible during an induced sequence of phase
transformations; as aresult, the reflectance increases or
decreases nonmonotonically.
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By way of example, let us examine oscillogram 5in
Fig. 4. Melting of the a-Si layer leadsto an increase in
R and the subsequent reduction of the reflection coeffi-
cient due to the unoriented crystallization of highly
supercooled 1;-Si, which seems, most likely, to cause
the formation of FG-Si. The polycrystalline material
then melts, and the reflection coefficient peaks again
for, after which it drops below the initial value because
of the crystallization process|,-S — FG-Si. A decrease
inthe energy density E, reducestherole of repeat melting
(Fig. 4, curves2-5).AtE,,<E<0.4 Jcm? (1<A< 2.5),
the phase transitions a,-Si — |-Si — FG-Si occur
and no repeat melting is observed. With an increase in
E,, the intermediate crystalization shifts in time
towards the onset of R growth (Fig. 4, curve 7) or does
not develop at all (Fig. 4, curves 8, 9) because of the
decay of the crystal nuclei at ahigh rate of I-S heating,
which is typical of the energy densitiesE, > E.. (at a
lower laser energy, the growth of crystal nuclei results
in FG-S formation). At E, = E, the initiation of inter-
mediate crystallization is stochastic; i. e., it does not
always happen (compare oscillograms 7 and 8 in Fig. 4).

It isinteresting to compare the results of the current
study of the a-Si/c-Si system with those obtained in [5]
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Fig. 6. Maximal reflection coefficient Ry, and the duration
of the pulsed signals obtained from a-Si/glass samples vs.
the energy density of the laser.

for the annealing dynamics of thin hydrogenated a-Si
films on glass substrates under similar conditions of
excimer laser irradiation.

THE EFFECT OF PULSED LASER RADIATION
ON THIN FILMS OF HYDROGENATED
AMORPHOUS SILICON

In study [5], a-Si films with a thickness of 70 nm
(close to the thickness of the amorphous layer in
a-Si/c-Si samples) were formed on glass substrates by
the decomposition of pure silane (SiH,) in glow-dis-
charge plasma. The laser-induced modification of the
filmswas ascertained by the dynamics of optical reflec-
tance R(t) in the experimental conditions similar to
those for a-Si/c-Si samples and from the dynamics of
their electrical conduction. The latter value was derived
from measurements of current I(t) across a 0.5-mm-
wide (and 6-mm-long) gap between deposited thin-film
electrodes of Cr or Au; the applied voltage was 20 V.
From the oscillograms for the R(t) and I(t) signals
(Fig. 5), the melting threshold of the a-Si/glass was
determined as E,, = 0.1 Jcm?. This appears to be
markedly lower than the corresponding value E,, for
a-Si/c-Si samples, since a smaller amount of heat is
removed during the laser pulse to the glass substrate
(Corning 7059), whose thermal diffusivity is substan-
tially lower than that of c-Si. It should be noted that, in
both cases, the emission of heat due to the absorption of
laser radiation occursin a 10-nm-thick surface layer of
a-Si, as the absorption coefficient of UV radiation a in
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a-Si (aswell asin ¢c-Si and in the melt) is on the order
of 106 cm.

The absorption coefficient of the probing radiation
ina-Si (~5x 10* cm™ [10]) is appreciably smaller than
o = 108 cm?, which leads to a considerable difference
intheinitia values of Rfor the a-Si/glass and a-Si/c-Si
samples. In the former case, the reflection coefficient
(~10%) is defined not only by the optical parameters of
a-Si:H but also by the interference of radiation due to
the contribution from the film—substrate interface. In
the latter case, the interferenceis virtually insignificant
because of the close refractive indices of a-Si and ¢c-Si,
and the value of R (close to 40%) is mostly defined by
the optical parameters of a-Si. The maximal reflection
coefficient R, achieved at E > E,, is ~65% in both
cases, which corresponds to the reflectivity of S melt
(o = 10% cm?), as in similar experimental conditions
[9] for the laser-induced melting of ¢-Si. In each case,
however, the dynamics of reflectivity hasits special fea
tures, which can be seen from a comparison of the
oscillograms shown in Figs. 2 and 5.

In the situation with a-Si/glass samples, as E
increases to E,,, the peak value of R linearly grows
(Fig. 6) and the duration of the pulse of current induced
by the photoexcitation of silicon, T., remains constant.
A further increase in E leads to the leveling off of the
energy dependence of R, due to the complete melting
of the film, and the dependences 1.(E) and t,(E) coin-
cide. These data suggest that the lifetime of the Si melt
increases proportionally to E and reaches 40-50 ns near
the ablation threshold of the film E,. The value of E,
exceeds the melting threshold by afactor of only 2-2.5
because of the low thermal diffusivity of the glass sub-
strate. Note for comparison that, in the experiment with
a-Si/c-S samples, theratio E/E,, (i. €., the parameter A)
approaches 15.

Taking into consideration the differences in the
parameters of laser interaction with different systems
consisting of amorphous film and substrate, we call
attention to the remarkable resemblance of the kinetics
of the laser-induced phase transformations in both sys-
tems. Specifically, neither in the a-Si/c-Si nor in the
a-Si/glass systems does single-pulse laser irradiation at
E . < E < E.. lead to the formation of polycrystalline
materia. In the case of a-Si/glass, this conclusion is
also supported by the results of Raman studies of the
films. For a polycrystalline structure to appear, repeat
exposure of both systemsto laser radiationwithE< E,,
isrequired, which indicates that the kinetics of Si crys-
tallite growth is similar in both cases and is associated
with the growth of nanocrystal nuclei initiated by the
first irradiation. Therefore, the differences in manufac-
turing methods and the content of different impurities
(phosphorous with a concentration below 1% or hydro-
gen in a-Si/glass films with an initial concentration of
8-10% [11]), aswell asthe different conditions of heat
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Fig. 7. Dynamics of the probing beam reflection from a,-Si/glass and a,-Si/glass films subjected to pulsed laser irradiation. Oscil -
lograms to the left and right were obtained during the first and the second pulse, respectively.

removal to substrate, seem to be of dight influence.
Repeat laser irradiation of Si-on-glass samples may
result in intermediate crystallization, which manifests
itself in the specific dynamics of achangein R (Fig. 7)
similar to the dependence R(t) observed upon the irra-
diation of ion-implanted silicon (Fig. 5).

CONCLUSION

The possibility of nanometer-sized (smaller than
5 nm) single crystals (nanocrystals) forming thin films
of a-Si/glass under single-pulse UV laser irradiation is
supported by the data obtained ex situ in study [12],
which was carried out with the use of an excimer XeCl
laser (A = 308 nm, T, =5 ns). It was found that the pre-
vailing orientation of the nanocrystals was in the [110]
direction perpendicular to the film surface (the film had
a thickness of ~100 nm) and their concentration

SEMICONDUCTORS Vol. 37 No.5 2003

depends on the laser energy density. In our experimen-
tal conditions, asimilar phenomenonis likely to occur.
The formation of nanocrystals leads to the appearance
of apolycrystalline phase and allows intermediate crys-
tallization to develop during laser-induced melting of
silicon both in the a,-Si/glass system and in a,-Si/c-Si
layers. One of the factors that precludesthe crystalliza-
tion of films as a result of single-pulse irradiation is a
fairly rapid rise of the a;-Si temperature, due to which
the nucleation of nanocrystals in the amorphous matrix
(a,-Si) isvirtualy suppressed. In the experiments with
aruby laser [13], wherethe heating rate of thea-Si/c-Si
layer was lower due to a substantially longer time of
exposure (70 ns), the effective nucleation of nanocrys-
tals in the amorphous phase takes place at the premelt-
ing stage and the crystals grow to the size of grainsin
fine-grained polycrystalline material at the phase tran-
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sition I,-Si — FG-Si, i. €, during explosive crystalli-
zation.
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Abstract—The behavior of silicon particle detectors irradiated with 2.5-MeV electrons during subsequent
annealing is studied. Annealing at 100-250°C was found to result in the formation of two types of traps with
thelevelsE;.—0.32 eV and E,, + 0.29 eV. Increasing the annealing temperature to 300°C makes both traps dis-
appear. On the basis of data obtained, it was concluded that these traps are rel ated to hydrogen-containing com-
plexes. The presence of hydrogen in a crystal results in a decrease in the annealing temperature for vacancy—
oxygen (VO) complexes and complexes consisting of carbon and oxygen interstitials (C,0;). The reason for this
phenomenon is the passivation of these complexes by hydrogen, which resultsin the formation of electrically
active VOH centers {with the level E; — 0.32 eV} in an intermediate stage of this process. It is assumed that
hydrogen penetrates the structures under investigation in one of the stages of their fabrication. © 2003 MAIK

“ Nauka/lInterperiodica” .

1. INTRODUCTION

Nowadays, in order to perform experimentsin high-
energy physics, one needs silicon particle detectorsthat
retain their working capacity even if the content of
compensating radiation defects (RDs) exceeds the con-
tent of shallow-level impuritiesin the base region of the
detector by more than afactor of 100. The need for such
detectors stimulated multiple investigations of the radi-
ation damage in detector-grade silicon (see report [1]
and references therein).

One of the principal purposes of these studieswasto
investigate the possibility of applying the defect-engi-
neering technique for improving the radiation resis-
tance of detectors. This method consists of the purpose-
ful addition of impurities that affect the processes of
formation of electrically active defects during irradia-
tion and, thus, make it possible to control the macro-
scopic parameters of the detector structures.

Some models of defect formation, which served asa
basis for using various processing procedures to
improve the resistance of detectors with respect to a
number of parameters, have been developed [1, 2]. In
these models, oxygen and carbon were assumed to be
those impurities that completely determine the forma-
tion of electrically active complexes in irradiated sili-
con. However, the available models cannot adequately
describe the properties of real structures. Thus, the pro-
cesses of interaction of RDs both with each other and
with impurities are now being studied in more detail.

As recent investigations [3-6] show, hydrogen can
penetrate silicon crystals even at room temperature. In
thiscase, conventional processing operationsin thefab-
rication of detector structures may be responsible for
the appearance of hydrogen in them. For example,
hydrogen penetrates Si structures during wet chemical
etching [3-6]. These data make it possible to assume
that hydrogen may also be present in silicon detectors.
The purpose of this study isto verify the above hypoth-
esiS.

2. EXPERIMENTAL

In this study, we investigated detectors fabricated
from silicon with aresistivity of 4 kQ cm and aphospho-
rus concentration of ~10'2 cm2 (Wacker Chemitronics,
Germany). In fabricating the detector structures, we
used conventional stages of planar technology: ion
implantation, thermal oxidation, etching, and deposi-
tion of metals. In order to introduce radiation defects,
we used irradiation with gamma-ray photons from a
80Co source and with fast electrons with an energy of
E = 2.5 MeV. After irradiation, isochronous annealing
(30 min) was performed in air in the temperature range
of 100-300°C to determine the thermal stability of RDs
and study their interaction with the hydrogen impurity.

The defect content was determined by deep-level
transient spectroscopy (DLTS). The measurements
were carried out in the temperature range of 79-300 K.
The bridge operating frequency amounted to 1 MHz.

1063-7826/03/3705-0611$24.00 © 2003 MAIK “Nauka/ Interperiodica’



612

AC, fF
E1l
1208 m As-irradiated
e 150°C
100+ A 200°C
v 250°C
80+
60+
40F E4
20
E3
0 1 1
80 120 160 200 240 280
T, K

Fig. 1. Energy levels of the traps for majority charge carriers
inthe DLTS spectraof detectors, as-irradiated (with 2.5-MeV
electrons) and isochronously annealed (for 30 min) after
irradiation at temperatures T, indicated in the figure.

3. EXPERIMENTAL RESULTS AND DISCUSSION
3.1. Detection of Hydrogen Centers

The temperature necessary for annealing RDs
depends on the presence of hydrogen impurity. One
might expect that, during annealing, passivation of
vacancy-type defects should occur first [3, 7]. In order
to study this effect, we performed isochronous anneal-
ing of detector structures irradiated with fast electrons.
Figure 1 shows DLTS spectra measured immediately
after irradiation and after isochronous annealing at var-
ious temperatures for 30 min. Immediately after irradi-
ation, four trapping levels are observed: E1 at ~E, —
0.17eV,E2a ~E.—0.25 eV, E3 a ~E.—0.37 eV, and
E4 at ~E.—0.42 V. Theannealing at 150°C leadsto an
increase in the amplitude of the signal related to the E1
trap and to the appearance of anew trapping level E5 at
(Ec —0.32 eV). If the annealing temperature increases,
the content of E5 centersincreases, whereas the content
of the E1 centers decreases. According to [3-6], the E5
trap may be related to a vacancy—oxygen—hydrogen
complex (VOH).

Another center which, according to [8], may aso be
indicative of the presence of hydrogen is the trapping
level at E, + 0.28 £ 0.01 eV. In order to detect this cen-
ter, we studied the DLTS spectrarelated to the traps for
minority charge carriers (Fig. 2). As can be seen Fig. 2,
in the spectrum recorded immediately after irradiation,
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Fig. 2. Energy levels of the traps for minority charge carriers
inthe DLTS spectraof detectors, as-irradiated (with 2.5-MeV
electrons) and isochronously annealed (for 30 min) after
irradiation at temperatures T, indicated in the figure.

two traps are observed: H1 at E, + 0.30 eV and H2 at
E, + 0.36 eV. After annealing at 150°C, the H1 trap dis-
appears, while the content of H2 centers increases sub-
stantially. At higher temperatures, a new trap H3 (at
E, + 0.29 eV) appears. The content of these traps
increases with an increase in the annealing temperature
up to 250°C. The amplitudes of the peaks related to the
traps under observation are shown in Fig. 3 asfunctions
of the annealing temperature.

The datawe observed may beinterpreted asfollows.
The energy position and the temperature stability of the
H1 trap indicate that it may be related to the carbon
interstitial (C) [9]. At T = 50-100°C, this atom
becomes mobile and migrates through the crystal until
it is captured either by an oxygen interstitial (O;) or by
a substitutional carbon atom (Cy) [9, 10]. In this case,
either a complex consisting of a carbon interstitial and
an oxygen interstitial (C—O,) with adonor level at ~E, +
0.35 eV or acomplex consisting of a carbon interdtitial
and asubstitutional carbon atom (C—C,) with an accep-
tor level at ~E.—0.17 eV areformed [9, 10]. Inthecrys-
tals under investigation, most defects C, areinvolved in
formation of C;—O, complexes, which isindicative of a
relatively high content of oxygen impurity.

The centers with energy levelsat E. —0.32 eV (E5)
andE, +0.29 eV (H3) arerelated to the compl exes con-
taining hydrogen [3-6, 8]. In study [8], it was suggested
that these two levels represent the acceptor and donor
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levels of the complex consisting of an oxygen vacancy
and a hydrogen atom (VOH). This suggestion is con-
firmed by our data. The E5 and H3 centers have similar
contents, and both of these centers vanish simulta-
neously after annealing at 300°C (Fig. 3). Thus, the set
of data we obtained makes it possible to conclude that
the detector structures under study contain hydrogen
impurity.

Presumably, hydrogen penetrated the structures dur-
ing a certain processing stage. As our experiments
showed, the relative content of the VO and VOH com-
plexesisvirtually invariable at distances in the range of
30-90 pm from the p—n junction. Hence, we can con-
clude that either hydrogen penetrated the structure dur-
ing a high-temperature stage (for example, oxidation)
or the structure was subjected to thermal treatment after
hydrogen penetrated it.

Previoudly, the presence of hydrogen in detector
structures was reported in [11]. It was observed in that
study that a trapping level at E, — 0.32 eV appeared
after yirradiation at 350°C. However, it is well known
from the datain the literature [12, 13] that thistrap is
annealed at 300°C in the same way as in the structures
we studied. Therefore, it is worth noting that the data
from [11] cannot be unambiguously interpreted and,
thus, cannot verify the presence of hydrogen in the sil-
icon detectors.

3.2. Behavior of Divacancies in Detector Structures
with Hydrogen

One of the major defects determining the degrada-
tion of detectorsused in projectsin high-energy physics
is the divacancy [1, 2]. Therefore, it is of interest, first
of al, to investigate the possibility of passivating this
defect. Asfollows from the datareported in [3], adiva-
cancy may be efficiently passivated when doping sur-
facelayerswith hydrogen during wet etching of silicon.
However, in the structures we studied, total passivation
of divacancies was not observed. Although our data
cannot be interpreted as unambiguously as the data on
the formation of the VOH complex, nevertheless, it may
be concluded that the hydrogen atom and the divacancy
interact with each other.

The divacancy is known to have two acceptor levels
aE=E.—024¢eVand E=E.,—-0.42¢V [14] inthe
upper half of the band gap of silicon. In the detectors
we studied, these levels correspond to the E2 and E4
traps. However, the contents of these traps are not
equal. The largest value of the signal related to the
deeper E4 trap exceeds that for the E2 trap. This fact
enables us to conclude that the E4 peak is related to at
least two centers. Asarule, it is assumed that, in addi-
tion to the divacancy, the phosphorus—vacancy complex
(E center) also contributes to the amplitude of the E4
peak. In order to verify this assumption, we irradiated
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another detector structure from the same set with y rays
from a %°Co source. The DLTS spectrum of this struc-
ture is shown in Fig. 4. It follows from this spectrum
that virtually no E centers are formed in the structures
under investigation dueto theyirradiation. Thisfact indi-
cates that the oxygen concentration exceeds 10'° cm2in
the crystals we studied, and [O]/[P] > 103. Thus, the
nature of the center that additionally contributes to the
amplitude of the E4 peak immediately after the electron
irradiation is unclear.

The processes of annealing of the E2 and E4 traps
are also somewhat different (Fig. 3). The content of E2
centers decreases steadily as the annealing temperature
increases and becomes virtually zero at 250°C. The
thermal stability of the E4 trapsis higher. Such abehav-
ior of the traps during annealing can also be explained
by the presence of hydrogen in the crystals under inves-
tigation. The partial disappearance of divacancies at
T < 250°C, which manifestsitself in adecreaseinthe
content of E2 traps, can be explained by the interaction
of divacancies with hydrogen, with the formation of
divacancy—hydrogen complexes. According to [13],
such a complex has an acceptor level at ~E,—0.43 eV,
which is close to the level of the divacancy E(0/-).
Therefore, the peaksin the DLTS spectrarelated to the
levels of the divacancy E(0/-) and the divacancy—
hydrogen complex are virtually indistinguishable.

Consequently, we may suggest that it isthe interac-
tion between the divacancy and hydrogen atom (V, +
H — V,H) that is responsible for the virtual con-
stancy of the height of the E2 peak after annealing at
T=200°C. The content of divacancies decreases,
which results in a decrease in the amplitude of the E2
peak. However, the content of V,H complexesincreases,
and the total content [V,] + [V,H] remainsinvariable in
this case (the amplitude of the E4 peak remains virtually
constant). According to [13], the V,H complex, as well
as the divacancy, is stable up to 250°C, which agrees
with our data. Thus, the interaction between hydrogen
atoms and divacancies results in the formation of elec-
trically active divacancy—hydrogen complexes in the
structures under investigation. It isthe E4 trap, whichis
as stable in our structures as in the crystals containing
no hydrogen, that is related to this complex.

For practical purposes, it isimportant to estimate the
influence of the observed transformations of the defect
complexes on the detector characteristics. Evidently,
the total passivation of the VO and C,O; complexes
should result in adecrease in the full-depletion voltage
(Vep) in the irradiated detectors. When the passivation
isincompl ete, the characteristics may degrade dueto an
increasein Vgp. According to [15], the closer the defect
level to the midgap, the stronger its influence on the
value of Vg in heavily irradiated detectors. Conse-
guently, if most A centers (with alevel at E.—0.17 eV)
are incompletely passivated and convert to VOH com-
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plexes (with a deeper acceptor level at E, — 0.32 V),
this may lead to increasing Vip. If the interaction of
hydrogen with divacanciesresults only in the formation
of V,H complexes, hydrogen also does not positively
affect the detector characteristics, in particular, the
value of Vgp.

No hydrogen was deliberately introduced into the
structures investigated in this study. For this reason, its
content appearsto be not very high and only partial pas-
sivation of radiation defects was observed. One might
expect that alarger fraction of radiation defects will be
passivated if the hydrogen content isincreased, and this
will occur at lower temperatures than that at which it
was observed in this study. However, additional inves-
tigations are necessary to find out whether hydrogen
can improve the radiation resistance of radiation detec-
tors operating at temperatures close to room tempera-
ture.

4. CONCLUSION

Thus, the results we have obtained indicate that
hydrogen is present in silicon detectors and that it
actively interacts with primary radiation defects. The
presence of hydrogen in the crystal results in the
decreasing of the annealing temperature for the VO and
C,O; complexes, which are stable under conventional
conditions up to 300°C. The decrease in the annealing
temperature is explained by the interaction of these
centers with hydrogen and by the formation of electri-
cally active VOH centersin an intermediate stage of this
process. The interaction between the radiation defects
and hydrogen must be taken into account when devel-
oping an optimal technology for the fabrication of radi-
ation-resistant silicon radiation detectors.
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