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The methods of low-temperature photoluminescence, x-ray topography, and diffractometry were used in a
study of the influence of the solid-solution composition on the structure and properties of In,Ga,_,As

(0.002<x<0.01) films grown by molecular beam epitaxy.

An increase in the degree of isovalent doping of epitaxial
films results in relaxation of internal stresses by formation of
misfit dislocations and transformation of the photolurhinescence
spectrum in the range 1.3 < hv < 1.5 eV, which is accompa-
nied by nonmonotonic behavior of the intensity of the edge
band and of the quantum efficiency of the photoluminescence
due to changes in the number of the nonradiative recombina-
tion centers and a redistribution of the residual acceptor carbon
impurity (C,,) with a depth across a film because of the get-
tering influence of the misfit dislocations.

The idea of doping GaAs single crystals in epitaxial films
with the isovalent In impurity, put forward in Refs. 1-3, postu-
lates a replacement of gallium vacancies with indium, Vg, -
{Ing,], because these vacancies are nonradiative recombination
centers.# This increases the luminescence efficiency in a cer-
tain range of compositions. Introduction of In creates micro-
stresses because of the large difference between the atomic
radii of In (1, = 1.44 A) and of Ga (rg, = 1.26 A) and this
in turn can generate defects and transform the existing system
of point defects. These two processes are mutually related and
they depend on the technology used to grow epitaxial films,3
purity (concentration of the initially present residual C and/or
Si impurities), dopant concentration, nature and magnitude of
the strain fields & governed by the epitaxial film thickness, and
mismatch between the lattice parameters of the film and the
substrate. ,

We studied how the solid-solution composition and the
increasing mismatch between the lattice constants of the film
and the substrate as a result of increasing the concentration of
the isovalent indium impurity in epitaxial In,Ga; _,As (0.002
< x < 0.01) films grown by the molecular beam technology
influenced the photoluminescence spectra and how this is
related to a possible relaxation of internal mechanical stresses
by formation of misfit dislocations at the interface between the
film and the substrate or to the formation of additional defects.

TABLE 1. Initial parameters of epitaxial InxGa,_;As films

EXPERIMENTAL METHODS

We investigated In,Ga, _,As (0.002 < x < 0.01) films
grown on high-resistivity (100) GaAs substrates by the method
of molecular beam epitaxy (MBE) at ~ 600°C. The film thick-
ness was 1.1-1.4 um. The density and mobility of free elec-
trons, deduced from the Hall effect on the assumption that the
Hall factor was 1, amounted to n = 8 X 1017 cm~3 and » <
1000 cm?/(V-s) for all the investigated samples. ,

The steady-state photoluminescence was excited by radia-
tion from an LG-503 argon laser which emitted at the pump
wavelengths A, amounting to \; = 4880 and \, = 5145 A
(excitation density was between 5 and 50 W/cm2) and from an
He—Ne laser with A\; = 6328 A (excitation density <10
W/cm2). The recombination radiation was recorded in the 0.8
to 1.15-um range using an uncooled FEU-62 photomultiplier in
the current-flow regime as part of an automated KSV-23 sys-
tem. Measurements were carried out at temperatures of 4.2-80
K and 300 K.

The structural quality of the epitaxial films was monitored
by x-ray reflection topography (CuKo radiation in an asym-
metric configuration, 531 reflection) and by x-ray diffractom-
etry using a two-crystal spectrometer and CuKa radiation in
the (n, —m) geometry. These two methods made it possible to
determine the film thicknesses, the profiles of the lattice pa-
rameter across the thickness,® and macrobending of the sys-
tem. The composition and electrophysical parameters of the
batches of samples used are listed in Table 1. Each batch con-
sisted of 4-12 samples made in the same technological cycle.

EXPERIMENTAL RESULTS AND DISCUSSION

X-ray topographs of our samples showed that when the
mismatch between the lattice constants of the film @, and
substrate @, was minimal (batches 1 and 2) the nucleation of
misfit dislocations was not yet observed and the structural

Batch No.| Substrate| Bending | Misfit Aalay Epitaxial film (EF)
designa- | radius R, | disloca-
tion m tions EF thick-| density of | mobility | indium
ness, um | free carri- | p, cm?/ [content x,

ers, em™3 V's) mol. %
1(83) | AGChP | +23 none | 9.9-107% 1.4 8107 | <1000 | 02
289 | AGChP | +30 none |1.27-1073 1.1 8107 | <1000{ o4
3(90) | AGChP | —150 few |[1.481073| 1.45 | 68107 | <1000 | 0.42
4(91) | AGChP | +152 | network |1.85:1073] 1.3 58107 | <1000 | 0.9
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FIG. 3. Photoluminescence spectra of epitaxial Ing o, Gag goAs films (batch
4) determined at the following temperatures (K): 1) 300; 2) 80; 3) 40; 4) 6.
The photoluminescence was excited by pumping at the wavelength AN =
4880 A.

network. A nonmonotonic change in the intensity of the edge
band I, was accompanied by a nonmonotonic change in the
external quantum efficiency of the photoluminescence n =
§ I(Nd\, accompanied by a reduction in the ratio of the band
intensities Sg = Ip/l, (Sp was proportional to the ratio of the
concentrations of the luminescence-emitting centers), The
nonmonotonic decrease in the ratio of the intensities of the
photoluminescence lines (impurity and edge) with an increase
in the In content could indicate a reduction in the concentration
Np of the shallow acceptors (batches 1-3) upon introduction of
the isoelectronic impurity into gallium arsenide on the assump-
tion that the capture cross section remained constant. The
shallow acceptor centers involved in the radiative recombina-
tion of free carriers were usually attributed to the presence of
residual (accidental) impurities (carbon and/or silicon) and
such a reduction in the number of the centers could be due to
changes in the acceptor (residual impurity) system because of
changes in the structural quality of the films. The appearance
of misfit dislocations at the film—substrate interface could
result in a redistribution of the residual impurities in such a
way that they would move away from the interface. The accep-
tor ionization energy E,4 calculated from the position of the
luminescence band hvg(e—A®) was E4 = 27 meV at T = 4.2
K, which agreed with the ionization energy of the site carbon
Cas- (Since the technology used in the preparation of the films
belonging to different batches was the same and only the In
concentration — itself of high purity — was varied, we could
reject the possibility of large fluctuations in the carbon content
due to the irreproducibility of the technology.)

A redistribution of carbon across the film thickness was
checked | by determining the ratio Sp in the full range of varia-
tion of x. This was done by increasing the depth of probing.2)
The photoluminescence was excited by the Ay = 5145 and A5
= 6328 A wavelengths. The rate of excitation was the same in
each case. The probing depth desr was increased from ~0.7
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FIG. 4. Dependences of the ratio of the photoluminescence band intensities
Ip/l, on the depth of probing dgr obtained for batches 1-4 (curves 1-4).

pm (A, at 80 K) to ~1.0 um (A3, at 80 K). An increase in
this depth failed to reveal a significant change in the carbon
impurity concentration in samples from batches 1 and 2, but
formation of misfit dislocations resulted in a redistribution of
carbon with an increase in Ng,, near the interface and its

decrease near the surface (Fig. 4). Since a reduction in the rate
of excitation due to an increase in dggr could alter the ratio Sg
= Ig/l, by increasing it, because of the different dependences
of the edge and impurity luminescence bands on the excitation
rates, we determined the values of Sp and found that an in-
crease in the rate of excitation by a factor of 1.5-2 altered Sp
by no more than 3-4%. Oblique section were formed by chem-
ical thinning and the whole cycle of measurements at the
wavelength Ay was repeated for an oblique section in order to
determine whether such a redistribution of carbon was accom-
panied by a redistribution of the In isovalent impurity with
depth in an epitaxial film, and also in order to exclude the
influence of the rate of excitation on the qualitative estimates
of the residual impurity distribution. This was done for all the
samples and the results confirmed that carbon was gettered by
misfit dislocations at the interface. There wereno changes i
the In content, which was deduced from the shift of the photo-
luminescence maximum (within the limits of the sensitivity of
the method amounting to 0.002 eV, which corresponded to a
change in the In concentration by ~1 X 1019 cm~3).

Our results thus established that relaxation of internal
stress in epitaxial In,Ga, _,As films on GaAs substrates oc-
curred as a result of the mismatch between the lattice constant
of the film and the substrate at a given film thickness by intro-
ducing upon increasing the isovalent dopant concentration,
misfit dislocations in accordance with a mechanism that should
be studied by the method of transmission electron microscopy.
This was accompanied by a redistribution of the strain fields of
the system (Table I) and a redistribution of the residual accep-
tor impurity. Bearing in mind the sign of the band broadening
caused by an increase in the concentration of carbon and the
relationship between the covalent radii (rc = 0.77 A) charac-
terized by rc < 7g,, we concluded that the carbon impurity in
its free state could migrate in the field of internal stresses
along the field gradient toward the compressed region, in
agreement with the distribution of the strain fields in the
film—substrate system of samples from batches 3 and 4 (Ref.
11).

The application of the x-ray diffraction, x-ray topography,
and the photoluminescence methods to the same objects made
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it possible to establish clearly and unambiguously the correla-
tfon, between the nonmonotonic variation in the intensity of the
photolumlnescence of InGaAs/GaAs epitaxial film systems
grown by the molecular beam epitaxy method and changes in
the dislocation structure of the interface.

We thus found that isovalent doping of In,Ga;_,As
(0.002 < x < 0.01) epitaxial films grown by the molecular
beam epitaxy method caused an increase, against the back-
ground of a redistribution of the strain fields and relaxation of
these fields by the formation of misfit dislocations, in the
intensity of the edge luminescence band and of the external
luminescence efficiency (x < 0.004) and then their decrease in
the range x > 0.004, as a result of a change in the concentra-
tion of the nonradiative recombination centers and a redistribu-
tion in the concentration of the carbon acceptor impurity in the
bulk of the films, which was attributed to the gettering influ-
ence of the misfit dislocations.

<

DThe mismatch was defined as (2, — a,)/a,.

2)The probing depth was estimated from d ¢ = l/a, + Lp, where Ly is
the diffusion length of the minority carriers assumed to be %0.5 um (Ref.
9) and a,, is the absorption coefficient at the wavelength A, (Ref. 10).
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