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The main luminescence line of pure #-type indium antimonide crystals

(Np — N, = (0.3-2)-10" cm ~?) and the absorption spectra in the region of the main line were
studied at liquid-helium temperatures. It was ascertained that the main emission line is associated
with transitions of electrons from narrow donor levels into the valence band and the spectral
position and shape of this line are determined by large-scale fluctuations of the concentration of
charged impurities. It was found that the nonequilibrium charge carriers fill a volume whose
linear dimensions are much greater (by approximately two orders of magnitude) than the

ambipolar diffusion length of the carriers.

INTRODUCTION

Indium antimonide is a classical material for studying a
wide range of the most diverse physical phenomena. The
modern technology of preparation of this semiconductor
compound makes it possible to grow structurally perfect sin-
gle crystals with a low content of residual impurities. It is
largely because of this that indium antimonide is the most
appropriate material for investigating exciton effects in nar-
row-band semiconductors.

Since the exciton binding energy in indium antimonide
is small ( =0.5 meV), exciton lines are usually observed in
the reflection spectra’? and absorption spectra®> only in a
magnetic field, which stabilizes the weakly bound states.
Emission lines of bound®® and free® diamagnetic excitons of
a magnetic-field-stabilized electron-hole liquid (EHL)"
have been observed in the luminescence spectra of quite pure
samples placed in a magnetic field.

For a long time the reliability of the interpretation of
the edge luminescence spectra of indium antimonide in the
absence of a magnetic field, which had already been studied
in great detail by the mid-1970s,'>"'> has never been ques-
tioned. However, after Kanskaya et al.'® observed an exci-
ton maximum at the absorption edge of the samples subject-
ed to special heat treatment, and, thanks to this, were able to
determine the band gap more accurately [ E, = 236.8 + 0.2
meVat T = 2 K (Ref. 16) ], it was found that the main emis-
sion line of quite pure n-type samples, which was usually
associated with direct interband transitions, lies entirely at
energies less than the band gap width. At the present time
there is no general agreement as to the nature of this line. In
Refs. 8, 9, and 17 it is conjectured that the main line of the
spectrum is due to radiative recombination of electrons and
holes in free or bound excitons. At the same time, in Refs.
18-20 data confirming the previous viewpoint are presented
and the long-wavelength shift of the line is explained by the
narrowing of the forbidden band as a result of interparticle
interactions in the electron-hole plasma and as a result of the
tails of the density of states (though the analysis of the ex-
perimental data was based on an obsolete value of the undis-
turbed band gap of 235.5 meV). Similar considerations were
stated in Ref. 7.

Discrepancies have also appeared in the interpretation
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of the emission line arising under intense pumping on the
long-wavelength wing of the main line (B-line, in the nota-
tion adopted in Refs. 9 and 17). In Ref. 17 it was suggested
that this line can be attributed to excitons, bound with deep
acceptors, and in Ref. 20 it was interpreted as a stimulated
emission line of an electron-hole plasma. Other possibilities
have also been discussed.’

In this paper we investigate the main luminescence line
of pure n-type indium antimonide crystals over a wide range
of intensities of photoexcitation at temperatures of 2-4.2 K
and the absorption spectra in the region of the main line, and
the shapes of the emission and absorption spectra are ana-
lyzed theoretically and compared with one another.” It is
shown that the spectral position and shape of the main emis-
sion line are determined by large-scale fluctuations of the
concentration of charged impurities; these fluctuations give
rise to bending of the edges of the allowed bands. The ob-
served radiation is then associated with transitions of elec-
trons from shallow donor levels, lying below the ‘“dips” of
the conduction band, into the spatially separated “hills” of
the valence band, which are potential wells for holes.*> The
data obtained also show that the line appearing with high
excitation intensities is a superluminescence line and arises
as a result of the same electronic transitions as in the case of
the main line.

At first glance it appears somewhat unexpected that the
large-scale impurity potential plays the main role in the for-
mation of the emission spectrum of even extremely well-pu-
rified samples of indium antimonide. As the experimental
results and theoretical estimates presented below show,
however, even in this case the rms fluctuation potential is
quite high (much greater than one electronic Rydberg), and
the energy of the main edge-luminescence line is primarily
determined by the depth and spatial extent of the potential
wells formed by fluctuations of the concentration of the
charged impurities.

In order to avoid misunderstandings, we emphasize
once again that here we are talking about the luminescence
spectrum in the absence of a magnetic field. In a sufficiently
strong field, under certain conditions emission lines of exci-
ton-impurity complexes®’ (H>5-7 kOe) and EHL
(HZ 20 kOe; Ref. 6) appear superposed on the main emis-
sion line. The appearance and properties of these lines are
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completely unrelated to the characteristics of the lumines-
cence spectrum as a function of the magnetic field strength
and the level of excitation in weaker fields.

EXPERIMENTAL PROCEDURE

For investigation of luminescence either a Nd* * YAG
laser with wavelength 4 = 1.06 um and maximum power
P_,, of about 3 W or a He-Ne laser with 4 = 3.39 um and
P,.. =15 mW was employed for quasistationary excitation
of the samples. Both lasers operated in the cw mode. The
excitation radiation was modulated with a frequency of 1
kHz with a mechanical interrupter. In order to reduce the
overheating of the sample occurring under intense pumping
the ratio of the pulse period to the length of the excitation
pulse was varied from 2:1 for low excitation levels up to 10:1
for high excitation levels. The diameter of the exciting light
beam on the sample was equal to ~0.3 mm. The excitation
intensity was varied with the help of neutral light filters.

Recombination radiation was collected either from the
surface of the sample illuminated with the laser (reflection
geometry) or from the opposite surface of the sample (trans-
mission geometry). The radiation was analyzed with an
MDR-2 monochromator with a grating of 100 lines/mm and
recorded with a liquid-nitrogen-cooled Ge:Au photoresis-
tor.

When the transmission spectra were measured, radi-
ation from a globar lamp was first passed through the same
monochromator and then focused on the sample. The trans-
mission spectra of samples with different thickness d are pre-
sented in Fig. 1. The spectra were replotted taking into ac-
count the frequency dependence of the intensity of the
globar radiation. The absorption spectrum a (@) was calcu-
lated from the same curves with the help of the approximate
formula

t=(1—R)%e~* (D

(t and R are the transmission and reflection coefficients, re-
spectively) by two methods. First, for each selected value of
#iw the absorption coefficient was determined from the slope
of the straight line In(#) versus 4. Second, along each trans-
mission curve shown in Fig. 1 @ was calculated from its value
at the point fiw = 234.5 meV, obtained by the first method.
The spread in the computed values of a(w) was equal to
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FIG. 1. Transmission spectra of samples of thickness d = 100um (1), 280
(2), 550 (3), and 850 (4). The difference of the impurity concentrations
is Ny —N,=1.2-10" cm ~* and the temperature is equal to 2 K. The
dashed curve shows the spectral dependence of the absorption coefficient
a (scale on the righthand side), calculated from the transmission spectra.
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10% on the average. The dashed line in Fig. 1 shows the
absorption spectrum.

The experiments were performed on samples of pure n-
type indium antimonide with electron density
n=1(03-2)-10" cm~* and electron mobility
4, = (6-7.5)-10° cm?/(v's) (n and u, were measured at
T =77 K). After mechanical polishing the samples were
etched in SR-4A polishing etchant. The typical dimensions
of the samples were 5X 5% (0.1-1.0) mm®. The samples
were freely suspended in the helium volume of a cryostat and
during the experiment they were placed directly in the liquid
helium.

EXPERIMENTAL RESULTS

The main emission lines of two samples of #-InSb at a
temperature of 7= 2 K and with a low level of excitation
(P=10 mW with A = 3.39 um) are presented in Fig. 2 (re-
flection geometry). First of all, it should be noted that the
main luminescence lines of all samples studied lie entirely in
the range of energies less than the width of the band gap (and
less than the energy of the transition into the state of a free
exciton); at the same time, the maxima of these lines
(=235.3 meV for all samples) are appreciably shifted into
the short-wavelength side of the significantly less intense
emission line corresponding to transitions of free electrons
into the levels of shallow acceptors (~227 meV). Further,
as one can see from Fig. 1, as the concentration » increases
the emission line widens and its wings become flatter.

Figure 3 shows the luminescence spectra in the region
of the main emission line of samples of different thickness in
the transmission geometry with alow level of excitation. The
spectra are normalized so that the long-wavelength wings of
the lines coincide. In reality the line intensities differ much
more than is shown in the figure, and they are approximately
inversely proportional to the thickness of the samples. As
one can see from the figure, as the thickness of the sample
increases the short-wavelength part of the spectrum is cut
off. This cut-off is associated with the reabsorption (self-
absorption) of recombination radiation in the volume of the
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FIG. 2. The main luminescence lines of two samples with different differ-
ential concentrations of impurities n = N, — N, in reflection geometry:
a) n~1.2-10" cm "3, b) n=3-10" cm . The solid lines represent the
experimental results and the curves 1-3 represent the calculations based
on the formula (2) with 7=2 K (1, 3) and 3 K (2). The solid arrows
mark the value of the width of band gap E, and the energy of the transition
into the ground state of a free exciton E., (according to Ref. 16). The
dashed arrows show the position of the atmospheric water vapor absorp-
tion lines.
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FIG. 3. Luminescence spectra of samples of different thickness d
(n=1.2-10" cm ~* and the temperature is equal to 2 K) in transmission
geometry (P~ 10 mW with A = 1.06 um):d = 100 um (1), 280 (2), 550
(3), and 850 (4).

sample.'>?? In the reflection geometry the emission spectra
of samples of different thickness had the same shape, practi-
cally identical to that of the spectrum of a sample of thick-
ness d =100 um in the transmission geometry. Thus the self-
absorption does not appreciably affect the shape of the main
luminescence line in the reflection geometry. For this rea-
son, in what follows, no correction is introduced for self-
absorption in the theoretical analysis of the shape of this line.

For low levels of excitation ( < 10%° photons/cm?-s) the
shape and half-width of the main emission line were virtually
independent of the pumping power, while the integrated in-
tensity of this line increased quadratically as the excitation
power increased. As the pumping intensity was increased
further the growth of the integrated intensity of the emission
line slowed down, but it remained superlinear in the entire
range of excitation densities studied (the maximum excita-
tion density was equal to ~8-10*' photons/cm?'s).*’ For
high levels of excitation the change occurring in the shape of
the main luminescence line as the pumping power increases
was found to be significantly different for thick (thickness
d 2 300 um) and thin samples. As the level of excitation in-
creased the shape of the long-wavelength edge of the lumi-
nescence line of thick samples remained practically un-
changed, while its short-wavelength wing became flatter,
and it acquired a tail, extending to high energies, higher than
the width of the band gap of the crystal (Fig. 4).

As regards thin samples, the shape of the main lumines-
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FIG. 4. The main emission line of a sample with thickness d = 850 um in
reflection geometry at 2 K and for two pump powers P (P, ,, ~1 W,
A =1.06 um): P=0.024P,,,, (solid line) and P= P, (dashed line).
The short-wavelength wing of the line was analyzed using the formula
(13) withd = 1.1 meV; T, _ , is the value of the parameter T'in the formu-
la (3) and was obtained as a result of this analysis: 7, _, = 4.0K (O) and

5.6 K (O):

1141 Sov. Phys. JETP 73 (6), December 1991

cence line was already appreciably distorted at moderate
pumping intensities owing to intensification of recombina-
tion radiation in the volume of the sample, and under intense
pumping a superluminescence line appeared on the long-
wavelength wing of the main line. The results of the experi-
ments with thin samples are not presented in this paper. For
this reason, here we will not discuss this question further,
and we merely note that in our opinion there are no grounds
for associating the line (designated in Refs. 9 and 17 as the
line B) arising under intense pumping with electronic transi-
tions between some different states and not the same states
which are responsible for the main spontaneous-lumines-
cence line.

The experimental data presented above were obtained
at a temperature of 7=2 K. At moderate pumping intensi-
ties an increase of the temperature of the helium bath up to
T~4.2 K did not lead to any appreciable change in the shape
of the long-wavelength wing of the main emission line, while
its short-wavelength edge was smeared to a greater or lesser
degree (depending on the pumping intensity). At high
pumping powers (P2 100 mW) and 7 = 4.2 K the lumines-
cence spectrum became strongly deformed owing to over-
heating of the sample even with the shortest ( =~ 100 us) exci-
tation pulses. Since the experimental results obtained at
T = 4.2 K do not contain any significant additional informa-
tion, we shall confine ourselves to what we have said above
and we shall not study these data in greater detail.

DISCUSSION

1. Preliminary remarks. As noted in the introduction, in
most work the main recombination-radiation line was asso-
ciated with direct interband transitions. This was done for
the following reasons. The first one is that the value of the
energy corresponding to the spectral position of the maxi-
mum of this line is close to the width of the band gap (more
accurately, to its value E, ~235.7 meV (Ref. 3) that was
generally accepted prior to the appearance of Ref. 16).

The second reason is that the shape of the line is de-
scribed quite well by the formula for direct allowed inter-
band transitions:'’

. . ho—E
J(hw) <o (ho—E)™ exp[ - :r_Lm— (l;cT 2
Mite h

X{exp ([m:rj:mh(hm—Eg)—Ep]/ kT) + 1}4', 2)

where E. is the position of the Fermi quasilevel for elec-
trons, m, and m, are the effective masses of the electrons
and holes, respectively, and T is the temperature of the sam-
ple. This formula was obtained under the assumption that
the nonequilibrium carriers in the bands are thermalized and
that at low temperatures the electron distribution is degener-
ate while the hole distribution is described by Boltzmann
statistics.

The results of the analysis of the shape of the main emis-
sion line of the two samples using the formula (2) are shown
in Fig. 2. In the calculations the following values of the effec-
tive masses of the electrons and holes were employed:
m, = 0.014m, and m, = 0.35m,. The parameters E, and
E . were adjusted so as to obtain the best agreement between
the experimental and computational results. The experimen-
tal spectrum of the sample with n ~3-10"* cm ~*is described
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satisfactorily by the formula (2) with E, = 234.35 meV,
E. =12 meV, and T =2 K. For a different sample it is
necessary to take E, = 234.4 meV and E. = 1.4 meV. In
addition, in order to describe satisfactorily the short-wave-
length edge of the line, we had to assume that the electron
temperature is higher than the lattice temperature and is
equal to ~3 K. We note that the low-frequency tail of the
long-wavelength wing of the emission lines of both samples
(Fig. 2) cannot be described by the expression (2) for any
values of the adjustable parameters.

Third, for interband recombination of degenerate elec-
trons and holes, under the condition that the density of non-
equilibrium current carriers is higher than that of the free
carriers in the unexcited sample, while the lifetime is deter-
mined by a different recombination channel and does not
depend on the carrier density, the intensity of luminescence
characteristically depends quadratically on the level of exci-
tation. As we saw above, such a dependence was observed in
both our experiments and other work.'*""?

Thus in accordance with the results of a number of stud-
ies'>'>!8 our experimental data could have been regarded as
confirming the overall features of the interpretation, dis-
cussed here, of the main emission line. However there are
two serious arguments against such an interpretation: 1) the
existence of a low-frequency tail that is not described by the
expression (2) and 2) the appreciable difference between the
value of E, (lower by AE~2.4 meV), obtained by analyzing
the shape of the line according to the formula (2), and the
width of the band gap [the present value is E, ~236.8 meV
(Ref. 16) ]. Moreover, as one can see from Figs. 2 and 4, the
main emission line lies practically entirely at energies less
than E,. In addition, if the low-frequency tail can be de-
scribed phenomenologically by an expression of the type
(2), transformed taking into account the tails of the density
of states,'® then the question of the spectral position of the
emission line requires a more careful analysis.

We shall examine briefly the possible reasons for the
long-wavelength (with respect to E,) shift of the emission
line. This shift could have been due to the polaron effect.?
The calculations of Benney and Rice®* give a polaron shift
AE, ~2.1 meV in indium antimonide, close to the experi-
mental value AE~2.4 meV. In the case of weakly bound
polarons (AE, fiw,,, where #iw,, = 23.9 meV is the energy
of the longitudinal optical phonon), however, the absorp-
tion edge is formed by transitions into polaron states, and for
this reason in this case analysis of the absorption spectrum
gives the value of E, taking into account the polaron shift.

Another possible reason could be the renormalization
of the width of the band gap due to the decrease of the energy
of the interacting particles because of the spatial correlations
in the electron-hole plasma.?® If it is assumed that the main
emission line is related with interband transitions, then the
electron density in the excited crystal can be determined
from the Fermi energy obtained by analyzing the spectra
with the help of Eq. (2):

(2m Er)™*

- . 3
3nth’ (3)
For a sample with the equilibrium electron density 3-10"
cm~* (the emission spectrum of this sample is the lower
spectrum in Fig. 2) an estimate based on this formula gives
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n=~2.9-10" cm 3 while according to existing calcula-
tions** the observed shift AE can be produced by interaction
between the carriers only for carrier densities » > 10'° cm ~°.

Finally, the shift of the emission spectrum into the long-
wavelength side could be associated with the presence of
tails arising in the density of states of the allowed bands as a
result of fluctuations of the concentration of charged impur-
ities. We shall see below that this is exactly what explains the
spectral position and shape of the main emission line.

2. Absorption and emission of light with a deficit of the
photon energy. First we present the familiar ideas about opti-
cal transitions between states belonging to the tails of al-
lowed bands, and we present the corresponding formulas,
which we need in order to explain and analyze the experi-
mental data.?*?® The charge of the impurity atoms, distrib-
uted randomly over the volume of a crystal, creates fluctu-
ations of the electrostatic potential, which warps the edge of
the allowed bands, so that electronic states (tails of the den-
sity of states) appear at energies corresponding to the forbid-
den band of a pure semiconductor. Gaussian fluctuations of
the impurity concentration with a scale of the order of the
screening radius 7, make the main contribution to the poten-
tial. The rms potential energy of an electron in the field of
such fluctuations (the characteristic depth of the potential
wells formed) is equal to

1= (20) S (Nrg®)™, (4)
Ko

where N, = N, + N, and x is the permittivity of the crystal.
This theory is usually applied to strongly doped semicon-
ductors. We, however, are interested in the large-scale po-
tential under conditions of weak doping (alN, <1,
a;N, <1; a, and a,, are the Bohr radii of the electrons and
holes, respectively). In this case, screening at low tempera-
tures occurs owing to the spatial redistribution of the major-
ity charge carriers, bound on atoms of the main impurity,
and the screening radius in the case of strong compensation
(1 — K«1) is given by the formula?®

(1+K)*

=mND’ (5)

I'o
(for an n-type semiconductor).

The main characteristic of the energy spectrum of a
semiconductor that reflects the average effect of the fluctu-
ation potential is the density of states g(¢). In the quasiclas-
sical approximation (y>#/m,rg, y>#/m,r:) the den-
sity of states in the region of the so-called “Gaussian tail” is
described by the expression

g(e)=g(0)exp (—¢&*/2v%), (6)

where the energy ¢ is measured in a direction into the forbid-
den band from the boundaries of the unperturbed allowed
bands. The tail of the valence band is described by the formu-
la (6) in the energy range

2 =
O<e<~{"’{EAln‘z[(E~Y—) (NAahn)_l]} ) @)
where E, is the ionization energy of an isolated acceptor. In
the analogous inequality for the conduction band the quanti-

ties referring to the acceptors must be replaced by the corre-
sponding parameters of the donors.
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FIG. 5. Diagram of transitions accompanying the absorption and emis-
sion of photons with energy deficit A: E, and E, are the limits of the
unperturbed allowed bands (dot-dashed straight lines). The solid lines
show the limits of the bands curved by the impurity potential; the dashed
line shows the energy levels of the donors.

We shall study the absorption of light when the photon
energy is less than the width of the band gap, i.e., when
A=E, — fiw >0. Such absorption is possible in a nondegen-
erate semiconductor, when the regions of the crystal in
which the electron is located in the initial and final states are
spatially separated, i.e., for electron transitions between the
hills of the valence band and the valleys of the conduction
band, which are formed as a result of the fluctuations of the
impurity potential (Fig. 5). The shape of the absorption
edge in a strongly doped degenerate semiconductor has been
calculated in the quasiclassical approximation for electrons
and holes in Refs. 27 and 28 by the method of optimal fluctu-
ation.”® The absorption coefficient for a photon with energy
deficit A is proportional to the product of the probability of
the appearance of fluctuations of the impurity concentration
of scale R, ensuring formation of a barrier of height A, and
the tunneling probability of carriers over a distance R
through the barrier A. In the region of high photon energy
deficits, where the absorption coefficient @(A) is exponen-
tially small, the product of these probabilities as a function of
R has a sharp maximum at

A \*

RA=ag:(2_E,ez—) (N@ex)~" (8)
(optimal fluctuation), where E,, is the binding energy and
a., is the Bohr radius of the exciton. In the region where the
main contribution to the absorption is determined by the
optimal fluctuations, the spectral dependence of the absorp-

tion coefficient has the form

a(A) 2 ( A ) , (A )%
= - V cxa “h=—\ — 3
In 20 s\ g, (V) 5 ©)
where we have introduced the notation
8= (1250m7%)"* (N (@ez") /*F ex. (10)

In the derivation of Eq. (9) the screening of the Cou-
lomb potential of the impurities was neglected, and for this
reason it is valid if R, < r,, as a result of which this formula
cannot be used for values of A that are too large. On the other
hand, it is applicable only when the absorption coefficient is
exponentially small. These conditions limit the range of ap-
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plicability of the expression (9) to the interval
2E ey (N1ei®) *<A<2F.x (Folaes) ' (N1aei®) o=04,.  (11)

If the size of the optimal cluster is greater than the
screening radius (A > A, ), then fluctuations of size , make

the main contribution to absorption with photon energy de-
ficit A, and

a(d) A
n a(0) 2y

(12)

i.e., the spectral behavior of the absorption coefficient is
identical to the energy dependence of the density of states
(6).

We now discuss the reverse process—emission of light
in the process of recombination of electrons occupying the
valleys of the conduction band with holes occupying neigh-
boring hills of the valence band, which are potential wells for
the holes (Fig. 5). In contrast to absorption of light, recom-
bination emission is usually observed under substantially
nonequilibrium conditions, when excess charge carriers are
generated in the semiconductor by means of irradiation or
some other method. In strongly doped semiconductors the
distribution of holes over localized states of the tail can differ
appreciably from the quasiequilibrium distribution (for
m, <m,, itis usually assumed that electrons are in quasiequi-
librium),?* and the real filling of the states with nonequilib-
rium holes must be taken into account when the lumines-
cence intensity is calculated. The luminescence spectrum of
a strongly doped compensated semiconductor was calculat-
ed in Ref. 29 by the optimal-fluctuation method. The calcu-
lations showed that the shape of the short-wavelength edge
of the spectral line is described by the formula

J(A)< a(A)exp(A/kT), (13)

where a(A) is determined by the expression (9). One can
see from Eq. (13) that the rate of decrease of the radiation
intensity as w increases (as A = E, — fiw decreases) is deter-
mined by the temperature of the sample.

The theory predicts that the shape of the low-frequency
wing of the emission line must depend strongly on the pump-
ing level. For very low levels of excitation the probability
that states in the tail of the valence band are filled with holes
isvery low, g, €1, and the shape of the long-wavelength edge
of the luminescence line is identical to that of the density of
states described by the formula (6). For high pumping in-
tensities all “hole” wells in the tail of the valence band are
occupied (g, =1), and

J(A) ca(A). (14)

Here the absorption coefficient @ (A) is determined by the
expression (9) with A < A,, where A, is given by Eq. (11),
or the expression (12) for large A (at lower frequencies).
3. Analysis of absorption and luminescence spectra and
discussion. The result of the analysis of the absorption spec-
trum (Fig. 1) using the formulas presented in Sec. 2 is shown
in Figs. 6 and 7. Two sections can be clearly seen on the curve
of a — a, versus A? (Fig. 6) (@, = 7.7 cm ™' is the magni-
tude of the phonon absorption arising as a result of transi-
tions from shallow-acceptor levels into the conduction
band*® ). For large photon energy deficits (A>X 12 meV?)
log(a — a, ) is a linear function of A2, i.e., it varies in accor-
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FIG. 6. The difference @ — a, versus A%, @, = 7.7 cm ~ ' is the absorption
coefficient at #iw = 230 meV; A = E, — #iw and E, 236.8 meV; O—are the
experimental data taken from Fig. 1.

dance with the formula (12). The slope of this straight line
gives the value y =2 meV for the rms fluctuation of the im-
purity potential. For small A? ( S 12 meV?) the dependence
of log(a — a,) on A (and correspondingly on #iw) is nearly
linear (dashed straight line in Fig. 7). In order to compare
the observed form of the absorption spectrum for small val-
ues of A with the form predicted by the expression (9), in
Fig. 7 the experimental points are also presented in the co-
ordinates [ A**, log(a — a,) ]; the slope of the solid line
drawn through these points gives the value ~1.1 meV for
the parameter § determined by the formula (10).

We now present some theoretical estimates for a sample
with n=1.2-10" cm 3, whose absorption spectrum was
analyzed above. For this sample we have K = N, /N, ~0.43
and N, ~2.1-10" cm ~ 3. Substituting these values (for lack
of any better ones) into the formula (5), though this formula
is probably not completely applicable for such values of X,
we obtain for the screening radius 7, ~2.8-10 ~° cm. Then,
with the help of Eq. (4) we find y=~1.8 meV (with
% = 17.9). An estimate of the parameter 6 from the formula
(10) with E,, =0.5 meV and a,, =~6.4-10 " ®cm gives § ~ 1.2
meV. These values of ¥ and § are in good agreement with the
experimental results.

An estimate of the values of A which bound the region
of applicability of the formula (9) in accordance with the
inequality (11) shows that absorption can be determined by
the optimal fluctuations of the impurity concentration in the
range 0.4 A= 1.5 meV. The upper limit of this range is
somewhat lower than the experimental value A; ~3.2 meV
(Figs. 6 and 7). Finally, estimates of the right-hand side of
the inequality (7) with E, =8 meV anda, =2.3-10""cm
and of the analogous inequality for electrons shows that the
density of states of both allowed bands must have the Gaus-
sian form (6) in the entire energy interval studied (A, S6
meV and A, S10 meV).

Thus the above theory of interband absorption of light
accompanying electronic transitions between the tails of al-
lowed bands?”?® describes the obtained experimental data
well, if the formula (5), which is valid for strongly compen-
sated semiconductors, is employed for the screening radius.

We now analyze the luminescence spectra. The long-
wavelength edge of the main luminescence line and the ab-
sorption spectrum are compared in Fig. 7. The comparison
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FIG. 7. 1) Luminescence spectrum J(#w) and 2, 3) absorption spectrum
a(#iw) — a,. Thesolid straight line was obtained by analyzing the absorp-
tion spectrum 3 using the formula (9) (scale at the top); 2, =7.7cm ™~ '

shows that in the energy range where the absorption spec-
trum is described by the expression (9), the frequency de-
pendence of the absorption coefficient is the same as that of
the luminescence intensity, in agreement with the relation
(14). It should be noted, however, that because the depend-
ence J(w) becomes weaker as the maximum of the lumines-
cence line is approached the frequency interval in which
J(w) is described by the expression (9) is not as wide as the
corresponding frequency interval for @(w). For this reason
the absorption spectrum can be analyzed more accurately
than the long-wavelength wing of the emission line.

The results of analysis of the high-frequency wing of the
luminescence line with the help of the formula (13) are
shown in Fig. 4. In fitting the computed spectrum to the
experimental spectrum the parameter § was set equal to the
value 1.1 meV obtained by analyzing the absorption spec-
trum (Fig. 7) and the fit was made by adjusting the value of
T. As one can see from Fig. 4, the formula (13) describes
well the short-wavelength wing of the emission line, but the
value of the adjustable parameter 7 giving the best fit be-
tween the experimental and computational results is higher
than the temperature of the sample, which is equal to 2 K.
This means that the system of nonequilibrium charge carri-
ers is overheated relative to the crystal lattice. The increase
of the carrier temperature with increasing excitation intensi-
ty (Fig. 4) and equilibrium electron density (compare the
emission spectra in Fig. 2) is associated with the increase of
the efficiency with which energy of the thermalized elec-
trons is transferred to the electron-hole subsystem. '3!3
For high levels of excitation the nonequilibrium electrons
(m,<m,) occupy not only states in the tail of the conduc-
tion band, but also states within the band itself; this is indi-
cated by the appearance of a section on the short-wavelength
wing of the emission line that extends to energies higher than
E, (Fig. 4).

In accordance with what we said above in our discus-
sion of the formula (14), the fact that the form of the low-
frequency edge of the emission line remains the same in a
wide range of pumping intensities (Fig. 4) probably means
that g, ~ 1 irrespective of the level of pumping. Moreover, as
the concentration of nonequilibrium carriers increases (the
pumping level increases) the screening radius should de-
crease and the potential energy ¥ should decrease with it,
and at the same time the width of the band gap should de-
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crease because of the increase in the amount of energy ex-
changed (the correlation energy in the range of concentra-
tions studied is not significant®*). For this reason it is
surprising that the shape and spectral position of the emis-
sion line are constant. It is possible that changes in ¥ and the
exchange energy of the carriers E., accompanying a
change in the level of pumping balance one another.> The
average change brought about in the width of the band gap
by fluctuations of the electrostatic potential and the ex-
change interaction can be written as

AE=—4+/sE . (15)

For y the formula (4) with 7, = N !/3/n*?, where n is the
electron density in the conduction band, substituted into it
can be employed. The last formula is used in the theory of
nonlinear screening in strongly compensated semiconduc-
tors,?® and the formula (5) is a consequence of this formula.
Then using the standard expression for E,,., (Ref.25) and
considering only the electronic contribution to both terms,
instead of (15) we obtain

2 % s
AEg=——£—[ e Yo 2) . (16)
% n" t

The sum in the brackets has a minimum at n~1.43N, and
near this minimum it changes very little with a quite signifi-
cant change in n. To what has been said above it should be
added that the real situation is much more complicated be-
cause of the effect of charge-exchange of impurities accom-
panying excitation, the nonuniform distribution of the non-
equilibrium carriers over the volume of the sample, and
other factors.

In concluding our discussion of the luminescence spec-
tra, we shall give an estimate of the parameter é for a sample
with N, — N, =~3-10" cm ~*. The emission spectrum of
this sample is given by the lower curve in Fig. 2. Analysis of
the long-wavelength wing of the emission line using the for-
mulas (14) and (9) gives §=0.82 meV, while a theoretical
estimate using the formula (10) gives §=~0.91 meV, in satis-
factory agreement with the experimental results.

Thus the investigation of the shape of the main low-
temperature luminescence line of pure n-type indium anti-
monide, comparison of this shape with the absorption spec-
trum, as well as theoretical analysis of the luminescence and
absorption spectra have shown that this radiation is asso-
ciated with electronic transitions between spatially separat-
ed potential wells for electrons and holes, formed as a result
of the warping of the edges of the allowed bands due to fluc-
tuations of the concentration of charged impurities. It
should be noted that the smallness of the ionization energy of
shallow donors (E, =~0.5 meV < y) makes it impossible to
conclude with confidence from the results of the experi-
ments described above which states the electrons that re-
combine with holes occupy: in potential wells (valleys) of
the conduction band or in donor levels lying beneath these
wells. However experiments in a magnetic field showed that
the main luminescence line in weak magnetic fields under-
goes a diamagnetic shift, which is nonlinear in the intensity
of the magnetic field, and the position of the line relative to
the energy of an excitonic transition, which also increases
with increasing magnetic field strength, remains virtually
unchanged. This apparently makes it possible to conclude
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that the radiative recombination proceeds through donor
levels.

4. Discussion of the spatial distribution of nonequilibri-
um carriers. We present one other result that follows from
the experimental data as a whole: nonequilibrium current
carriers fill a volume of the sample with thickness up to 200-
300 um, measured from the excited surface of the sample,
and possibly larger.® We list the experimental facts. First,
the form and intensity of the emission line of a sample with
thickness d = 100 um are virtually independent of the obser-
vation geometry. Second, the short-wavelength limits of the
luminescence lines of samples of thickness 850 and 550 um
in the case of observation in transmission (Fig. 3) are ap-
proximately the same as the limits of the transmission spec-
tra of the samples with thickness 550 and 280 um (Fig. 1),
respectively. Third, the intensity of the luminescence line in
the reflection geometry increases as the thickness of the sam-
ple decreases, starting with the thickest of the samples stud-
ied.

At the present time we do not have a final explanation of
this result. We briefly discuss the available possibilities. The
diffusion length of nonequilibrium charge carriers in indium
antimonide at liquid-helium temperatures is usually esti-
mated to be 1-10 um.'>?*? The upper limit of this range can
be obtained, if the highest measured values of the lifetime
5-10~7 s are used for estimates.'”'® For this reason, the dif-
fusion mechanism can hardly be responsible for the carrier
transport over the observed distances. Among other possible
transport mechanisms (expansion of the cloud of degenerate
plasma under the action of the internal Fermi pressure,***
entrainment of nonequilibrium carriers by phonon
wind®*®) the currently preferred mechanism is photo-
stimulated diffusion—generation of electron-hole pairs ac-
companying reabsorption of the recombination radiation in
the sample,?>*** especially since the efficiency of this
mechanism increases when the carriers fill the tails of the
density of states.*! Estimates of the distance at which the
carriers are found, based on the formulas presented in Ref.
22, are in satisfactory agreement with the experimental re-
sults. However further investigations are required in order
to obtain a final answer to this question.

CONCLUSIONS

Investigations of the main recombination-radiation line
of quite pure samples of n-type indium antimonide, compari-
son of the form of the long-wavelength wing of this line and
the absorption spectrum, and theoretical analysis of the ab-
sorption and luminescence spectra have established that the
form and spectral position of this luminescence line are de-
termined by large-scale fluctuations of the impurity poten-
tial. It was shown that this emission line is related with tran-
sitions of electrons, occupying valleys of the conduction
band (or shallow donor levels located beneath them), into
neighboring hills of the valence band, which are potential
wells for holes. The absorption spectrum in the region of the
main line and the shape of this line are described well by the
theory of optimal fluctuations. In the theoretical analysis of
the absorption and luminescence spectra the current value of
the width of the band gap E, = 236.8 meV was employed.

It was found that nonequilibrium charge carriers are
located at distances of up to 200-300 um from the excited
surface of the sample. These distances are approximately
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two orders of magnitude greater than the ambipolar diffu-
sion length of carriers. This result has not yet been complete-
ly explained and requires further investigations.

We are deeply grateful to L. V. Keldysh, V. D. Kula-
kovskii, and Al. L. Efros for a discussion, M. V. Zamkovets
for assistance in performing the experiments, and V. S. Iv-
leva, M. N. Kevorkov, and A. N. Popkov for providing the
samples.

Y The idea of a magnetic-field-stabilized EHL was also employed in Refs.
10and 11 in order to interpret the abrupt shift, observed by the authors,
of the induced emission lines of indium antimonide. However the ex-
periments described in these works were performed at a temperature
~ 5K, which, as can be judged from the exciton work function of EHL,®
exceeds the critical temperature even for significantly higher magnetic
field strengths than those employed in Refs. 10 and 11.

2 The preliminary results of these investigations were reported in Ref. 21.

%) The results obtained in the absence of a magnetic field can also be ex-
plained under the assumption that the radiatively recombining elec-
trons occupy not donor levels but rather “valleys” of the conduction
band, i.e., recombination is of an interband character. The behavior of
the main emission line in a magnetic field, however, apparently makes it
possible to draw the conclusion presented in the text.

4 This result is different from the result obtained in Ref. 9, where a linear
dependence of the intensity of luminescence on the pump power was
observed. However it agrees with the data of a number of other
works.'>"'s

%) We are grateful to B. L. GeI’'mont and V. 1. Perel’ for making this sug-
gestion.

® Close values for the ambipolar diffusion length were obtained in an
investigation of the current-voltage characteristics of p*™ —p—n*
structures based on pure p-InSb.**
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