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The photoluminescence spectra of pure n-type indium antimonide crystals
(Np—N,=(0.3-2) - 10" cm~3) in a magnetic field of up to 60 kOe were investigated at
liquid-helium temperatures and low pumping intensities (less than 2 - 10*° photons/cm? - sec).
It was found that in a magnetic field, one to three lines of magnetically stabilized exciton-
impurity complexes appear, each line corresponding to excitons bound to acceptor atoms of a
definite chemical nature. The optical and thermal dissociation energies of exciton-

impurity complexes in magnetic fields of different intensities were determined. We show that
the principal edge-luminescence line (no magnetic field) is due to transitions of electrons

from shallow-donor levels into the valence band.

1. INTRODUCTION

It is well known that at low temperatures and moder-
ate excitation levels, the lines of exciton-impurity com-
plexes, as a rule, predominate in the luminescence spectra
of even quite pure semiconductors.'”’ This, however, is not
true for indium antimonide. The edge-emission spectrum
of this narrow-gap material in the absence of a magnetic
field does not contain the luminescence lines of bound ex-
citons (in any case, excitons bound on shallow
impurities).*® The point is that the dissociation energy of
exciton-impurity complexes in indium antimonide is much
too low. In the limit m,/m;—0, the binding energy of an
exciton on a neutral donor is E;~0.35E;, and the binding
energy of an exciton on a neutral acceptor is E;~0.055E
(here m, and m,, are the electron and hole effective masses,
respectively, and Ej and E are the ionization energies of
donors and acceptors, respectively).1 In indium antimo-
nide, the ionization energy of shallow donors is only ~0.6
meV, due to the extremely low electron effective mass
(m,~0.014m,). The ionization energy of shallow accep-
tors is £ 4~ 10 meV. For this reason, for excitons bound to
shallow impurities, E;$0.5 meV.

It is well known that a magnetic field stabilizes weakly
bound states. Thus the binding energy of an exciton'®!?
and the ionization energy of shallow donors'*!* are sub-
stantially higher in a magnetic field. The fact that with
increasing magnetic induction the effective mass of an ex-
citon increases in a direction transverse to the magnetic
field'> makes possible the formation of excitons localized
near defects and impurity atoms which could not bind an
exciton in the absence of a magnetic field.'® The influence
of a strong magnetic field on the properties of bound exci-
tons was studied theoretically in Refs. 16 and 17. Magnet-
ically stabilized exciton-impurity complexes, just like
bound excitons in the absence of a field,* have giant oscil-
lator strengths.'® We experimentally observed magnetically
stabilized exciton-impurity complexes in indium antimo-
nide according to the excitation of a characteristic narrow
line on the long-wavelength wing of the principal edge-
luminescence band in a magnetic field H~5-7 kQOe. In a
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strong magnetic field, this line dominated the
spectrum. '8

In the present paper we present the results of our
investigations of the photoluminescence spectra of quite
pure n-type indium antimonide crystals (Np—N,
=(0.3-2) - 10" cm™?) in magnetic fields up to 60 kOe at
liquid-helium temperatures and low pumping intensities
(less than 2 - 10% photons/cm2 -sec). It was found that in
a magnetic field, one to three lines of magnetically stabi-
lized exciton-emission complexes appear in the lumines-
cence spectra of the experimental samples, each line cor-
responding to excitons bound to acceptor atoms of a
definite chemical nature. The optical and thermal dissoci-
ation energies of exciton-impurity complexes in magnetic
fields of different intensities were determined from the ex-
perimental data. It was found that in a strong magnetic
field, the thermal dissociation energy is lower than the op-
tical dissociation energy, because the electrons liberated by
thermal dissociation of complexes occupy shallow-donor
levels lying in the tail of the density of states of the con-
duction band.

No lines of exciton-impurity complexes appeared in
the luminescence spectra of the purest experimental sam-
ples. Only the principal luminescence line is observed at
energies close to the band edge over the entire experimental
range of magnetic-field intensities. In a weak magnetic field
the diamagnetic shift of the main luminescence line de-
pends nonlinearly on the field intensity. This fact, together
with other experimental data, show that the principal edge-
luminescence line of sufficiently pure n-InSb crystals re-
sults from electron transitions from levels of shallow do-
nors into the valence band, and the shape of the line and its
spectral position, as established in Ref. 8, are determined
by large-scale fluctuations of the impurity potential.

2. EXPERIMENTAL PROCEDURE

A 3.39 um cw He-Ne laser with maximum power of
about 15 mW was used in order to investigate lumines-
cence for quasistationary excitation of the samples. The
exciting radiation was modulated at a frequency of 1 kHz
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TABLE 1. The parameters of the experimental samples of #-InSb and the energies of the maxima of the
spectral lines of exciton-impurity complexes at H=46 kOe (dashes indicate that the corresponding lines

are not present in the spectrum)

Sam-[pn, x 10—, e X 10_).‘ K I, /1y |Ia,/Ia,, hwmaz, meV

Pl em™ |em/V-sec EIC, | EIC; | EICy,
1 03 75 [08| 004 03 | 2449 | 2447 | 2445
2 0.7 60 |07 003 08 | 2449 | — | 2445
3| 09 65 |06]| o001 5 - — | 2445
4 [10=20| 70 |05[001—002 05 — | 24a7 | -
5 0.6 8.0 0.6 - - - - -

Note: N-dash determines the absence of the corresponding lines in the radiation spectrum.

with a mechanical chopper. The laser beam was focused on
the wide face of the sample. In most experiments the di-
ameter of the light spot on the surface of the sample was
~0.3 mm. The excitation intensity was varied with the
help of neutral-density filters.

Recombination radiation was collected either from the
laser-illuminated or the opposite face of the sample, ana-
lyzed with an MDR-2 monochromator with a 100
lines/mm grating, and recorded either with a Ge:Au pho-
toconductive cell or an InSb photodiode, cooled to ~ 100
K. Since the observation geometry did not appreciably af-
fect the shape of the recorded luminescence spectra, we
shall not mention below the face of the sample from which
the recombination radiation was coliected.

Magnetic fields up to 60 kOe were generated with the
help of a superconducting solenoid. Most experiments was
performed in the Faraday geometry. Experiments per-
formed in the Voigt geometry did not yield any additional
information. For this reason, we present below only the
results obtained in the Faraday configuration.

To determine the spectral position of the observed lu-
minescence lines with respect to the energies of the exciton
transitions, we measured the magnetoreflection spectra. In
these measurements the radiation from a Globar lamp,
modulated with a mechanical chopper, was focused on the
sample and the reflected light was analyzed using the same
monochromator as in the case of the recombination radi-
ation.

The experimental sample was freely suspended at the
center of the working opening of the solenoid, and during
the experiment it was immersed in liquid helium. The mea-
surements were performed at 7=2-4.2 K. The tempera-
ture was regulated by pumping on the helium vapor.

The typical dimensions of the samples were 5X5
X (0.1-0.2) mm>. The wide faces of the samples were per-
pendicular to the (211) axis. After mechanical polishing,
the samples were etched in SR-4A polishing etchant. The
parameters of the experimental samples are presented in
Table 1. The electron concentration n~N p—N 4, where
N pand N, are, respectively, the concentrations of donors
and acceptors, and the electron mobility p,, were mea-
sured at 7="77 K. The values of n and p, presented above
and the results of Ref. 20 were used to obtain a rough
estimate of the degree of compensation k=N ,/N,.
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3. RESULTS AND DISCUSSION

It has been known since the first investigations of the
low-temperature luminescence of n-InSb that the
recombination-radiation spectrum of sufficiently pure crys-
tals of this material in the energy range E,— E,S#iwSE,
(where E, is the band gap and E is the ionization energy
of shallow acceptors) at low excitation levels contains, be-
sides the principal line (shown in Fig. 1), one or two ad-
ditional weak lines.?""?? One of these additional lines, with
a maximum near fiw,,~228 meV, was associated with
electron transitions from the conduction band to acceptor
levels of zinc, while the other line (#iw,,,,~224 meV) was
associated with transitions to levels of an unknown impu-
rity.

We observed these lines in our samples also (with the
exception of sample N5). Since, however, our n-InSb sam-
ples are extremely pure, the lines under discussion are very
weak, so that they were recorded with low spectral resolu-
tion. These circumstances, as well as the relatively large

1, rel. units
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FIG. 1. Principal luminescence lines of samples with n~6- 10" cm~*

(1) and n=~1.2-10" cm~3 (2) at H=0, T'=2 K, and excitation density
=10 W/cm?. The solid arrows indicate the value of the band gap E, and
the transition energy E,, to the ground state of a free exciton (data of Ref.
23); the dashed lines indicate the position of the absorption lines of at-
mospheric water vapor.
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width of these lines and deformation of the luminescence
spectrum due to absorption of the recombination radiation
by atmospheric water vapor, make it difficult to determine
sufficiently accurately the intensity and spectral position of
the maxima of the weak additional lines. In addition, the
intensity and position of the maximum of these lines dif-
fered somewhat for different samples with essentially iden-
tical values of n and u, and cut from neighboring parts of
the ingot. Summarizing the data obtained on all of the
experimental samples, we can conclude that the maximum
of the shortest-wavelength line lies in the 226.7-228.0 meV
range and the maximum of the longest-wavelength line lies
in the 223.5-224.0 range meV. Moreover, the fact that the
shape of the short-wavelength line varies from sample to
sample suggests that this line is a superposition of at least
two lines corresponding to acceptor atoms of different
chemical elements, though for the reasons mentioned
above, this conclusion requires additional experimental
verification on specially doped samples. These acceptors
are probably zinc and cadmium, which are usually present
in pure indium antimonide and have close ionization ener-
gies [E 4 equals, respectively, 9.0 and 10 meV (Refs. 20 and
24)] and whose relative concentrations can be different in
samples with a different degree of doping. Germanium and
manganese are also shallow acceptors for which E, equals
10 and 9.5 meV, respectively.2>?* With regard to the weak
long-wavelength line, it can apparently be inferred from its
spectral position that this line is likewise associated with
electronic transitions into acceptor levels.

The data on the intensity of the acceptor lines, together
with 7 and ., can be used to characterize the experimental
samples. Table I gives the average values of the intensities
at the maxima of the short- and long-wavelength acceptor
lines. The intensity I , of the short-wavelength line (the

index 4, underscores the fact that this line consists of
several lines) is given with respect to the intensity of the
fundamental line I;, and the intensity of the long-
wavelength line / 4 is given with respect to I 4, It should

be noted that the intensity of an acceptor line reflects the
content of acceptor atoms of definite chemical nature in the
sample, while the degree of compensation obtained from
the results of electric measurements indicates the total con-
centration of acceptors (in this case, deep acceptors also)
in the crystal. Thus, for example, the concentration of ac-
ceptors, estimated using 7 and «, is essentially identical
(N4=10" cm™3) in samples N4 and N5 (see Table I). At
the same time, the acceptor lines are reliably detected in
sample N4 and are absent in the case of sample N5.
Additional information about the impurity content in
the sample can be obtained by analyzing the shape of the
principal emission line, which is determined by the struc-
ture of the tails of the density of states.*?* Thus, for exam-
ple, the slope of the long-wavelength wing of the principal
line depends on the total concentration of donor and ac-
ceptor impurities, and it increases as the total concentra-
tion of these impurities decreases.® Comparing the shapes
of the long-wavelength edge of the principal line of the
experimental samples in the absence of a magnetic field
showed that samples N1 and NS5 have essentially identical

928 JETP 78 (6), June 1994

(and the lowest total) impurity concentration among all
samples, while sample N2 has the highest total impurity
content. These data agree with the values of n and « in
Table I. At the same time, as one can see from Table I, the
luminescence spectrum of sample NS5, in contrast to the
spectrum of sample N1, does not contain the acceptor
emission lines 4, , and 4;.

The principal lines of samples N4 and N5 recorded in
the absence of a magnetic field and with a low excitation
level are displayed in Fig. 1. In contrast to the results of
Ref. 26 (where the luminescence of the samples whose
impurity composition was close to those of samples N1 and
N4 was investigated) the maxima of the principal lines of
all of our experimental samples were located near
#iw . =~235.3 meV, while, as one can see from Fig. 1, the
lines of different samples had appreciably different shapes
and widths. It is entirely natural that the spectra presented
in Fig. 1 do not contain the induced emission line**?’ aris-
ing in the long-wavelength wing of the principal line (the
line B, in the notation adopted in Refs. 26 and 28) at high
pumping levels,?® since the pump levels employed in the
experiments described were significantly lower than the
level required in order for this line to appear. As for the B
line (in the notation of Ref. 26) with a maximum near
231.3 meV, and detected by the authors of Ref. 26, it
should be noted that features which could be interpreted as
a separate line were observed in the spectra of samples N1,
N2, and N4. This line (if it really is one), however, was
appreciably weaker than even the acceptor lines, while ac-
cording to the overall spectrum presented in Ref. 26, the
intensity of the B line is comparable to that of the principal
band. It should be noted, however, that it is difficult to
compare our data directly with the results of Ref. 26, be-
cause in Ref. 26 the real spectra of the experimental sam-
ples are not presented and the conditions (spectral resolu-
tion and range of excitation intensities) under which the B
line was observed were not described. Completing our dis-
cussion of the luminescence spectra observed in the ab-
sence of a magnetic field, we note that here we do not
discuss the results of Ref. 29, which are somewhat different
from both our data and the results of the works cited
above. The point is that the experiments described in Ref.
29 were performed under significantly different excitation
conditions and temperatures 77 5 K. We shall also not
discuss below the results of this work, because when the
sample temperature increases from 2 to 4.2 K, the emission
lines of the magnetically stabilized exciton-impurity com-
plexes, which were the principal subject of our experiment,
vanish.

The spectrum of the sample N5 exhibits the simplest
behavior in a magnetic field. This sample has the lowest
total concentration of donors and acceptors and the lowest
acceptor concentration (according to the values of # and «
in Table I) of all experimental samples, and most impor-
tantly its spectrum has no acceptor lines. A single line
(Fig. 2, spectrum /), whose half-width at first decreases
with increasing field intensity and then remains essentially
constant for H2 20 kOe (Fig. 3), is observed in the spec-
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FIG. 2. Luminescence spectra of samples with n=~6-10'* cm— (1) and
n=1.5-10" cm~3 (2) at H=23 and 46 kOe, T=2 K, and excitation
density ~10 W/cm? D—oprincipal luminescence line; EIC;—spectral
line of exciton-impurity complexes. The arrows mark the transition ener-
gies to the lowest state of diamagnetic excitons, determined according to
the position of the “center” (see Fig. 5) of the long-wavelength compo-
nent of the excitonic magnetoreflection spectrum.

trum of this sample over the entire experimental range of
magnetic field intensities.

As the field intensity increases, the line shifts to higher
energies and its intensity decreases somewhat. For low val-
ues of H, the short-wavelength shift of the line maximum is
a nonlinear function of the field intensity (Fig. 4a). In a
field H=20-30 kOe, the maximum of the luminescence
line lies close to the long-wavelength excitonic magnetore-
flection line. In a stronger field, however, the line is shifted
appreciably to the long-wavelength side of the reflection
line, the energy splitting between these lines increasing
with the field (Figs. 2 and 4a). The values marked with
triangles in Fig. 4a correspond to two transitions with the
lowest energies in the diamagnetic-exciton (DE) state with
identically oriented electron spins. These values were de-
termined from the spectral position of the excitonic mag-
netoreflection lines, as shown by the arrow in Fig. 5 for the
longest-wavelength reflection line. The two straight lines in
Fig. 4a represent the theoretical field-intensity dependences
of the energies of these excitonic transitions (Ref. 30)."
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FIG. 3. Half-width of the luminescence line of the sample with n~6 - 10'>

cm™? as a function of the magnetic-field intensity.
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As shown in Ref. 8, the spectral position and shape of
the principal edge-emission line of pure n-InSb samples in
the absence of a magnetic field are determined by large-
scale fluctuations of the concentration of charged impuri-
ties, giving rise to bending of the edges of the allowed
bands. The diamagnetic shift (which is a nonlinear func-
tion of the field intensity) of the main line for low values of
H (Fig. 4) indicates that this radiation is mainly associated
with transitions of electrons occupying shallow donor lev-
els, lying beneath the dips in the conduction band (and not
the dips themselves, which are potential wells for itinerant
electrons), into spatially separated ‘“hills” of the valence
band, which serve as potential wells for holes. The spectral
position of this luminescence line in a magnetic field also
indicates the donor nature of the line. In both the presence
and absence of a magnetic field, the principal line lies at
energies less than the energy of an excitonic transition. If,
however, in the absence of a magnetic field the binding
energies of the donor electron and exciton (Ep~0.6 meV
and E,, ~0.5 meV) are significantly less than the rms elec-
tron potential energy ¥, which is determined by the fluc-
tuations in the concentration of the charged impurities and
which characterizes the average depth of the potential
wells®! that arise (in sample N5, y=~2 meV), then even in
afield H~10kOe Ep, E,~y [Ep~2 meV for H~10 kOe
(Refs. 15 and 20)], while in stronger fields the ionization
energies of the donors and excitons are much greater than
y. Moreover, as the ionization energy of the donors in-
creases, the rms potential can decrease as a result of re-
charging of impurities accompanying excitation of the
sample. In the absence of a field the energy of the principal
line measured from the band edge is therefore determined
mainly by the depth and spatial extent of the fluctuation
potential wells, while in a sufficiently strong field it is de-
termined by the ionization energy of the donors. Thanks to
this circumstance, the observed spectral position of the
principal line in a magnetic field also points to the fact that
it is of a donor nature.

It is possible, however, that in the absence of a field,
the radiation resulting from the recombination of itinerant
electrons occupying the dips of the conduction band makes
a definite contribution to the short-wavelength wing of the
principal line. This is indicated by the decrease in the width
of the line with increasing magnetic field intensity (Fig. 3).
This decrease in the linewidth can be explained by electron
localization on donor centers as a result of magnetic-field-
induced freezing out associated with the increase in the
ionization energy of the donors. On the other hand, in a
magnetic field the transition probabilities of electrons from
donor centers into neighboring centers decrease due to the
decrease in the overlap of the “tails” of the donor wave
functions,’! and since there is an energy spread from the
donor levels, an increase in the field intensity should like-
wise result in narrowing of the luminescence line as a result
of the recombination of donor electrons.

The principal luminescence lines of the other experi-
mental samples also behave similarly with increasing mag-
netic field intensity.?) They shift to the short-wavelength
side and become narrower and weaker. For sample N4, the
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dependence of the spectral position of the maximum of the
donor line on the field intensity is displayed in Fig. 4b
(curve D). As one can see from this figure, in a weak field
the diamagnetic shift of the maximum of this line is a
nonlinear function of the field, while thanks to the more
than two orders of magnitude lower diamagnetic suscepti-
bility, the maximum of the acceptor line (4, , curve) ob-
served in this sample shifts with a constant rate over the
entire range of magnetic field intensity. The donor line
basically decreased in intensity in a magnetic field all the
more strongly with increasing field intensity, the stronger
the emission lines of the exciton-impurity complexes. Even
for samples with similar parameters, for example, the sam-
ples N4 cut from neighboring parts of the same ingot and
having essentially identical n and p,, the intensities of the
donor lines in a strong magnetic field could differ appre-
ciably, as can be seen by comparing the spectra represented
by the solid lines in Figs. 2 and 5.

The lines of exciton-impurity complexes are excited in
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the luminescence spectra of samples N1-N4 in a magnetic
field. Thus, a line of exciton-impurity complexes appears in
the long-wavelength wing of the principal band in the spec-
trum of sample N4 in fields H=>5-7 kOe.'®!° The intensity
of this line increases with the field intensity, and in strong
fields it dominates the spectrum (Figs. 2 and 5, the line
EICy)). In a strong magnetic field, the half-width of this
line is 0.2-0.4 meV. In a weak field, the short-wavelength
shift of the maximum of the line of the exciton-impurity
complexes is a nonlinear function of the field intensity (in-
set in Fig. 4b), while in a sufficiently strong field a linear
dependence is observed (Figs. 4a and b). The energy in-
terval between the spectral position of the line maximum
for exciton-impurity complexes and the position of the
long-wavelength component of the excitonic magnetore-
flection spectrum (the optical dissociation energy of
exciton-impurity complexes) in strong magnetic fields in-
creases slightly as the intensity of the field increases (Fig.
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FIG. 5. Luminescence spectrum (1) and long-wavelength component of
the excitonic magnetoreflection spectrum (2) of a sample with
n=12-10"cm3%ina magnetic field H=32 kOe (T=2 K). The arrow
marks the transition energy to the lowest state of the diamagnetic exciton.

4a): E~1.2 meV for H=23 kOe and E’ ~ 1.4 meV for
H=46 kOe.

In the other samples, one to three lines of exciton-
impurity complexes stabilized by a magnetic field are ob-
served. These lines behave as a function of the field inten-
sity qualitatively identically to the line of exciton-impurity
complexes of sample N4, but they are excited in a field of
different intensity. One line of exciton-impurity complexes,
the line with the longest wavelength (the line EICyy),
which is excited in fields H ~ 14 kOe, is observed in sample
N3. Two lines of exciton-impurity complexes—the longest-
wavelength line (EICy;) at H~9 kOe and the shortest-
wavelength line (EIC;) at H~ 18 kOe—appear succes-
sively in the spectrum of sample N2 with increasing
magnetic field intensity. The luminescence spectrum of
sample N1 is distinguished by an especially rich collection
of spectral lines. All three observed lines of exciton-
impurity complexes are observed for this sample: EIC;;,
EICy;, and EIC;. These lines appeared successively in the
luminescence spectrum starting with H=7-9 kOe. How-
ever, it is difficult to say which of the two long-wavelength
lines EICy;; or EIC; appears at the lower field intensity.
However, these lines were reliably resolved in the field
H=14 kOe: The splitting between their peaks was ~0.2
meV and remained constant when the magnetic field inten-
sity was increased further. The EIC; line first appeared at
H~37 kOe. All three lines can be seen clearly at H=46
kOe; the splitting between the peaks of the neighboring
lines was ~0.2 meV and was independent of the field in-
tensity for H> 46 kOe. The luminescence spectra of sam-
ples N1-N4 in the field H=46 kOe are displayed in Fig. 6,
and the spectral position of the line maxima of exciton-
impurity complexes is given in Table 1.

As we have noted previously (for the EIC;; line), the
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FIG. 6. Luminescence spectra of samples with n~3-10'> cm™3 (1),
=7-10% ecm™* (2), =~9.6-10" cm~3 (3), and 1.5-10" cm™> (4) in a
magnetic field H=46 kOe. The excitation intensity is ~10 W/cm? and
T=2 K. For each spectrum the intensity at the maximum /I ,,=1.
D—vprincipal luminescence line; EIC;, EIC;;, and EICy; are lines of
exciton-impurity complexes.

observed emission is due to recombination of electrons and
holes in exciton-impurity complexes, consisting of a dia-
magnetic exciton bound to a neutral shallow acceptor.'’
Correlation of the intensities of the acceptor lines to the
presence of lines of exciton-impurity complexes in the spec-
tra of different samples (see Table I) and analysis of the
experimental data described above confirm and make it
possible to elaborate this hypothesis. Thus, neither accep-
tor lines nor the lines of exciton-impurity complexes are
observed in sample N5. Sample N3 is characterized by
relatively weak acceptor emission 4, and the strongest
emission A3, owing to recombination of electrons with
holes located on acceptors with deep energy levels. For this
reason, the isolated EICyy; line observed in this sample can
be attributed to excitons bound to acceptors responsible for
the A; emission. Continuing the discussion in the same
vein, we can conclude that the EIC; and EIC; lines belong
to excitons localized on acceptor atoms of different chem-
ical elements, to which the compound line 4, , corresponds
(see the discussion at the beginning of this section). Such
referencing of the EIC;, EICy;, and EICy lines of exciton-
impurity complexes to the acceptor lines 4,, and 43, re-
spectively, is in general agreement with all data presented
in Table I.

The foregoing picture is also supported by the fact that
the dissociation energy of exciton-impurity complexes in-
creases (from EIC; to EIC;;, Fig. 6) when excitons are
bound to deeper acceptors, and that the intensity of the
magnetic field stabilizing the corresponding exciton-
impurity complex increases as the dissociation energy de-
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creases. As is evident from what we have said above, the
latter feature is clearly seen for samples N1 and N2. It
would be surprising, however, if a line due to excitons
bound to acceptor atoms of a definite chemical nature ap-
peared in the luminescence spectra of different samples at
exactly the same magnetic-field intensities. The point is
that the lines of the complexes appear against the back-
ground of the principal luminescence band, whose intensity
is significant and varies from sample to sample, while the
intensity of a particular line of bound excitons depends on
the concentration of the corresponding acceptors, which is
different in different samples. The fact that neighboring
lines of exciton-impurity complexes are superimposed also
makes it difficult to determine when a new line appears in
the spectrum.

To summarize, we can conclude that magnetic-field-
stabilized exciton-impurity complexes formed by excitons
bound to chemically different shallow acceptors can form
in indium antimonide. These complexes give in the lumi-
nescence spectra characteristic narrow lines which are sig-
nificantly stronger (tens of times stronger in our experi-
mental samples) than the corresponding acceptor lines.
We emphasize the fact that in our experiments, the
exciton-impurity complexes were observed in samples of
extremely pure n-InSb, and in spite of the fact that these
samples had essentially identical concentrations of the
principal and compensating impurities, as determined from
electric measurements (n and yu,, presented in Table I),
the number and intensity of lines of exciton-impurity com-
plexes in their luminescence spectra in a magnetic field
were significantly different. Thus, the lines of magnetically
stabilized exciton-impurity complexes can serve as a very
sensitive indicator for determining the abundance and
chemical nature of shallow acceptors in indium antimo-
nide.
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FIG. 7. Intensity of spectral line of exciton-impurity complexes
as a function of laser pumping intensity with A=3.39 um with
low levels of excitation (maximum excitation density ~10
W/cm?). H=46 kOe, T=2 K. Inset: Same curve at high levels
of pumping with a 1.06 um laser (maximum excitation intensity
~ 480 W/cm?).

We now discuss the influence of the excitation intensity
and temperature on the intensity of the radiation emitted
by exciton-impurity complexes. The dependence of the lu-
minescence intensity of the complexes on the level of exci-
tation was investigated in detail for samples N4 at T=2 K.
This dependence, obtained in the field H=46 kOe, for one
sample whose donor line in a strong magnetic field was
weak (the ratio of the intensities of the .-~ line and the
line of the complexes is approximately the same as in the
spectrum shown in Fig. 5) is shown in Fig. 7. For rela-
tively low pumping levels, the luminescence intensity of
exciton-impurity complexes increases linearly with the ex-
citation intensity. For high excitation levels this depen-
dence is significantly weaker (inset in Fig. 7).>) The inten-
sity of complexes with intense pumping actually increases
even more slowly than shown in the inset in Fig. 7. Exper-
iments performed with an additional slit positioned hori-
zontally in front of the entrance (vertical) slit of the mono-
chromator showed that the intensity of the luminescence
line of the complexes increases under strong excitation
mainly due to emission from regions of the crystal far from
the laser focus. Moreover, under intense pumping the lu-
minescence spectrum acquires a line of a magnetically sta-
bilized electron-hole liquid. This line is superimposed on
the emission line of the exciton-impurity complexes.'® Sim-
ilar behavior of the radiative intensity from complexes as a
function of the pumping level was also observed for other
values of the magnetic field intensity.

To study the effect of the excitation level on the lumi-
nescence intensity of sample N1, in whose emission spec-
trum three lines of exciton-impurity complexes are clearly
resolved in a field HR 42 kOe, the pumping intensity was
varied both by defocusing the laser beam on the surface of
the sample and with the help of neutral-density filters. The
experiments showed that the ratio of the line intensities of
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FIG. 8. Spectra of a sample with n~1.5- 10" cm~3 in a field H=46 kOe
at temperatures T=2 K and 4.2 K. The excitation intensity ~10 W/cm?.

the complexes remains constant as a function of the exci-
tation density.

It should be noted that the character of the dependence
of the intensity of the lines of magnetically stabilized
exciton-impurity complexes on the pumping level com-
pletely eliminates amplification as a possible factor in the
appearance of these lines in the emission spectrum, espe-
cially since the lines of the complexes are observed with
pumping intensities almost three orders of magnitude
lower than the induced emission line in the absence of a
magnetic field.” At the same time, the lasing threshold of
an InSb laser is not more than an order of magnitude lower
in a magnetic field.>*3 It is thus obvious that the bound-
exciton lines that we observed are completely unrelated to
the B line studied in Refs. 26 and 28.

The temperature dependences of the spectral composi-
tion of recombination radiation were investigated at low
excitation intensity (=10 W/cm?) for samples No. 4,
whose principal line had an appreciable intensity at 7'=2
K in a strong magnetic field. As the temperature increased
from T'=2 K, the intensity of the line of exciton-impurity
complexes decreased gradually, while the intensity of the
donor line increased somewhat and its maximum shifted to
longer wavelengths. Close to T'~4.2 K, the donor line
dominated the luminescence spectrum. The spectra of the
sample N4 in a magnetic field H=46 kOe at T=2 K and
4.2 K are shown in Fig. 8. The intensities of the lines of
exciton-impurity complexes are shown in Fig. 9 as a func-
tion of the inverse temperature for three values of the mag-
netic field intensity. The luminescence spectrum of sample
N1 exhibited similar behavior as a function the tempera-
ture. As the temperature increases, the intensities of all
three lines of exciton-impurity complexes observed in this
sample decreased, and the lines ultimately vanished near

933 JETP 78 (6), June 1994

T ~4 K. Unfortunately, we were unable to measure the
temperature dependence of the intensity of each of these
lines.

To analyze these results, we employ the stationary so-
lution of the well-known equations describing the kinetics
of a nonequilibrium two-component system consisting of
free and bound excitons.*® We shall not write out the gen-
eral expression describing the dependence of the concen-
tration of exciton-impurity complexes on the excitation
level and temperature, but rather we present the formulas
for the cases of weak and strong pumping of interest to us.
At low pumping levels (g7; €N 4+ n*), the concentration
of exciton-impurity complexes varies according to

N,
_NA+n* 8Tis

N; (1)

and at high excitation intensities (g7;>N,+n*) it is de-
scribed by

NA+n*
Ni:NA(l_?i_). (2)
Here we have introduced the notation
Ti 1 848ex MdkT 2 Ei
*__ " _
" Tox O'UT'T,-+ & ( 2 ) exp( kT) - 3

In (1)-(3), g is the rate of volume generation of excitons;
N , is the concentration of impurity centers on which com-
plexes form; g4, g.., and g; are the corresponding degen-
eracy factors; M, is the effective mass of the excitonic den-
sity of states, which in a magnetic field is a combination of
longitudinal and transverse masses; 7; and 7, are the life-
times of bound and free excitons, respectively; o is the
cross section for binding of excitons to centers; v is the
thermal velocity of the exciton; and E; is the dissociation
energy of exciton-impurity complexes. From Eq. (1),3¢38

I
“1+CT%exp(—E/kT)’

I; (4)
which describes the temperature dependence of the radia-
tive intensity of exciton-impurity complexes at low excita-
tion levels. In this expression, J; is the luminescence inten-
sity of complexes at =0 K and

C 848ex Mdk 2 ovTT;
T8 (217%2) 1+0vrr Ny’

As one can see from Egs. (1) and (2), in accordance
with the results presented in Fig. 7, at low pumping levels
the concentration of exciton-impurity complexes (and
hence the line intensity of the complexes) is proportional
to the generation rate g (excitation intensity), while at
high pumping levels the concentration saturates, approach-
ing that of the impurity centers N, for large g. An analysis
of the temperature dependence of the line intensity of com-
plexes with the help of (4) is presented in Fig. 9. The
values of the adjustable parameters E; and C obtained from
this analysis are presented in the caption to this figure.
Because the spectral line due to the complexes is superim-
posed on the principal line, there is a certain arbitrariness

(3)
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FIG. 9. Intensity of the luminescence line of exciton-

10' 5 impurity complexes versus the inverse temperature
3 (the ratio of J; is not constant for different H). The
] H = 9.2k0e(a) solid curves were calculated according to (4) with the
T 23 kOe(m) following values of the fitting parameters: for H=9.2
] 46 k0o (0) kOe: E—1.1 meV, C=12 K~ % H=23 kOe: E,=0.6
+ e(© meV, C=40 K% H=46 kOe: E;=0.6 meV,
] C=3.6 K~32, Inset: Method for determining J;.
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in choosing the intensity with respect to which the line
intensity of the complexes should be measured (see inset in
Fig. 9). Both I; and the adjustable parameters are therefore
not measured very accurately (especially at temperatures
close to T=4 K). The adjustable parameters are deter-
mined to within about 40%. It can nonetheless be con-
cluded that Eq. (4) describes satisfactorily the observed
temperature dependence of I;.

The fitting parameter E;, which is the thermal dissoci-
ation energy E; of the complexes (E; ~1.1 meV in the
field H=9.2 kOe), is probably close to the optical dissoci-
ation energy. When the field intensity increases to H=23
kOe, this parameter decreases to E,~T=O.6 meV, after which
it remains constant as the field intensity increases further
(ET ~0.6 meV at H=46 kOe; see caption to Fig. 9), while
the optical dissociation energy of the complexes increases
from Ef~12 meV at H=23 kOe to Ef~1.4 meV at
H=46 kOe. Thus, in a sufficiently strong field the thermal
dissociation energy of the complexes is significantly lower
than the optical dissociation energy. However, the values
obtained for E7 approximately correspond to the energy
splitting between the line maxima of the complexes and the
donor line (see Figs. 2, 4b, and 8). It can therefore be
conjectured that electrons liberated by thermal dissociation
of exciton-impurity complexes are transferred to shallow
donor levels in the tail of the density of states of the con-
duction band. This is also suggested by the increase in the
intensity of the donor emission with increasing tempera-
ture. For this dissociation mechanism for the complexes,
ET is determined by the position of the electron quasi-
Fermi level, which in a relatively weak field decreases with
increasing field intensity, as indicated directly by the nar-
rowing of the donor luminescence line (Fig. 3).

Even in this case, the expression (4) with a different
factor C multiplying the exponential, can describe, under
certain conditions, the temperature dependence of the
emission intensity of exciton-impurity complexes. This fac-
tor, however, just like the factor C determined by Eq. (5),
must contain a set of parameters that describe the kinetics
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of formation and dissociation of complexes, as well as the
recombination kinetics of electron and holes in the non-
equilibrium system under consideration. Since with in-
creasing field intensity, the factor C behaves like E,~T, ie, it
first decreases rapidly (from C=12 K~*2 at H=9.2 kOe
to C=4.0 K=¥? at H=23 kOe), after which it remains
essentially constant (C=3.6 K32 at H=46 kOe), it can
be conjectured that its value is also determined by the po-
sition of the electron quasi-Fermi level. This probably
means that the coefficient C is determined by the behavior
of electrons occupying the levels of shallow donors. The
foregoing dissociation process in complexes corresponds to
the inverse process of capture of donor electrons by accep-
tor ions A", The rate of this process must be determined
by the capture cross section of electrons by A* centers and
by the average thermal velocity of the donor electrons,
similar to the manner in which the rate of binding of ex-
citons to impurity centers is determined by the capture
coefficient B=gvy. It is evident from Eq. (5), obtained by
analyzing the kinetics of a system consisting of free and
bound excitons, that the coefficient C is a monotonic func-
tion of B. On the basis of the physical meaning of this
coefficient, it can be expected that even in our case there
should be analogous dependence of C on the capture coef-
ficient. The average thermal velocity of donor electrons is
determined by the transition probabilities of electrons from
neutral donors to neighboring ionized donor centers, and
the transition probabilities are proportional to the corre-
sponding squared overlap integrals. The compression of
the wave functions of donor electrons in a magnetic
field>""*2 should therefore cause the constant C to decrease
with increasing field intensity.

Our results thus show that the magnetically stabilized
exciton-impurity complexes observed in indium antimo-
nide are excitons bound to neutral acceptors. In addition,
these complexes are formed in two steps: first, a neutral
acceptor A° binds a hole and is converted to an A* center.
An electron located on a neighboring donor is then trapped
by this center.
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CONCLUSIONS

Our investigations of the photoluminescence spectra
of pure samples of n-type indium antimonide have
yielded additional proof of the formation of magnetically
stabilized exciton-impurity complexes, which we observed
previously,'®!? in an excited crystal. These complexes con-
sist of an exciton bound to a neutral shallow acceptor. The
optical and thermal dissociation energies of the complexes
were measured. The difference between the thermal and
optical dissociation energies (in a strong magnetic field, the
thermal dissociation energy is approximately half the op-
tical dissociation energy) is explained by the participation
of donor states in the formation and dissociation of
exciton-impurity complexes. It was observed that one to
three lines of exciton-impurity complexes appear in the
luminescence spectra of the experimental samples in a
magnetic field. Each line corresponds to excitons bound to
shallow acceptors of a definite chemical nature. Thanks to
the narrowness, high intensity, and well-defined position in
the spectrum, the lines of magnetically stabilized com-
plexes are a sensitive indicator of acceptor impurities with
shallow levels in indium antimonide and can be used to
identify such impurities. However, in order to realize this
possibility in practice, further investigations must be car-
ried out on samples whose impurity composition is known
beforehand.
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DFurther, in order to underscore the fact that the donor line is the prin-
cipal line in the luminescence spectrum in the absence of a magnetic
field, we shall sometimes also call the principal line a donor line in a
magnetic field, although in a magnetic field it can be much weaker than
the lines of exciton-impurity complexes.

3The results presented in the inset in Fig. 7 were obtained by exciting the
sample with Nd>* YAG laser radiation at 1=1.06 um. In this experi-
ment the excitation was modulated with a 10% duty cycle in order to
prevent overheating of the sample. In all other experiments the duty
cycle was 50%.
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