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Low-temperature photoluminescence of gallium arsenide
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The emission spectra of gallium arsenide with different contents of impurities were investigated in a wide
range of excitation levels. It is shown that the dominant recombination channel of the free excitons is
captured by shallow donors and acceptors followed by very rapid annihilation of the exciton-impurity
complexes. When the excitation density increases to n,~ 10'> cm~3, the free-carrier gas condenses into

electron-hole drops with equilibrium density ny~ 10" cm~2,

PACS numbers: 78.55.Hx

1. INTRODUCTION

A rather large number of various collective effects in
semiconductors are presently discussed in the literature.
One of the most interesting manifestations of collective
interactions should be taken to be the condensation of
excitons into electron-hole drops (EHD). This phenome-
non has been investigated in sufficient detail in the in-
direct semiconductors Ge and Si, and most experiments
have been explained not only qualitatively but also quan-
titatively.

In semiconductors with direct allowed transitions, the
possibility of condensation of excitons or of free car-
riers is denied by most workers, because of the short
lifetime of the gas phase (r ~10® sec). To explain the
observed emission spectra at high excitation levels in
straight-band semiconductors it is therefore customary
to resort to the so-called collective radiative processes,
such as inelastic exciton—-exciton collisions (the P
band), ! inelastic collisions of biexcitons,?? etc. In ad-
dition, the contribution of the radiation of the electron-
hole plasma,® i.e., of interband recombination with al-
lowance for the change of the width of the forbidden band
as a result of the collective interactions, is also con-
sidered.

The short lifetimes of the free excitons in semicon-
ductors with direct allowed transitions notwithstanding,
one can apparently not exclude the possibility of experi-
mental observation of EHD. It can be shown™? that EHD
with equilibrium density n, and radius R should be pro-
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duced at n,,2nqR/37¢v,,, Where n,, is the average den-
sity of the condensing gas, v,, is the average thermal
velocity, and 74 is the lifetime. Estimates show that in
gallium arsenide (GaAs) at n,,~10'® cm™ there can exist
EHD with radius R~ 10 cm and equilibrium density #n,
~10'" cm™ Bl at 79~ 107 sec. It should be noted here
that n,,~ 10'® cm™ seems to exclude completely a con-
tribution of free excitons to the condensed phase, since
there can be no free excitons in GaAs at these densities.
What should be condensed in this case are the free car-
riers, as is indeed confirmed by experiment.!® !

2. FEATURES OF RADIATIVE RECOMBINATION
IN GaAs

One of the most important characteristics of optical
transitions in solids is the oscillator strength f; for
processes in which light is absorbed, or the radiative
lifetime 7; in the case of emission. If we disregard the
dispersion of the dielectric constant, then 7,=3mg®/
2e%nw? f;, where m, is the mass of the free electron, =
is the refractive index, and w; is the frequency of the
light.

Using the known expression for the oscillator
strength®®? in the case of direct allowed transitions, we
can estimate the radiative lifetime of the free excitons

.~ 5-107 sec in GaAs.

However, if the crystal contains impurities (shallow
donors and acceptors), then the free excitons can be-
come bound to form exciton-impurity complexes.?
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Rashba and Gurgenishvili®®! have shown that exciton-
impurity eomplexes should correspond to giant oscil-
lator strengths and to associated short radiative-recom-
bination times 7,~10" sec. If the exciton is weakly
coupled with the center, then the oscillator strength in
the deuteron approximation is®!?

[ Eo\ " na.
i)

where §, is the unit-cell volume, p is the reduced
mass of the electron and hole, M is the exciton mass,
Gy, = €12/ pe? is the Bohr radius of the exciton, E,, = pe?/
27 %2 is the exciton Rydberg number, and E; is the ex-
citon binding energy at the center. (In the deuteron ap-
proximation the wave function is determined completely
by the binding energy

Y2 e-—aﬂ

R ’

W, (£ 1) = Do (1) 91 (R), qn(R)=(;;)

where a= (2mE;)!’? k=1). For GaAs we obtain f; /fex
=Tey/7T;210% and 7,~10% sec. The experimental data
on the measurement of the radiative lifetimes of the ex-
citon-impurity complexes in GaAs agree well with the
theoretical calculations.[!?!

Such small radiative lifetimes of the exciton-impuri-
ty complexes ensure a very effective radiative recom-
bination channel for the free excitons at moderate im-
purity concentration (N, +N,210'* cm™). This channel
is practically impossible to saturate when the excita-
tion density is increased to n,,~10' cm™, when the
crystal can no longer contain any excitons, since each
impurity can capture the free excitons many times, be-
cause of the small values of 7;. As a result, the possi-
bility of an experimental observation of collective radia-
tive processes such as inelastic exciton-exciton colli-
sions, etc. is doubtful if the concentration of the impuri-
ties is ~10'* cm™ and higher. For pure GaAs samples
(Np+N,~10" cm™®), however, it is necessary to exam-
ine in greater detail the concentration dependences of
the probabilities of the capture of free excitons by the
impurity, and, e.g., of the inelastic exciton—exciton
collisions.

It should also be noted that certain possibilities for
observing collective radiative processes appear at tem-
peratures kT 2E;.

3. EXPERIMENTAL PROCEDURE

The characteristics of the samples used to study the
recombination-radiation spectra are listed in Table I.
The samples FK-1, Fk-2, and FK-3 had ohmic contacts
obtained by fusing-in indium. The dark current-voltage

Table I.

Sample

o

FK-3 l FK-1 FK-2

(Np—N4) 10! cm-3 56 5.6 (2102 | 8-10% 6-10%
prrx-10-3, cm? /V - sec - - 110 145 105
d,u 10 10 20 25 20

311 Sov. Phys. JETP 45(2), Feb. 1977

-tation.

characteristics were analogous to those given by Bagaev
et al.' The breakdown fields for shallow donors were
Ep,~ 3 V/cm. The exciton impact ionization, which
leads to the vanishing of the exciton components of the
emission spectrum, took place in fields ES2 V/cm, and
the breakdown field depended on the excitation intensity.
The measurements were performed both with stationary
excitation (He-Ne laser, 10 mW) and with pulsed exci-
In the latter case, .a copper-vapor laser was
used (A= 5105 &). The excitation pulse duration was
7,~10 nsec, the maximum pulse power was P,= 5 kW,
and the repetition frequency was w= 5 kHz.

In the case of stationary excitation, the signal was
registered in standard fashion, using a photomultiplier
(Fﬁ:U-79), a narrow-band amplifier with synchronous
detector (PAR Model 186A Synchro-Het Lock-in Ampli-
fier), and an automatic recorder (KSP-4). The high
repetition frequency of the excitation pulses has made
it possible to use a system with double strobing to regis-
ter the pulsed signals. The first strobing was with a
type S-1-39 or S-1-53 stroboscopic oscilloscope. The
broadened pulses were then amplified and fed to a
strobe-integrator, with the aid of which it was possible
to record the emission spectrum at any instant of time,
and also to analyze the waveform of the radiation pulse.
Such pulse-signal registration schemes combine the
good time resolution of stroboscopic oscilloscopes with
the high sensitivity of systems of relatively low frequen-
cy, which are used after the time conversion. However,
the time resolution of our registration system was on
the whole limited by the characteristic times of the
photomultipliers (18 ELU-FK, 14 ELU-FK, FEU-83)
used for the time measurements.

Since the excitation pulse duration was comparable in
our case with the recombination times, a correct quan-
titative analysis of the various aspects of the kinetics is
difficult, We therefore draw only qualitative conclu-
sions from the time characteristics.

The sensitivity of the registration system can be
greatly increased in the case of pulsed excitation by
measuring the amplitude of the pulses broadened by the
strobing oscilloscope with a narrow-band amplifier with
synchronous detection. It becomes impossible in this
case, to be sure, to obtain information on the waveform
of the radiation pulse.

4. EXPERIMENTAL RESULTS AND THEIR
DISCUSSION

We have investigated the spectra of the spontaneous
emission of “pure” epitaxial GaAs films. The sponta-
neous luminescence regime was reached by sharp focus-
ing of the exciting-laser beam. The absence of stimu-
lated emission was monitored against the dependences
of the radiation intensity on the excitation intensity J on
I and on the linear dimension ! of the pumped region at
constant I. The spectra width of the DFS-12 monochro-
mator slit did not exceed 0.2 meV in all the experiments.

Figure 1 shows the emission spectrum of sample FK-
3, obtained by excitation with an He-Ne laser (/=1 W/
cm?). This is not the purest sample, but its emission
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FIG. 1. Emission spectrum of sample FK-3 (Ny —N, =2+ 10%
em™) at 2°K (I =1 W/cem?); dashed curve—reflection R spec-
trum obtained in!'4), In the upper right corner is shown the
energy spectrum of the polariton: UPB—upper polariton
branch, LPB—lower polariton branch,

contains all the principal components of the spectrum.
The universally accepted point of view concerning the
individual emission lines in the spectrum of Fig. 1 re-
duces to the following. The emission line width 7wy,
=1.5141 eV is due to recombination of an exciton bound
with a neutral donor (Dj). The radiative transition of

a free hole to a neutral donor is accompanied by emis-
sion width Zw,,,=1.5133 eV (D4). The recombination of
an exciton bound with a neutral acceptor leads to the
appearance of lines near 1.5123 ev. The relatively
weak emission lines in the region 1.508-1.512 eV are
due to the so-called two-electron transitions,® in
which the neutral donor goes over into an excited state
(n=2). However, the model proposed by Rossi et al.™*?
has been experimentally confirmed only for the line
Hwpee=1.5097 eV. Another interpretation is therefore
possible for the other lines. In particular, the emission
band with Zwg,,~1.511 eV, which is shifted towards the
long-wave side relative to the free exciton by an amount
E.., can be attributed to inelastic exciton~exciton colli-
sions (P band), since the intensity of this band depends
quadratically on the free-exciton intensity (7 wpay
~1.5157 eV), as is seen from Fig. 2.

Nonetheless, this interpretation does not correspond
to reality, since samples with small impurity contents
(samples A-1 and A-2) do not emit at all in the entire
region 7w=1,508-1.512 eV, thus indicating that this
emission is of impurity origin. By way of a working
hypothesis we can propose that the P band (Fwg,,~1.511
eV) is due to inelastic collisions of free excitons with
exciton-impurity complexes (exciton on a neutral donor).
This mechanism explains both the observed dependences
of the intensity of this band, as well as its energy posi-
tion. In addition, the probability of such a process can
be larger than in the case of inelastic exciton—exciton
collisions, since the orbit of the exciton coupled to the
impurity is larger than the Bohr radius of the exciton.

What remained unexplained in the emission spectrum
shown in Fig. 1 were the two shortest-wavelength lines.
In the earlier papers (see, e.g.,!®?), the emission with
Fwmay~1.5157 eV was attributed to the free exciton, and
the line width 7 wy,,~1.5147 eV was connected with the
emission of a complicated exciton-impurity complex
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that contains a neutral donor. Sell et al.''*), however,
have reviewed the interpretation of the emission spec-
trum in the phonon energy region 7w~ 1,5145-1.5160 eV,
The justification for this review were the results of ex-
periments on the reflection spectra of pure epitaxial
GaAs films at low temperatures. A typical reflection
spectrum obtained by them™*! is shown in Fig. 1 (dashed
curve R). A theoretical analysis of this spectrum has
made it possible to determine the energies of the trans-
verse and longitudinal excitons in GaAs. Thus, for
example, the transverse-exciton energy E, should cor-
respond to a minimum of the reflection spectrum, and
the energy position of the spike coincides with the longi-
tudinal exciton E;. Taking this circumstance into ac-
count, it is practically impossible to explain the ob-
served emission spectrum of the free exciton, inasmuch
as to interpret the energy position of the emission-line
maximum it is necessary to assume too large an effec-
tive temperature of the exciton gas. Sell et al.™'*! have
assumed therefore that the emission in the energy re-
gion 7w~1.5145-1,5160 eV must be explained with spa-
tial-dispersion taken into account.

In this case the line with 7w~1.5157 eV can be attrib-
uted to emission from the upper polariton branch (UPB),
and the emission from the lower polariton branch (L PB)
leads to the appearance of the line with Zwg,,~1.5147
eV. It should be noted that there is still no exact quan-
titative theory of radiative recombination with allowance
for spatial dispersion, but the singularities of the emis-
sion spectrum can be qualitatively quite well explained
by taking into account the specifics of the energy spec-
trum of the UPB and LPB. In particular, it becomes
understandable why the UPB emission is shifted towards
the short-wave side relative to the position of the spike
in the reflection spectrum. The point is that the effec-
tive exciton temperature, which, as a rule, is somewhat
higher than the lattice temperature at moderate excita-
tion levels, should lead to large shifts of the UPB emis-
sion maximum in comparison with the LPB maximum,

Thus, the energy position of the UPB emission maxi-
mum is determined by the excitation intensity, which
specifies T, for the excitons. This conclusion was
confirmed by the results of experiments shown in Figs.
3 and 4. These figures show the emission spectra of
sample A-2 with impurity concentration N, - N, =5.6
- 10" cm™, obtained at different excitation levels I in

Jp, rel. un.
10 - FIG. 2. Dependence of the R-band
- intensity (% wpg, ~ 1.511 eV) on the
sk exciton intensity (Fwgy,, ~1.5157 eV)
+ for the sample FK-3 in the excita-
- tion-level I ~1—10 W/cm?, tana =2,
a
1 [ B
1 5 10
Jez ,rel. un.
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FIG. 3. Emission spectra of
sample A-2 (N, ~N, =5, 610"
cm™®) at 2°K as a function of
the excitation level, I,=2 W/
cm?,
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the interval from 0,005 to 700 W/cm? (He-Ne laser).

In contrast to the lower-impurity samples, the relative
contribution of the emission of the free excitons from
this crystal is noticeably larger, and it can be seen
from Fig. 5 that the growth of the intensity of the exci-
ton-impurity complex Dj is substantially slowed down at
120.05 W/cm?, The excitation level I~ 0.05 W/cm?
should apparently correspond to the average density of
the generated electron-hole pairs n,,~ N, =N, =5.6

.10 ¢m™, By the same token, recognizing that the in-
tegrated intensity of the UPB radiation depends linearly
on the excitation level not only in the interval indicated
in Fig. 5, but also at much higher densities, we can
estimate the exciton concentration (or the concentration
of the electron-hole pairs) in the entire range of em-
ployed excitation levels, Thus, for example, the EHD
emission fFwg,,~1.5123 eV) first observed by Bagaev
et al.'® occurs at n,,~10'° cm™, i.e., at densities such
that there can no longer be any free excitons in the sam-
ple.

A distinguishing feature of the emission spectra of the
purest samples (Figs. 3 and 4) is also the presence of
a weak emission band due to interband recombination.
This band becomes noticeable at 122 W/cm?, With in-
creasing excitation level it shifts towards the long-wave
side, gradually coalescing with the UPB radiation.
This circumstance can be interpreted as a Mott transi-
tion in the exciton system. Of course, the emission
spectrum must not have any exciton components in this
case. Time measurements performed on sample A-2
at the corresponding pulse-excitation densities have
shown that the weak exciton luminescence bands that are

1.6K A-2

1,=07 kW/cm?

FIG. 4. Emission spectra of
051, sample A-2 (N, —N, =5, 6-10!!
cm) at 1.6°K as a function of
the excitation level. I,=0.7
kW/cm?,

0.21,

0.0221,

2.0081,

il . 1
1.509 1. 513 1.517
. hw, eV
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FIG. 5. Plots of the intensi-
ties of the different components
of the spectrum on the excita-
tion intensity: e—integral of
UPB radiation, A—intensity of
D% radiation, o—intensity of

§ radiation.
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seen in the spectrum are delayed 10-15 nsec relative to
the excitation pulse and therefore correspond to much
lower n,,.

One other important distinguishing feature of the
emission of the purest samples is that it is possible to
trace the formation of the emission band of the con-
densed phase. As seen from Fig. 4, the energy posi-
tion of this band initially coincides with D§. The emis-
sion maximum shifts next to the long-wave side with
increasing excitation level, and at I>0.7 kW/cm? its en-
ergy position, as well as the shape of the emission
band, cease to depend on 7, in the sample up to values
n,,~10'® cmS,

For crystals with impurity contents N, — N, >10'* cm™
it is practically impossible to register the initial stage
of the onset of EHD, for in this case the dominant factor
in the spectra is still the radiation of the exciton-impuri-
ty complexes, which apparently is produced in the inter-
ior of the sample on the tail of the diffusion distribution.
Only in electric fields strong enough to break down not
only the free excitons but also the shallow donors is it
possible to suppress this recombination channel and to
observe the EHD emission band.

The results of experiments with an electric field are
shown in Fig. 6. The excitation in these experiments
was produced with a copper-vapor laser. The spectra
were recorded at the instant when the excitation pulse

E=1.5 W/em

J Wjem

. ,;.1.\_.‘

i !
1.518 1.8510 1.614 1.518
fw, ev

[ B |

n
1.510 1.514

FIG. 6. Emission spectra of sample FK-3 (N, —N, =2+10%
cm™®) as functions of the electric field intensity of 7'=2°K and
I=800 W/cm?, The sensitivity of the recording system at

E =5 V/cm has been increased by twenty times.
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FIG. 7. Emission spectra
of sample A-1 (N —N,
=5.6+10!! cm™) as functions
of the excitation level. I
=100 kW/cm?,

I,= 100 KW/em?
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was a maximum. If the monochromator slit is used to
cut out of the spectrum one exciton-impurity complex
or another (for example, D§) and the waveform of the
radiation pulse is recorded, then the maximum of this
pulse is delayed relative to the excitation maximum.
The time delay depends on the excitation level and in-
creases with increasing I. This experiment indicates
that in the case of small delays the radiation of the ex-
citon-impurity complexes is indeed produced in the in-
terior of the sample and moves closer to the surface as
the concentration of the free carriers decreases with
time; the increased intensity is attributed to the lower
losses to reabsorption.

By measuring the dependence of the delay of the exci-
ton-impurity complex emission maximum on the excita-
tion level, we can estimate the lifetime 7, of the elec-
tron-hole plasma from the formula

bt
YT AN

where t; and £, are the delays of the radiation at excita-
tion intensities I, and I,, respectively. For the sample
FK-3 we obtain 7 ,~4-10” sec. Thus, the probability
of interband recombination at electron and hole density
no~10'® cm™ turns out to be less than the probability of
the radiative decay of the exciton-impurity complexes,
for which 7;<10”® sec.™®! It is precisely this circum-
stance which explains the tremendous contribution made
by the radiation of complexes from the interior of the
sample, where the excitation density is much lower than
on the surface.

5. PRINCIPAL CONCLUSIONS

From among all collective effects occurring in vari-
ous semiconductors and discussed in the literature what
takes place at low temperatures in GaAs is a phase
transition of the gas-liquid type with EHD formation.
However, in contrast to Ge or Si, it is not the excitons
which are condensed in GaAs, but the gas of free car-
riers, a fact most clearly confirmed in experiments
with an electric field. The difference between the con-
densation mechanism in GaAs, on the one hand, and in
the Ge and Si on the other, is due to the specific fea-
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tures of the radiative recombination in semiconductors
with allowed direct transitions. Since the effective free-
exciton lifetimes, which are determined by capture on
impurity states and by the existence of a nonradiative
recombination channel, are small enough (~ 107 sec), it
follows that the critical density 7., is determined in final
analysis not by the phase diagram but by kinetic relations
of the type™*?n, . 2noR/37gv,,. As a result, n., turns out
to be of the order of 10'® cm™, which is much higher
than the density corresponding to the Mott transition for
free excitons in GaAs. Thus, the excitation-densities
at which EHD can exist in GaAs lie in a rather narrow
interval, from n,,~10' cm™ to n,,=7,~10'® cm™. When
the excitation level is increased further (I>10 kW/cm?),
the emission spectra must be determined by recombina~
tion processes of the electron-hole plasma, whose tem-
perature can differ noticeably from the lattice temper-
ature.®? This is precisely how one must interpret the
emission spectra of sample A-1, which are shown in
Fig. 7.

It must also be emphasized that to explain the entire
aggregate of the experimental data obtained both with
the purest samples and with samples of lower purity
there is no need to resort to any collective radiative
processes. Moreover, it must be concluded that so long
as excitons can exist in the crystal, the capture of free
excitons by impurities in GaAs at low temperatures, fol-
lowed by a very rapid annihilation of the exciton-impuri-
ty complexes, is the dominant recombination channel.

It is not unlikely that the last conclusion is valid also
for other semiconductors with direct allowed transitions,
since the samples A-1 and A-2 used in the present study
are the purest ones, if the “purity” criterion for all the
materials is taken to be, for example, the average dis-
tance between impurity atoms, measured in units of the
Bohr radius of the free exciton.

In conclusion the author thanks V. S. Bagaev, L. V.
Keldysh, and V. B. Timofeev for extremely useful dis-
cussion of the results.

DWhen explaining the experimental data obtained with epitaxial
GaAs films of thickness d ~(20-30) u at very high excitation
levels (I ~1 MW/cm?), one must apparently take into account
also the contribution that the substrate can make to the
recombination of the free carriers, It is easy to show that at
I=1 MW/cm? the electron-hole plasma fills, as a result of
expansion at Fermi velocity, the entire volume of a film 20u
thick in 10" sec. In this case the substrate, which is usually
made of compensated GaAs, canleadnot only to the appearance
of a powerful nonradiative-recombination channel, but also
distort appreciably the observed emission spectra. For ex-
ample, as shown by our experiment, an emission band due to
recombination on donor acceptor pairs in the substrate ma-
terial can appear in the region Fw ~1,49 eV; this can be eas-
ily verified by exciting the sample from the substrate side.
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A model for a phase transition due to nonlinear resonance

of lattice vibrations
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It is shown that a structural transition in a crystal can be due to a nonlinear resonance ‘“capture” of
different lattice vibration modes. The condition for capture is a>€ (a is a dimensionless anharmonicity
parameter and € is a dimensionless coupling constant for the modes). A phase transition model is
constructed on the basis of new experimental data for the group of isomorphous crystals of the
triglycinsulfate type. It is shown that a coherent state of the orientational vibrations of the heavy-atom
groups is formed below the transition point, and the thermodynamic characteristics of this state are found.
The connection between the dynamical approach developed and the models for the ferroelectric type of

ordering is discussed.

PACS numbers: 63.20.—e, 64.70.Kb, 61.50.Ks

INTRODUCTION

Structural lattice instability is one of the mechanisms
that can lead to a phase transition of the ferroelectric
type. From the dynamical point of view, such a transi-
tion may be accompanied by the appearance of the so-
called “soft mode,” whose frequency tends to zero as
T~T,."’ However, the dynamical approach allows us
to look at the problem of instability of lattice structures
from a somewhat more general point of view. Indeed,
if the variation of some parameter (e.g., the tempera-
ture) leads to a situation in which some characteristic
frequencies of the system turn out to be close (i.e., in
resonance), then the structure of the system should also
be reconstructed, and the soft mode corresponds to the
particular case of such a resonance.

In'?’ the possibility was discussed of the occurrence
of a structural phase transition because of a resonance-
type instability arising as a result of the interaction of
certain types of degrees of freedom of the lattice. The
present paper is devoted to a detailed analysis of this
question. Underlying it are a number of experimental
data on the analysis of the spectra of the Raman scat-
tering (RS) of low-frequency optical lattice vibrations in
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the vicinity of a ferroelectric phase transition. These
data have now been obtained for the family of isomor-
phous crystals of the TGS group (triglycinsulfate, tri-
glycinselenate, triglycinfluoroberyllate), 81 for ammo-
nium fluoroberyllate (AFB), 4] gjhydrate of sodium am-
monium selenate,m etc. It is customarily assumed that
the phase transition occurring in the enumerated crys-
tals is of the order-disorder type.t*? The RS data allow
us, however, to obtain a more detailed picture of the
phase transition. The reason for this consists, on the
one hand, in the fact that there can exist in complex
lattices individual structural atomic groups which are
relatively weakly coupled to the remaining lattice and
which execute motions almost independent of the other
groups. Therefore, it may turn out to be possible to
indicate that atomic group whose critical behavior de-
termines (primarily) the phase transition. Thus, in all
the above-enumerated crystals the isotopic substitution
of hydrogen by deuterium does not lead to a significant
change in the Curie temperature. This leads to the con-
clusion that the ordering is undergone by the relatively
heavy elements: the glycine ions in TGS or the tetra-
hedral groups in the other crystals. On the other hand,
the width of the line and its intensity in the RS spectra
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