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Photoluminescence of pure germanium excited in an electron-hole pair concentration range between 1012 and 1016 cm- 3 is 
investigated at low temperatures from 2.0 to 4.2•K. The temperature and concentration dependences of two radiation lines with 
quantum energies 0.713 and 0.708 eV are measured. The first line is known to be due to free excitons; it is assumed that the 
second line is due to annihilation of exciton molecules (biexcitons). The experimental data pertaining to both surface and volume 
excitation can be consistently explained from the viewpoint of a biexciton nature of the 0. 708 e V line. The dissociation energy 
of an exciton molecule in germanium is estimated to be 3.6-3.8 meV. An effect of nonequilibrium phonons (with an energy 
of the order of 1.6 meV and produced when the excitons are bound into biexcitons) on the ratio between the exciton and biexciton 
concentrations in the system under consideration is observed. 

OBSERVATION of radiative recombination of biexci­
tons in silicon and germanium was reported inP- 71. The 
main proof obtained in these papers for the existence 
of biexcitons reduces to the following. The intensity of 
the biexciton radiation depends quadratically on the in­
tensity of the free-exciton radiation; second, the 
quadratic dependence is observed in a wide range of 
excitations, up to those at which the biexciton line be­
comes dominant in intensity1>. 

In the investigation of radiative recombination in 
germanium[ 2 ' 3 l it was observed that at high excitation 
levels the quadratic dependence gives way to a linear 
one. It was shown in[3 • 6l that the linear dependence is 
the consequence of accumulation in the sample of a 
large number of nonequilibrium phonons, which shift 
the quasiequilibrium in the exciton-biexciton system in 
the direction of production of free excitons. 

On the other hand, the authors of a large number of 
recent papers cast doubt on the existence of biexcitons 
in silicon and germanium[ 9- 13l. They assume that the 
radiation in question belongs in fact to the condensed 
state of the excitons, with density 2 x 1017 cm-3 for 
germanium and 5 x 1018 cm-3 for silicon. This density 
exceeds somewhat the values 11JI( 0) 12 expected for 
excitons in these substances. The existence of a con­
densed state with such a high density is paradoxical, 
since the indicated values of 11JI( 0) 12 are a result of 
attraction of unscreened electrons and holes, whereas 
the interaction between individual atoms in the con­
densed phase is always significantly screened. Obser­
vation of the condensed phase with a much lower 
density was reported in[14' 15l. 

We present here the results of investigations under­
taken for the purpose of obtaining additional data on the 
nature of the long-wave recombination radiation in 
germanium and determining the binding energy of bi-

1>This last circumstance is quite important, since this is precisely what 
makes it possible to distinguish the recombination of the biexcitons from 
recombination on collision of two excitons[81, the intensity of which also 
depends quadratically on the exciton concentration. However, recombina­
tion on collision is a process described by a higher order of perturbation 
theory than recombination of free excitons and its intensity should conse­
quently be much lower than the exciton intensity. 

excitons. Some preliminary results of this investiga­
tion were published earlier in[3 • 6• 7 l. 

I. INTRODUCTION 

The energy and momentum conservation laws for 
the formation of a biexciton out of two excitons at rest, 
with emission of a phonon nwf, can be written in the 
form 

liw1 + !1E = E,, -lik, = liw1 Is, (1) 

where ~E is the "recoil" energy acquired by the 
biexciton when it emits a phonon, Eb is the dissocia­
tion energy of the exciton molecule, and s is the speed 
of sound. We shall show later that in germanium Eb 
amounts to several millielectron volts. Then the fre­
quency of the emitted phonons turns out to be of the 
order of 1012 Hz. It is known that such phonons have 
very large lifetimes in pure semiconductors at low 
temperatures[lS-laJ. If the phonon lifetime exceeds the 
exciton and biexciton lifetimes, and the phonon concen­
tration is high enough, then the behavior of the non­
equilibrium electron-hole system turns out to be sig­
nificantly different than in the absence of such pho­
nons [31. The kinetic equations for the excitons and 
biexcitons are[ 2 ' 13l 
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(2) 

Here nf is the number of phonons in a given state, a is 
the cross section for the binding of two excitons into a 
biexciton, 

_ g,.' ( m,.• )'" ( 2nm,."kT) 
y-- -- ' 

g, m,• h' 

and gex and ~ are the degeneracy factors of the ex­
citon and biexciton states. Pulsed excitation was used 
in this investigation, and the pulse duration ~ t was al­
ways much shorter than the lifetime of the excitons and 
holes relative to their interband recombination. There­
fore the concentration of the electron-hole pairs 
generated in the sample was determined in terms of 
the generation rate J, namely N = J ~ t. If T ex 
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» (avnext\ then the system in question is in quasi­
equilibrium, and it follows from (2) that 

(3) 

At a low excitation level, when the none~ilibrium pho­
nons can be neglected, nf = nf ~ e -tiwu T, and we 

0 
obtain 

(4) 

In the case of a high excitation level, when the concen­
tration of the nonequilibrium phonons nf ~ nb exceeds 
the concentration of the equilibrium ones, but nf « 1 
as before, we obtain 

Thus, the presence of nonequilibrium phonons trans­
forms the quadratic relation between the exciton and 
biexciton concentrations into a linear one. 

2. EXPERIMENTAL PROCEDURE 

(5) 

The experiments were performed on pure n- and 
p-type germanium with total impurity-center concen­
tration of several units of 1012 cm-3 • To decrease the 
rate of surface recombination, the samples were etched 
after grinding in a polishing etchant and hydrogen 
peroxide. For the measurements, the samples were 
freely fastened in a holder and placed in liquid helium. 

Two excitation methods were used in the experiments, 
surface and volume. In the first case the excitation was 
produced by light pulses of duration 1-1.5 11sec from a 
type ISSh-100 lamp emitting light in a wide spectral 
range. The sample thickness did not exceed 1 mm and 
was so chosen that the time of establishment of the 
diffusion equilibrium in the sample was smaller than 
the lifetime of the excitons. All the measurements were 
performed after such an equilibrium was established. 
To prevent light from the excitation source from strik­
ing the receiver, a combination of water and silicon 
filters was used. 

In the second case, the excitation source was radia­
tion from a dysprosium laser, generating light of wave­
length 2.36 11 (hv = 0.53 eV). The laser was Q-switched 
with a pulse repetition frequency 400 Hz and pulse 
duration 40 nsec. The electron-hole pairs were pro­
duced in this case as a result of two-photon absorption 
of the laser emission[ 19l, thus producing volume exci­
tation of samples of thickness up to 1 em. 

The emission spectra were analyzed by an MDR-2 
grating monochromator. To register the radiation, we 
used a low-inertia germanium photodiode and a pulsed 
synchronous detector, the position of the strobing pulse 
of which could be varied relative to the excitation pulse 
in the range from 0.5 to 103 11sec. In the study of the 
radiation relaxation, we used a system of automatic 
displacement of the detector strobe in the same range 
of delay times. 

The exciton and biexciton lifetimes were determined 
from the kinetics of the corresponding emission lines. 
In the investigated samples they ranged from 10 to 60 
11 sec at helium temperatures. This time is much 
longer than the excitation-pulse duration, making it 
possible to determine the concentration of the electron­
hole pairs produced in the sample with the aid of 

z 

FIG. 1. Plots of the exciton concentration nex against the biexciton 
concentration nb, obtained (1) by varying the time of registration of 
radiation relative to the instant of termination of the exciting pulse, 
T = 4.2°K; (2) by varying the level of the surface (0) and volume (D) 
excitation, T = 4.2°K; (3) by varying the excitation level, T = 3.5°K. 

photoconductivity measurements performed at room 
temperature. The concentration was also estimated by 
starting from the known rate of generation of the exci­
tation sources and, in addition, from an experimental 
study of the temperature dissociation of the excitons. 
The data obtained by different methods agreed within 
a factor 2-3. 

The long lifetimes of the quasiparticles have made 
it possible to perform all the measurements after a 
quasiequilibrium relation has been established between 
the concentrations of the excitons and biexcitons. We 
note that, both in the investigation of the temperature 
dependences and in the investigation of the radiation­
relaxation kinetics, no deviations from quasiequilibrium 
relations of the excitons and biexcitons were observed2>. 
This allows us to assume that the cross section for the 
binding of the excitons into a molecule exceeds 10-3 

2 em. 

3. EXPERIMENTAL RESULTS 

We obtained the intensity of the exciton line with 
quantum energy hv = 0. 713 eV as a function of the in­
tensity of the biexciton line hv = 0.708 eV at T = 4.2°K 
in a wide range of excitation levels. The data obtained 
both with volume and with surface excitation are shown 
in Fig. 1. As seen from the figure, the dependence of 
the intensity of the biexciton radiation on the intensity 
of the exciton radiation remains quadratic up to con­
centrations nb f'=' 3 x 1014 cm-3 • At higher excitation 
levels, a linear dependence is observed, which, as 
shown in Sec. 1, is due to the influence of the non­
equilibrium phonons generated when the excitons be­
come bound into biexcitons. 

To verify this hypothesis, we performed experi­
ments in which the excitation level remained constant 
and the exciton and biexciton concentrations in the 
sample were varied by delaying the instant of registra­
tion of the radiation relative to the instant of excitation. 
If the phonon lifetime exceeds noticeably the exciton 

2llf the lifetimes of the excitons relative to interband recombination 
are not long enough to permit their binding into biexcitons, then the 
dependence of the biexciton line intensity on the exciton concentration 
remains quadratic, but the temperature dependence of the intensity ratio 
of these lines disappears almost completely (the remaining weak depen­
dence is determined by the temperature dependence of the cross section 
for the production of the exciton molecule). In addition, a distinct kinetics 
of biexciton emission comes into play. 
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FIG. 2. Germanium emission spectra obtained by the action of one 
excitation source (I) and by the action of two synchronized excitation 
sources delayed 80 p.sec relative to each other. In both cases, the radia­
tion excited by the second source was registered. The exciton lifetime 
was 20 p.sec and T = 4.2°K. LAb and LAex are the radiative recombi­
nation lines of the biexcitons and excitons was interaction with longi­
tudinal acoustic phonons, LOb is the recombination radiation of the 
biexcitons with interaction with longitudinal optical phonons. 

and biexciton lifetimes, then an increase of the delay 
leads to a decrease of the exciton and biexciton con­
centrations while the concentration of the non-equili­
brium phonons remains practically unchanged. The 
results of such an experiment are shown in Fig. 1 
(curve 1 ). In this case the relation remains quadratic 
in the entire investigated concentration interval, as 
follows from the effective-mass equation (3) when 
nf = const. 

The role of the nonequilibrium phonons was con­
firmed also by experiments in which two light sources, 
with a relative time delay longer than the lifetimes of 
the excitons and biexcitons, but shorter than the pro­
posed phonon lifetime, were used to excite the samples. 
We registered the spectra of the radiation produced 
when the sample was excited by the second source. All 
the carriers produced by the first pulse die out by the 
time the second pulse acts, since the concentration of 
the phonons generated as a result of the action of the 
first pulse should remain practically unchanged. Then, 
as follows from (3 ), the intensity ratio of the exciton 
and biexciton lines should increase by a factor 
[ (nf1 + nf2)/nf2 ] 112 • Figure 2 shows the influence of the 
first excitation source on the emission spectrum pro­
duced by the action of the second source under condi­
tions when the intensity of the second source was one­
tenth that of the first. 

Obviously, such experiments can be used to measure 
the lifetimes of long-wave phonons participating in the 
biexciton production. Indeed, the concentration of the 
phonons remaining in the sample after a time t follow­
ing the action of the first excitation pulse can be deter­
mined from an analysis of the emission spectrum pro­
duced by the second source. If Jb » Jex• then the 
intensity of the exciton line varies in such a way that 

[ J,.x1,2(t) ]' nh(t) (6) 
-- =--+1 

lex2 nf2 

(The subscripts pertain to the excitation sources). 
Figure 3 shows the phonon relaxation curve for one 

of the samples. The decrease of the phonon concentra­
tion is well described by an exponential with Tf 

= 40 j..L sec, and the exciton lifetime in this sample is 

FIG. 3. Nonequilibrium phonon relaxation curve. Sample thickness 
0.05 em, Tex =IS p.sec, T = 4.2°K. 
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FIG. 4. Temperature dependences of the concentration ratios of 
the excitons and biexcitons at different excitation levels J; N is the 
concentration of the electron-hole pairs defined as N = Jt.t (sec Sec. I). 
a-region of the quadratic relation (4) between the exciton and biexci­
ton concentrations: I) N = 1.5 X I 0 14 cm-3 ; 2) N = 1014 cm-3 ; c) N = 
5 X 1013 cm-3 ; 4) N = 3 X 1013 cm-3 . Plots I and 3 were obtained with 
surface excitation, and 2 and 4 with volume excitation. b-Region of 
linear relation (5) between the exciton and biexciton concentrations: 
I) N = 5 X 1015 cm-3 ; 2) N = 1015 cm-3 , surface excitation. The de­
pendences of 'Y and Cl' on T have been taken into account. 

15 j..I.Sec. It was observed in these experiments that Tf 

depends significantly on the sample thickness, increas­
ing from several microseconds for samples 0.01 em 
thick to 140 j..I.Sec for samples 0.2 em thick. This indi­
cates that the main cause of the annihilation of the pho­
nons is apparently their scattering by the sample 
surface. 

It follows from (4) and (5) that there exist two dif­
ferent activation energies in the exciton-biexciton sys­
tem. At low excitation levels, when nf = nf0 , this en­
ergy is equal to the biexciton dissociation energy Eb. 
In the opposite case of high excitations, when the ratio 
of the exciton and biexciton concentrations is deter­
mined by the presence of nonequilibrium phonons in 
the sample, this energy is equal to the "recoil" energy 
which the biexciton obtains at the instant of its forma­
tion. To determine Eb and .6-E, we plotted the tem­
perature dependences of the radiation at different exci­
tation levels. The results obtained with surface and 
volume excitation are shown in Fig. 4. In the regions 
of both small and large concentrations, the slope of the 
curves does not depend on the excitation level and 
varies only at concentrations at which a transition 
from a quadratic to a linear dependence is observed in 
the intensity ratio of the exciton and biexciton lines. 
The energies Eb and .6-E determined from these ex­
periments turned out to be respectively equal to 3,6-
3.8 MeV and 2.0-2.2 meV. The biexciton dissociation 
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energy can also be obtained directly from (4), by sub­
stituting in this formula the experimental values of 
nex and nb for a certain (low) excitation level. A 
numerical estimate yields 3.6 meV, which agrees well 
with the results of the temperature measurements. 

The energy of the phonon generated when the biex­
citon is produced turns out to equal 1.6 meV in accord­
ance with (1 ). There is one more method of determin­
ing this quantity experimentally. When the excitation 
intensity is varied, the transition from a linear to a 
quadratic dependence occurs when the concentration of 
the nonequilibrium phonons (nf - nf0} ~ nb is approx­
imately equal to the concentration of the equilibrium 
phonons nf0 Rl exp ( -tiwffkT). Consequently, the hi­
exciton concentration corresponding to the inflection 
points on curves 2 and 3 of Fig. 1 will depend on the 
temperature like exp ( -nwfikT). The value of tiwf 
obtained in this manner turned out to be approximately 
1.4 meV, which is close to the value determined above. 

It was shown in [71 that in the case of excitation by 
strongly-absorbed light the state of the sample surface 
exerts a significant influence on the behavior of the 
emission spectra at low excitation levels. Experiments 
on thick samples with volume excitation by dysprosium­
laser light are practically free of this shortcoming. 
Indeed, in this case and in pure samples we did not ob­
serve the anomalously abrupt temperature and concen­
tration dependences that were interpreted by the 
authors of[9 • 10l as one of the significant arguments that 
the 0.708 eV line belongs to the exciton rather than the 
biexciton condensate. 

The use of nanosecond light pulses from a dyspros­
ium laser as a volume-excitation source has made it 
possible to investigate in best fashion the recombina­
tion-radiation kinetics. Particular interest attached to 
measurement of the growth time of the biexciton radi­
ation, which would make it possible to determine 
the cross section for biexciton production. 

Such an investigation of the radiation kinetics at a 
low excitation level, when the exciton line is predom­
inant, has shown that the biexciton radiation is pro­
duced within a time much shorter than the exciton­
recombination time. This confirms the conclusion 
arrived at above that the cross section for binding into 
biexcitons exceeds 10-13 cm2 • Measurement of the 
radiation attenuation time has shown that at low exci­
tation levels the relaxation time of the biexciton line 
is approximately double the relaxation time of the 
exciton line. This result agrees with the conclusions 
of Sec. 1, formula (4}. 

4. CONCLUSION 

The experimental results obtained in the present 
investigation demonstrate the biexciton nature of the 
0.708-eV line in germanium. Worthy of particular 
attention is the question of the shape of this line and 
its energy position. It was indicated in(ll that the 
position of the maximum and the shape of the analogous 
emission line in silicon can be explained by assuming 
that radiative annihilation of one of the excitons in the 
molecule is accompanied by decay of the other one into 
a free electron and a free hole. Recognizing, however, 
that the binding energy of the biexciton in germanium, 
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FIG. 5. Long-wave edge ofbiexciton emission (line LOb), T = 4.2°K. 

determined in the present study, is approximately 
3. 7 meV, and the maximum of the biexciton line is 
shifted relative to the exciton line by 5 meV, the most 
probable recombination process seems to be one in 
which the annihilation of one exciton is accompanied by 
acceleration of the other as a unit. At the same time, 
the process with disintegration of one of the excitons, 
proposed in (ll, can make a large contribution to the 
long-wave region of the spectrum. The fact that the 
biexciton line has a large long-wave "tail" (Fig. 5) 
confirms such a radiation mechanism. We note, how­
ever, that such a form of the long-wave edge is not 
critical from the point of view of identification of this 
line with the exciton molecule or with the exciton con­
densate, for in both cases we should expect approxi­
mately identical regularities if the effective carrier 
concentration in the exciton molecule is close to the 
proposed concentration in the condensate(2o-23l. 

The binding energy of the exciton molecule, deter­
mined in the present paper, is quite large in compari­
son with the theoretical values obtained in the effective­
mass approximation without allowance for the aniso­
tropy of the effective carrier masses and other fea­
tures of the band structure of the germanium [24- 271. 
The data of[ 11l show that the presence of many valleys 
is not responsible for such a large binding energy, for 
in the case when it was possible, by uniaxial com pres­
sion of the sample in the ( 111 ) direction to transfer all 
the electrons into one valley, the change in the binding 
energy was negligible. 

To explain the possible cause of the anomalously 
large biexciton binding energy in the germanium, it is 
of interest to compare it with the value obtained for 
silicon in(ll. The binding energy of the biexciton in 
silicon is several times smaller than the exciton 
Rydberg3 >, whereas in germanium is of the order of a 
Rydberg. Recognizing that the valence bands of silicon 
and germanium have approximately the same structure, 
and that the difference in the number of valleys in the 
conduction band is apparently not significant, it must 
be assumed that the main factor causing the ratio of 
the biexciton binding energy to the exciton binding 
energy to be larger in germanium than in silicon is 
the difference in the coefficient of anisotropy of the ef­
fective masses of the conduction bands of these sub­
stances. This conclusion, of course, cannot be re­
garded as final, and the question of the binding energy 
obviously calls for further research. 

J) According to the data ofl'1, the binding energy is 2 meV. Our prelimi­
nary results show, however, that this quantity in silicon is much closer 
to 5 meV. 
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