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A model of an exciton gas is developed in which termaJ dissociation of excitons into electrons and holes, 
formation of biexcitons, as well as adhesion of electrons and holes to excitons are taken into account. 
Allowance is made for the nonideaJity of such a plasma-like system. The composition of the exciton gas in 
germanium is calculated for temperatures I-lOOK and for excitation levels such that no electron-hole 
drops are formed. The conduction mechanisms in such systems are considered and agreement is obtained 
with available experimental data on the electric conductivity. 

PACS numbers: 7l.80.+j, 72.30.+q 

At low temperatures, -10 OK, the non-equilibrium 
electrons and holes produced in semiconductors by ex
ternal excitation are pairwise bound to each other to 
form excitons. (1-7] The increased interest in these 
phenomena is due to the fact, predicted by Keldysh, (1J 

that the excitons condense at large concentrations and 
two phases appear, vapor and liquid. 

It should be stated that the exciton gas consists not 
only- of excitons (eh or ex). The excitons can be bound 
to one another to form biexcitons (e2h2 or b). (7] Ther
mal dissociation leads to the appearance of free elec
trons (e) and holes (h). (8,9] Free charges adhere to the 
excitons and form charged three-particle complexes 
(e2h and e~ or ex- and ex+). (10] The following reactions 
take place in the system: 

ex+'e+h, b+'2ex, 

ex-+'ex+e, ex+.:ex+h. 

Thus, the exciton gas is in fact a multicomponent sys
tem. The analogy with hydrogen is obvious: h-proton 
H+, ex-hydrogen atom H, b-H2 molecule, ex- and 
ex+-H- and H; ions. 

Calculation of the composition of the exciton gas is 
made difficult by the fact that the ideal-gas approxima
tion turns out to be incorrect in a sufficiently large re
gion below the saturation line. It is necessary to take 
into account the interactions of the charged particles 
with one another and with the neutral particles. 

In this paper we construct a mUlticomponent model of 
an exciton gas. We use methods borrowed from the 
theories of real gases and of non-ideal plasma, and ac
count is taken of the features peculiar to semiconduc
tors. The composition is calculated for germanium. 
We discuss the conduction mechanisms and compare the 
results with the experimental data. 

Multicomponent model oj exciton gas. The chemical
equilibrium conditions 

r.t(b)=2r.t(ex), 
(1) 

where jJ. are the chemical potentials, make it possible 
to connect the concentrations of the different compo
nents. Before writing down the corresponding equations 
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for the dissociative (ionization) equilibrium, we note a 
number of features due to the fact that an exciton plas
ma exists in the solid. 

1. The masses of the positive and negative particles 
are comparable. 

2. The degeneracy of the extremum of the band at the 
point k = 0 leads to the appearance of two types of holes, 
light and heavy (h' and h), and corresponding different 
types of excitons, three-particle complexes, and biex
citons should exist. The connection between the concen
trations of the light and heavy particles can be obtained 
by noting that they are transformed into one another via 
emission or absorption of phonons (j): h= h' ±j, ex= ex' 
±j etc. Since the chemical potential of the phonons is 
equal to zero, we have jJ.(h) = jJ.(h' ), jJ.(ex) = jJ.(ex/ ). Thus, 
the concentrations (without allowance for the interaction 
between the particles) are connected by the relations 

n(h)/n(h') = (mh/m/) \ 
n(ex)/n(ex') = (m,./m,:),h exp (~I,"-~I,:) 

etc. Here m and m' are the masses, ] and ]1 are the 
binding energies, and f3 = l/kT. 

3. The extremum of the condition band at the point 
k '* 0 is degenerate in the number of valleys, i. e., the 
multiplicity of the degeneracy of the particles of the 
corresponding band increases by a factor N (N is the 
number of valleys). For example, the statistical weight 
of the electron in germanium is ge =g:N, where g: =2 
is the statistical weight of the free electron in vacuum, 
and N=4. 

4. The masses of the particles in a solid can be an
isotropiC, mil ,*mJ.' We can set approximately the effec
tive mass equal to m = (mllm~)1/3, and for composite par
ticles mil (mJ.) is taken to mean the sum of the corre
sponding number of mil (mJ.) of the electrons and holes. 
The values of the binding energies contain a different 
mass: mo = (m~1 +2m.i:1t1. 

5. The composition of the gas exciton phase can be 
greatly influenced by impurity atoms. The impurity 
atoms existing in the ground state at T-l0 OK are not 
ionized (their binding energy is ;:: 100 OK) and influence 
the composition only via interaction with particles of the 
exciton phase. 
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Allowance for non-ideality. The free energy can be 
approximately written in the form 

F~ L,PO(i) + L,N(i)Ii-<lJ- L,e(i,ilN(i)N(ilV-' 
•• '1 

- L, a(i,j)N(i)N(j) V-I. 

'I (2) 

Here FO(i) is the free energy of the i-th component of 
the ideal system, N(i) is the number of particles of the 
i-th component, c(i,j) and a(i,j) are the virial coeffi
cients that take into account the charge-neutral and 
neutral-neutral interaction (including the impurity 
atoms), <P is the contribution of the Coulomb interac
tion, and nondegenerate systems are considered. 

Recognizing that /l(i) = (aF/aN(i))y, we obtain from (1) 
and (2) 

(3) 

(4) 

(5) 

(6) 

where ~ are the partition functions and g are the statis
tical weights. AI include the changes of the binding en
ergy due to the interaction, for example, 

M .. =2<p+ [c(e, ex} +c(h, ex) -2a(ex, ex)] n (ex) +[e(e, b) 
+e(h, b)]n(b)+[e{e, al+e(h, a)-a(ex, a)]n(a)-c(e, exln{el 

-e(h, ex)n(h)-e(ex+, exln(ex+)-c(ex-, ex)n{ex-). 

The system (3)-(6), the electro neutrality equation 

n (ex+) +n(h) =n(ex-) +n{ e) 

and the equation that determines the excitation level 

n(h) +n(ex) +n(ex-) +2[n(b) +n(ex+)] =n,. 

constitute jointly the complete system of equations 
needed to calculate the composition of the exciton gas. 

The quantity fP stems from the interaction of the free 
charges with one another, and we have used for it an 
expression that approximates the numerical results ob
tained for a non-ideal plasma[ll]: 

~<p= (n1') '1'-0,5261'-0,371'+0,21 y', 

where 

is the non-ideality parameter of the charged subsys
tem, and x is the dielectric constant. The value of the 
coefficient a(i,j) was estimated from the expression 

a(i, il ='"!,ne(i, j)a'(i, j), 
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where a(i,j) is the effective cross section and E (i,j) is 
the depth of the potential well for the interaction of the 
i-th and j-th particles. The coefficient c(i,j) was taken 
in analogy with the interaction between a charge and an 
atomU2 ]: 

c (i, j) =8"e'(%1 xR{ i, j), (7) 

where O! is the polarizability and R(i,j) is the repulsion 
radius. 

Composition of exciton gas in germanium. Inasmuch 
as the light particles in germanium amount to not more 
than 5%, the calculation was carried out only for the 
heavy particles. We use the following values of the ef
fective masses[13.14] in units of the mass of the free 
electron in vacuum: melf =1.64, meJ.=0.082, me=0.22, 
mae =0.12, mh =0. 347. The binding energies used have 
the following values (in OK): for the exciton-42, U5] for 
the complexes ex· -2. 2, [10] ex+ -3.2, [10] for the biex
citon-1. 5. [18] In view of the lack of suffiCiently com
plete data on the excited states and their not too impor
tant role at low temperatures, the partition functions 
were assumed to be equal to the statistical weight of the 
ground state: for the electron-2N, 1) for the hOle-2,1) 
for the exciton-4N,2) and for the complexes ex·, ex+ and 
the biexciton-4N. 3) 

As shown by preliminary estimates, not all kinds of 
interactions turn out to be significant in the calculation 
of AI. For example, for T:$ 4 OK, a good approxima
tion is 

M .. =2<p+[c(e, ex)+c(h, ex)]n(ex), 
t.I •• -=[c(e. ex)-c(ex-:. ex) In(ez), (8) 

M ••• =[c(h, ex)-c(ex+, ex)]n(ez), /),,1.=0. 

The estimate c(i,j) cannot be made sufficiently unique
ly. U2,17,18] The values of c(e, ex} and c(h, ex) were 
chosen with allowance for the experimental data dis
cussed below. [9] This quantity corresponds to reason
able values R (i, j) = 1. 5ao and O! = 4. 5ag in (7) (ao is the 
Bohr radius); c(ex+, ex), c(ex·, ex} and c(i, b) are 
smaller, since the values of R(i,j) for them are larger 
by 2 or 3 times. 

The results of the calculation of the composition of 
the gas phase in germanium are shown in Figs. 1 and 2. 
The calculation was limited to the region y< 1. 

The role of the Coulomb interaction increases with 

n,cm'" 

FIG. 1. Isotherms for ger
manium. The dashed lines 
show the results of calcu
lation without allowance 
for the contribution of the 
charged-neutral interac
tion. 
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FIG. 2. Isochors for ger
manium. The dashed lines 
show the results of calcu
lation without allowance for 
the contribution of the 
charged-neutral interac
tion. 

temperature and becomes decisive at T>4 OK, in which 
case in the region Y'" 1 the interaction in the charged 
subsystem increases the concentration of the electrons 
and holes by one order of magnitude. The charge-neu
tral interaction greatly increases at T < 3 OK the con
centrations of the electrons and holes and decreases the 
concentration of the three-particle complexes. In the 
case T ~ 8 OK, when n(ex) <n(e), the charge-neutral at
traction exerts a weaker but opposite action: it de
creases the concentrations of the electrons and holes 
and increases the concentration of the excitons. Calcu
lation of the composition of the gas exciton phase in 
germanium was carried out without allowance for the in
fluence of the impurity atoms. This is permissible if 
the impurity atom concentration is nimp .$1013 cm-3 and 
the impurity atoms are in the ground state. 

Density-temperature diagram. In Fig. 3 are gath
ered the available experimental data on the density of 
the saturated exciton vapor in germanium. In the re
gion 2.$ T:S 4.2 K the measurements were performed by 
various methods: by conductivity, [9,19] cyclotron absorp
tion, [20,21] luminescence radiation, [22,23] and absorption 
of light. [24] The results are for the most part in agree
ment. We note that the data of Lo et al. [22] have been 
corrected in Fig. 3 in accordance with the exciton life
time 7.7 J.,Lsec[26] and the diffusion length 0.04 cm. [3] 
At T > 4.2 OK the only available results are those of 
Thomas et al. [23] 

The composition calculated in the preceding section 
makes it possible to draw on Fig. 3 the constant-non
ideality curves in the gas phase. The interaction of the 
charged particles with the neutral ones at T.$ 3 OK 
changes strongly the degree of dissociation of the exci
tons and shifts the position of the y=l curve (curve 9). 
The Y = 1 curve turns out to be in the region of the start 
of the exciton condensation, and this serves as an in
'direct indication of the plasma character of this phase 
transition. [27] Curve 10 is the line of equal values of 

"("x=~n(ex) [c(e, ex)+c(h, ex)+c(ex-, ex)+c(ex+, ex)], 

Next, on curve 11 we have Ye",e" = (Ja(ex, ex)n(ex), on 12 
we have A!"n(ex) =2.6N, and on 13 we have A~n(b) =2.6N. 
In the two-phase region, curves 9-13 are drawn under 
the assumption that the system remains homogeneous. 

Conductivity. The plasma model can be developed 
also to permit calculation of the conductivity of the ex
citon gas. In analogy with a plasma, we can consider 
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the scattering of free carriers by excitons and by im
purity atoms, and also Coulomb collisions in an elec
tron-hole subsystem. We use here the multi component 
composition considered above for the exciton gas. 

The connection between the electric conductivity of a 
weakly ionized plasma and the diffusion scattering cross 
section is given by the solution of the Boltzmann kinetic 
equations. In the Chapman-Enskog approximation the 
expression for the electric conductivity takes the 
form[28] 

o='/,e'n,!n,mv(Q12), (9) 

where (Q12) =Qti(T)/~l~ is the averaged diffusion scat
tering cross section in the n-th Chapman-Enskog ap
proximation, 

(10) 

is the averaged diffusion cross section in the first Chap
man-Enskog approximation, ~~i is the correction for 
the n-th approximation, x = c/kT, c = mv2/2, v is the 
thermal velocity, m is the reduced mass of the test and 
field particles, v = (8kT / rrm )1/2, nl is the concentration 
of the test particles, and nz is the concentration of the 
field particles. 

For a theoretical estimate of (Qea) and (Qh,) it is nec
essary to calculate the values of Qt~(T) and K~~~ from 
the known diffusion cross section Qt2(c)' In the isotro
piC approximation for T:S 5 OK, the contribution of the p 
and d phases is small in comparison with that of the s 
phase, so that the diffusion cross section coincides with 
the total cross section. We have used for the theoreti
cal estimates the dimensionless cross section of an 
electron on a hydrogen atom[291 and of a positron on a 
hydrogen atom. [30] The Bohr radius ao and the ioniza
tion potential I were used as scale factors. 

Since the functions Q;a and Qia admit of a power-law 
approximation c /J., it is possible to calculate K m in the 
Lorentz approximation exactly for any value of n. Us-

,,) ...... ""'_ ,7 

/ 
/ 

13/ lZ/ 

iO'6 )L_<: 

10" I 4( I/f r,, __ .J-~ 
10'" 1 "",//0 

, 
10'J ~ 

~/-Z~J~4~"-GL-7LJ8-JT,K 

FIG. 3. Density-temperature diagram for germanium. Results 
of measurements of the coexistence line of the exciton phases: 
1_[91,2_[191, 3_[201,4_[211,5_[221, 6_[231, 7_1141, 8_[251. 

The constant-non-ideality lines (calculated): 9-')' = 1 (the 
dash-dot curve shows the results of calculation without allow
ance for the contribution of the charged-neutral interaction), 
10-')'."=1,11-')'.,,,.,,=1, 12-A!.n(ex)=2.6N, 13-Agn(b)=2.6N. 
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ing the values of K~il from[31l and formula (10), we can 
find the cross sections for any temperature. For 2 oK 
we have (Qea) =401Ta~ and (Qha) =91Ta~, and the tempera
ture dependence is weak. These quantities can be used 
to estimate the cross sections for the scattering of elec
trons and holes by the impurity atoms. Assuming for 
germanium 1=100 oK and ao = 40 A, we obtain (Qea) = 2 
.10-11 cm2 and (Qha) =4. 3.10-12 cm2• Measurements[32] 
yield (Qea) = 1. 35 • 10-11 cm2 for T = 4.2 oK and (Qha) = 2. 5 
'. 10-12 cm2 for T = 2 oK. Somewhat lower values of the 
experimental scattering cross sections can be attributed 

, to the influence of the anisotropy. 

We can estimate in similar fashion the cross sections 
for the scattering of electrons and holes by excitons. 
By virtue of the exchange effects, these cross sections 
are close to each other. Estimates based on the cross 
section for the scattering of an electron by a hydrogen 
atom are less reliable in this case, for the role of the 
anisotropy increases as a result of the smaller value of 
I. In addition, initial exchange and annihilation effects 
appear. The experimental value for germanium can be 
obtained from the widths of the cyclotron-absorption 
peaks measured in[21]: (Qeex) = (Q/re,,) = 3' 10-12 cm2. The 
scattering cross section for Coulomb collisions was cal
culated from Spitzer's formula. [S3] It was assumed that 
the individual scattering mechanisms make an additive 
contribution to the resistance. The electron and hole 
conductivities were calculated separately and were 
added. 

The conductivity of the exciton gas in germanium was 
measured by Gurnee, Gliksman, et al. [9] The experi
mental pOints in Fig. 4 break up into three groups. At 
nay < 2 x 1014 cm-3, in the opinion of the authors of[91, the 
exciton system exists in a single-phase state (gas); at 
nay =2x 1014 cm-3 electron-hole drops come into being, 
while the composition of the gas phase remains un
changed, so that the conductivity also remains constant. 
The section of the abrupt growth of the conductivity at 
nay> 5 x 1015 cm-3 can be attributed to the appearance of 

d", 
x : 

FIG. 4. Conductivity of exciton plasma in germanium at T 
= 2 OK as a function of the total concentration of the electron
hole pairs. Measurement results: _191, X_1191 (T=2. 5 K). 
Results of our present calculations-I. Results of calculations 
for approximate variance of the composition: for the composi
tion obtained without allowance for the charged-neutral inter
action-2; for the composition obtained in the ideal-gas approxi
mation-3. TIE contributions of the individual mechanisms of 
conductivity to the plot 1: scattering by impurity atoms-4, 
scattering by free excitons-5, Coulomb scattering in electron
hole system (Without allowance for anistropy)-6. 
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percolation over the contiguous drops. There are also 
data for this region. [19] 

In the present paper we have considered conductivity 
in an exciton gas, i. e., for nay < 2 x 1014 cm-S, see Fig. 
4. The results of the calculation (curve 1) carried out 
using the aforementioned formulas, the experimental 
values of the scattering cross section, and of the calcu
lated composition, agree satisfactorily with the mea
surement results. Curves 2 and 3 are shown in Fig. 4 
to demonstrate that the composition calculated without 
allowance for the non-ideality cannot account for the 
measurement results. The principal role is played in 
this case in the region nay ~ 1014 cm-3 by the interactions 
of the charges with the excitons. Curves 4-6 charac
terize the role of the different mechanisms. The larg
est contribution to the reSistance, according to our es
timates, is made by scattering by the impurity atoms 
and excitons. 4) Of lesser significance are the Coulomb 
collisions (the anisotropy should cause curve 6 to lie 
even higher). The influence of other scattering mecha
nisms is negligible. We estimated the collisions of the 
carriers with phonons, scattering accompanied by trans
fer of the carriers to another Brillouin band, collisions 
with spin flips due to exchange and annihilation elec
tron-hole interactions. [34] The contribution of ex± also 
turned out to be negligible at nay < 2x 1014 cm-3. 

In the experiments described in[9], the impurity con
centration was n 1mp = 2 x 101S cm-s • At n1mp:S: 1012 cm-3, 
the u(nay) dependence would take the form of curve 5 of 
Fig. 4, i. e., a section would appear in which the con
ductivity decreases with increaSing pump level. At 
n1mp ~ 1014 cm-3 the interaction between the charge and 
the impurity atom becomes appreciable and leads to a 
noticeable increase of the electron and hole densities. 
This can also influence the position of the phase-transi
tion point. 

We note that the gas composition in the two-phase re
gion can be in disequilibrium because of the appearance 
of Auger electrons from the electron-hole drops, and 
the conductivity changes accordingly. This effect is par
ticularly important at low temperatures, when the equi
librium electron denSity is low. 

We are sincerely grateful to L. V. Keldysh for inter
est in the work, a discussion of the results, and useful 
remarks. 

I)The factor 2 takes the spin into account. 
2)The factor 4 is the result of allowance for the electron and 

hole spins. The exchange electron-hole interaction does not 
lead to a change in the degree of degeneracy, since kT greatly 
exceeds the exchange splitting of the exciton level. 

3JWe assume that two particles of the same sign exist in one 
valley. Account is taken of the exchange degeneracy for two 
electrons or two holes. We assume that the splitting due to 
the exchange electron-hole interaction is smaller than kT. 

4JWe note that on curve 4 the conductivity is of the hole type 
and on curve 5 it is mainly of the electron type. 
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An investigation of photoconductivity in tellurium at low 
temperatures 

V. B. Anzin, YU. V. Kosichkin, and A. I. NadezhdinskiT 

P. N. Lebedev Institute of Physics, USSR Academy of Sciences 
(Submitted May 24, 1976) 
Zh. Eksp. Teor. Fiz. 71, 1968-1973 (November 1976) 

During an investigation of the photoconductivity spectra of tellurium in the 1.6-4.2K temperature range 
peculiarities have been discovered which indicate the existence of allowed states within the forbidden band 
near the bottom of the conduction band. The mobility of non-equilibrium electrons and its temperature 
dependence have been determined. It is shown that the rate of recombination of non-equilibrium carriers 
is described by a combination of terms linear and quadratic in the concentration. 

PACS numbers: 72.40.+w, 72.80.Cw 

The phenomenon of photoconductivity in tellurium is 
characterized by very specific spectral and relaxation 
peculiarities which make the interpretation of the ex
perimental results difficult. In preceding investigations 
at the temperature of liquid nitrogen (see, for exam
ple, [1-3]) the presence of a maximum near the intrinsic 
absorption edge, the position of which depends on the 
polarization of the exciting light, was revealed, and the 
non-linear character of the recombination of the non
equilibrium carriers was pOinted out. Experiments at 
the temperature of liquid heliumm led to the discovery 
of the existence of an additional maximum in the photo
conductivity spectrum situated at energies less than the 
width of the forbidden band and differing markedly in its 
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characteristics from the remaining parts of the spec
trum. 

Since the study of this peculiarity has opened up the 
possibility of clearing up the question of the existence of 
allowed energy states within the forbidden band, we have 
carried out a detailed investigation of photoconductivity 
in samples of tellurium with a hole concentration Po = 2 
• 1014_2. 1016 cm..:! in the temperature range 1. 6-4. 2 K. 

EXPERIMENTAL RESULTS 

The work was carried out in the spectral band 3.5-
4.2 J!m using a diffraction-grating monochromator. The 
tellurium samples were placed directly in liquid helium, 
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