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Exciton-plasma Mott transition in Si
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The transition between free excitons and an electron-hole plasma is described for the first
time by a theory based on full random-phase-approximation (RPA) screening in the plas-

ma. The onset of exciton binding predicted is in excellent agreement with experimental

data attributed to exciton dissociation in Si. It is suggested that the many-body electron-

hole interaction may be well described by static RPA screening near the Mott transition.

I. INTRODUCTION

The behavior of optically pumped electron-hole
pairs in indirect-gap semiconductors has been exten-

sively studied in the last decade. The formation of
electron-hole drops (EHD), which arises from a
first-order liquid-gas transition between the
electron-hole fluid and exciton gas, is well establish-
ed and understood. ' However, the Mott transition
which must take place between the insulating free
exciton (FE) gas and the metallic electron-hole plas-
ma (EHP), particularly above the critical tempera-
ture T, for the liquid-gas transition, is presently far
from being well understood. While such a transi-
tion would be quite diffuse for thermal and entropy
ionization processes, a much sharper transition aris-

ing from many-body effects (screening) is thought
to occur at lower temperatures and higher densi-
ties. ' In this paper we examine experimental
data ' associated with exciton dissociation in sil-

icon and show that the most general form of
random-phase-approximation (RPA) screening for
arbitrarily degenerate plasmas yields excellent
agreement with the experimental results of Refs. 4
and 5.

II. EXPERIMENT

In photoluminescence studies of Si (Refs. 4—7)
and Ge (Ref. 8), the free-exciton line is seen to
broaden on the low-energy side when pumped
beyond a certain intensity. Above T„ the broaden-

ing evolves into a shifting peak, which, for suffi-
cient pumping intensity, is well fitted by an
electron-hole plasma line shape. Below T„ the
broadening occurs quite near the liquid-gas transi-
tion and the resulting spectra are complicated by
luminescence from electron-hole drops. Thomas
and Rice interpret the broadening below T, as be-

ing due to the formation of trions (charged excitons)

and biexcitons. Forchel et al. explain the broaden-

ing in terms of electron-hole plasma luminescence,
based on the observed behavior under stress. Above
T„ the continuously shifting behavior would seem
to be consistent with the formation of an electron-
hole plasma. In this connection, it has been noted
that the onset of the line broadening agrees roughly
with the Mott criterion

itMott (gDHeokB ~8 tre
2 2

further suggesting that the broadening and shift are
associated with a Mott transition between free exci-
tons and an electron-hole plasma. Here nM, « is the
density of electron-hole pairs at the transition, eo is
the static dielectric constant, and qDH is the
Debye-Huckel screening wave vector for a classical
plasma, evaluated where the binding energy of a
free exciton with a statically screened electron-hole
potential goes to zero. Numerical evaluation'o of
qDH for parameters appropriate to silicon (eo ——11.4
and exciton reduced mass m,„=0.123m, ) gives

nM, « ——(1.60X10' cm /K)T, (2)

which is only a factor of 2 lower in density than the
relevant experimental data ' (see Fig. 1). However,
it must be pointed out that absolute experimental
determination of the gas density is not currently
possible. ' Shah et al. assume a temperature-
independent linear scaling between pumping intensi-

ty and electron-hole-pair density. This relation is
scaled by relating the appearance of EHD lumines-
cence to the gas density on the liquid-gas coex-
istence curve of Reinecke and Ying, "which is fit-
ted to an experimentally determined critical tem-
perature of T, =27 K and T =0 liquid density of
no ——3.3)& 10' cm . Recently, Forchel et al.
have performed a similar analysis of independently
measured luminescence data. Their analysis differs
by the use of T, =23 K and no ——3.15&(10' cm
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FIG. 1. Density-temperature phase diagram of

electron-hole pairs in unstressed silicon. The area labeled
"two-phase region" is rendered unobservable by the phase
separation between electron-hole drops and low-density

gas (exciton or plasma). The Debye-Hiickel Mott cri-
terion is shown as curve 1 and may be compared to the
experimental data in Ref. 5, shown as solid circles. The
singly shaded region indicates where the electron plasma
behaves classically and the doubly shaded region is for
classical behavior of holes as well. Dynamical screening
becomes important for electrons to the right of curve 2
and for holes below curve 3. Curves 4 (for electrons) and
5 (for holes) indicate the intermediate region between de-

generate and nondegenerate plasmas as given by the
equality between the chemical potential and k&T.

(in agreement with theory and experiment) and by a
more sensitive measure of line broadening. The ef-
fects of these refinements on the experimental gas
density tend to offset each other, and give data very

similar to that of Shah et al. While such calibra-
tion procedures are of somewhat uncertain accura-

cy, their use is currently unavoidable and represent
the best available estimate of the Mott-transition
densities.

III. THEORY

Theoretical work on the Mott transition has gen-

erally followed two approaches: evaluation of a
simplified therm odynamical model of the FE-
EHP-EHD system ' ' ' or detailed calculation of
the many-body exciton binding energy. ' ' Nei-

ther approach has been entirely satisfactory to ex-

plain the available data due to inherent approxima-
tions or simplifying assumptions made in the course

of calculation. Our approach will be to generalize
the Mott criterion described above taking into ac-
count the band structure and degree of degeneracy
in the plasma, while remaining within the approxi-
mation of using a statically screened electron-hole
potential. In this we are motivated by the observa-
tion that Debye-Hiickel screening, strictly valid

only for completely nondegenerate (classical) plas-
mas, overestimates the electron-hole binding-energy
reduction afforded by screening in an arbitrarily de-

generate plasma. (Note that in Fig. 1 the data fall
well outside the region where purely classical
screening can be assumed to apply. ) Therefore, a
general treatment of screening should tend to move
the onset of exciton binding to higher densities, in

agreement with experimental observations (see Fig.
1). As we consider screening by a plasma, rather
than free excitons, we cannot calculate the screened
exciton binding energy, but rather determine the on-
set of exciton binding as approached from the plas-
ma side of the Mott transition.

In silicon, the center of mass exciton Hamiltoni-
an can be written as'

H,„=(R /m, „)V + V(r)+Hd,

where m,„ is the optical reduced mass

m,„'= —,(2/m„+1/m, i)+yi, (4)

where

x; =A q /2m ks T,

with transverse and longitudinal electron masses
m„and m, ~

and the valence-band Kohn-Luttinger
parameter y&. Here r is the electron-hole separa-
tion, V(r) is the screened electron-hole potential,
and the Hd contains the anisotropic and degenerate
portions of the band structure, generally taken as a
perturbation. The screened potential is most simply
expressed in terms of its Fourier transform

V(q)= —4m.e /q e(q),

where e(q) is the dielectric function for the plasma.
In what follows, we will neglect Hd, as this has been
shown to have a relatively small effect on the exci-
ton binding energies, ' and the conduction-band an-

isotropy is known to give results similar to the iso-'

tropic case in simple donor screening. ' The dielec-
tric function is taken in the static random-phase ap-
proximation for an isotropic electron-hole plasma
of density n and temperature T:
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For ease of computation, we use a polynomial inter-
polation for G(x, II) developed by Meyer' that is
accurate to 1%. We evaluate the binding energy by
the use of a Hulthen Is wave function as a varia-
tional trial state,

1/2

r —1, (ma) '/——1
p

X(& [1—(I/2)p)r/a e
—[I+(I/2)p)r/a)

In the summation, i =1 is for electrons and i =2 is
for holes. Here FI. is the Fermi integral of order j,I is the electron (hole) optical mass, m; is the
electron (hole) density of states mass, v; is the
conduction- (valence-) band degeneracy, and (M; is
the electron (hole) chemical potential given by

' 3/2

-lpo—

- l20—
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where (2 =op(II /e m,„ is the exciton Bohr radius
and p is a variational parameter. The Hulthen
wave function is an eigenstate of a short-range po-
tential and has been shown to be a considerable im-

provement over hydrogenic trial states, with errors
of less than 1 —2% when compared to exact nu-

merical solutions of several screened potentials. '

I I I

FIG. 3. Effective electron-hole interaction near the
Matt transition (T=31.2 K, n =7)& 10' cm '). Curve 1

is the Debye-Hiickel result. Curve 2 is the result for the
small wave-vector approximation to the RPA result.
Curve 3 is the full RPA potential. Curve 4 is the un-

screened potential.
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FIG. 2. Mott transition in unstressed silicon. The
Debye-Hiickel Matt criterion is given by the doubly
dashed line. The results of Ref. 15 are shown as crosses.
The results of the present work are shown as the solid
line. These may be compared to the experimental results
of Ref. 4 (solid squares) and Ref. 5 (open circles).

IV. RESULTS AND DISCUSSION

Using parameters for unstressed silicon
(m « ——0.1905m„m,) ——0.916m„y1

——4.28/m„
v, =6, vs ——2, and Ep =11.4), we have solved for the
density and temperature where the onset of exciton
binding occurs. As shown in Fig. 2, this results in
excellent agreement with the best available experi-
mental data. The improvement over the Debye-
Hiickel result is entirely due to the use of the most
general form of the RPA dielectric function. As
shown in Fig. 3, for a density and temperature near
the Mott transition the potential for RPA screening
(curve 3) is considerably wider and somewhat
deeper than the Debye-Huckel potential (curve 1),
giving rise to the increased binding observed. The
Dingle-Mansfield potential [small q limit of the
RPA given by G(x, r/)~1 and shown in curve 2] is
not appreciably different from the Debye-Huckel
case and is insufficient to reproduce the results
found. The results found are fitted numerically by

nM, «
——(0.1260e ' +0.2414

+0.01641T)X 10'

in units of cm (T in K), to within the estimated
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2 . 28 mexm)v) AT1», + ]/2(g/).
2~eoR4n

(12)

As shown in Fig. 1, this condition is well satisfied
for both electrons (curve 2) and holes (curve 3) at

accuracy of the calculation (5%). We have also
determined the Mott transition for parameters ap-
propriate to uniaxially stressed silicon. Denoting
the band structure with v, occupied conduction
minima and vI, occupied valence maxima by
[v„'vs], the [6;1],[4;1],and [2;1] stressed band con-
figurations yield very similar results (less than 10%%uo

variation in density) to the unstressed [6;2] configu-
ration. This small dependence on band occupancy
can be traced to the relatively small number of car-
riers, which makes the plasma only weakly degen-
erate at higher temperatures and tends to make all
carriers effective in screening [via the cutoff in
G(x,g ) rather than the usual screening wave-vector
cutoff] at lower temperatures.

These results follow from the approximation of
replacing the many-body electron-hole interaction
with a static Hartree effective interaction. This is a
simplification in three major respects. Firstly, the
dynamical nature of the interaction arising from
inertial effects in the plasma have been neglected by
assuming a statically screened effective two-particle
interaction. This requires that the screening involve
momentum transfers insufficient to excite real
plasmons and introduce retarded interactions be-
tween electrons and holes (by coupling the single-
particle and collective modes of the plasma). We
quantify this by requiring that the screening wave-

vector cutoff falls well below that required to excite
real plasmons

2
co& » fiq, /2m;,

which for the RPA is

the densities and temperatures at the Mott transi-
tion. Secondly, the Hartree potential completely ig-
nores exchange except for statistical occupation.
This could be expected to be particularly important
for the exciton as the screening carriers are identical
with the particles being screened. However, as
shown in Fig. 1, the Mott transition takes place in a
very weakly degenerate region where thermal ener-

gies significantly exceed the electron and hole Fermi
energies (note where the chemical potentials equal

ks T as shown in curves 4 and 5). Thus, higher-
order exchange effects could be thermally obscured.
Thirdly, the Hartree potential ignores detailed
correlations in the plasma. However, as for ex-

change, thermal effects could obscure the detailed
quantum correlations in the plasma.

We conclude that excellent agreement can be
achieved between the Mott criterion with RPA
screening and experimental data attributed to the
Mott transition in silicon. We emphasize that the
theory involves no adjustable parameters. While the
experimental data does reflect some uncertainties
due to determination of electron-hole density, it is
suggested that the effective electron-hole potential
could be well described by RPA screening at the
densities and temperatures near the Mott transition.
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