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Many-body cffects due to clectron-hole (e-h) attraction and sclf-cnergy corrections are in-
vestigated on gain and absorption line shapes of degenerate e-A plasma in direct-gap semicon-
ductors. It is demonstrated for GaAs that a large enhancement in experimental gain and ab-
sorption coefficients near crossover, which is not reproduced in single-particle treatments, is ac-
counted for by the excitonic e-hinteraction. The self-cnergy corrections, containing the renor-
malization duc to e-e'and e-phonon interactions, reduce the direct band gap in GaAs. The
fact that the absorption and gain line shapes are sensitive to the plasma density (7)) and tem-
peraturc (7) in a wide energy range shows that they can be used for determining n and 7 more

accurately than can luminescence studics.

I. INTRODUCTION

Many-body Coulomb effects play an important role
in the optical spectra of semiconductors and insula-
tors. For instance, the absorption line shapes are
strongly influenced by the Coulomb interaction
between electrons andvholes."4 The appearance of
bound' and unbound? excitons near the absorption
edge and a large enhancement in the absorption coef-
ficient above the absorption edge which persists for
many exciton binding energies in intrinsic semicon-
ductors are a result of this interaction. In doped
semiconductors, the electron-hole (e-h) interaction
is screened due to free carriers present in the crystal,
thus reducing these effects considerably. However, it
is found®* that for carrier concentrations even up to
~ 10'® cm™, although one does not see any bound
exciton peak, one still finds large enhancements in
the absorption line shapes above the absorption edge
due to e-h interactions. Another important many-
body effect in doped crystals is due to the interaction
among the free carriers, which is responsible for the
reduction of the intrinsic gap® and thus for a lowering
of the absorption edge.

These many-body effects on the absorption and
emission (gain) line shapes have also been studied
in the case of highly excited semiconductors. In
highly excited crystals a large number of free carriers,
electrons in the conduction band and holes in the
valence band, are created by a separate laser beam
and absorption and emission measurements are car-
ried out in the presence of these carriers. In recent
experiments on excited crystals,'®!" for instance, in
GaAs, it is found that gain line shapes do not agree
well with those obtained from the noninteracting
single-particle model. This noninteracting model
should reflect the energy square-root behavior for the
joint density of states within the parabolic band ap-
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proximation for the valence and conduction bands.
Rather, the experiments show a considerable
enhancement in the gain and absorption near the
crossover [the crossover from gain to absorption oc-
curs at photon energy u = u, +u, where we(uy) is
the chemical potential for electrons (holes)].

There have been several attempts'®!! to fit the ex-
perimental gain line shapes by neglecting the momen-
tum (Kk-) selection rule for the optical transitions.
This is based on the assumption that optical transi-
tions take place mainly due to impurities or defects
present in the crystal. However, the impurity con-
centration is typically three or four orders smaller
than the free carrier concentrations. Furthermore,
this model completely fails to explain the absorption
line shapes far above the absorption edge'>'? where it
results in a diverging (w?) behavior for the absorp-
tion coefficient.

In this paper, we investigate the many-body effects
duc to e-h attraction and self-energy corrections on
the gain and absorption spectra, in particular refer-
ence to the e-A plasma in GaAs. In Sec. 11, we
derive an expression for the absorption coefficient in-
cluding the two many-body effects. The inclusion of
e-h interaction leads to an integral equation for the
two-particle Green’s function or interband polariza-
bility which is solved approximately making usc of
the effective-mass scheme for valence and conduc-
tion bands. The self-energy corrections to the
single-particle (electron and hole) energies due to
Coulomb interaction in the e-A plasma are calculat-
cd by using a single-plasmon-pole approximation. In
Sec. I, we give results for the theoretical linc shapes
for various values of plasma concentration (n) and
temperature (7). These are discussed in the light of
experimental results and are compared with the non-
K-conserving model. One important conclusion that
emerges from our studies is that one can in fact
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determine accurately the plasma »# and T by compar-
ing the theoretical line shapes including many-particle
effects with the experimental line shapes.

II. ABSORPTION AND GAIN COEFFICIENTS
INCLUDING MANY-BODY EFFECTS

We calculate here the imaginary part, €,(q, w), of
the dielectric function which is related to the absorp-

tion [€,(§, w) > 0] and gain [€,(T, ) < 0] spec-
trum. The e-h interaction is taken into account
within the time-dependent Hartree-Fock approxima-
tion? by including all the ladder diagrams as shown in
Figs. 1(b), 1(c), etc., in addition to the noninteract-
ing polarization diagram 1(a). The self-energy
corrections are then incorporated by taking the
dressed propagators for electrons and holes in these
diagrams. This gives
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where the polarization X satisfies the integral equation?
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The zeroth-order polarization X" and the exchange Coulomb interaction v are given as
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where
VS(T(.)=47T€2/(E()I\'2+1\'}2:T) . (5)

In these equations, n,,n,, etc., denote the band in-
dices, P is the momentum operator, k7 is the
Thomas-Fermi screening length, ¢, is the static
dielectric constant, and f,(E+) gives the occupation
probability for the state with energy E,,(_IZ). In Eq.
4), U,,_T;('r‘) is the periodic part of the Bloch state
¢,7(T) and the integrals are over the unit cell of the

nk+§ ngk™+ g

(3)

, 4)

f
crystal.

In Eq. (2), there is a summation over band indices
ny and ny. However, using Eq. (4) we retain terms
only for n3=n, and n;=n,, which give maximum
contributions. Further in this approximation and in
the effective-mass approximation to be used after-
wards, for |T('—T(”i ~ kr we take

v K4T,m,K,mK  nk +T)

= V(K=K )onndnyn; . (6)
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FIG. 1. Ladder diagrams (b.c, etc.) for e-h interaction included in the zeroth-order RPA polarization (a). (d) Propagators

including sclf-cnergy corrections.
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As we are interested in the frequency range fw close
to the energy gap between the conduction and
valence bands, Eq. (3) shows that the dominant con-
tributions to €,(q, o) come when n, and n, corre-
spond to the conduction and valence band, respec-
tively. In GaAs, there are two valence bands, heavy
hole (#h) and light hole (/h) bands both with al-
lowed transitions from the conduction band. Howev-
er, because of the very small number of holes

present in the /A band, the line shapes are mainly

determined by transitions between the conduction

and hh band and hence we consider only the Ak band.

Thus Eq. (1) simplifies to

(@ w)=lmC 3, Imx.,(K+7. K\ w—i8) , (D
x

where C =4me?|P,,|?/(m’w?) and the integral Eq.

(2) for x., becomes

Xeo (K+T. K" 0) = X4 (K4T. K 0[5z <=5 3 V(K=K )X (K +4. K" 0)] (8)
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Since we are interested only in transitions near the I’
point we have taken in Eq. (7) the momentum ma-
trix elements P., to be independent of X and equal
to some average value at the I" point.'*

For the quasiparticle energies £.(k) and £,(X)
appearing in Eq. (9) we write

E(K)=ep+3.(KE3) , (10)
E,(K)=¢,p+3(K.E, ) . (1)

where 3, and X, are the self-energy corrections to

SEz )
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the noninteracting single-particle energies €4 and €.
We calculate them in the random-phase approxima-
tion (RPA) using the plasmon-pole approxima-
tion'>'¢ for the electron-electron interaction and the
polaron € approximation'>'¢ for the electron-phonon
interaction in GaAs. In the latter, the high-frequency
dielectric constant €., is replaced by the static .

[For typical range of the e-# density n ~ 10'¢
em™=2x 10" ecm™, the plasma frequency fw, (5—24
meV) is much smaller than LO-phonon frequency
(36.8 meV), a condition for the validity of € approx-
imation.] For electrons, we have!’

- e? dq | .
Ze(k,U)=—-;2:-U- f—qT S(Ex_g) o,
where
w,,z=ml,z+aqz+bq4 (13)

and a and b are parameters giving the plasmon
dispersion of the e -h system with density #n. A simi-
lar expression holds for heavy holes [.3,(k,0)], ex-
cept here one has to include the coupling between hh
and /h bands.!® The various parameters are taken
as'® a =wl/kdy; b=(5/4p)?, ™' =m " +mq';
wl=4mne/(epmo), po' =m ! + A4 where my, and A~
are the density-of-state mass and optical mass for the
holes, respectively. Also m,, m;, and m. denote the
effective masses for hh, Ih, and conduction bands,
respectively. The contribution to screening length
kpr comes from both free electrons in the conduction
band and holes in the valence band. An exact ex-
pression for kgr at finite temperatures is given in
Ref. 18. However, for the temperature and plasma
density range which we consider here, the electrons
in the conduction band can be almost considered as
degenerate, whereas holes in the valence band are al-
most nondegenerate. This is because for the range of

(ex_z—U)~w]

q

5 +[2wq(wq+e?__‘—U)]'1” , (12)

T and n under consideration, the thermal energy is
quite small compared to the electronic Fermi energy
and large compared to the hole Fermi energy. In this
case kgt can be written as

kIZ:T =4(’2(1\',:MIC/’1-2+/\'/?}/3’\'BT)E()7T . (14)

where Ay is the Boltzman constant. The self-energies
s, and 3, can thus be calculated for any X and U us-
ing various band parameters as listed in Table 1.'
However, their K and U dependence is found to be
quite weak® as expected. In Fig. 2, we have plotted
3. (kp, €r) and 2, (kp, €7) as a function of plasma
density n for two typical values of plasma tempera-
tures. The temperature effect is also seen to be not
very important.

In order to include e-h attraction, we have to
solve the integral equation (8) for X.,. In the ab-
sence of free carriers, it can be solved exactly® and
leads to Elliott’s result! for optical absorption in insu-
lating semiconductors. In the presence of free car-
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TABLE 1. Band paramecters used for GaAs (Ref. 19).

me m; mp gy A €

0.067 0.085 0.52 0.543 7.65 12.35

riers, the integral equation is difficult to solve analyti-
cally. However, one can obtain an approximate solu-
tion by using an approximation due to Mahan.>»7 It
Takejluse of the small phase space involved in

k — k transitions and assumes the factorization of
the e-h interaction as

BT AT AT 3}
Vi(k,k)

, (15)
where V;(k,k") is the angular average of VS('IZ—'IZ')
and k is related to the incident photon frequency o
such that

ECE—E”,;=fiw . (16)

In this approximation, for ¢ — 0, Eq. (8) leads to
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FIG. 2. Real part of self-energies 2(kg. €g) for clectrons
and holes of e-h plasma in GaAs as a function of plasma
density n and for two temperatures.
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where A(k,k) = V,(k,k)/V,(k,k) and subscripts 1
and 2 denote, respectively, the real and imaginary
part of X (w) and Y (w) which are defined as

X(w)==3 3V (ki)X%H (K. 0—i8) | (18)
X

Y(0)=—5 S UV kI V kR IR, 0—i5)
k

(19)
Equation (17) which is quite general, can be simpli-
fied further if one considers the effective-mass ap-
proximation for valence and conduction bands and
takes the self-energies to be constant thus neglecting
the relatively weak k and energy dependence. In this
approximation, k can be written as [Eq. (16)]"

h’w=£’g+ﬁzl\72/2mw; mey =mT +myt, (20)

Eg=E,+3,+3, , 21

where E, is the experimental band gap for intrinsic
GaAs. One can also show that within this approxi-
mation A(k,k) =1 and ¥,(w)=X,(w). Thus Eq.
(17) reduces to a simplified form

e(w)=e(w)R (w) , (22)

where
e(w)=C 2[_/',,(ET() —fc(E-R')]‘ITS(Eu?*-EcI'+h’w)
X

(23)

is the dielectric function without including e-h in-
teraction but retaining the self-energy correction for
electrons and holes and

R )_'l—-Yl(w)+X1(w) 2
R I TP

(24)

gives the excitonic enhancement due to e-h interac-
tion. A discussion of the influence of the e-A in-
teraction based on Eq. (22) has previously been given
by Zimmermann’ for the e-h plasma in the parabol-
ic band approximation. However, our result [Eq.
(17)] is quite general and includes the self-energy
corrections, which we consider as being crucial for
internal consistency in the perturbation treatment.
Moreover, because of renormalization of the thresh-
old, these corrections are necessary for comparing
theoretical and experimental line shapes. Haug and
Thoai’ have also studied independently these many-
particle effects on the gain line shapes making use of
similar approximations.
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For completeness, we also give an expression for
the imaginary part of the dielectric function €5(w)

—

calculated by neglecting the k-selection rule for opti-
cal transitions as'*

(Ko —Eg) .
e‘z'(w)=C'J; ¢ (Ieellz(ﬁw——Eg——e)'/z
x[fy(hw—E,—€)—f.(e)lde ,
(25)

where C’ is a constant depending on the band param-
eters. Thus knowing €,(w) [Egs. (22), (23), and
(25)] one can calculate the absorption coefficient
from the relation

alw) =lw/p(w)cle(w) (26)

where 7n(w) is the refractive index for the crystal.

III. RESULTS AND DISCUSSION

On the basis of Eq. (22) the absorption and emis-
sion line shapes including many-body effects are cal-
culated. Results for GaAs are plotted in Fig. 3 for a
typical plasma density and temperature. Theoretical
line shapes in the single-particle model, neglecting
e-h interaction, with (curve a) and without (curve

(=10 cm |

- |
With no k-Selection Rule /
/

x103
10

!
/
/

!

oF

Single-
Particle Model

"2 -l 1 1 i 1
0] 5 10 5 20
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FIG. 3. Absorption coefficient as a function of photon en-
ergy measured with respect to the effective gap b:g =1.5054
cV (Ref. 20). Values of a(w) for curves a and b and for
experimental points are in absolute units. [In the limit of
large fw the experimental points have been normalized to
those reported in M. D. Sturge, Phys. Rev. 127, 768
(1962).] However, a(w) for curve c¢ is in arbitrary units.

¢) K-selection rule are also displayed for comparison.
Electron-hole interaction gives rise to an excitonic
enhancement in a,(w) compared to a,(w) which is
most prominent near the crossover, while for higher
energies a, (w) approaches a,(w). The line shape in
the non-Kk-conserving model (curve ¢) is similar to
that obtained by including e -h interaction in the

gain region but it becomes completely different in the
absorption region far above the crossover where it
goes approximately as (fw — E;)”.

Comparison with the experimental data only in the
gain region does not seem to be sufficient for draw-
ing any conclusion about the validity of a theoretical
concept. This is due to the fact that in this region,
the line shapes are quite sensitive to the plasma tem-
perature which is usually not known accurately.'® "
Furthermore, here the uncertainties in the measured
intersities are relatively large.'” Theoretical gain line
shapes in either of these models are also not very dif-
ferent at high temperatures (in Refs. 10 and 11, line
shapes were fitted with non—_k:conscrving model in
the gain region only). Thus to draw any definite con-
clusion, one must compare the absorption line shapes
above the crossover (fw > E,). Figure 3% clearly
shows that the experimental results agree well with
curve b obtained by including many-body effects.
The agreement is good not only in terms of the shape
of the absorption and gain lines but also for the abso-
lute magnitude. However, a small discrepancy of 3
meV still remains in the experimental and theoretical
onset (£;) of the gain.2' In contrast to this, curves
a and c are far from agreement with experimental
line shapes.

In Figs. (4a)—(4d) we have displayed theoretical
line shapes calculated from Eq. (22) for plasma den-
sity ranging from 3 X 10" cm™ to 2 x 10'7 cm™ and
temperature ranging from 5 to 100K. In all these
calculations, many-body effects are found to be quite
important in determining the line shapes. Excitonic
enhancement which strongly changes the line shapes
near the crossover, persists even quite far from the
absorption edge. However, its effect reduces with in-
crease in plasma density because of large screening to
e -h interactions. The effect of temperature on the
line shapes is more important within the energy range
of a few kT around the crossover. Higher tempera-
ture reduces the gain region, and for sufficiently large
temperatures, the gain region almost disappears [Figs.
4(c)—-4(d)). ‘

Experimentally the temperature and concentration
of the highly excited e-h plasma are not known ex-
actly and it is of great interest to know them accu-
rately. For instance, in the experimental studies!® of
the relaxation of the hot e-h plasma, one creates
electrons and holes with large excitation energies by a
picosecond laser pulse. The hot electrons and holes
start cooling to the lattice temperature. (Note that
the relaxation time of e-h plasma in direct-gap semi-
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FIG. 4. (a)—(d) Absorption coefficient a(w) as a function of photon energy for different values of plasma density » and

temperature 7.

conductors is of the order of several hundred pi-
coseconds whereas the electrons and holes attain
equilibrium among themselves very fast. Thus one
can define a temperature for the e-h plasma.) The
temperature evolution of the e -4 plasma is then stud-
ied indirectly by measuring the absorption and gain
line shapes by another picosecond pulse at later times
from the excitation pulse. As we have seen the ab-
sorption and emission line shapes strongly depend on
the plasma n and T. The comparison of the experi-
mental line shapes with those obtained theoretically
including many-body effects from Eq. (22) can be
used to extract n and T accurately. This procedure
has been used in fact in Ref. 10 for studying the tem-
perature evolution of e-A plasma in GaAs. However,
in this work, the experimental line shapes are com-
pared with those obtained theoretically by neglecting
k-selection rule [Eq. (25)] which are wrong as we
have discussed earlier. Recently this method has also
been used?? for extracting plasma T and n in ger-

manium by comparing the experimental and theoreti-
cal [obtained from Eq. (22) with some modifications]
absorption line shapes for the direct optical transi-
tions.

In conclusion, the many-body effects are very im-
portant in calculating the absorption and emission
line shapes from e-h plasma in direct-gap semicon-
ductors. The line shapes are sensitive on plasma n
and 7 in a wide energy range and thus can be used to
extract these parameters more accurately than in the
method of luminescence. This is because the
luminescence line shapes are not sensitive to plasma
density and therefore are good only for determining
temperature.
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