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Many-body Coulomb effects on the gain and absorption
line shapes of the electron-hole plasma in GaAs
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Many-body effects due to electron-hole (e-h) 'ittr;iction 'ind»elf-energy corrections;ire in-

vestig ited on g;iin ind;ibsorption line sh ipes of degener;ite e-h pl;ism i in direct-g;ip semicon-

ductors. It is demonstr ited for (J'lA» th'it;i l;irge enh;incement in experiment il g;iin;ind;ib-
sorption coefficients ne ir crossover, which is not reproduced in single-p;irticle tre;itment», is;ic-
counted for by the excitonic e-h inter;iction. The»elf-energy corrections, c()ntiining the renor-

m;ilization due to &-e'and e-phonon inter;iction», reduce the direct b;ind g;ip in (&,iA». 'I'lie

f;ict th;it the;ibsorption 'ind g;iin line sl~;ipt. »;ire sensitive to the pl;ism i density (I»;ind tem-

per iture (T) in;i wide energy r;inge show» th it they c in be usted for determining II 'ind I nsore

;iccur itely th in c in luminescence studies.

I. INTRODUCTION

M;iny-body Coulomb effects play an import'int role
in the optic il spectra of semiconductors and insul i-

tors. For instance, the absorption line shapes ire
strongly influenced by the Coulomb inter'iction
between electrons and holes. ' " The ippe'ir ince'of
bound' and unbound' excitons ne'ir the ibsorption
edge 'ind i large enhancement in the ibsorption coef-
ficient ibove the ibsorption edge which persists for
many exciton binding energies in intrinsic semicon-
ductors are i result of this interaction. In doped
semiconductors, the electron-hole (e-h) interaction
is screened due to free c;irriers present in the cryst'il,
thus reducing these effects consider ibly. However, it

is found3 4 that for c;irrier concentrations even up to
—10' cm, although one does not see «ny bound
exciton peak, one still finds large enh incements in

the absorption line shapes 'ibove the ibsorption edge
due to e-h interactions. Another important many-

body effect in doped crystals is due to the inter iction
among the free carriers, which is responsible for the
reduction of the intrinsic g ip-' and thus for a lowering
of the absorption edge.

These many-body effects on the absorption and
emission (gain) )ine shapes h;ive ilso been studied' "

in the c ise of highly excited semiconductors. In

highly excited crystils i large number of free c'irriers,
electrons in the conduction band and holes in the
valence band, are cre ited by i separate 1;iser be;im
ind;ibsorption and em ission measure men ts ire c ir-

ried out in the presence of these c irriers. In recent
experiments on excited crystals, " " for inst ince, in

6;iAs, it is found that g iin line shapes do not agree
well with those obtained from the noninteracting
single-particle model. This noninter icting model
should reflect the energy squ;ire-root behavior for the
joint density of states within the parabolic b ind ip-

proxim ition for the v;ilence ind conduction binds,
R ither, the experiments show i consider;ible
enh;incement in the g'iin ind;ibsorption ne;ir the
crossover [the crossover from gain to absorption oc-
curs it photon energy p. = p, , + p. q where p, , (p, I, ) is

the chemical potential for electrons (holes) j.
There have been sever;il ittempts"'' to fit the ex-

periment'il g iin line sh ipes by neglecting the momen-
tum (k-) selection rule for the optical transitions.
This is b'ised on the issumption th it optic il trinsi-
tions t;ike pl ice m'iinly due to impurities or defects
present in the crystal. Ikowever, the impurity con-
centr ition is typic;illy three or four orders siTi;ilier

th in the free c'irrier concentrations. I urthermore,
this model completely f'iils to expl;iin the ibsorption
line sh ipes f ir ibove the ibsorption edge" ' where it

results in a diverging (co') beh ivior for the ibsorp-
tion coefficient.

In this p iper, we investig ite the m iny-body effects
due to e -h attraction and self-energy corrections on
the g iin 'ind ibsorption spectr i, in p;irticul;ir refer-
ence to the e-h pl ism;i in 6 iAs. In Sec. II, we

derive in expression for the ibsorption coefficient in-

cluding the two m iny-body effects. The inclusion of
e-h interaction le ids to 'in integr il equ;ition for the
two-p irticle Green's function or interb ind pnl iriza-
bility which is solved ipproxim itely m;iking use of'

the effective-m iss scheme for v'ilence ind conduc-
tion b'inds. The self-energy corrections to the
single-p irticle (electron 'ind hole) energies due to
Coulomb inter'iction in the e-h pl;ism i ire cilcul it-
ed by using i single-pl'ismon-pole ipproxim ition. In

Sec. III, we give results for the theoretic;il line sh;ipes
for v;irious values of plasma concentr ition (») «nd

temper iture (T)). These;ire discussed in the light of
experiment il results and;ire comp;ired with the non-
k-conserving model. One import;int con(:lusion th;it
emerges from our studies is th it one c in in f ict
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determine accurately the plasma» and T by cornpar-
ing the theoretical line shapes including many-particle
effects with the experimental line shapes.

II. ABSORPTION AND GAIN COEFFICIENTS
INCLUDING MANY-BODY EFFECTS

%e calculate here the imaginary part, ~2{q, ao), of
the dielectric function which is related to the «bsorp-

tion [e2(q, ru) )0] and gain [e2(q, ao) (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 l (a). The self-energy
corrections are then incorporated by taking the
dressed propagators for electrons and holes in these
diagrams. This gives

Wee
Ef( q,'ca)) = lim

z 2
lm X (n2k I p In, k + q ) X(n k+qn2k, n3k, , n4k +q, cs —i8) (n4k + q I p In3k )

0 ~2nnnn
1 234

k, k

where the polarization X satisfies the integral equation

X(»[k+q, »2k, ll&k, »6k + q, ao) =X (a~k+q, 772k, ao) 5„„5„„56 25 k, k

v(n~k+q, n2k, n3k, n4k +q)
~r

ff 3' 4 k

~r ~tl ~ll
g(I74k+q I73k, n&k, 776k + q, q, ao)

The zeroth-order polarization X" and the exchange Coulomb interaction v are given as

y„,(~-„)—.y„,(~-„-,)
X"(a)k+q, n2k, ao) =-

E„(k)—E„{k+q) +a~

(2)

v(ntk+q, nzk, n3k, n4k +q) = (U„-„+-(r)IU, k+-(r ))(U,(r )[U„k(r )) V (k —k )"3"

where

V (k) =4rre'/(&ok'+k'- ) (5)

In these equations, » ~, a2, etc. , denote the band in-
dices, p is the momentum operator, kI=.T is the
Thomas-Fermi screening length, eo is the static
dielectric constant, and f'„(E-k) gives the occupation
probability for the state with energy E„(k). In Eq.
(4), U„-„(r ) is the periodic part of the Bloch state

$,-„( r ) and the integrals are over the unit cell of the

crystal.

ln Eq. (2), there is a summation over band indices
)73 and»4. However, using Eq. (4) we retain terms
only for n3 = «2 and»4 = » ~, which give maximum
contributions. Further in this approximation and in

the effective-mass approximation to be used after-
wards, for I k —k I

—kF we take
~t ~r

V(I7
~ k+q, l72k, ll3k, )24k + q )

= V, (k —k )Sn(»45n, n3 . (6)

n&k+q

n2k

(a)

nsk" n2k

I:I@i. l. Ladder diagrams (b,~, etc. ) for e-Il interaction included in the zcroth-order RPA polarization (a). (d) Propagators
including self-energy corrections.
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As we are interested in the frequency range bc' close
to the energy gap between the conduction and
valence bands, Eq. (3) shows that the domin int con-
tributions to 62( q, co ) come when» [ and»2 corre-
spond to the conduction and valence band, respec-
tively, In GaAs, there are two valence bands„heavy
hole (hh) and light hole (ih) bands both with al-

lowed transitions from the conduction band. Howev-
er, because of the very small number of holes

present in the Ih band, the line shapes are mainly
determined by tr'insitions between the conduction
ind hh band and hence we consider only the /~h b ind.

Thus Eq. (1) simplifies to

ep( q, (d) = lim C g lmX, „(k+q. k, rp —ig), (7)
~rr

k, k

where C =4m 'e(P, „('/(i»'cu') and the integral Fq.
(2) for X,„becomes

X,„(k+q, k, co)=X„(k+q, k, u&) 8 „——g V, (k —k )X,„(k +q, k, cu)
~r
k

y„{e-„)—y, (e-„,, )
X,"„(k+q, k, co) =-

8„(k ) —F., ( k+q ) +ho)

(8)

(9)

&c(k) =ac], + ~e(k, Ec], )

E„(k) = e„7+XI, ( k, E„-„)

(IO)

where X, and X& ire the self-energy correitions to

Since we ire interested only in transitions near the I

point we h;ive tiken in Eq. (7) the momentum ma-

trix elements P,„ to be independent of k and equal
to some average value it the I point. '"

For the quasiparticle energies E, ( k ) «nd F.„(k )
appearing in Eq. (9) we write

the noninter icting single-p irticle energies e,q ind 6„g.
We c ilculate them in the r;indom-ph;ise ipproxim;i-
tion (RPA) using the plasmon-pole ipproxim i-
tion'-' " for the electron-electron inter;iction;ind the
pol'iron e[) «pproxim ition'-' ' for the electron-phonon
inter;iction in G iAs. In the litter, the high-frequency
dielectric const int e is repl iced by the st;itic ~().

[For typical range of the e-b de snity» —l0"
cm '—2 x 10" cm ', the plasma frequency h~~ {5—24
meV) is much smaller th in LO-phonon frequency
(36.8 meV), a condition for the validity of ep approx-
imation. ] For electrons, we have '

J, .f(E-„p)+~,' ", , +[2~p(~, +p-„„—U)]-~
26 q

2 q
( ~~ U) 2 2

!

(12)

(13)
where

q2+6
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 [~Xp(k, U) ], ex-
cept here one has to include the coupling between hh

and lh bands. " The various parameters are taken
as' a =rp~/kFr, b =(g/4p, ), p, '=m, '+mdp',
cpp =4rr»e /( pppp), pp = m, '+A where mdp and A

are the density-of-state mass and optical mass for the,
holes, respectively. Also mI„ml, and m, denote the
effective masses for hh, th, and conduction bands,
respectively. The contribution to screening length

kFT comes from both free electrons in the conduction
band and holes in the valence band. An exact ex-
pression for kFT 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

I

rand 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 k» can be written as

k(r =4e (kl:it»c/& +hi /3kp T) pt)~ (14)

where kq is the Boltzm in const int. The self-energies
X, and Xq c in thus be c ilcul ited for iny k ind U us-

ing various bind p;ir imeters is listed in T;ible I.'"

fkowever, their k ind U dependence is found to be
quite we ik" as expected. In Fig. 2, we h;ive plotted
X, (k&-, ~&) and Xq{kq. ~1.-) is i function of pl ismi
density» for two typic il v iiues of pl ism i temper i-

tures. The temperature effect is ilso seen to be not
very important.

In order to include e-h attraction, we have to
solve the integral equition (8) for X,„. In the ib-
sence of free carriers, it cin be solved exactly' ind
le'ids to E)liott's result for optical ibsorption in insu-
lating semiconductors. In the presence of free car-



23 MANY-BODY COULOMB EFFECTS ON THE GAIN AND. . . 2991

TABLE I. B &nd parameters used for G;&As (Ref. 19). 10-

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. It
makes use of the small phase space involved in

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

4
CaP

LL. 2-
W

0
0

375 K

10
n {cm 3}

I

15 20 «10

V, (k, k') V, (k', k )
V, (k —k )=

V, (k, k)

where V, (k, k') is the angular average of V, ( k —k )
and k is related to the incident photon frequency co

such that

l IG. 2. Real part of self-energies X(IF, ~F) for electrons

hand holes of e-h plasma in 6'}As as & function of plasm}
density» tnd for two temper }tures.

E- —E -=hem
ck vk

In this approximation, for q 0, Eq. (8) leads to

(16)

~'(~) = ~ x [f.(&-„) /, (&k )]n—'5.(&„-„—&,-„+&~)[II —Y(~) I] '
k

l[1 —
Y~ (co) + k(kk )X~ (tu) ] —Yp(co) [h(k, k )Xp(co) — Y(pm) ]l

where h(k, h ) = V, (k, k )/ V, (k, k ) and subscripts I

and 2 denote, respectively, the real and imaginary
part of X(co) and Y(ao) which are defined as

X(a)) = ——X V, (k, k )X,"„(k,co —LS)
k

(18)

tco =Eg+h' k /2m, „;

Eg = Eg + X, + X),

))1~AD
= )71~ + )77)), (20)

(21)

where Eg is the experimental band gap for intrinsic
GaAs. One can also show that within this approxi-
mation A(k, k) = I and Yq(rv) =X&(co). Thus Eq.
(1'7) reduces to a simplified form

e~)(~) =e;(ru)R (~) (22)

Y(-)=--,' X [l V, (k, k) I'/V. (k, k)) x,'„(k, ro —i 5)
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)] '

I —Y((co) + X((co)

I —Y (co)
(24)

gives the excitonic enhancement due to e-h interac-
tion. A discussion of the influence of the e-h 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.

where

et(co)= C X [f„(E-„)—,/, (E-„)ln 8(E„-„—E;„+to))
(23)

is the dielectric function without including e-h in-
teraction but retaining the self-energy correction for
electrons and holes and
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For completeness, we also give an expression for
the imaginary part of the dielectric function ~2(as),
calculated by neglecting the k-selection rule for opti-
cal transitions as'

p(tao —Eg}
e;(«)) =C'J d««'~'(hcu —

Eg —e)' '

x [ f'„(tao —Eg —«) f, («)—]de

(2S)

where C' is a constant depending on the band param-
eters. Thus knowing ~, (ru) [Eqs. (22), (23), .and
(25)] one can calculate the absorption coefficient .

from the relation

N(Cd) = [alj7)(rd)C]~2(«j)

where g{eo) is the refractive index for the crystal.

(26)

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

x]

n=)0 cm
T=37.5 K

odel-

0
I

10 '15

%tt) {meV}
20

FIG. 3. Absorption coefficient as a function of photon en-

ergy measured with respect to the effective gap Fg = 1.5054
eV (Ref. 20). Values of cr(eo) f'or curves ~ and b and for
experimental points are in absolute units. [In the limit of
large tao the experimental points have been normalized to
those reported in M. D. Sturge, Phys. Rev. 127, 768
(1962).] llowever, a(m) for curve c is in arbitrary units.

c) k-selection rule are also displayed for comparison.
Electron-hole interaction gives rise to an excitonic
enhancement in ub(co) compared to o,, (cu) which is

most prominent near the crossover, while for higher
energies ob(ao) approaches o,, (eo). The line sh ape in

the non-k-conserving model (curve c) 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 (has —Eg)'.
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-conserving model in

the gain region only). Thus to draw any definite con-
clusion, one must compare the absorption line shapes
above the crossover (has & Eg). 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 (Eg) of the gain. ' 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" cm and

temperature ranging from 5 to 100 K. 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'0 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(eo) as a function of photon energy for different values of plasma density ir and

temperature T.

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-h 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-h 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»
tnd T 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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