
PHYSICAL REVIE%' B VOLUME 16, 5 UMBER 6 15 SEPTEMBER 1977

Saturation of optical absorption by a nonequilibrium electron-hole plasma in InSb crystals
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A high degree of saturation of optical absorption in InSb is observed at 2 K by using several lines (between
5.5 and 5 p, m) of a cw CO laser. Luminescence is studied in the same conditions. A model of dynamic
Burstein shift is presented which allows us to fit both theoretical transmission and luminescence with the data
by taking into account band-gap renormalization and carrier heating. We emphasize that the principal
experimental uncertainties arise from inhomogeneous pumping and interference effects in the sample. We show
that a weak transverse magnetic field reduces the transmission of circularly polarized light.

I. INTRODUCTION

In semiconductors, one may obtain saturation of
optical absorption at least by three mechanisms:
(i) self-induced transparency, where a powerful
light pulse, of duration shorter than the relaxation
times, can propagate as a result of induced reradi-
ation of the medium"; (ii) saturation of the ab-
sorption between two electronic bands in a two-
level model, where a monochromatic light beam
generates enough carriers to fill band states re-
lated by the optical transition; in this case, the
carrier distribution cannot be described by an ef-
fective temperature (hole-burning model)', and
(iii) dynamic Burstein shift, which occurs when
enough carriers are generated by light to fill band
states up to and including those of the optical
transition. '

Saturation of the band-to-band transition has been
obtained in several semiconductors: GaAs, ' InAs„
Py Gai In As InSb Hg Cdi Te and Ge with
pulsed lasers of high power. In these experimental
conditions, it is not always obvious that the in-
voked mechanism, i.e. , dynamic Burstein shift or
hole burning is the cause of saturation.

We present here results of optical-absorption
saturation in InSb obtained with a cw CO laser at
low intensity (-100 W/cm'-). " Transmission of the
laser beam and luminescence of the sample are
studied at pumped-helium temperature. We show
that the dynamic-Burstein-shift model explains
satisfactorily the experimental results. The prin-
cipal uncertainties arise from inhomogeneity of
the laser-beam intensity and interferences be-
tween the two faces of the sample. Values of elec-
tronic temperature, photoexcited carriers life-
time, and band-gap renormalization energy are
discussed. We show that a weak transverse mag-
netic field reduces the transmission of circularly
polarized light and discuss the effect of band fill-
ing on the creation of electronic polarization by
optical pumping.

II. EXPERIMENTS

A. Results

The experiments are performed on several InSb
samples (» =2 x 10" cm ' and p =2.6 x 10" cm ' at
77 'K) immersed in pumped helium. Their sur-
faces is large enough to obtain a good thermal con-
tact with helium bath and avoid formation of helium
gas bubbles by laser heating. In order to avoid
self-mode locking and erratic pulses, the cavity of
the CO laser is apertured; its length is adjusted
by a piezoelectric crystal monitored by an elec-
tronic loop so that the laser works on a single
mode. The laser beam is focused by a CaF,, lens
(focal length: 10 cm) into a 0.2-mm-diam spot on
the sample. The power of the laser is monitored
by changing the discharge current. We use sev-
eral spectral lines of the CO laser with photon
energy ranging from the InSb band-gap energy
(Zoo=225 meV) to 241 meV. The transmitted light
passes through a monochromator and is focused
on a liquid-nitrogen-cooled PbSe cell. A small
amount of the laser power split off by partial re-
flexion on a CaF,. plate and focused on a InSb
diode, gives a relative measurement of the inci-
dent power. The linearity of the detection system
is tested without a sample. For absolute mea-
surements, we use a Moll thermopile calibrated
with a power meter. The luminescence is col-
lected from the front face of the sample and fo-
cused on the monochromator entrance slit by an
elliptical mirror.

Figure 1 shows the transmitted power versus the
incident power for several lines of the CO laser.
The thickness d of the sample is 60 p.m. For
sufficiently high incident power, the transmitted
power varies linearly with the incident power.
The interception of the straight line with the in-
cident power axis determines the threshold power
necessary to achieve almost totally the saturation
of optical absorption. The threshold increases
with the laser photon energy, as can be seen in
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Fig. 2. For the highest incident powers used here
(-0.1 W) we measure a rate of transmission which
is 0.3 to 0.9 times the rate of transmission ob-
served at a photon energy lower than the band-gap
energy.

Furthermore, by superimposing to the CO laser
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FIG. 1 ~ Transmitted power vs the incident power for
several lines of the COlaser: 230.3meV (1), 232.3meV (2),
235 meV (3), 235.5 meV (4), 236 meV (5), 236.5 meV
(6), 237.2 meV (7), 238.2 meV (8), 238.6 meV (9) 239.1
meV (10). Sample is 60 pm thick. Incident power is
varied by changing discharge current. Constructive
interferences are carried out to obtain reproducible
measurements {see the text). Maximum transmitted
and incident power are measured in absolute value with
a thermopile. No correction for Dewar-window trans-
mission is done.

beam a YA1G laser beam (X= 1.06 pm), we observe an
enhancement of the CO line transmission. Since
the photon energies of the two beams are different,
self-induced transparency or hole-burning mech-
anisms cannot explain our result. Vje conclude
that the CO line transmission is enhanced by the
filling of states near the surface where the YAlG
photons are absorbed.

Fluorescence is studied in the same conditions
of optical absorption saturation. Figure 3 shows
a typical band-to-band recombination line, ob-
tained with the h» =238.6-meV CO line. The spec-
trum indicates that the energy gap has a value
close to E~ =232.5 meV as compared to the value
234 meV deduced from recombination radiation
spectrum obtained with excitation by high-pressure
mercury lamp. " This band-gap shift is attributed
(as discussed below) to exchange and correlation
energies between carriers. Furthermore, we ob-
serve a. low-energy tail (not shown in Fig. 3),
which can be described as a plasmon sideband. "
The spectrum does not extend up to the laser line
energy. This is well explained by taking into ac-
count gain at low-photon energy and reabsorption
at high-photon energy, as shown in theoretical
part.

8. Discussion

As clearly seen in Fig. 4, the transmission rate
is strongly dependent on the laser spot position on
the sample. By translating the sample continu-
ously, we obtain successively maxima and minima
of transmission. Besides we observe on the band-
to-band recombination line a structure which de-
pends correlatively on the laser-spot position.
For example, in Fig. 3, one can see two maxima
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FIG. 2. Threshold power dependence on laser photon
energy. The shaded area in the inset is the transmitted
power for a Gaussian distribution in intensity in the
laser spot. I, is the threshold intensity; the correspond-
ing threshold power P, is multiplied by (1+lnPI/P~)
when the intensity distribution is taken into account.
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l IG. 3. Band-to-band recombination spectrum of p-
type InSb (p -2.6x10'~ cm ) at pumped helium tem-
perature. The sample thiclmess is 60 p, m; the source
is a cw CO laser (hv =238.6 meV, PI ——80 mW). Arrows
indicate the optical band-gap energy Ez and the sum of
electron and hole quasi-Fermi energies, p~+ p&. The
effective carrier temperature is 10'K.
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FIG. 5. Luminescence intensity of the acceptor line
vs the incident power for the CO line, hv=238. 2 meV.
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FIG. 4. Transmitted power vs incident power for the
CO line, hv=238. 2 meV. Thea, b, c curves are ob-
tained for different positions of the laser spot on the
sample.

at hv =236.9 meV and hv=234. 6 meV. (Dips are
due to the atmospheric water vapor absorption. )
We interpret these facts as a Fabry-Perot inter-
ference between not strictly parallel faces of the
sample. " In order to take all of the transmission
mea, surements (Fig. 1) under the same conditions,
constructive interferences are achieved as best as
possible by slightly moving the sample with re-
spect to the laser spot.

Furthermore, we must take into account the
spatial distribution of the intensity in the laser
spot. The divergence of the laser beam is evalu-
ated to be 2 mrad. The corresponding focused
spot diameter (0.2 mm) is of the same order of
magnitude as the diffraction spot diameter. Even
at high power, saturation of absorption is not
achieved in the tail of the distribution. The effect
of the laser-spot inhomogeneity is particularly
clear on the conduction-band-to-acceptor line.
Since the number of neutral acceptors is roughly
independent of the intensity of the excitation, "the
integrated intensity of the line is proportional to
the stationary number of photoexcited electrons.
Even for the highest powers of laser lines, the
band-acceptor line intensity does not saturate but
shows a nearly logarithmic dependence on the CQ
line intensity (Fig. 5).

The effect of the laser-spot inhomogeneity modi-
fies the value of the observed threshold power.
For high-incident intensity I~, the transmitted in-
tensity I~ is

Ir -Ir- Is

where Is is the threshold intensity. Assuming a
Gaussian distribution of intensity in the laser spot,
one sees that the transmitted power Pz (shaded
area of the insert of Fig. 2) is given by

I Pq
Pz/P~ =Pz/Pz — 1+ ln Ps-' (2)

III. THEORY

We assume that the exciting laser beam is homo-
geneous and neglect the Fabry- Perot interfer-
ences. We take a mean band gap independent of
carrier concentration. This last assumption is
not important for thin samples in which carrier
concentration is almost homogeneous.

The main mechanism of carrier recombination
at low temperature for densities of interest here
(n-10" cm ') is the radiative recombination. "

For a steady light beam corresponding to a pho-
ton flux density J travelling in the x direction, we
can write

——= n (x)J(x) = r[n(x) P,dJ
dx

where r is the bimolecular constant of radiative
recombination" and n the absorption coefficient.
The hole density is taken equal to the electron den-
sity. We assume that the hole temperature is
equal to the electron temperature (T). This is
justified since in our experimental conditions the
rate of electronic energy loss by electron-hole
scattering 1/v, (Ref. 1 I) is much larger than the

where Pz is the incident power and Pz/Pz =I&/Iz.
The interception of the straight line for values

of Iz/I~ up to 8-9 gives an apparent threshold value
two times greater than Ps. As ean be seen from
Eq. (2), the slope of the transmission curves is
always less than one. The slope value is smaller
when extrapolation is done closer to the threshold.
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rate of radiative recombination of photoexcited
carriers.

The optical absorption coefficient n for direct
transitions between the conduction band and the
two upper valence bands can be written

Qo(hv) p, »(h)=
(
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E

CL

C)
CL

CK

100

25 50 75
(aoI )

100

(4)
FIG. 6. Laser power plotted against the depth (in

dimensionless unit) for the CO line hv= 238.6 meV.

zz(x) =4zz(2mPT/h')'i'F, i,($,(x)) . (5)

$,(x) is the quasi-Fermi energy of electrons in
units of kT at a depth x. Fz &, ($) is the well-
known Fermi integral fo zl'hf("z}, $) dzl. The hole
quasi-Fermi energy $„(x) is related to $,(x) by
writing the equality of electron and hole densities.

Combining these equations, we obtain

d [F,i, (&.)]"
,,(.z [F,g, (~,)]' o./~. (6)

where z}=(hv —Ec)/kT, lz„„=m,m»/(m, +m»), P'zh

=m, m, „/(m, +m, „)m„m», m» are effective
masses for electrons, light holes, and heavy holes,
respectively. k is the Boltzmann constant. f, and

f„are the Fermi distributions of electrons in the
conduction band and holes in the valence bands.
ao is the absorption coefficient at low intensity.
The electronic density is

hole plasma by the laser. Rewriting Eq. (8) with
P(T, T,) = 0, we obtain a relation between z) = (h v
—EG)/kT and $, ($„).

Equations (7) and (8) determine the dependence
between J(x) and F„(x). We neglect recombination
processes at the surface (x=0); the electronic
quasi-Fermi level t', (0) is then fixed only by the
incident intensity of the laser beam. Equation
(6) gives the spatial distribution g, (x) of the elec-
tronic quasi-Fermi level.

Figs. 6 and 7 show results for the particular
COline hv =238.6 meV (n, =2 x 10' cm '). From
the luminescence spectrum, a renormalized band-
gap energy E~ =232.5 meV has been assumed. We
find $,(0) =8.6; $„=—1.69; z} =7.04; kT=0.87 meV;
zz(0) =4.4x 10"cm ', 1/r, ~=ng =25 ns for an
incident intensity f = 7.8 x 10 ' cm ' s ' (P = 93 mW).
It can be noted that the electronic quasi-Fermi

(7)

The electronic temperature is determined by the
equilibrium between powers received and lost by
the electron-hole plasma

hv —Ec kT F ),(g,) F )z(g„)

E

C)
CL
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where v,~ is the radiative recombination time
and P(T, T,) is the power given by an electron-
hole pair of the plasma at temperature T to the
lattice at temperature To.

For densities and temperatures of interest here,
the carriers and the lattice are coupled by acousti-
cal phonons, via deformation potential and piezo-
electric coupling. The most important effect is
found to be the piezoelectric coupling of holes with
the lattice." In these conditions, it can be shown
that the power exchanged with the lattice is a
small fraction of the power given to the electron-
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FIG. 7. Transmitted power vs incident power. This
curve is obtained by determining in Fig. 6 for any inci-
dent power at cypx, the transmitted power value at ep x
+ Apd. d = 60 pm is the sample thickness; ep = 2 + 10
cm ' is the absorption coefficient at low intensity.



2808 LAVALLARD, BICHARD, AND BENOIT A LA GUILLAUME

level energy is larger than the kinetic energy of
electrons at creation (of course, $, + („&0).

Figure 6 shows the attenuation of the laser power
inside sample. The power decreases linearly till
a value a, x -60. In this range, the quasi-Fermi
levels of electrons and holes remain nearly con-
stant. Figure 7 shows the transmitted power as
a function of the incident power for a sample
thickness d =60 p, m. The threshold is found to
be 12 mW. At high power, the slope of the curve
is nearly equal to one and the transmission rate
is 85%. Experimentally, the threshold is 25 mW'

and the slope value is half the one obtained at
great wavelength. As discussed above, inhomo-
geneity of the laser spot and uncertainties due to
interference effect can explain the discrepancies
between experimental and theoretical values.

The shape of the band-to-band recombination
line is calculated by taking a constant density of
carriers. Light emitted from depth x is attenuated
or amplified before going out the sample. The
amplification factor is (1 —e ~)/ad, where n
given by Eq. (4) takes into account the densities
of carriers in conduction and valence bands. By
su~ming light intensities emitted from different
depths into the sample, we obtain the intensity
I(q) of the band-to-band recombination line

N'. ELECTRON IC POLARIZATION DEPEN DENT

TRAN SM ISSION

Since a spin orientation of electrons is partly
achieved by optical pumping with circularly pol-
arized light, the transmission of light rzay de-
pend on its polarization (circular or linear). Ex-
perimentally, it is easier to modify the electronic
polarization with a transverse magnetic field than
to vary the light polarization without varying in-
tensity. We use a square-wave modulated mag-
netic field and detect the power of the transmitted
light at the same frequency. A weak variation
&P~ of the transmitted circularly polarized light
power Pr is observed: nPr/Pr=2 x10 ' for
hv =238.6 meV, Pz ——80 mW and H =3 G (Fig. 8).
The transmission is larger without magnetic
field. No variation is observed when the light
is linearly polarized. The model developed be-
fore allows us to calculate the effect of a trans-
verse magnetic field on the transmission of cir-
cularly polarized light.

The two spin gases are described by two quasi-
Fermi levels t' and $ (in kT units) in a weak
transverse magnetic field and by a common quasi-
Fermi level $ in high transverse magnetic field.
The conservation equations now become

f(q) ql/2] f ~
hh f q

hh

~e ~hh

(n, + n )d(x) =r[n, (x)+n (x)]',

(n, —o )J(x) =[n.(x) —n.(x)]
1+ ((oT„)'

le

(10)

where we take

with q~ = (hv~ —E~)/hT corresponding to the laser
photon energy hv~.

Results of the calculations can be seen in Fig. 3.
The amplification factor has a weak wavelength de-
pendence. Its maximum value, near hv =236 meV,
is 1.5; it corresponds to the beginning of stimula-
ted emission in the sample. The band-to-band
luminescence spectrum gives a distorted image
of the carrier distribution function. Due to re-
absorption or amplication of the light emitted by
the sample, the peak of the band-to-band line is
at lower energy than the CO- laser photon energy.
This is in agreement with experiments. W'e must
note that the quantitative interpretation of our
previous experiments on optical pumping" must
be revised since it did not take gain and reabsorp-
tion into account.

n, and n are the electronic densities of up and
down pairs; n,J and n J are their rates of crea-
tion; e, + n is the absorption coefficient for cir-
cularly polarized light. The depolarization rate
is 1/T„=l/T, +r(n, +n ), where T, is the spin
relaxation time; v is the Larmor frequency of
electrons in the magnetic field H. It is worth-
while to note that the initial polarization of elec-
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FIG. 8. Experimental relative variation of the trans-
mitted light (hv=238. 6 meV, Pl ——80 mW) vs transverse
magnetic field. The noise is indicated on the right-hand
side of the curve. Asymmetry is due to local magnetic
field.
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trons is no longer equal to 0.5 but tends to zero
for total saturation.

Since the steady-state electronic polarization is
weak, we develop the previous equations to first
order in quasi-Fermi level energy differences.
For the sake of simplicity, the results which are
given by complicated algebraic formula, will not
be presented here. The curve of relative varia-
tion of transmitted light intensity with magnetic
field is found to be a Lorentzian, whose width
increases with the intensity of the incident light.
In the limit of total saturation ($ = $,) the relative
variation of transmitted intensity &Ir/Ir tends to
zero as (1/Ir)'. The differences 4g'= $' —$„
& $ = $ —t'„and & $ = f —$, tend to zero as 1/Ir
with following relations:

(12)

We give numerical results for the previous set
of parametrers and T„/r, ~ =0.1:

&I~ 5.35 x10 4

Ir 1+(@AT„/2.15)2 '

Figure 8 shows the experimental variation of
transmission with magnetic field. The curve is
nearly Lorentzian. Its maximum value is four
times larger than the calculated value. This dis-
crepancy is attributed to the important contribu-
tion of regions in the sample where saturation is
not completely achieved. The experimental width
is 1.5G. It corresponds to a spin relaxation time
T, =3nsec and a carrier lifetime ~=30nsec, in
good agreement with calculated value of radiative
lifetime.

E —= 1.6/y —1 6/. r, for N electrons.
N

x~ is the interparticle distance in units of effective
Bohr radius. Assuming the same correlation en-
ergy (in reduced units) in lnSb and GaAs, we ob-
tain the interparticle distance value x~=1.5 which
gives the energy minimum of the plasma. The
corresponding densities in InSb and GaAs are re-
spectively, n, =6x10"cm ' and n, =2 x10"cm '.' '"
In InSb, the densities we obtain, n=4.4x10"cm '
(r, =0.4), are higher than n, by two orders of mag
nitude. We emphasize we have here evidence of
a nonequilibrium plasma steady state. Brinkman
and Rice" predicted that in such a situation, the
electron-hole gas would attempt to expand rapidly
into the lower-density region. However, the be-
havior of the band-to-acceptor line at high excita-
tion power shows that the transverse distribution
of carriers is determined by the laser beam in-
homogeneity. We conclude that the plasma expan-
sion is less than the laser-spot diameter (200 pm).

Assuming that the optical transition occurs
without change in the volume of the plasma, '
one can see that the shift of the optical band gap
is

where E,„and E„„are, respectively, exchange
energy and correlation energy per pair in the
plasma.

The exchange-energy contribution to the band-
gap shift is —',E,„=2.2 rneV for n=4.4 x10" cm-'
(Fig. 3). The correlation energy contribution
is found to be a fraction of millielectronvolt.

V. NONEQUILIBRIUM PLASMA

It is worthwhile to compare the value of the
carrier density we obtain experimentally, with
the one at the minimum energy per pair in the
electron-hole plasma. The Hartree-Fock energy
(E„v) in Rydberg units is very similar in InSb and
GaAs.
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