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Measurements of the absorption spectra of high purity GaAs in the presence of intense uniform optical
pumping are described. With increasing excitation the resonant exciton absorption broadens and disappears,
but the enhancement of the above bandgap absorption persists up to the highest intensities used. At these
intensities the data can be fit by a calculation which includes band-gap renormalization and carrier heating

resulting from intense optical pumping.

1. INTRODUCTION

It is well known that Coulomb interactions
strongly influence the low-temperature optical-ab-
sorption spectrum in GaAs. These interactions
result in a strong, sharp peak due to resonant ab-
sorption into the lowest bound state of the exciton
and in an enhancement of the near-band-edge ab-
sorption coefficient.! In this paper we consider
how these Coulomb effects are modified as the
density of free carriers in the crystal is varied by
optical pumping. With increasing excitation inten-
sity the concentration of free excitons increases
until exciton-exciton collisions broaden the exci-
tonic resonance line. At sufficient density a Mott
transition® to an electron-hole plasma occurs. At
these densities the presence ot free carriers not
only leads to screening of excitons, but also leads
to band-gap renormalization due to exchange and
correlation effects between carriers.® In the pres-
ence of a relatively dense electron-hole plasma
(EHP) the absorption spectrum will be modified to
reflect this renormalization and the filling of the
near-band-edge states* by the photoexcited carri-
ers. The absorption spectrum is further modified
as a result of carrier heating® that can result from
intense optical pumping.

We have investigated these effects experimental-
ly by measuring the transmission spectra of a thin
(~0.5 um) layer of GaAs as function of excitation
intensity. The use of a thin layer permits us to
resolve the sharp exciton resonance, to measure
the transmission above the band gap and to uni-
formly pump the crystal. We find that the exciton
absorption peak broadens and disappears at rela-
tively low pump intensities; but that the excitonic
enhancement of the above band-gap absorption co-
efficient persists to the highest intensity used. We
find further that the chemical potential of the pho-
toexcited plasma lies below the exciton energy (i.e.,
the photon energy at which exciton absorption peak
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occurs) by a few meV consistent with the require-
ment for bound electron-hole-liquid (EHL) forma-
tion.® However, the observation does not unambig-
uously imply the formation of EHL because of the
carrier heating produced by the optical excitation.
In Sec. III we will describe these measurements
and discuss them in terms of available theories.

II. EXPERIMENTAL TECHNIQUES

The sample, a thin (~0.5 um) crystal of GaAs
sandwiched between two (~2 pm) layers of
Al ,,Ga, 4As, was grown by molecular beam epi-
taxy on a GaAs substrate.” The substrate was
etched away so that only the GaAs layer contributed
to absorption of the pump radiation. For this con-
figuration the excitation is nearly uniform in the
GaAs crystal and changes in the absorption spectra
are readily observed; however, we were unable to
measure any net amplification® through the thin
layer even at the highest excitation level used. A
single broadband N, laser pumped dye laser was
used to excite the crystal and measure the trans-
mission of the sample in the spectral region of in-
terest in the following manner. The bandwidth of
the dye laser was approximately 150 fx; with its
peak position adjusted to be at ~8050 f\., more than
99% of the incident photons were in the energy
range where the crystal absorption was unaffected
by intense pumping. The remaining (<1%) photons
in the long-wavelength tail of this dye laser served
as a probe for the transmission. This technique of
pumping close to the band gap was chosen to min-
imize the carrier heating.®

The dye laser output was ~100 W peak with a
pulse width ~5 nsec and pulse repetition frequency
of ~30 Hz. It was focused to a spot ~100 yum in di-
ameter; the intensity on the sample was controlled
by means of calibrated neutral density filters in
the laser beam. For all the measurements report-
ed here, the sample was immersed in pumped He
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at ~2°K and the transmitted beam was detected by
an intensified Si vidicon after being dispersed by a
grating monochromator.

III. EXPERIMENTAL RESULTS AND DISCUSSION

In Fig. 1(a) the solid line shows the low-intensi-
ty absorption spectrum of our sample obtained by
using a weak tungsten lamp. It is characterized by
a sharp peak at the exciton energy (1.515 eV) and a
relatively constant absorption above the band gap
(1.519 eV).2 The dashed line shows the theoretical
prediction obtained by neglecting the Coulomb in-
teractions.! The importance of these interactions
are immediately apparent. We also show in Fig.
1(a) the absorption spectra obtained by using the
dye laser at two different intensities. We see
that the exciton absorption peak becomes broader
and then disappears at intensity corresponding
to 5x10° W/cm?. A simple heat-capacity cal-
culation indicates that the lattice temperature
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FIG.1. (a) Optical density of GaAs determined by trans-
mission measurements. The low intensity (L.I.) spectrum
was measured with a tungsten lamp, while the remain-
ing spectra were measured with a dye laser as described
in the text. The dashed curve illustrates the absorption
coefficient due to parabolic bands determined from the
L.I. measurement by subtracting the exciton contribu-
tion to the total absorption coefficient. (b) Data for high
excitation intensity. P, corresponds to incident intensity
of ~5x10%2 W/cm?. The solid lines are calculated as de-
scribed in the text. Values of carrier density and tem-
perature used in the calculation were, for Py, N=17
x10'5 em™, T=20°K; for 6P, N=5x10% cm, T=40°K;
for 20P;, N=1.5x10!" cm™3, T=60°K.

during the pulse is less than 10 °K. Since the exci-
ton structure persists up to much higher tempera-
tures for low excitation intensities,! it is reason-
able to conclude that the observed reduction and
broadening of the exciton resonance is due to either
exciton-exciton interactions or screening of exci-
tons due to free carriers. We estimate the free-
carrier density to be in the mid 10*S range for this
pump intensity.

It is important to point out that while the sharp
peak associated with the exciton has been elimi-
nated, the above-band-gap absorption has remained
essentially unchanged up to these intensities, indi-
cating that the excitonic enhancement to the ab-
sorption coefficient a(E) persists. While free-car-
rier screening might be expected to influence this
enhancement also the following qualitative argu-
ment may explain our observation of no screening.
Free-carrier screening is a dynamic response of
the steady-state population of carriers to the cre-
ation of a new charge pair by photon absorption. A
time on the order of an inverse plasma frequency
(~w,')isrequired for the steady-state population to
respond. However, when a photon of energy av is
absorbed, the electrons and holes are created with
kinetic energy hv - E,, where E, is the band-gap
energy. If this kinetic energy is large the carriers
move so rapidly that there is insufficient time to
screen their interactions and the enhancement of
a(E) due to Coulomb interactions persists. For
the range of energy where hv - E,~%w,, the exci-
tonic enhancement will be partially screened out.
While this description qualitatively explains our
observation, a quantitative comparison is not pos-
sible at present because no detailed theory de-
scribing the absorption line shape in the presence
of dynamic screening, is available.

We now consider the absorption spectra obtained
at even higher intensities. In Fig. 1(b) we show
two such spectra and also reproduce, for refer-
ence, the spectrum with 500 W/cm? shown in Fig.
1(d). We note that a(E) varies quite gradually
with E at these high intensities and that the onset
of absorption occurs at energies lower than the ex-
citon energy.

Since the resonant absorption due to excitons is
screened the observed absorption spectrum re-
sults from the band-to-band transitions in the
presence of the photoexcited plasma. The shape
and the position of the spectrum are influenced by
three factors: (i) dynamic screening processes as
discussed above; (ii) band-gap renormalization;
and (iii) heating of the carriers.

In the absence of photoexcited plasma and Cou-
lomb enhancement, one expects a simple square-
root absorption edge for parabolic bands (Fig. 2,
curve 1). In the presence of a photoexcited plasma,
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FIG. 2. Tlustrative schematic of absorption coefficient
at T=0°K for various conditions as discussed in the text.

the unperturbed band gap E, is renormalized to

E]. At T=0, all the states up to the Fermi ener-
gies E%(n) and E%(n) are occupied by the photoex-
cited carriers. The chemical potential is given by
w(n) = E)(n)+ E%(n) + E%(n) and determines the ener-
gy at which absorption begins. Transitions be-
tween occupied states result in negative absorp-
tion, or gain, for E/<hv<pu and the absorption
edge occurs at hv=p.% Curve 2, Fig. 2 shows the
expected spectrum if Coulomb enhancement of « is
neglected. The influence of the carriers on the ex-
citonic enhancement for transitions between occu-
pied states (gain) has been discussed by Brinkman
and Lee, ® however as we point out above, their in-
fluence on transition between unoccupied states
(absorption) has not been investigated theoreti-
cally. Examination of the low-intensity absorption
spectrum in Fig. 1(a), suggests that for a pump
intensity sufficient to screen the exciton resonance
the range of photon energies over which there is
significant reduction of the exciton enhancement is
small so that it appears reasonable to assume at
T=0, a ~a, for kv> pu in the energy range of in-
terest. This is consistent with the dynamic screen-
ing arguments presented above. The absorption
spectrum for this case is illustrated schematically
by curve 3, Fig. 2.

The effect of finite carrier temperature is to
broaden the sharp demarcation between occupied
and unoccupied states due to thermal excitation out
of states near the Fermi energy. The absorption
coefficient for hv> u is simply given by a (kv)
=a, (1-f,-f,), where £, (f,) is the occupation prob-
ability for electrons (holes) so that (1-f, - f,) de-
scribes the band-filling effects at finite tempera-
tures.? It can easily be shown that the transition
from gain to loss will still occur at zv= pu, but the
transition will not be abrupt and the reduction of u
for T>0°K must be properly accounted for.

The chemical potential at 7=0 can be calculated

directly from the theory of Brinkman and Rice®
who determine the density dependence of the aver-
age energy per pair in the plasma, (E). We can
write u(n,0)=8N(E)/8N, where N is the total num-
ber of particles in the system. The reduced band-
gap is then given by E/(n,0)= u(n,0) - E%(n,0)

—~ E%n,0). To estimate p(rn,T) we assume that
EYn, T)= El(n,0) so that u(n, T)= El(n,0)+ E%(n, T)
+ E%(n, T). This approximation should be good for
densities near the minimum in (E). In Fig. 3, we
show u(n, T) and E(r) calculated in this manner.

It is now a simple matter to calculate the posi-
tion and the shape of the absorption spectrum if »
and T are known. Unfortunately we do not have an
independent measurement of the density n; also it
is well known® that carrier temperature can be dif-
ferent from the helium-bath temperature under in-
tense optical pumping conditions. We have there-
fore treated » and T as adjustable parameters in
calculating the absorption spectra. The best fit
curves, obtained for parameters indicated in the
figure caption, are shown in Fig. 2(b) as solid
lines. These results were obtained directly from
the theory with no displacement of the energy
scale. The calculation also predicts a small net
gain for photon energies less than u, but our
measurements were not sensitive enough to detect
this amplification.

The values of carrier density determined by this
fit indicate that the carrier lifetime is short (~10-1°
sec) consistent with the high threshold for lasers
prepared by the molecular beam epitaxy method.
Carrier temperatures are difficult to determine
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FIG. 3. Reduced band gap E; and carrier chemical
potential p for T=0°K as a function of carrier density.
The influence of carrier temperature on chemical po-
tential is also illustrated. The method of calculation is
described in detail in the text.
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independently, but the values obtained are consis-
tent with what is expected for GaAs even for pump-
ing close to the band edge.®> With regard to the fit-
ting procedure, we find that with the assumption
that the Brinkman-Rice theory applies, a variation
of either n or T by more than (10-15)% results in a
noticeably poorer fit to the data. In fitting the data
we found that carrier temperature principally in-
fluences the distribution of carriers at higher en-
ergy and therefore the shape of the curve; while
the choice of carrier density influences the loca-
tion of the chemical potential, or photon energy at
the onset of absorption. Since in fitting the data no
adjustment of the energy scale is made, we take
the agreement between the measured onset of ab-
sorption and the calculated chemical potential as a
measure of the accuracy of the carrier density de-
termination.

Our determination of the carrier chemical poten-
tial ~5 meV below the free-exciton energy is con-
sistent with recent reports of the direct measure-
ment of gain spectra® and the previous measure-
ments of gain by other methods.!® In fact all such
experimental determinations of the carrier chemi-
cal potential, for comparable excitation densities,
find it lies below the free exciton in GaAs while the
theory of Brinkman and Rice places it at the free-
exciton energy for T=0°K. The crucial question is
does carrier heating account for this difference, or
does the theory underestimate the plasma ground
state energy sufficiently to allow the possibility of
binding of the plasma phase? Since we have made
use of the theory to fit our data, and find the data
consistent with theory, we would conclude that the-
ory is adequate as it now stands. However the pos-

sibility remains that the fit is not unique and an al-
ternative calculation might provide an equivalent
fit to the data. Such an interpretation based on gain
spectra measurements has been suggested by Hil-
derbrand et al. The result of such a reformulation
of the theory could be to interpret a significant
fraction of the energy difference between the mea-
sured chemical potential and the free-exciton ener-
gy as binding energy of an electron-hole liquid.
While it is impossible to definitely rule out such a
possibility on the basis of our results, it is impor-
tant to recognize that our measurement of signifi-
cant reduction of above-band-gap absorption can
only be related to carrier heating. And this heating
is sufficient to account for the position of the chem-
ical potential relative to the free exciton.

IV. SUMMARY

We have presented data on the absorption spec-
trum of a thin sample of GaAs in the presence of
optical pumping at various intensities. We find that
the exciton peak in the absorption spectrum disap-
pears at relatively low intensities, but the enhance-
ment of optical absorption above the band gap
caused by Coulomb (excitonic) effect persists to
very high intensisties. The spectra in the presence
of intense pumping can be fit quantitatively to a
model which includes band-gap renormalization ac-
cording to the theory of Brinkman and Rice and
carrier heating caused by optical pumping.
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