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We present measurements of differential transmission and four-wave mixing in GaAs quantum
well structures at 1.8 K near the inhomogeneously broadened lowest heavy-hole (#41) exciton
resonance using narrow band cw excitation. The data show an increase in absorption and an
excitation lifetime of order 1-10 us outside the spectral hole produced by the pump. The long
lifetime and the experimentally determined absence of excitation spatial diffusion in this region
suggests that optical absorption produces electron-hole pairs that are correlated but separately
localized due to disorder. A phenomenological model is proposed to explain the nonlinear

response based on two-photon absorption.

The optical properties immediately below the band
edge of direct band-gap semiconductors are dominated by
excitonic effects. In a quantum well (QW), the strong tran-
sient nonlinear optical response associated with the exciton
resonance has been shown by numerous theoretical and
experimental studies to be due to many-body effects includ-
ing phase space filling, exchange effects and to a lesser
degree, screening.! However, the nonlinear response and
exciton dynamics are greatly complicated and qualitatively
changed by the presence of interface disorder in QW struc-
tures.* Early measurements suggested large atomically fiat
areas at the interface.® More recent measurements show
the presence of monolayer flat island formation on a scale
of 50 A,* leading to the proposal that there is a bimodal
distribution for island size.” At low temperature, excitons
can be localized by the interface disorder which leads to
strong inhomogeneous broadening of the optical absorp-
tion spectrum. Localized excitons, however, can migrate
between localization sites by emitting and absorbing acous-
tic phonons.®’

To improve the understanding of the intrinsic nonlin-
ear optical response and the effects of disorder in GaAs
quantum well structures, we present what we believe are
the first measurements of the cw nonlinear response near
the lowest heavy-hole (%4/1) exciton at low temperature
(1.8-5 K) where the effects of disorder is a dominating
factor. The experiments are based on nondegenerate differ-
ential transmission (DT) and four-wave mixing (FWM).
Nondegenerate DT measures the sign and magnitude of
the imaginary part of the third-order susceptibility while
nondegenerate FWM measures the magnitude (squared)
of the third-order susceptibility and is useful for determin-
ing various relaxation rates.®*® While the results of many-
body theory' have been highly successful in accounting for
the nonlinear response observed using short pulse excita-
tion at high excitation density (> 10° excitons/cm?/
layer),10 we show in this letter that the present understand-
ing cannot account for the experimental results observed at
low excitation density under cw excitation. We believe the
discrepancy is due to the presence of disorder and propose
a possible phenomenological model to explain the data.

The data reported in this letter are obtained in QW
structures consisting of 65 periods of 96 A GaAs wells and

98 A Aly 3Ga, ;As barriers, grown at 630 °C by molecular
beam epitaxy on semi-insulating (100) GaAs substrates
with interrupted growth. The 441 exciton absorption line-
width is 2.3 meV [Fig. 1(a)] with a Stokes shift of 1 meV
between the Akl exciton absorption and emission. Similar
experiment results have also been obtained on several
GaAs/Aly 3Gag;As samples differing in the number of lay-
ers and where the absorption line widths varied from 1.0 to
2.5 meV with a corresponding Stokes shift varying from
<0.2 to 1.5 meV. Samples are mounted on a sapphire disk
(c-axis normal) with the substrate removed and placed in
a liquid helium immersion cryostat.

Measurements are performed using two frequency sta-
bilized cw dye layers. For DT measurements, one laser
supplies a pump beam at a fixed frequency Q, while the
second laser supplies a probe beam at Q,. Both beams are
linearly and orthogonally polarized to avoid coherent ef-
fects. The nonlinear spectral response proportional to
Imy®® is obtained by measuring the probe transmission as
a function of Q, where y*) is the third-order susceptibility.
For nondegenerate backward FWM, two nearly degenerate
co-polarized beams E,(k;,,) and Ej(k{,Q;+8) with
5« intersect in the sample with a small angle 8 between
the beams producing a traveling-wave modulation of the
absorption and dispersion with a period A=A4/(2 sin 6/2).
The grating is probed by an orthogonally polarized beam
Ey(ky,),) where k,= —k; producing a coherent signal,
proportional to |y*’|?, propagating in the direction —ki.
Tuning £, again measures the spectral response.’ Tuning 8
provides information on the excitation decay dynamics
probed at ,.” This decay rate depends on ¥, Teg» and Ty
where y is the recombination rate, Iy, is the spectral dif-
fusion rate and 'y=47"D/A? is the rate due to spatial
diffusion where D is the diffusion coefficient.

Figure 1 shows a comparison between the FWM spec-
trum [Fig. 1(b)] and the DT spectrum [Fig. 1(c)] obtained
by tuning Q, [Fig. 1(b) is similar to that reported ear-
lier™!!]. Q, is given by the arrow in the A#1 linear absorp-
tion feature shown in Fig. 1(a). The sharp resonance at
Q,=1Q, in Fig. 1(b) is the result of spectral hole burning
of the inhomogeneously broadened localized excitons. The
width of the hole is twice the homogeneous width.®’ The
comparable DT spectrum [Fig. 1(c)], obtained at the same
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FIG. 1. A comparison of the cw four-wave mixing and differential trans-
mission spectra. (a) The Akl linear absorption spectrum. The arrow
shows the location of Q, for (b) and (c). (b) The four-wave mixing
spectrum obtained by tuning Q,. (c) The corresponding differential trans-
mission spectrum. (d) The differential transmission spectrum obtained
when (1, is set to 1.2 eV above the /A1 absorption peak.

excitation intensity (~0.5 W/cm?), shows the sharp res-
onance again corresponding to the spectral hole seen in
Fig. 1(b). As expected from phase space filling effects, a
decrease in absorption is observed in the spectral hole (a
positive signal corresponds to a decrease in absorption).
However, away from the spectral hole, the DT measure-
ment shows an unexpected increase in absorption. It is easy
to see that the DT response (chme) away from the
spectral hole is much larger than expected based on FWM
(o | X(B) | 2. Figure 1(d) shows the DT spectrum obtained
when the pump frequency £, is tuned to 1.2 meV above
the Akl absorption line center where no spectral hole is
expected or observed.!? This spectrum [Fig. 1(d)] demon-
strates that the increase in absorption around Akl is not
related to the spectral hole. A similar DT spectrum is ob-
served when (), is tuned above the band edge where free
carriers are directly excited. In contrast no signal is ob-
tained when ) is tuned well below the 441 resonance.

Measurements of the intensity dependence of the
FWM signal show that the spectral hole amplitude de-
pends linearly on each of the intensities of the three input
beams, indicating that there is minimal contribution from
higher order terms in the susceptibility. In the usual ap-
proach of estimating the exciton density based on a radia-
tive lifetime of order 1 ns and the input intensity, the ex-
citon density is of order 107-10% excitons/cm?/layer.
However, even at this low excitation level, the DT signal in
Fig. 1(d) is not linear in the pump intensity. In fact, the
response also depends on the probe intensity. Figure 2
shows the unusual intensity dependence of the DT re-
sponse as a function of pump intensity for two different
probe intensities. Measurements are made for the case of
Fig. 1(c) where Q, is set 1.1 meV below ;.

We further characterize the nonlinear response by
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FIG. 2. The intensity dependence of DT spectra as a function of pump
intefisity for two different probe intensities. Measurements are made for
the case of Fig. 1(c) where (, is set 1.1 meV below (1;. The dotted curves
show the fitting based on a two component model: an incoherent two
photon stepwise excitation dominates at high probe intensity (square)
and a single saturation type nonlinear response dominates at low probe
intensity (circle) characterized by a smaller saturation intensity than that
of a two photon-type nonlinear response.

measuring the relaxation time in the region showing in-
creased absorption. Independent measurements using am-
plitude modulation DT spectroscopy'® and FWM by tun-
ing 8" show a decay time of order 1-10 us in contrast to the
0.5-1 ns excitonic recombination rate obtained in this sam-
ple by time-resolved luminescence and FWM at the hole
burning resonance. While the slow time scale suggests that
the nonlinear response could arise due to photorefractive
or thermal effects, the first possibility is eliminated since we
have determined that there is no energy transfer between
beams as would be expected in the presence of two beam
coupling. Thermal effects are also eliminated for two rea-
sons: (1) The DT signal strength does not decrease when
the sample is immersed in liquid helium as would be ex-
pected since in liquid helium, the induced temperature gra-
dient is dramatically reduced; (2) more importantly, the
absence of any dependence of the grating decay on the
grating spacing sets the upper limit of the diffusion coeffi-
cient at 3 10~% cm?/s. If the nonlinear response were due
to thermal effects, then this measurement would corre-
spond to a thermal conductivity at least 4 orders or mag-
nitude below that of GaAs. Hence, we conclude the exci-
tation is electronic in nature and note that the long lifetime
results in an estimated excitation density four orders of
magnitude higher than that expected based on a 0.5-1.0 ns
exciton lifetime.

In discussing these results we first note that many-body
effects such as exciton-exciton interactions, band-gap
renormalization, and screening can produce a shift or a
broadening of the resonance, leading to regions of in-
creased absorption. However, these features resemble the
first or second derivative of the resonance, clearly not in
agreement with the measurement. Hence, while the current
theory has been highly successful in interpreting experi-
mental results obtained on short time scales at high exci-
tation density,"'° the results show that the theory does not
describe the leading terms in the low intensity cw nonlinear
response measured by differential transmission. We would
like to stress that identical behavior has been observed in
the three different samples we investigated. Earlier exper-
imental evidence for this effect was reported in transient
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DT measurements using picosecond lasers.® At zero time
delay, the low-temperature excitonic response showed a
decrease in absorption due to bleaching, yet on longer time
scales ( ~100 ps), the DT signal changed sign, showing an
increase in absorption. »

The nonlinear response outside the spectral hole can be

qualitatively explained by a phenomenological model in-’

volving an incoherent two photon stepwise excitation along
with an ordinary saturating type nonlinear response (not
associated with the spectral hole). In a rate equation de-
scription for this system [i.e., a simple two level system
(2LS) and an independent three level system (3LS)], a
probe dependent DT response similar to the data is ob-
tained as shown by the dotted lines in Fig. 2. In this model,
the transition rates for both transitions in the 3LS are com-
parable. When the pump beam is resonant with the tran-
sition from level 1 to level 2 and the probe beam is resonant
with the transition from level 2 to level 3, the DT signal
due to the 3LS would show an increase in absorption if the
beam intensities are reasonably low. However, if the 2LS
saturation intensity is smaller than saturation intensities
for the 3LS, at very low intensities, the DT signal is dom-
inated by the 2LS. Hence, decreased absorption is observed
as shown in Fig. 2. As the probe intensity increases, the
relative importance of the 3LS will increase due to the
small saturation intensity for the 2LS, resulting in in-
creased absorption in the DT response. Finally, when the
pump beam intensity is very high such that both transi-
tions in the 3LS are saturated, the stepwise two-photon
transition will be overwhelmed by the saturation effect and
an overall decrease in absorption will be observed as shown
in Fig. 2.

The relaxation measurements also provide some addi-
tional insight into the microscopic origin of the observed
nonlinear response in the QW. In particular, even though
the nonlinear response is clearly associated with the A4l
exciton, the long lifetime of the excitation is not consistent
with the presence of ordinary excitons, nor is the negligibly
small diffusion coefficient. To explain these effects, we pro-
pose that in the presence of disorder, optical excitation
produces electron-hole pairs which are localized in sepa-
rate but closely correlated positions. If we assume that the
electron and hole wave functions are localized on a scale
length of order 100 A and then also assume the lifetime is
simply related to the wave function overlap, we can esti-
mate that the separation distance is of order 200 A. Fur-
thermore, using the excitation intensity at the minimum
value of the lower DT curve (saturation point of the DT
spectrum), we can estimate the resulting e-4 density to be
of order 6x 10" e-h/cmz/layer (using 0.5 W/em?, taking
50% of the energy distributed over the first 10 layers, and
an effective excitation lifetime of 5 us. This would corre-
spond to an average distance between e-A pairs on the or-
der of 140 ;\, the same order of magnitude as the e-A
separation estimated based on the e-A pair lifetime. This
number could be interpreted as the average distance be-
tween localization sites. While it is difficult to relate this to
interface morphology, it is comparable to that reported by
chemical mapping.* The stepwise two photon transition
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discussed in the above 3LS model may correspond to ex-
citations of two closely correlated e-# pairs. The unex-
pected low saturation intensities for the 3LS and 2LS are
due to the long lifetime of these systems and the finite
number of localization sites (recall that the saturation in-
tensity is ~#wN p/ayr where « is the absorption coeffi-
cient and N is the density of the localization sites).

Our model also provides an explanation for the dis-
crepancy between the FWM and the DT spectra. As is well
known, the FWM signal strength is proportional to the
contrast ratio of the excitation grating produced by E}-E;.
The contrast ratio is reduced if the input beams saturate
the system. At the beam intensities used in the measure-
ment (I,,/]~0.5 W/cm?, I,~0.1 W/cm?), the density of
excitation (associated with spectral hole) is well below the
saturation level, however the excitation in the increased
absorption region is partially saturated, causing a grating
flattening and resulting in a reduced FWM response.

In summary, we have shown that the low intensity
nonlinear optical response in GaAs multiple QW is greatly
affected by the presence of disorder. The measurements
show that the existing theoretical work is inadequate to
explain the low intensity nonlinear response in these sys-
tems. Finally, the long life time may need to be taken into
account in potential device applications.
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