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Two-color picosecond experiments on anti-Stokes photoluminescence
in GaAs/AlGaAs asymmetric double quantum wells
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Two-color photoluminescence experiments are performed on the anti-Stokes photoluminescence in
GaAs/AlGaAs asymmetric double quantum wells. Direct evidence for forbidden absorption is
shown, and its many intriguing aspects, particularly the role of long-lived defects, are revealed. Our
experiments shed light on the ongoing controversies between many different model999
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Recently, anti-Stokes photoluminescenCASPL) in resolved ASPL experiment in GaAs/AlGaAs asymmetric
semiconductor heterojunctions and asymmetric double quardouble quantum wells at 10 K, which shows direct evidence
tum wells was found and its origin is still being hotly de- of the two-step absorption process in ASPL. In the two-step
bated. The proposed mechanisms include dipole—dipolabsorption theory, photoexcited carriers lose energy and
interaction:~ quantum oscillatiord,spatial dephasing®the  populate the intermediate states. The carriers in the interme-
cold Auger proces§,® and the two-step absorption diate states are excited to the barrier by reabsorbing the pho-
process®14Because experimental bases of each model artons from the laser or normal PL, and finally, give the ASPL.
mostly indirect, the mechanism of ASPL is controversial andThis theory predicts that the below-band-gap photons can
even contradictory. give ASPL if the intermediate states are filled by some

Many works have used the excitation power dependenceethod, although they might not give PL by themselves.
of ASPL as the basis for their claims of various mechanisms. Our sample consists of 30 periods of intrinsic
The fact that the strength of ASPL increases quadratically if5aAs/Ab sGa, /As/GaAs (100 A/300 A/50 A asymmetric
low carrier density, and linearly in high carrier density, wasdouble quantum wells separated by 1000-A-thick
used to support the two-step absorption proéggome Al :Ga, 7As barriers. Figure 1 shows the result of PL and PL
samples showed a superlinear power dependence and tlixcitation experiments. We can see the strong narrow-well
was used as strong evidence for the cold Auger protessASPL (dotted ling although only the wide well was excited
But, other samples with similar structures studied by othefdotted arrow. In this sample, the narrow-well ASPL effi-
groups showed sublinear power dependéndduch confu-  ciency normalized to the wide-well PL is about 3% when we
sion comes from the complexity of the ASPL power depen-excite the wide-well energy levels above the wide-well exci-
dence. In the viewpoint of the two-step absorption procesdons. We also detected the strength of the narrow-well ASPL
the density of the intermediate states participating in the twoby changing excitation energy continuougbolid line). In
step absorption process is very sample dependent. TherefottBjs ASPL excitation spectrum, we can see the clear wide-
the nonlinear power dependence alone cannot be used to exell heavy-hole and light-hole resonance.
clude the two-step absorption because it can be interpreted
that the intermediate states are not saturated. The cold Auger ..., ASPL
process cannot explain the linear power depe_n_dence. In the ASPL Excitation
normal band-to-band Auger process, the transition rate must
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be strongly power dependent. But, it has been known for wide well wide well
more than 10 years that the transition rate of an impurity heavy hi ﬁt hole

Auger process does not change in some power raifdés.
Therefore, the linear power dependence of ASPL excludes
the band-to-band cold Auger process but not the impurity
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Auger process. . o o for ASPL for ASPL Exgitation
Time-resolved studies of ASPL give important insight. - ' ! .
The fact that the rise time of ASPL is longer than that of i B
normal photoluminescend®l) indicates that the source of - L = .
P @) 1.52 156 160 164

ASPL is extended in time. Both the cold Auger process and
the two-step absorption process can predict this result. Photon Energy (eV)

Therefore, the problem is not resolved and more clear eXperEIG. 1. ASPL (dotted ling from the narrow well when exciting only the

mental results are needed. wide well (dotted arrow. In this sample, the ASPL/wide-well PL is3%

In this letter, we report the result of a two-color time- when we excite the wide-well energy levels above wide-well excitons.
ASPL excitation(solid line) with the detection window at the peak of the
narrow-well PL(solid arrow. We can clearly see the wide-well heavy-hole
¥Electronic mail: denny@phya.snu.ac.kr (1.553 eV} and the wide-well light-holé¢1.564 e\f resonance.
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FIG. 2. Time-resolved ASPL of the narrow well when only the(1.55 eV, identical with that of the normal narrow-well PL case.
10 mW) laser, which is resonant with the wide-well heavy-hole exciton is In Fig. 3, we vary the time delay between andw, and
presen(dashed_ lines when only thew, (1.527 meV, 90 mW laser, which  probe the change in th&-ASPL. Surprisingly, the strength
is below the Wlde-wgll t_)and gap is presddbtted lineg;, and when both of A-ASPL is nearly independent of the time delay up to 13
beams are presefgolid lines. . - . .
ns. This excludes the possibility of direct absorption of the
below-band-gap photons by excitons, localized or not. This

We used two independently tunable picosecond Ti:sapis because in our samples the PL from both free and local-
phire lasers, the first onev(), which was tuned at the wide- ized excitons decays with a time constant of 200-500 ps,
well heavy hole to populate the intermediate states in th&vhich is much less than the 13 ns interval within which we
wide well, and the second one¥), which was tuned below can observe substantial two-step absorption. Needless to say,
the wide-well band gap to excite only the carriers in thein an ideal, completely defect-free sample, forbidden absorp-
intermediate states. The repetition rate of the lasers is 764lon by excitons, not the trapped carriers, might be
MHz and the laser pulse duration is 2—3 ps. The time jitteimportant}* However, excitons occupy too small a space
between pulses from two different lasers was reduced downear the zone center in the momentum space, and therefore,
to ~3ps using the coherent synchroLock system. Thdorbidden excitonic absorption might be too small to be ex-
narrow-well ASPL was time resolved by streak camera withperimentally detected. Therefore, we contend that electrons
10 ps time resolution. We aligned the two laser beams t@r holes trapped in long-lived microscopic defects make the
excite the same spot of the sample using a pinhole and maderbidden transition by absorption of below the band-gap
the w, spot size smaller than that @f;. All experiments photons. This is because the large momentum of the order of

were performed at 10 K. half the Brillouin zone should be provided for the intraband
Figure 2 shows the result of the time-resolved ASPLabsorption of the photons used in our experiments.
experiment. First, we excited the sample using only ¢he Although the above results confirm that two-step absorp-

tuned at the wide-well heavy-hole ener@ashed linesand  tion has a strong contribution to ASPL, we cannot conclu-
detected the narrow-well ASPL. Second, we excited thesively decide whether only the two-step absorption contrib-
sample using only the, tuned below the wide-well band utes to ASPL or another process coexists. Because the
gap (dotted lineg. As expected, we cannot see any narrow-population of the intermediate states is nearly constant dur-
well ASPL in this case. But, the situation dramatically ing the time from pulse to pulse<13ns), both the wide-
changes whem; and w, coexcite the samplésolid lineg.  well PL and above the band-gap laser photoas)(can ex-

We can see the strong enhancement of the narrow-wetlite the trapped carriers. Considering the longer rise time of
ASPL due tow, (hereafter, called\-ASPL). We can get the ASPL relative to normal narrow-well PL oA-ASPL (see
same results whew, is changed down to 1.378 eV. This is Fig. 4), the wide-well PL must be more efficient than laser
direct evidence for the occurrence of forbidden two-step abphotons in creating ASPL if only the two-step absorption
sorption and the resulting ASPL emission in real time. Sincewvere to contribute to ASPL. That the wide-well PL is about
A-ASPL results from the absorption of the below-band-gapl00 times more extended in time than the laser pulse can be
photons, there can be no confusion in terms of distinguishingn explanation if we were to assume that one defect state can
between the two-step absorption process and all the othdse filled and vacated many times over the wide-well PL life-
mechanisms: for instance, our results are independent of thene. That the Auger process as well as the two-step absorp-
largely controversial estimates on the cold Auger procession contribute to ASPL can be another choice of explana-
cross sections in various samples, becallgeSPL is exclu-  tion. More study is needed to determine the relative
sively from the two-step absorption of the below-band-gapcontribution of the two-step absorption process and the cold
photons. We also note that the rise timeAASPL is much  Auger process, if any.

shorter than that of the normal narrow-well ASPL in Fig. 2. To summarize, we have demonstrated that the forbidden
In the A-ASPL case, the source of ASPL or thg pulse is  two-step absorption process contributes strongly to the

localized in time. Therefore, the time evolution®ASPL is  narrow-well ASPL in our asymmetric double quantum well
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