
Dynamics of anti-Stokes photoluminescence in type-II AlxGa12xAs-GaInP2 heterostructures:
The important role of long-lived carriers near the interface

Yong-Hoon Cho, D. S. Kim, and Byung-Doo Choe
Department of Physics, Seoul National University, Seoul 151-742, Korea

H. Lim
Department of Electronic Engineering, Ajou University, Suwon 442-749, Korea

J. I. Lee and D. Kim
Spectroscopy Laboratory, Korea Institute of Standards and Science, Taejon 305-600, Korea

~Received 13 December 1996; revised manuscript received 30 June 1997!

We have studied the anti-Stokes photoluminescence~ASPL! of a type-II AlxGa12xAs-GaInP2 heterojunc-
tion. We have found that the ASPL can appear in both layers adjacent to the heterojunction when the excitation
photon energy is higher than the energy of below-band-gap~BBG! luminescence. The intensity of
GaInP2-related ASPL shows an almost linear dependence on the excitation intensity. Time-resolved photolu-
minescence experiments reveal that the ASPL can be sustained as long as the BBG luminescence remains. Our
results suggest that the energy up conversion for the ASPL is via a two-step two-photon absorption process
involving localized, long-lived carriers near the type-II interface.@S0163-1829~97!52832-3#

Anti-Stokes photoluminescence~ASPL! or photolumines-
cence~PL! up conversion, a phenomenon in which the pho-
ton energy of PL output is higher than the excitation energy,
in heterojunctions~HJ’s! and quantum wells~QW’s! has at-
tracted considerable attention recently.1–6 The energy up
conversion in bulk semiconductors is usually achieved by~i!
a momentum-conserving Auger process,~ii ! an interaction
with the thermally populated phonon modes as in the anti-
Stokes Raman shift, or~iii ! a nonlinear mechanism such as
two-photon absorption~TPA! via real or virtual states.7 The
Auger recombination process, in which an electron recom-
bines with a hole by transferring the excess energy immedi-
ately to another electron or hole, is responsible for the non-
radiative recombination in bulk semiconductors.8 The TPA
process via virtual states can occur at high excitation densi-
ties (>103 W cm22).9 The ASPL phenomena in HJ’s or
QW’s, on the other hand, can be observed with an extremely
small excitation density ofPex.0.1 W cm22 at low tempera-
ture (T<10 K).1–6

The ASPL in HJ’s and QW’s has a wealth of proposed
mechanisms, some of which are in direct conflict with each
other. Seidelet al.2 observed that the integrated ASPL inten-
sity I AS from the InP side in type-II InP-AlInAs2 HJ’s de-
pends onI 2 anda2, whereI is the excitation intensity anda
is the interface absorption coefficient. They have proposed
the following ‘‘Auger fountain’’ process to explain the ob-
served ASPL phenomena: high-energy holes are generated
by the Auger recombination process and are then redistrib-
uted in a different band or in a different part of the sample in
the thermalization process. Electrons recombine with these
high-energy holes, and photons with the energy higher than
the excitation energy are emitted. They have argued that the
dependence ofI AS on I 2 and a2 is experimental evidence
supporting their model. Driessenet al.3 have also ascribed
the ASPL phenomena in GaAs-~ordered!GaInP2 QW’s to the
cold Auger process via interface states. To support their

claim, they have shown thatI AS depends on temperature ac-
cording to the weak power law as theoretically predicted by
Zegrya and Kharchenko.10

Hellman et al.,4 on the other hand, have argued that the
ASPL in CdTe-~Cd,Mg!Te QW’s is due to the two-step TPA
process via localized exciton states or via excitons bound to
impurities since their results show thatI AS is proportional to
I 2.1 and I 1.08 for lower and higher excitation densities, re-
spectively. They have also suggested that the photons neces-
sary for the second absorption step can be provided by a
photon recycling due to the radiative recombination of QW
excitons. Suet al.5 and Zemanet al.6 have also proposed a
similar two-step TPA process to explain the ASPL phenom-
ena occurring in the GaAs-~ordered!GaInP2 HJ’s and estab-
lished a type-II band lineup as a key element for explaining
the observed up conversion. We note that most of the earlier
works on HJ’s relied mainly on the excitation power-
dependent PL data without any direct observation of time-
resolved PL~TRPL! emission. Some controversies in the
proposed ASPL mechanisms seem to remain partly because
of this reason.

In this paper, we report on the ASPL phenomena in a
type-II AlxGa12xAs-GaInP2 single HJ. ASPL comes from
both layers if the excitation energy is higher than the energy
of the interface-related below-band-gap~BBG! PL peak.I AS
is found to be nearly proportional toI when the excitation
photon energy is larger than the AlxGa12xAs band-gap en-
ergy. TRPL experiments show that the long-lived BBG PL
mainly contributes to the ASPL. Thus we suggest that the
observed ASPL in the type-II HJ is primarily due to the
two-step TPA process mediated by carriers localized near the
interface.

We have chosen AlxGa12xAs-GaInP2 HJ’s for the study
of ASPL phenomena since this HJ system forms either a
type-I ~straddling! or type-II ~staggered! band lineup depend-
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ing on the Al compositionx. The band lineup transition oc-
curs at aboutx50.12.11,12 In type-II AlxGa12xAs-GaInP2
HJ’s, electrons are confined to the GaInP2 side and holes to
the AlxGa12xAs side, as shown in the inset of Fig. 1. The
BBG luminescence due to these spatially separated electrons
and holes has a high quantum efficiency and a very long
lifetime of about 40–200 ns.13 Al xGa12xAs-on-GaInP2 HJ’s
lattice matched to~100! n1-GaAs substrates were grown at
790 °C by liquid phase epitaxy using a horizontal slider sys-
tem. Thus our GaInP2 layer is almost fully disordered and the
contribution of metastable states induced by the ordering ef-
fect on the ASPL~Refs. 3 and 5! should be negligible. All
the grown epilayers weren type and the carrier concentra-
tions were of the order of 1016 cm23. The detailed growth
conditions were reported elsewhere.12 An Ar1 laser and a
He-Ne laser were used as excitation sources for cw PL mea-
surements. The monochromatic light dispersed from a halo-
gen lamp was also used to scan the photon energy. All PL
measurements were carried out at 10 K. TRPL decay profiles
were obtained by using a time-correlated single-photon
counting technique with a time resolution of 10 ps.14 The
light source forpulsedPL and TRPL was a cavity-dumped
dye laser synchronously pumped by a mode-locked Ar1 la-
ser.

Figure 1 shows two typical PL spectra at 10 K of a type-II
Al0.32Ga0.68As-GaInP2 single HJ excited by an Ar1 laser
~solid curve! and a He-Ne laser~dotted curve!. PL peaks at
the energies of 1.98 and 1.94 eV correspond to the near-
band-edge transitions of GaInP2 and Al0.32Ga0.68As, respec-
tively. The peak at 1.91 eV is due to the band-to-acceptor
transition in Al0.32Ga0.68As. Two broad peaks at about 1.83
and 1.79 eV are the interface-related BBG PL peaks due to
the electronic transitions from the conduction band in GaInP2
to the valence band and the acceptor level in Al0.32Ga0.68As,
respectively.11,13 The shift of the 1.83 eV peak to lower en-
ergy by about 10 meV under the He-Ne laser excitation is
due to the difference of band filling effects under the two cw

laser excitations.11 The PL spectrum excited by the He-Ne
laser clearly shows the ASPL coming from the GaInP2 side
in addition to the PL spectra from the Al0.32Ga0.68As side
and the BBG recombination. The integrated intensity of
ASPL I AS has a maximum value of about 30% of the total
PL output. We have observed that all the other type-II
Al xGa12xAs-GaInP2 HJ’s with variousx value also show
extremely high ASPL efficiencies. On the other hand, a
much lower ASPL efficiency is found in the type-I
Al xGa12xAs-GaInP2 HJ’s where the BBG luminescence is
absent~not shown here!.

To clarify the physical origin of the highly efficient ASPL
in our type-II HJ, we monitored the line shape of ASPL
output while varying the excitation photon energy using the
dispersed output of a halogen lamp~Fig. 2!. Curves c and d
clearly show that the ASPL occurs not only in the GaInP2
side but also in the Al0.32Ga0.68As layer when the excitation
energy is lower than the PL peak energy of Al0.32Ga0.68As
and higher than the energy of BBG PL peaks. However, no
ASPL is observed if the excitation energy is lower than the
energy of BBG-related PL peaks~curve e!. These results
imply that the excitation energy corresponding to the spa-
tially indirect electron transition from the potential well in
the GaInP2 side to the acceptors in Al0.32Ga0.68As is the
threshold energy for the observation of ASPL. We also note
from curve c that the ASPL can appear even if the BBG
luminescence is negligible, i.e., the up conversion for ASPL
can be more efficient than the BBG luminescence. This is
quite surprising since electrons~holes! must overcome the
barrier of about 130 ~170! meV to display the
Al0.32Ga0.68As- (GaInP2)-related ASPL.12 Thus the results
of Fig. 2 show that the ASPL is closely related to the BBG
luminescence but it could also be caused by some other
mechanisms.

The possible mechanism for the energy up conversion is
first sought from the dependence ofI AS on the excitation

FIG. 1. Photoluminescence spectra of type-II
Al0.32Ga0.68As-GaInP2 heterojunction using Ar1 ~solid line! and
He-Ne lasers~dotted line!. The band structure of the heterojunction
and the recombination paths for the observed PL peaks are also
depicted. The GaInP2-related ASPL is clearly observable under the
He-Ne laser excitation.

FIG. 2. Photoluminescence spectra of type-II
Al0.32Ga0.68As-GaInP2 heterojunction for various injection photon
energies of a: 2.07 eV; b: 1.94 eV; c: 1.85 eV; d: 1.8 eV;
and e: 1.7 eV. Monochromatic light dispersed from a halogen
lamp is used as the excitation source. GaInP2- and
Al0.32Ga0.68As-related ASPL output is clearly observable in c and d
spectra.
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intensity I of the He-Ne laser. As shown in Fig. 3, the
GaInP2-related I AS behaves asI by I 1.26 over about three
decades, whereas the intensity of BBG luminescence grows
asI b whereb is an increasing function of excitation density.
Our results are quite different from those obtained by Seidel
et al.2 According to them, the InP-relatedI AS in InP-AlInAs
type-II heterojunction shows anI 2 dependence while the
BBG PL intensity depends linearly onI . They have argued
that theI 2 dependence of InP-relatedI AS is one of the main
evidences that the energy up conversion is carried out by the
cold Auger process. In our case, on the contrary, the fact that
I AS does not show anI 2 dependence indicates that the cold
Auger process would not be the main energy up-conversion
mechanism in the AlxGa12xAs-GaInP2 heterointerface. Fur-
thermore, if the cold Auger process were the main energy
up-conversion process, the ASPL from one side of the
sample would prevail since one of the electron-electron-hole
or the electron-hole-hole collision processes would be
dominant.8 Note that the energy up conversion by the ther-
mal excitation of the photogenerated carriers or by the TPA
via virtual states must also be ruled out since our experi-
ments were performed at aboutT510 K under a very small
excitation density of about 0.01;0.1 W/cm2. A more plau-
sible energy up-conversion mechanism for our GaInP2 ASPL
must be the two-step TPA process via localized states near
the interface.4,5 As Hellmannet al. have pointed out,4 the
photogenerated electrons and holes can survive long enough
forming bound excitons and can be excited once again by
other photons. In the second excitation process, the photons
can be provided by the excitation beam or by the lumines-
cence~photon recycling!. In our case, the BBG luminescence
is one of the main undergoing recombination processes un-
der the He-Ne excitation~Fig. 1!. The lifetime of the photo-
generated carriers is very long13 because the electron and the
hole wave functions are spatially separated. Thus, these
long-lived electrons and holes localized near the interface
would have enough chances to be excited by the other exci-
tation photons or by the luminescence photons.

The fact thatI AS}I 1.26 means that the up-conversion effi-
ciency due to the excitation beam is essentially constant in
our range of excitation density. If the energy up conversion
stems from the two-step TPA process, theI AS is proportional
~i! to the population of the intermediate states (Nint) and~ii !

to the number of photons inducing the second absorption
step (Nph). For the electrons to be excited to the high-energy
states by the second photon absorption without phonon as-
sistance, the wave functions of the electrons must be com-
posed of a large range ofk values in the Brillouin zone.
Thus, only limited and well-defined portions of the carriers
near the interface can contribute to the second absorption
process. Since the carriers generated in the AlxGa12xAs side
by the excitation of the He-Ne laser~1.96 eV! flow into the
interface, the population of this limited number of bound
states responsible for the second absorption would become
saturated at relatively lower excitation intensities. The inten-
sity of the BBG PL, which is believed to be one of the major
excitation sources for the energy up conversion, shows an
excitation density dependence somewhat higher thanI ~Fig.
3!. This might be due to the enhancement of the wave-
function overlap between electrons and holes near the inter-
face caused by the band bending and the band filling effects
at high excitation density.13,15 This increased wave-function
overlap can then lead to a higher recombination rate and PL
efficiency. The fact that ASPL maintainsI 1.26 dependence
whereas the BBG PL steeply increases then reflects that the
Nint becomes saturated asNph is increased.

The energy up-conversion procedure is more directly
monitored by TRPL experiments shown in Fig. 4. The nor-
mal GaInP2 PL induced by the photons with the energy of
2.11 eV decays very fast. But the PL peaks show quite dif-
ferent decay behaviors when the excitation photon energy is
1.96 eV. The normal Al0.32Ga0.68As PL peak at 1.94 eV also
decays very fast within 1 ns, similar to the normal GaInP2 PL
under the excitation energy of 2.11 eV. However, the GaInP2
ASPL and the BBG PL show virtually no decrease within 3
ns. We have verified that the ASPL is sustained as long as
the BBG PL remains and these two PL peaks survive simul-
taneously for more than about 100 ns~which is more than 2
orders of magnitude longer than that of the normal PL! with
almostthe same decay time. Furthermore, the rise time of the
GaInP2 ASPL is much longer than that of the BBG PL and
similar to the fast decay part of the BBG PL with about 1 ns.
This suggests that during the fast decay time (;1 ns) of the
BBG PL caused by the recombination of the electrons and

FIG. 3. The dependence of GaInP2 ASPL and BBG PL on the
He-Ne laser beam intensityI . The ASPL intensity depends onI 1.26

but the intensity of BBG PL increases more rapidly as the excitation
intensity is increased.

FIG. 4. Time-resolved PL spectra of the type-II
Al0.32Ga0.68As-GaInP2 heterojunction with hn52.11 eV ~solid
curve! and 1.96 eV~other curves!. The normal GaInP2 PL ~solid
curve! and Al0.32Ga0.68As PL ~short dashed curve! decay very fast
but GaInP2 ASPL ~dashed curve! and BBG PL~dotted curve! show
virtually no decrease within 3 ns.
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the holes near the interface, the photons from the BBG PL
excite holes from the Al0.32Ga0.68As side into the GaInP2
side. It should be noted that this delayed rise time of
;1 ns for the ASPL is consistent with our proposed mecha-
nism of the two-step absorption process via intermediate
states, since carriers should first relax down to the interme-
diate states responsible for the two-step absorption and then
would be excited to the higher energy states. To our mind,
however, it is unlikely that the time delay is expected in its
rise in the band-to-band Auger process proposed by the ear-
lier works, since the holes should be excited to the higher
energy statesinstantaneouslywith the emission of the BBG
PL. The carriers necessary for the BBG PL can be supplied
once again by the absorption of the ASPL via a photon re-
cycling process, and hence a quasithermal equilibrium is es-
tablished between the holes on the AlxGa12xAs side and the
holes on the GaInP2 side. The BBG PL and the ASPL can
thus survive simultaneously for a long time even when the
excitation source is extinct and the normal PL output has
decayed already, which is manifested by the identical tem-
poral decay of the BBG PL and the ASPL. All these facts
strongly indicate that most photons inducing GaInP2 ASPL
are supplied by the long-lived BBG luminescence and thus
such a highly efficient GaInP2 ASPL is possible.

The fact that the energy up conversion is mainly due to
the photon recycling can explain other experimental obser-
vations. The time-integrated output of GaInP2-related ASPL
reaches up to about 18% of total PL output when the same
sample is excited by a pulse of 1.96 eV photons using a
cavity-dumped dye laser with a 2 pspulse width at a 1.5
MHz dumping rate. In this case, the excitation photons can-
not be used in the energy up-conversion process since all the

carriers generated by the previous photon pulse recombine in
a time interval much shorter than the repetition time of 660
ns. In addition, the 2 ps of the pulsewidth is not enough for
the photogenerated carriers to relax to the bound states~Fig.
4!. Thus the photons inducing the second absorption must be
supplied from the BBG luminescence. The fact that the
ASPL appears in both the GaInP2 and AlxGa12xAs side even
when the BBG PL is not observable~Figs. 2 c, d! may also
indicate that the energy up conversion is mainly accom-
plished by absorbing the photons coming from the BBG PL.
In these cases, the carrier concentration confined near the
interface should be very low due to a small absorption
strength at the type-II single heterointerface for the energies
between BBG and AlxGa12xAs band gaps.2,15 Thus the in-
tensity of the BBG PL should be small under these excitation
conditions even if the photons of the BBG PL are not used in
the energy up-conversion process. If most of the photons
coming from the BBG PL are used in the energy up-
conversion process, it will finally make the BBG PL inten-
sity lower than the detection limit of our instruments and the
intensity of the ASPL higher than that of the BBG PL.

In summary, we have studied the dependence of ASPL of
the type-II AlxGa12xAs-GaInP2 heterojunction on the photon
energy and the excitation density. The results suggest that
the energy up conversion for the ASPL is due to the two-step
TPA process via localized electrons and holes. TRPL experi-
ments show that the only energy source for the long-lived
ASPL is the interface-related BBG luminescence.

This work was supported by the BSRI Program of the
Ministry of Education and KOSEF through SPRC in Jeon-
buk National University. D. S. Kim was supported by KO-
SEF ~Grant No. 961-0206-029-2!.

1M. Potemski, R. Stepniewski, J. C. Maan, G. Martinez, P. Wyder,
and B. Etienne, Phys. Rev. Lett.66, 2239~1991!.

2W. Seidel, A. Titkov, J. P. Andre´, P. Voisin, and M. Voos, Phys.
Rev. Lett.73, 2356~1994!.

3F. A. J. M. Driessen, H. M. Cheong, A. Mascarenhas, S. K. Deb,
P. R. Hageman, G. J. Bauhuis, and L. J. Giling, Phys. Rev. B54,
R5263~1996!.

4R. Hellmann, A. Euteneuer, S. G. Hense, J. Feldmann, P. Tho-
mas, E. O. Go¨bel, D. R. Yakovlev, A. Waag, and G. Landwehr,
Phys. Rev. B51, 18 053~1995!.

5Z. P. Su, K. L. Teo, P. Y. Yu, and K. Uchida, Solid State Com-
mun.99, 933 ~1996!.

6J. Zeman, G. Martinez, P. Y. Yu, and K. Uchida, Phys. Rev. B
55, R13 428~1997!.

7See, e.g., Y. R. Shen,The Principles of Nonlinear Optics~Wiley,
New York, 1984!, and references therein.

8A. Hangleiter and R. Ha¨cker, Phys. Rev. Lett.65, 215~1990!, and
references therein.

9D. G. Seiler, C. L. Littler, and M. H. Weiler, inSemiconductors
and Semimetals, edited by R. K. Willardson, A. C. Bear, and E.
R. Weber~Academic, Boston, 1992!, Vol. 36, pp. 293–427.

10G. G. Zegrya and V. A. Kharchenko, Sov. Phys. JETP74, 173
~1992!.

11K.-S. Kim, Y.-H. Cho, B.-D. Choe, W. G. Jeong, and H. Lim,
Appl. Phys. Lett.67, 1718~1995!.

12I.-J. Kim, Y.-H. Cho, K.-S. Kim, B.-D. Choe, and H. Lim, Appl.
Phys. Lett.68, 3488~1996!.

13Y.-H. Cho, B.-D. Choe, J.-I. Lee, and D.-H. Kim~unpublished!.
14D. V. O’Connor and D. Phillips,Time Correlated Single Photon

Counting~Academic, New York, 1983!.
15K. Ploog and G. H. Do¨hler, Adv. Phys.32, 285 ~1983!.

RAPID COMMUNICATIONS

R4378 56YONG-HOON CHOet al.


