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Efficient anti-Stokes photoluminescence~PL! has been observed in Ga0.5In0.5P and GaAs single heterostruc-
ture. PL of Ga0.5In0.5P was observed when photoexciting the Ga0.5In0.5P/GaAs interface. The anti-Stokes PL
intensity from the Ga0.5In0.5P layer is about 1% of the GaAs PL. The observed anti-Stokes PL exhibits a
characteristic intensity dependence in the double-logarithmic plot, which reveals two straight lines having
slopes of about 2 and 4. Time-resolved measurements show that the anti-Stokes PL is described by two
components: the rapid decay caused by the two-step two-photon absorption of the excitation laser light and the
slower decay by energy transfer of electron-hole recombination energy in the GaAs. We found that many-
particle effects in the GaAs under high excitations cause the characteristic intensity dependence of the anti-
Stokes PL.@S0163-1829~99!05323-0#
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I. INTRODUCTION

Anti-Stokes photoluminescence~PL! or energy up-
conversion in solids has gathered much attention in field
optoelectronic devices. Generally, an existence of a hot
ervoir in solids thermally populates carriers for momentu
conserving bulk Auger process1–4 or phonons for anti-Stoke
shifts of Raman lines.5,6 In the bulk Auger process, energ
released by electron-hole recombination is transferred to
ond electron or hole. The excited carriers are redistribu
within their band or into another band and dissipate the
ergy by emission of phonons. During the energy relaxati
radiative recombination of these carriers with thermaliz
ones in the opposite band is possible. This gives rise to a
Stokes PL above the band-gap energy. On the other h
nonlinear optics in crystals up convert an incident pho
energy, which are well known such as second-harmonic g
eration, optical parametric oscillation, and two-photon a
sorption via real or virtual states.7–9

There are some reports about anti-Stokes PL in bulk
heterostructures of semiconductors.10–13 Especially, rela-
tively high-efficiency anti-Stokes PL have been found
semiconductor heterostructures such as InP/AlInA14

CdTe/Cd0.6Mg0.4Te,15 and long-range-ordered ~LRO!
(Al xGa12x)0.5In0.5P/GaAs~Refs. 16–20! heterostructures. In
these cases, the heterostructures consist of stacked na
and wide gap semiconductors. When photoexciting the n
row gap material, excited carriers are redistributed into
wide gap material and recombination in the wide gap ma
rial generates anti-Stokes PL. Its efficiency depends on~1!
excitation and carrier transfer processes from the narrow
material into the wide gap material and~2! properties of their
final states. A high efficiency of the anti-Stokes PL at t
type-II InP/AlInAs heterojunction14 was verified by the cold
Auger effect described by Zegrya and Kharchenko.21 The
presence of a heteroboundary lifts thek-conservation re-
PRB 590163-1829/99/59~23!/15358~5!/$15.00
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quirement in the direction perpendicular to the interface a
allows Auger recombination without a thermal threshold. O
the other hand, low-temperature anti-Stokes PL fro
CdTe/Cd0.6Mg0.4Te quantum wells were explained by a tw
step two-photon absorption~TS-TPA! mechanism via local-
ized exciton states or via excitons bound to impurities.15 In
the TS-TPA, the first photon generates carriers and the
ond photon pumps the generated carriers into the wide
material. For LRO-Ga0.5In0.5P/GaAs structures, on the othe
hand, cold Auger16,18 and TS-TPA mechanisms19,20 were
proposed. These different mechanisms seem to explain
observed anti-Stokes PL at the LRO-Ga0.5In0.5P/GaAs het-
erointerface. However, there is no unified understanding
the detailed mechanism occurred at the interface.

In this paper, we focus our attention on dynamic proc
of anti-Stokes PL at a LRO-Ga0.5In0.5P/GaAs heterointer-
face. Time-resolved measurements revealed that the
Stokes PL is described by two components: the rapid de
and the slower decay limited by GaAs PL. The first step
the anti-Stokes process is excitation of the GaAs. In the s
ond excitation step, the TS-TPA process by the excitat
laser causes the rapid decay component and the energy t
fer of the excess energy released by the electron-hole rec
bination in the GaAs causes the slower decay compon
We discuss a role of many-particle effects of the GaAs in
anti-Stokes PL.

II. EXPERIMENTS

The sample used in this study is a@ 1̄11#-ordered
Ga0.5In0.5P alloy grown by low-pressure metal-organ
vapor-phase epitaxy.22 The sample was grown on a~001!
GaAs substrate misoriented 6° off towards@111#B at 720 °C.
The growth rate was 2.0mm/h at an input gas-flow ratio o
f (V)/ f (III) of 240. The layer thickness is 2mm. The order
parameter can be estimated by the valence-band splitting
15 358 ©1999 The American Physical Society
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ergy, because the spin-orbit splitting and the crystal-fi
splitting are functions of order parameter.23 Conventional
PL-excitation~PLE! spectra were measured by a lock-in d
tection system under excitation by a monochromatic light
a Xe lamp. PLE spectrum shows two excitonic absorpt
maxima corresponding to the valence-band splitting. T
measured valence-band splitting is 22 meV, which yie
order parameterh of 0.44 for this sample. Ultrafast lase
spectroscopy was performed using 100-fs pulses from
mode-locked Ti:sapphire laser with a repetition rate of
MHz. The laser wavelength is 775 nm. The incident dire
tion of the laser light was normal to the~001! surface, and
the emitted luminescence was detected at the same direc
The PL is dispersed in a 0.25-m spectromator and dete
with a spatial and temporal resolution of 0.15 nm and ab
5 ps due to dispersion in the collection optics, respectiv
by a streak camera with two-dimensional readout. T
sample was mounted in a He-gas-flow cryostat. The sam
temperature was 2.7 K.

III. EXPERIMENTAL RESULTS

A. Anti-Stokes PL at LRO-Ga0.5 In0.5P/GaAs heterointerface

Figure 1 shows a time-integrated anti-Stokes PL spect
of the LRO-Ga0.5In0.5P/GaAs. The arrow indicates th
excitation-photon energy. The anti-Stokes PL intensity
about 1% of the GaAs PL. The spectrum of the anti-Sto
PL shows two peaks that will be referred to as the ‘‘hig
energy’’ and ‘‘low-energy’’ PL lines. The high-energy PL i
weak in the time-integrated spectrum, because of a ra
decay of its intensity. This point will be discussed in the ne
subsection. The excitation intensity dependence of the a
Stokes PL is shown in Fig. 2. To make clear a behavior
the high-energy PL, we plot the spectra integrated in a t
range of 0-200 ps. The spectra were normalized by the
tensity of the low-energy PL. The high-energy PL line do
not show an excitation intensity dependence except for
intensity. Whereas the high-energy PL line exhibits all fe
tures typical for band-to-band recombination, the low-ene
PL line shifts to higher emission energies with increas

FIG. 1. PL spectrum of LRO-Ga0.5In0.5P/GaAs excited at 1.6
eV. The intensity of the anti-Stokes PL is about 1% of the intens
of GaAs PL.
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excitation intensity. In addition, the temporal decay dyna
ics of the low-energy PL is nonexponential, which is cons
tent with the results of PL excited by an above-gap ligh22

All these properties of the low-energy PL line can be cons
tently explained by assuming spatially indirect recombin
tion. The enhancement of the high-energy PL intensity
increasing excitation intensity is stronger than that of
low-energy PL. In this paper we focus our attention on t
high-energy PL corresponding to the band-to-band transit

GaAs PL measured at various excitation intensities
shown in Fig. 3. The inset in Fig. 3 compares spectra
tained from Ga0.5In0.5P with different order parameters. Th
samples withh50.0 and 0.30 were grown at 810 an
660°C, respectively. These spectra were measured at
mW. The spectrum from the Ga0.5In0.5P (h50.0) on the
GaAs shows two peaks. The peaks at 1.518 eV and 1.496
of the Ga0.5In0.5P(h50.0) sample are due to the band-t
band transition and transitions related to deeply localiz
states. The 1.496 eV peak becomes dominant in the sam
with large-order parameter, as shown in the inset of Fig

y
FIG. 2. Anti-Stokes PL spectra measured at various excita

intensity. These spectra are integrated in a time range of 0-200
The spectra were normalized by the intensity of the low-energy

FIG. 3. GaAs PL spectra measured at various excitation in
sities. The inset compares spectra obtained from Ga0.5In0.5P with
different order parameters. The excitation intensity for the inset w
600 mW.
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This indicates that the initial stages of atomic orderi
strongly affect the confined electronic states at the interfa
The full width at the half-maximum of the GaAs PL obtaine
from the sample (h50.44) is 30 meV in the 100 mW exci
tation.

Figure 4 shows the spectrally integrated intensities of
anti-Stokes PL and the GaAs PL versus excitation intens
The double-logarithmic plot for the anti-Stokes PL indica
two linear regressions. The slopes are nearly 2 and 4
intensities below and above 400 mW, respectively. In t
intensity region the GaAs PL exhibits a linear dependence
the excitation intensity. Hence, the data in Fig. 4 displays
intrinsic intensity dependence of the anti-Stokes PL. Wh
we excite the sample by an above-gap light~2.54 eV!, both
PL from the Ga0.5In0.5P and the GaAs indicate linear rela
tionships for excitation intensity.

B. Time-resolved spectroscopy of anti-Stokes
PL and GaAs PL

Decay profiles of the high-energy line of the anti-Stok
PL are shown in Fig. 5 as a function of excitation intensi
The decay profiles are described by two components:
rapid decay and the slower decay. With increased excita
intensity, the rapid decay component becomes domin
This result indicates that the enhanced increase of the
Stokes PL above 400 mW excitation is caused by the
crease of this rapid decay component. The time constan
this rapid componentt r is about 100 ps. This value agree
well with the previous result of an initial decay time attri
uted to a rapid capture of excitons into some nonradia
deep centers in LRO-Ga0.5In0.5P.24 The slower componentts
yields a time constant of about 450 ps. To compare the de
profile time-resolved PL of the GaAs were measured. Fig
6 plots the results of the GaAs PL decays measured at
300, 400, 500, and 600 mW. The decay profile is affected
excitation intensity. Above 400 mW the time constant
about 700 ps. On the other hand, below 400 mW the t

FIG. 4. Excitation intensity dependence of spectrally integra
intensities of the anti-Stokes PL and the GaAs-PL.
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constant is about 1240 ps. The solid lines plot a simple
ponential decay of 1240 ps. Since the excited carrier den
at 100 mW is 1016 cm23, many-particle effects should b
considered. If we highly excite the sample, excitons lo
their identity as individual quasiparticles and a new colle
tive phase is formed which is known as the electron-h
plasma~EHP!. The critical density~Motto density! at which
the EHP starts to exist is about 431016 cm23 for GaAs at
carrier temperature of 70 K.25 This critical density is close to
the excitation densities in our measurements. The decrea
the time constant observed in the over 400 mW excitat

d FIG. 5. Decay profiles of the anti-Stokes PL measured at vari
excitation intensities.

FIG. 6. Decay profiles of the GaAs PL measured at vario
excitation intensities. The solid lines indicate a simple exponen
decay of 1240 ps.
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corresponds to loss of excitonic properties. This critical
tensity ~400 mW! coincides with the excitation intensit
showing the change in the characteristic intensity dep
dence in Fig. 4.

IV. DISCUSSIONS

A. The rapid decay component

The first step of the anti-Stokes process is photogen
tion of electron and hole pairs in the GaAs layer. The exci
carriers can be excited once again by other photons. In
second excitation step, the photons can be provided by
excitation laser or by the GaAs PL. The time constant of
GaAs PL is more than 700 ps. This is too long to comp
with the rapid component,t>100 ps, of the anti-Stokes PL
Thus, the laser pulse excites carriers in the second excita
step. This is a TS-TPA process by the excitation laser. In
following we show that the TS-TPA process via localiz
states is a possible explanation consistent with the rapid
cay. In the first step, the excitation laser generates elect
hole pairs in the GaAs. After the initial excitation step ele
trons and holes relax down to localized states near
interface and establish a quasiequilibrium distribution. T
causes the broad band PL in Fig. 3. Since the localized s
have a very limited spatial extension, the electron and h
wave functions have contributions from allk states in the
Brillouin zone. Therefore, these long-lived electrons a
holes localized near the interface can be excited to the h
energy states by the second photon absorption without p
non assistance. This scenario indicates that only limited
well-defined portion of the carriers near the interface c
contribute to the second absorption process. These ex
carriers into the Ga0.5In0.5P recombine radiatively giving rise
to the observed anti-Stokes PL. For high excitation, the
citonic properties of the deep localized bound states are
and the system must be considered in terms of separate
trons and holes. However, for low exitation the system
excitonic and direct photon absorption from deep, localiz
bound exciton states to higher energy exciton states, havi
well-defined wave vector, is possible. This excitonic proc
was observed in CdTe/Cd0.6Mg0.4Te quantum wells.15

The TS-TPA model by the excitation laser consisten
explains the character of the rapid decay component. Wi
this TA-TPA model, the electron densityNr

e fed into the
Ga0.5In0.5P is proportional to the populationNint of the inter-
mediate states and to the number of photons responsibl
the second absorption step. SinceNint of the band-to-trap
process is supposed to be proportional to the excitation l
intensity,3 Nr

e is proportional toI 2, whereI is excitation laser
intensity. Similarly, for the holesNr

h is proportional toI 2.
Thus, the anti-Stokes PL intensity obeysNr

eNr
h and hence,I 4.

On the other hand, in the excitonic model under a relativ
weak excitation the anti-Stokes PL intensity obeysI 2.15 It is
considered that the critical excitation intensity between theI 4

and I 2 dependencies is 400 mW.

B. The slower decay component

The decay time of about 450 ps for the slower dec
component is longer than a time constant~about 310 ps! of
radiative recombination of excitons in the Ga0.5In0.5P. Hence,
-
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a much slower second process limits the slower decay
TS-TPA and an Auger process caused by the GaAs PL
probable processes for the slower decay component of
anti-Stokes PL. A time evolution of the anti-Stokes P
caused by the GaAs PL is given by

E
0

t

f ~k! le2(t2k)/tdk, ~4.1!

where f (k) is a function of the GaAs decay profile, andt is
the radiative recombination lifetime in the Ga0.5In0.5P. l is an
exponent depending on the excitation process from the G
into the Ga0.5In0.5P.

First we consider the Auger process. Generally in b
materials, a hole-hole-electron~hhe! Auger process and an
electron-electron-hole~eeh! process are possible. The hh
Auger process generates holes in another band such a
split-off valence band. In contrast to this, the eeh-Auger p
cess lifts electrons within the conduction band. This leads
a weak luminescence continuum at the higher energy sid
the edge luminescence. For heterostructures of semicon
tors, the presence of a heteroboundary lifts t
k-conservation requirement in the direction perpendicula
the interface and allows Auger recombination without a th
mal threshold.21 In this case, contributions of the eeh- an
hhe-Auger processes should be considered. If one of th
processes causes the anti-Stokes PL, its excitation inten
dependence is similar to that of bulk materials.3 This will be
realized at the type-II interface. Seidelet al.14 have found
high-efficiency anti-Stokes PL at an InP/AlInAs type-II in
terface. Auger-excited holes recombine with thermaliz
conduction-band electrons in the InP. The intensity of
anti-Stokes PL has shown a dependence onI 2. In the case of
LRO-Ga0.5In0.5P/GaAs heterostructures, degree of order
changes the type of the Ga0.5In0.5P/GaAs interface. With in-
creased order parameter, the interface changes from the
I to the type II. According to a calculation,26 the interface of
our sample (h50.44) is the type I. The calculate
conduction- and valence-band discontinuities of the LR
Ga0.5In0.5P(h50.44)/GaAs interface are 72 and 351 me
respectively. Then, for the anti-Stokes PL both electron a
hole should be excited into the Ga0.5In0.5P layer at this het-
erointerface.

The electronNr
e and holeNr

h densities excited by the Au
ger process are given byn2p andp2n, respectively, when we
consider band-to-band process. Here,n and p are electron
and hole densities excited in the GaAs, respectively. Si
the anti-Stokes PL intensity is proportional toNr

eNr
h , its in-

tensity depends onn3p3, and hence, onI 3. However, no
clear evidence of this excitation intensity dependence w
observed in Fig. 4. On the other hand, if the excitonic reco
bination process is dominant in the GaAs, anti-Stokes PL
the excitonic Auger process shows a dependence onI 2.

The TS-TPA by the GaAs PL can be considered in
similar model discussed in the above subsection. The p
tons provided by the GaAs PL can excite carriers especi
localized near the interface, because of their large rangek
value in the Brillouin zone. In this process the excitati
intensity dependence for the slower decay component is
same as the dependence of the rapid decay component.
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The decay profiles of the anti-Stokes PL are analyzed
ing into account a simple exponential decay for the ra
decay component and Eq.~4.1! for the slower decay compo
nent. Typical results of a least square fit of the experime
data are shown as full lines in Fig. 5. In these fittings
used f (k) obtained from Fig. 6 andt of 310 ps. When we
take l 54 ~the TS-TPA process! for the data upon 500 an
600 mW excitations andl 52 ~the excitonic process of th
TS-TPA or the Auger! for the data upon 200, 300, and 40
mW excitations, the calculations show good agreements w
the experimental data. These results suggest that the two
ear regressions for densities below and above 400 mW
Fig. 4 reflect many-particle effects in the GaAs.

V. CONCLUSIONS

Dynamic process of efficient anti-Stokes PL at Ga0.5In0.5P
and GaAs single heterostructure has been investigated.
anti-Stokes PL intensity from the Ga0.5In0.5P layer is about
1% of the GaAs PL. The observed anti-Stokes PL exhibi
characteristic intensity dependence. The double-logarith
J
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plot for the anti-Stokes PL indicates two linear regressio
The slopes are nearly 2 and 4 for intensities below and ab
400 mW, respectively. Time-resolved measurements sh
that the anti-Stokes PL is described by two components:
rapid decay caused by the two-step two-photon absorptio
the excitation laser light and the slower decay by ene
transfer of electron-hole recombination energy in the Ga
We found that many-particle effects in the GaAs cause
characteristic intensity dependence of the anti-Stokes PL
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