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In this letter, we report on temperature-dependent anti-Stokes photoluminescence~ASPL! at an
interface between partially ordered GaInP2 epilayer and GaAs substrate. It is found that the intensity
of the ASPL depends strongly on temperature accompanying with a clear blueshift in energy. A
localized-state luminescence model was employed to quantitatively interpret temperature
dependence of the ASPL. Excellent agreement between the theory and experiment was obtained.
Radiative recombination mechanism of the up-converted carriers was discussed. ©2004 American
Institute of Physics.@DOI: 10.1063/1.1691496#
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Anti-Stokes photoluminescence~ASPL! or up-
conversion photoluminescence already observed in some
ferent semiconductor heterostructure systems is an inte
ing nonlinear optical phenomenon to which people have p
intensive attention in the past decade.1–10 Among them, the
lattice-matched GaInP2 /GaAs is a typical one. The ASPL a
the interface region between the partially ordered GaI2

epilayer and GaAs substrate was first observed by Dries4

and was later confirmed by other groups.5,7,10 Most of the
studies focus on the energy gain mechanism of the ASP
the GaInP2 /GaAs interface; that is, how the carriers ga
energy from the thermal source to become up-conver
Two types of energy gain mechanisms—the cold Auge4,6

and the two-step two photon absorption5,7,8,10were proposed.
At the moment, the energy gain mechanism is still un
debate, due mainly to the highly complex interface situati
On the other hand, another aspect of the ASPL—the rec
bination mechanism of the already up-converted carrier
has been paid little attention to, partially because it is na
rally viewed as being the same as the normal PL proces
this letter, we focus on the observed anomalous tempera
dependence of the ASPL at the GaInP2 /GaAs interface. We
attempt to quantitatively interpret the experimental data
ing a model that accounts for luminescence from the loc
ized state ensemble.

The GaInP2 film used in this study was grown on GaA
~001! substrate by metalorganic vapor phase epitaxy. T
substrate temperature during epitaxy growth was 700
while the V/III gas-flow ratio was maintained at 200. Th
thickness of the film is 1mm. The variable-temperature P
setup employed in the experiment was describ
elsewhere.11 For the temperature-dependent ASPL measu
ments, the excitation light was the 647 nm line of a coher
argon-krypton mixed gas laser. In order to test the dep
dence of the ASPL signal of the sample on the energy~or
wavelength! of incident photons, a Spectra-Physics fem

a!Electronic mail: sjxu@hkucc.hku.hk
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second Ti/sapphire laser was employed to excite the sam
which was cooled at 12 K in a closed-cycle cryostat. T
ASPL signal was dispersed with a Jobin–Yven H250 mo
chromator and detected with a GaAs photomultiplier. T
ASPL signal is always noticeable, although the incident p
ton energy is varied from 1.675 to 1.442 eV. The res
seems to not support the cold Auger process being a m
energy gain mechanism, as suggested in Refs. 4 and 6
mentioned earlier, the unusual temperature dependenc
the ASPL is our main concern in the present work.

Figure 1 depicts the variable-temperature ASPL spe
of the sample excited by the 647 nm laser line. It can be s
that the intensity of the ASPL peak depends strongly on te
perature. At about 50 K, the ASPL becomes almost co
pletely quenched. Moreover, the thermal quenching of
ASPL line is accompanied with a blueshift of the peak po
tion for about 4 meV. The temperature-induced blueshift
the luminescence peak is an anomalous behavior observ
many different material systems,12,13 and is believed to be
closely related to the localized states participating in the
diative recombination. Besides the peak position, the l
shape of the ASPL peak also exhibits unusual variation w
increasing temperature, as shown in Fig. 1. The decreas

FIG. 1. ASPL spectra recorded at different temperatures when the sa
was excited by the 647 nm line of a coherent argon-krypton mixed gas la
0 © 2004 American Institute of Physics
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the emission intensity of the ASPL at the low-energy side
more rapid than that of the ASPL at the high-energy s
with increasing temperature. Therefore, the ASPL peak
comes more asymmetric and narrow. This can be expla
as a result of the carriers’ thermal transfer from the localiz
states at lower energy to the localized states at higher en
The carriers’ transfer and thus redistribution within the loc
ized states as the temperature increases will lead to the b
shift of the ASPL peak. Eventually, when the temperature
high enough, the carriers will thermally escape from the
calized states at higher temperatures, and ASPL quenc
then takes place. Therefore, the prevention of the carr
captured by the localized states from thermal escaping
key element to maintaining ASPL, as concluded by Cheo
et al.9 From these discussions, a physical picture
temperature-dependent ASPL is suggested in Fig. 2.
cently, we have developed an analytical model of localiz
state luminescence based on a rate equation proposed b
et al.14 In the model, radiative recombination, transfer, reca
ture, and thermal escape are taken into account. The ex
sion for this model is derived as follows:11

n~E,T!5r~E!/@e~E2Ea!/kBT1t tr /t r #, ~1!

where r(E), the density distribution of localized states,
assumed to be a Gaussian-type function ofr(E)
5r0e2(E2E0)2/2s2

.11,14 We have demonstrated that the fun
tion n(E,T) essentially measures the ‘‘shape’’ of carrier d
tribution within the localized state ensemble. Notice that
temperature dependence of the peak position ofn(E,T) is
due to the thermal redistribution of the carriers within t
localized states. The temperature-induced gap narrowing
scribed by the Varshni empirical formula, should also
taken into account to interpret the temperature dependenc
the luminescence peak, unless the contribution from the t
mal redistribution of the carriers is dominant.11 Therefore, a
general expression describing the temperature dependen
the localized state luminescence is given by

E~T!5E02
aT2

Q1T
2xkBT. ~2!

FIG. 2. Physical picture of ASPL for the localized carriers.
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The second term on the right of Eq.~2! is the Varshni em-
pirical formula.a andQ are the Varshni parameter and D
bye temperature of the materials, respectively. The third te
on the right stems from the thermal redistribution of the
calized carriers. The parameterx is obtained by numerically
solving the following equation.11

xex5F S s

kBTD 2

2xG S t r

t tr
De~E02Ea!/kBT. ~3!

Figure 3 shows the calculated curve~solid line! according to
Eq. ~2! and the experimental data~solid squares!. Values of
the parameters adopted in the calculation are listed inside
figure. From Fig. 3, it can be seen that excellent agreem
between the calculation and experiment is achieved.

Note that the energetic positionEa of the delocalized
state is;6 meV lower than the central positionE0 of the
localized state distribution investigated in the present wo
It is a key point of the physical model shown in Fig. 2. F
usual cases, such as the self-assembled InGaAs/GaAs q
tum dots14 and cubic InGaN ternary alloy,11 the delocalized
states located on the energetic positions above the ce
position of the localized state distribution. The band alig
ment and electronic structure of GaInP2 /GaAs interface are
rather complex and depend on the atomic ordering degre
GaInP2 .15 The 6 meV shift of the delocalized state can
caused by the partially ordered GaInP2 phase. Further inves
tigations are needed to be done for identification of this
localized state. Another interesting feature of the ASPL
that the scattering time constantt tr of localized carriers from
the localized states to the delocalized state is equal to t
radiative recombination time constantt r . This is quite dif-
ferent from the cases of InAs self-assembled quantum do14

and InGaN material,11 in which t tr is much less thant r .
In conclusion, the temperature-dependent anti-Stokes

at GaInP2 /GaAs interface was investigated. It was found th
the localization of the up-converted carriers plays a key r
in radiative recombination producing the ASPL. A localize
state luminescence model was employed to interpret the t
perature dependence of the peak position of the ASPL.
cellent agreement between the theory and experiment
achieved. The microscopic mechanism of the therm
quenching of ASPL at GaInP2 /GaAs interface was un
masked.

FIG. 3. Peak positions of the ASPL spectra versus temperature. S
squares represent the experimental data while solid line is the calcu
curve.
 license or copyright, see http://apl.aip.org/apl/copyright.jsp
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