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Low-temperature cleaved-edge polarized-photoluminescence studies
of spontaneously ordered GaInP 2 alloys

Hyeonsik M. Cheong,a) Yong Zhang, A. Mascarenhas, J. F. Geisz, and J. M. Olson
National Renewable Energy Laboratory, 1617 Cole Boulevard, Golden, Colorado 80401

~Received 2 July 1997; accepted for publication 29 October 1997!

We report low-temperature polarized-photoluminescence~PL! measurements on~110! cleaved
edges of ordered GaInP2 alloys. By comparing the intensity of the forbidden PL polarized along the
ordering axis with that of the allowed PL polarized orthogonal to the ordering axis, we study the
effect of coulomb interaction on the excitonic transition rate. The experimentally obtained
polarization ratios of 13–20 are consistent with calculations based on an eight-bandk–p model.
© 1998 American Institute of Physics.@S0021-8979~98!08903-8#

Spontaneous CuPtB-type long-range ordering in GaInP2

has been a subject of intense studies in recent years.1

GaxIn12xP ~x>0.52; written as GaInP2 for simplicity in this
paper!, grown lattice-matched to a~001! GaAs substrate by
organometallic vapor phase epitaxy~OMVPE!, exhibits or-
dering of the cations on the group-III sublattice depending on
the growth conditions and the substrate misorientation. The
ordered alloy consists of a monolayer superlattice of
Ga11hIn12hP2/Ga12hIn11hP2 along@1̄11# or @11̄1#, which are
the two @111#B directions, where the order parameterh
ranges from 0 to 1. When the ordering is single variant, i.e.,
the ordering occurs along only one of the two@111#B direc-
tions throughout the sample, this structure has trigonal sym-
metry with point groupC3v , while the random alloy of
GaInP2 has the cubic zinc-blende structure with point group
Td .

The ordering-induced reduction in symmetry removes
the fourfold degeneracy at the valence-band maximum (k
50) of the zinc-blende random alloy, and leaves doubly
degenerate statesuv1,2&5uJ53/2,mz8563/2& as the topmost
valence-band states.~We choose the ordering direction@1̄11#
as thez8 direction.! It is well known that the optical transi-
tion between theuv1,2& states and the s-like conduction-band
statesuc1,2& is dipole forbidden if the light is polarized along
thez8 direction.2 This selection rule has been employed in a
room-temperature polarized luminescence study from the
cleaved edge to estimate the valence band splitting in or-
dered GaInP2.

3 However, this selection rule is strictly valid
only for the band-to-band transition at the band edge~i.e.,
k50!. In reality, in absorption, reflectance, or low-
temperature luminescence measurements, excitonic, rather
than the band-to-band, transitions are involved. For the exci-
ton states, the Coulomb interaction coupleskÞ0 states as
well as the states of the nearby bands. Thus, the exciton
ground state associated with the topmost valence band does
not preserve theu3/2,63/2& symmetry, but rather mixes with
other nearby band edge statesuv3,4&5u3/2,61/2& and uv5,6&
5u1/2,61/2&, as well as thekÞ0 states. As a result, the
selection rule is relaxed and the forbidden transition becomes
partially allowed.

However, the excitonic effects are usually ignored either

in analyzing various types of polarized spectra~e.g., piezo-
modulated reflectance,4 reflectance difference,5 or
electroreflectance6 spectroscopies! or in theoretical studies7–9

of the optical polarization in ordered alloys. In a recent study
of the luminescence polarization in ordered GaInP2, it was
pointed out that the excitonic effects can significantly modify
the optical polarization predicted by the simple band-to-band
transition model.10 In this work, it was shown that the ratio
of the optical transition intensity with polarization along the
@110# ~or equivalently@11̄2#! direction to that along the@1̄11#
direction changes from infinity for the band-to-band transi-
tion to ;10 when the excitonic effect is taken into account.
However, since most polarized spectroscopy measurements
are performed on the@001# growth surface, a direct compari-
son of this prediction and experimental data has not been
possible. Since controlling the polarization of the lumines-
cence is an important part of designing lasers based on
GaInP2, understanding the excitonic effects on the polariza-
tion will be important in optimizing the laser performance.11

In this letter, we present the result of our low-temperature
polarized photoluminescence~PL! study on the @110#
cleaved edge of ordered GaInP2 samples, and compare the
results with calculations to elucidate the effect of the exci-
tonic interaction on the selection rule of optical transitions.

We present results for four samples whose PL spectra
showed an excitonic peak that is well resolved from the
defect-related below-gap luminescence peak. These samples
have a 10mm thick GaInP2 epilayer grown by OMVPE on a
~001! GaAs substrate. The substrate misorientation, the
growth temperature, the growth rate, and the V/III ratio were
varied to obtain different degrees of ordering. The growth
parameters of the samples are summarized in Table I, along
with their band-gap energies as determined by PL excitation
measurements on the@001# surface. The substrate misorien-
tation toward@1̄11# results in single variant ordering.12 The
sample was mounted on a cold finger of an Oxford Microstat
helium cryostat with a 500mm thick window, and the PL
measurements were taken on the~110! cleaved edge at 4.2 K.
The 5145 Å line of an Ar ion laser was used as the excitation
source. About 5mW of the laser was focused with an all-
mirror microscope objective (NA50.5) to a spot size of ap-
proximately 2mm, which is much smaller than the thickness
of the GaInP2 layer. The laser was focused near the center ofa!Electronic mail: hcheong@nrel.gov
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the GaInP2 layer in order to avoid waveguide effects due to
the GaAs/GaInP2 interface and the surface. The PL signal
was collected by the same objective, dispersed by a SPEX
1877 0.6 m triple spectrometer, and detected with a high-
resolution charge-coupled device detector array. A linear po-
larizer was used to analyze the polarization of the lumines-
cence, and a half-wave retarder was used to ensure that the
light entering the spectrometer is always polarized in the
same orientation. The substrate misorientation was taken into
account in aligning the polarizer. In order to test the possi-
bility of the polarization-dependent throughput of the optical
setup, we measured the luminescence from the GaAs sub-
strate of the samples and no polarization of the GaAs lumi-
nescence was observed.

Figure 1 is a comparison of two PL spectra of sample 1
for polarizations along the two principal axes of the ordered
alloy, z85@ 1̄11# andx85@11̄2#. In the x8-polarization spec-
trum, the sharp peak at 1.90060.001 eV is due to the intrin-
sic excitonic transitions13 and the broad peak at;1.87 eV is
due to defect-related transitions. In thez8-polarized spec-
trum, the excitonic peak is very weak but finite, while the
low-energy peak is weaker than thex8-polarization case by
;50%. In order to obtain the polarization ratioR5I x8/I z8,
whereI e is the intensity of the excitonic PL polarized along
thee direction, the spectra were fitted with multiple Gaussian
curves~single Gaussian for the excitonic peak! and the inte-

grated intensity of the excitonic peak was obtained. TheR
values thus obtained for the four samples are summarized in
Table I.

The optical transition matrix element for an excitonic
state atkex50 is given by14

Mex~kex50,e!5(
k

A~k!M cv~k,e!, ~1!

where M cv(k,e)5^wc(k)ue–puwv(k)& is the matrix element
for the directband-to-bandtransition,p the momentum op-
erator,e the polarization of the light, andA(k) the Fourier
transform of the ground-state exciton wavefunctionF1(x).
The exciton recombination rate is proportional to the square
of the matrix element defined by Eq.~1!. Usually, one as-
sumes thatM cv(k,e) is a smooth function ofk, and obtains

uMex~kex50,e!u2'uM cv~0,e!u2uF1~0!u2. ~2!

This approximation works reasonably well unlessM cv(0,e)
50, which is the case for the transition with thez8 polariza-
tion. In this case, a more sophisticated calculation is needed
in order to estimate the excitonic recombination rate. In this
work, we calculated theR values for ordered GaInP2 alloys
as a function of the degree of ordering using the formalism
described in Ref. 10. In our calculation, the matrix element
Mex(0,e) is numerically evaluated, with the matrix element
M cv(k,e) obtained using an eight-bandk–p model.15 We also
considered the dependence of the calculated excitonic effect
on the band-structure parameters and the deviation of the
alloy composition from its lattice-matched value~x5x0

50.52 at 4.2 K!.
The calculated polarization ratio is plotted in Fig. 2 as a

function of the crystal-field-splitting parameterDCF and the
band-gap energyEg . DCF is a quadratic function of the order
parameterh @DCF~h!5h2DCF~1!#,16 and is related to the
band-gap energy by17

Eg~h!5Eg~0!22.66DCF~h! ~3!

for x5x0 . We repeated the calculation for two sets of Lut-
tinger parameters15,18 and a range of composition slightly
deviating fromx5x0 . Table II summarizes the band param-
eters used in the calculations. Also plotted in Fig. 2 are the
experimentally measuredR values as a function of the band-
gap energy as measured by PL excitation measurements. In
Fig. 2, the bottom (Eg) and the top (DCF) abscissas are
scaled according to Eq.~3!. It should be noted that this scal-
ing is only approximate for the experimental data because
there is no exact one-to-one correlation between the two
scales due to a slight variation of the actual composition of
the samples. The experimentalR values are consistent with

TABLE I. Sample growth parameters and measured polarization ratios.

Sample Tg ~°C! Substrate x Eg ~eV! R

1 680 6°@111#B , Cr doped 0.516 1.907 15.9
2 690 6°@111#B , Si doped 0.522 1.927 20.1
3 690 4°@111#B , Si doped 0.522 1.924 13.1
4 690 6°@111#B , Cr doped 0.521 1.929 14.5

FIG. 1. Polarized PL spectra of sample 1 for polarizations along thez8 and
x8 directions. The peak at;1.90060.001 eV is the excitonic peak.
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the calculated curves, and appear to be in better agreement
with the curves using the parameters of Ref. 18. This agree-
ment is especially remarkable when one considers the fact
that for the band-to-band transition without the excitonic ef-
fect, theR value would be infinity.

Other factors that could also reduce theR values are
defects in the samples. Because the defects reduce the sym-
metry of the crystal, the forbiddenz8-polarized band-to-band
transitions become partially allowed in the presence of the
imperfections, thus reducing theR values. In fact, we mea-
sured several other samples with similar band-gap energies
but with excitonic peaks that were not well resolved from the
defect-related low-energy peaks, and obtained smallerR val-
ues~7–9! for those samples. Although the reduction of theR
values due to the presence of defects is difficult to quantify,

the previous polarized PL study on the@001# growth surface
showed that the sample-to-sample variation of the polariza-
tion ratio, which can be attributed to the presence of defects,
was less than 10%.10 For the samples presented in this com-
munication, the excitonic peaks are well resolved from the
defect peaks, and therefore we believe that the influence of
defects on theR values should be very small. Another factor
that could affect the polarization is mixing of states due to
fluctuation in the alloy composition or the order parameter.
However, this type of fluctuation potential is usually slowly
varying and the effect is expected to be small.

In summary, we have studied low-temperature polarized
PL on cleaved edges of ordered GaInP2 alloys. The measured
polarization ratios between forbidden and allowed transitions
are 13–20. These measured values can be explained by the
excitonic effect on the forbidden transitions and are consis-
tent with our eight-band k•p model calculations of the exci-
tonic recombination rates.

We thank C. Kramer for help with sample preparation.
This work was supported by the Office of Energy Research
~Material Science Division! of the Department of Energy un-
der Contract No. DE-AC36-83CH10093.
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a g2

a g3
a
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