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Electroreflectance measurements of electric fields in ordered GaInP 2
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National Renewable Energy Laboratory, Golden, Colorado 80401
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Ordered Ga0.52In0.48P alloys ~GaInP2 for simplicity! grown on miscut@001# GaAs resemble
monolayer superlattices with alternating Ga- and In-rich layers along either the@1̄11# or @11̄1#
directions. Recent calculations suggest that, in fully ordered GaInP2, an intrinsic ordering-induced
electric field of order 1600 kV/cm should exist. In partially ordered samples, as can actually be
grown, the expected field is reduced to 400 kV/cm. For such a strong internal electric field, clear
Franz–Keldysh Oscillations~FKOs! would be expected in an electroreflectance measurement. We
report electroreflectance measurements of ordered GaInP2 layers measured atT5100 K. For all
samples measured, no FKOs are observed in the absence of an additional external dc bias voltage.
At the lowest bias voltages for which FKOs are seen, the internal electric field in the GaInP2 layer,
determined from the FKOs, is;60 kV/cm along the@001# direction corresponding to;100 kV/cm
along the ordering direction. Hence, we conclude that, at least in the organometallic vapor phase
epitaxy grown samples studied here, any net macroscopic internal electric field in the GaInP2 layer
is less than;100 kV/cm along the ordering direction. ©1998 American Institute of Physics.
@S0021-8979~98!02418-9#

I. INTRODUCTION

Ga0.52In0.48P alloys~GaInP2 for simplicity! grown by or-
ganometallic vapor phase epitaxy~OMVPE! on @001# GaAs
substrates can exhibit a spontaneous CuPt-type ordering of
various degrees along the@1̄11# or @11̄1# directions, depend-
ing upon the growth conditions and substrate
misorientation.1–5 These structures resemble monolayer su-
perlattices of Ga~11h!/2In~12h!/2P/Ga~12h!/2In~11h!/2P along the
ordering direction. The ordering parameter,h, is zero for a
random alloy and one for a perfectly ordered GaP and InP
monolayer superlattice. An ordering parameter ofh'0.5 is
readily achievable with careful control of the growth
parameters.3,4,6 Such ordering both lowers the band-gap en-
ergy and splits the quadruply degenerate valence band states.
These ordering-induced electronic structure changes have
been well established by photoluminescence~PL!,2,6 photo-
luminescence excitation,7,8 and polarized piezomodulation5

spectroscopies as well as more recent exciton absorption
bleaching measurements.9 First-principles and perturbation
based electronic structure calculations agree well with these
experiments.10–18

However, recent first-principles calculations by Froyen
et al.19 suggest that, in addition, for perfectly ordered un-
doped GaInP2, an intrinsic electric field should exist along
the ordering direction. For clarity of discussion, we take the
ordering direction to lie along@11̄1#. In one view, the pre-
dicted field is essentially piezoelectric in origin. In general,
compound semiconductors with zinc-blende structure are pi-
ezoelectric along thê111& direction but not along thê001&
direction.20 Accordingly, intrinsic piezoelectric fields are
possible in^111& oriented strained layer super lattices.21 Ex-
perimentally, piezoelectric fields of order 200 kV/cm have

been measured in InGaAs/GaAs heterostructures.22 Simplis-
tically, considering ordered GaInP2 to be a GaP/InP mono-
layer superlattice, one might expect similar piezoelectric
fields.19 For fully ordered GaInP2 lattice matched to GaAs,
the alternating GaP and InP monolayers would each be
strained about 4% with the GaP under tension and the InP in
compression. The piezoelectric constants,e14, for GaP and
InP are respectively20.1 and10.04 C/m2.20,23–25 Hence,
since both the elastic strain and the piezoelectric constant are
of opposite sign in the GaP and InP layers, an intrinsic pi-
ezoelectric field is expected in this simple model.

While it is overly simplistic to model the GaP and InP
monolayers in ordered GaInP2 as simply strained bulk-like
GaP and InP, intrinsic order-induced electric fields are still,
in general, expected. Upon ordering, the symmetry of GaInP2

is lowered from a cubic zinc-blende structure with point
groupTd to a trigonal symmetry with point groupC3v with
the cubic @11̄1# direction becoming the defining threefold
rotation axis. Due to the tetrahedral bonding in a zinc-blende
alloy, there is no@11̄1# mirror plane symmetry and hence,
vector quantities such as an electric field are allowed. In
general, any point group symmetry which permits a pyro-
electric field also permits a ferroelectric field and vice
versa.25 For the particular case of ordered GaInP2 with C3v
symmetry, the Ga and In planes along the@11̄1# direction can
be offset along@11̄1# relative to the ideal zinc-blende posi-
tions. In a simple point ion model, any such lattice relaxation
can yield a net electric field.

Using a first-principles pseudopotential method, Froyen
et al. predict that not only should such fields exist, but that
the magnitude of the expected field is 1600 kV/cm for fully
ordered (h51) GaInP2 films.19 Furthermore, as the intrinsic
field should scale ash2, for actual samples (h'0.5), an
intrinsic electric field of order 400 kV/cm is expected.6,19
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duce an intrinsic field of 320 kV/cm in partially ordered
GaInP2 from the Stark shift of the photoluminescence. In
addition, Leonget al.27,28 explain their recent scanning ca-
pacitance microscopy and scanning near-field optical micros-
copy measurements on bivariant partially ordered GaInP2 in
terms of an unquantified intrinsic electric field along the
^111& direction. On the other hand, both Alonsoet al.29 and
Weil et al.30 have found transient pyroelectricity but no
steady-state electric field in partially ordered GaInP2, consis-
tent with a screened order-induced electric field. In short, the
experiments to date provide no consensus as to the existence
or strength of an order-induced electric field in GaInP2. Ac-
cordingly, our experiments aim to determine if such strong
electric fields exist in actual GaInP2 layers similar to those
currently used for both fundamental studies and prototype
solar cells. For internal electric fields of order 400 kV/cm,
clear Franz–Keldysh Oscillations~FKOs! would be expected
in a modulated reflectance measurement.31 For example, the
internal electric fields in strained InGaAs/GaAs
heterostructures22 and multiple quantum wells32 were deter-
mined from FKOs observed in photoreflectance measure-
ments.

We report electroreflectance measurements of ordered
GaInP2 layers. For each of two structures, two samples, with
differing GaInP2 layer thickness, were measured atT
5100 K. For all four samples, no FKOs are observed in
unbiased electroreflectance measurements. At the lowest bias
voltages for which FKOs are seen, the internal electric field
in the GaInP2 layer, as calculated from the FKOs, is;60
kV/cm in all four samples. Therefore, since no FKOs are
seen in the absence of an external bias, we conclude that, in
our samples, any net macroscopic electric field in the GaInP2

layer is less than;60 kV/cm along the~001! direction, cor-
responding to;100 kV/cm along the ordering direction.
This upper limit is substantially lower than the 400 kV/cm
predicted theoretically for GaInP2 samples with ordering pa-
rameterh50.5. The possible roles of both electronic screen-
ing and domain structures are considered in light of this dis-
crepancy.

II. EXPERIMENTAL PROCEDURES

The thin film samples used in this study were grown by
atmospheric-pressure OMVPE on@001# GaAs substrates
misoriented 6° towards@111#B at a sample temperature of
670 °C. These growth conditions yield single variant ordered
GaInP2 layers with h'0.5 for sufficiently thick layers.4,33

Recent photoluminescence measurements with a spatial reso-
lution of ;2500 Å find a narrow distribution of the order
parameter,h50.4860.0056 for similarly grown samples.
For these OMVPE grown samples, samples thinner than
;1000 Å show weaker ordering than thicker samples grown
under the same conditions. Presently, these OMVPE grown
GaInP2 layers grown with no intentional doping aren type
with ne'1015/cm3.34

For the electroreflectance measurements, two different
structures were fabricated, a well structure and an embedded
layer structure. The inset in Fig. 1 shows the well structure.
In the growth sequence, the layers are: a conductingn-GaAs

substrate, a 300 Ån-GaAs buffer, a 1000 Å AlInP2 barrier,
the ordered GaInP2 of interest, a 1000 Å AlInP2 barrier and a
100 Å n-GaAs cap. The substrate, buffer, barrier, and cap
layer materials have been chosen to create nominally sym-
metric electronic layering around the GaInP2 layer in order to
minimize any structure induced electric fields in the GaInP2

layer. The 100 Ån-GaAs cap layer serves as a partially
transparent conducting front contact. Electrical contacts are
made via electrodeposited gold contacts on the back of the
substrate and at the corners of the front surface. Two well
structure samples were studied, one each with 1000 Å and 1
mm thick GaInP2 layers. The embedded layer structure is
similar to the well structure shown in Fig. 1, but with no
AlInP2 barrier layers andp-GaAs substrate, buffer and cap
layers. Embedded layer samples with 1000 and 3000 Å
GaInP2 layers were studied. Figure 2 shows the two-point

FIG. 1. Polarized photoluminescence spectra for 1mm and 0.1mm thick
GaInP2 well structure samples with AlInP2 barrier layers. All spectra mea-
sured atT58 K. Solid lines forEi@11̄0# and dashed lines forEi@110# in
both panels. The inset shows a typical device structure.

FIG. 2. I –V curves for the four GaInP2 electromodulation devices studied.
All measurements atT5100 K. ~A! 0.1 mm GaInP2 well with AlInP2 bar-
riers andn-GaAs contacts.~B! 1 mm GaInP2 well with AlInP2 barriers and
n-GaAs contacts.~C! 0.1 mm GaInP2 layer with p-GaAs contacts.~D! 0.3
mm GaInP2 layer with p-GaAs contacts.
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front-back I –V curves measured at 100 K for these four
samples.

The unpolarized electroreflectance spectra were mea-
sured in a near normal incidence geometry using a scanning
monochromator with a broadband tungsten filament bulb as a
light source. The unmodulated probe beam was focused to a
roughly 1 mm31 mm spot on the sample and the reflected
light was refocused into a Si photodiode detector. A lock-in
amplifier was used to measure the change in reflectance due
to a modulating voltage of60.1 V at 1000 Hz. Properly
normalizedDR/R spectra are obtained by simply dividing
the modulated signal by the dc signal. All measurements
were made atT5100 K using a continuous flow cryostat.
For the PL measurements, the PL was excited with a 488 nm
Ar-ion laser and the spectra measured with a single grating
spectrometer coupled with a LN2 cooled CCD array. For the
PL measurements, the sample was cooled toT'10 K with a
closed-cycle cold-finger cryostat.

III. RESULTS AND DISCUSSION

Figure 1 shows polarized PL spectra measured atT
58 K for two well structure samples with GaInP2 layer
thicknesses of 1000 Å and 1mm. The PL was excited with a
488 nm Ar-ion laser running at 8 mW. An analysis polarizer
at the spectrometer input is oriented parallel to either the
@11̄0# or the @110# direction. The PL spectra for the 1000 Å
and 1mm thick samples both show a clear polarization de-
pendence and are peaked at lower energy than that for dis-
ordered GaInP2, ;2.0 eV.5,8 Specifically, the PL spectra are
peaked at 1.901 and 1.886 eV with polarized intensity ratios
of 1.91 and 2.44 for the 1000 Å and 1mm samples, respec-
tively. For GaInP2 layers ordered along the@11̄1# direction, a
decreased band-gap energy along with stronger PL polarized
along @11̄0#, the projection of the@11̄1# ordering direction
onto the@001# sample surface, is expected.13,18,35Hence, the
spectra in Fig. 1 show that the 1000 Å and 1mm well struc-
ture samples used in this study are indeed ordered. However,
in the PL spectra shown in Fig. 1, only one peak per sample
is evident, whereas recent PL measurements on large domain
samples show two distinct peaks near the band-gap energy.
The higher energy peak, absent in the PL spectra of Fig. 1,
arises from the intrinsic excitonic recombination.33,36 The
generally observed broad PL peak apparent in the PL spectra
of Fig. 1 is both lower in energy than the excitonic recom-
bination and known to blueshift with increased pump
intensity.37 Hence, the order parameter cannot be reliably
estimated from the peak energy of the PL spectra in Fig. 1.
Furthermore, since the PL polarization ratio is nearly con-
stant forh.0.35,18 the observed polarization ratio indicates
ordering but does not provide a quantitative measure ofh.
Therefore, to estimate the order parameter in these samples,
theT5100 K band-gap energy taken from the low bias volt-
age electroreflectance spectra of Figs. 3, 5, 6, and 7 is used to
estimate theT55 K band gap energy5 from which the order
parameterh can be determined.6,8,9 The resultant order pa-
rameters range fromh50.41 to 0.47, reasonable values for
the growth parameters used. Specifically,h50.41 and 0.46

for the 1000 Å and 1mm thick well structures andh50.47
and 0.44 for the 1000 and 3000 Å thick embedded layer
structures, respectively.

Figure 3 shows unpolarized electroreflectance spectra
measured atT5100 K for the well structure sample with a 1
mm GaInP2 layer and AlInP2 barrier layers. For each spectra
the modulating voltage is the same,60.1 V at 1000 Hz, but
a different dc bias voltage (VB) is applied. The useable bias
voltage range, in this case214 to 118 V, is determined
from the I –V curve @Fig. 2~b!#, also measured atT
5100 K. All spectra other than that forVB50.1 are offset
for clarity. For all the spectra, there are prominent spectral
features at or near the GaInP2 band gap, roughly 1.9 eV.
However, there is a qualitative difference between the spec-
tra measured at low bias voltages,VB50.1– 2 V for ex-
ample, and those measured at large bias voltages,VB5
214 or 118 V. For low bias voltages, the spectral features
are sharp, derivative like, localized near the band gap and, at
the resolution of this measurement, show no shift in energy
with changing bias voltage. In this regime, where the mea-
suredDR/R spectra correspond to the third derivative of the
reflectance spectra with respect to the applied electric field,
electroreflectance measurements are often used to determine
critical point energies.31,38At large bias voltages, either posi-
tive or negative, the measured spectra show broader oscilla-
tions which extend well above the band gap and do show
small systematic shifts with increased bias voltage. In par-

FIG. 3. Unpolarized electroreflectance spectra for 1mm GaInP2 well with
AlInP2 barriers measured atT5100 K. Spectra are labeled by applied ex-
ternal dc bias voltage (VB). All spectra other thanVB50.1 V have been
offset for clarity.
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ticular, for theVB5214 V spectra, perceptible oscillations
extend up to 2.4 eV. In this high field regime, the features in
theDR/R spectra correspond to Franz–Keldysh Oscillations
and, as will be described next, the spacing between oscilla-
tion extrema are determined by the internal electric field.31,38

In the presence of a uniform electric field, electronic
states with a fixed energy have a spatially varying kinetic
energy and hence an oscillating, but not strictly periodic,
spatial wave function. When considering valence band to
conduction band optical excitations, this energy dependent
variation in the spatial wave function results in an oscillating
energy dependent optical matrix element and hence the ob-
served oscillating spectral features in the measuredDR/R
spectra. While an exact expression forDR/R can be given in
terms of Airy functions,38–40 for strong electric fields an
asymptotic approximation yields

DR

R
}S En2E0

\u D 21

cosF4

3 S En2E0

\u D 3/2

1
p

2 G , ~1!

whereEn is the energy of thenth extremum and\u is the
electro-optical energy defined by

\u5S e2\2F2

2m D 1/3

, ~2!

where F is the internal electric field andm is the reduced
mass.22,38 Equation~1! makes clear the damped oscillatory
nature of the FKOs. Inclusion of finite excited state lifetimes
via a collisional broadening energy,G, yields stronger damp-
ing than in Eq. ~1! but does not alter the oscillation
period.31,38,40,41Hence, from Eq.~1!, one gets an equation
relating the extremum energies inDR/R to the internal elec-
tric field

4

3p S En2E0

\u0
D 3/2

5Am0

m S F

F0
Dn2

1

2
Am0

m S F

F0
D , ~3!

wheren is the extremum index and\u050.72531023 eV,
the electro-optical energy forF051 kV/cm andm5m0 , the
bare electron mass. Hence, when the extremum positions are
plotted as (En2E0)3/2 vs the extremum index, a straight line
is expected for FKOs with the slope proportional to the in-
ternal electric field.

Figure 4~a! shows the electroreflectance spectra for bias
voltageVB5212 taken from Fig. 3 with the oscillation ex-
trema labeled beginning fromn50. In Fig. 4~b!, (En

2E0)3/2 is plotted versus the extremum index with the same
scaling used in Eq.~3!. The solid line is a linear fit to the
data forn51 to 20. The quality of the fit supports our as-
sertion that the observed oscillations are indeed FKOs. For
m/m050.1,17,42,43the fit derived slope of 332 corresponds to
an internal electric field of 105 kV/cm.

Figures 5, 6, and 7 show the electroreflectance spectra at
various bias voltages for the three other samples studied,
namely, a 1000 Å thick GaInP2 well with AlInP2 barriers,
Fig. 5, and 1000 and 3000 Å thick GaInP2 layers with p-
GaAs contacts, Figs. 6 and 7, respectively. For each sample
studied, the electroreflectance spectra show clear FKOs at
large bias voltages and third derivative critical point spectra
at low bias voltages. Since the internal electric field in the

GaInP2 layer determines whether FKO are observed, the ex-
ternal bias voltage at which FKOs are observed depends
upon both the GaInP2 layer thickness and the device struc-
ture. For example, the spectra in Fig. 6 for a 1000 Å thick
GaInP2 layer with no AlInP2 barriers, FKOs are apparent at

FIG. 4. Panel A: Unpolarized electroreflectance spectrum for 1mm GaInP2

well with AlInP2 barriers for VB5212 V. Spectrum measured atT
5100 K. Clear FKOs can be seen. The oscillation extrema are indexed
sequentially beginning with zero. Panel B: Oscillation extrema position plot-
ted as (4/3p)((En2E0)/\u0)3/2 vs extremum number (n). \u0'0.73
31023 eV. Solid line is a linear fit forn51 to 20. Slope5332. For m
50.1me , the slope of 332 corresponds to an internal electric field of 105
kV/cm in the GaInP2 layer.

FIG. 5. Unpolarized electroreflectance spectra for 0.1mm GaInP2 well with
AlInP2 barriers measured atT5100 K. Spectra are labeled by applied ex-
ternal dc bias voltage (VB). All spectra other thanVB520.5 V have been
offset for clarity.
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VB520.5 and 1.4 V. For the 1000 Å thick GaInP2 well with
AlInP2 barriers, a large enough positive bias voltage to in-
duce FKOs could not be applied due to the onset of strong
forward conductivity as shown by theI –V curve in Fig. 2~a!.

In Fig. 8, we show the FKO derived electric field
strength in the GaInP2 layer versus the nominally applied
electric field for the four samples studied. The nominal elec-
tric field is simply taken to be the applied bias voltage di-

vided by the total thickness of the GaInP2 layer plus the
AlInP2 barrier layers if present. All four samples show a
spectroscopically derived field which increases with increas-
ing bias voltage and is of the expected magnitude. When
plotted in this manner, the relation between the spectroscopi-
cally derived electric field and the nominal externally applied
electric field is approximately device independent, suggest-
ing that these results are representative of the electric field in
the GaInP2 layer. The slight exception is the 1000 Å well
structure sample, in which, for a given externally applied
field, the spectroscopically determined field in the GaInP2

layer is noticeably less than that for the other three devices.
However, for this device, the combined AlInP2 barrier thick-
ness included in calculating the nominal applied field is
twice the GaInP2 layer thickness. Hence, assuming a larger
voltage drop across the insulating AlInP2 barrier than in the
GaInP2, the calculated externally applied field likely substan-
tially overestimates the actual field, consistent with the re-
sults shown in Fig. 8.

Figure 8 also makes clear two important results of this
study. First, in our ordered GaInP2 samples, the minimum
internal electric field necessary for observation of clear
FKOs is about 60 kV/cm and second, no FKOs are seen at
zero bias voltage. A@11̄1# oriented intrinsic field would have
components both parallel and perpendicular to the growth
direction@001#. For our device structure~Fig. 1 inset!, carri-
ers in the conducting front and back contacts should screen
any electric field component perpendicular to@001#. There-
fore, the 60 kV/cm limit for observation of@001# fields by
FKOs corresponds to roughly a 100 kV/cm limit for intrinsic
order-induced fields along the ordering direction@11̄1# for
our OMVPE grown samples. This upper limit is substantially
lower than the 400 kV/cm predicted theoretically for GaInP2

samples with ordering parameterh50.5.
There are several caveats regarding our findings. First,

since the observed FKOs inDR/R invert if the applied field
is reversed and our measurements average over a large
sample volume, strong intrinsic fields might not yield mea-
surable FKOs if the net field cancels out when averaged over
an ensemble of domains. Reversal of the Ga/In ordering se-

FIG. 6. Unpolarized electroreflectance spectra for 0.1mm GaInP2 layer with
p-GaAs contacts measured atT5100 K. Spectra are labeled by applied
external dc bias voltage (VB). All spectra other thanVB50.1 V have been
offset for clarity.

FIG. 7. Unpolarized electroreflectance spectra for 0.3mm GaInP2 layer with
p-GaAs contacts measured atT5100 K. Spectra are labeled by applied
external dc bias voltage (VB). All spectra other thanVB50 V have been
offset for clarity.

FIG. 8. Internal electric field derived from FKO vs nominal externally ap-
plied electric field for four samples.m: 0.3 mm GaInP2 layer with p-GaAs
contacts.j: 0.1mm GaInP2 layer withp-GaAs contacts..: 0.1mm GaInP2

well with AlInP2 barriers.d: 1 mm GaInP2 well with AlInP2 barriers. The
lowest internal field for which FKO are observed is about 60 kV/cm.
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quence due to a CuPt antiphase boundary44 could yield such
domains with oppositely oriented internal fields and hence
no net spatially averaged field. Second, the inherent uninten-
tional n-type doping level for similar OMVPE grown GaInP2

layers is ;1015/cm3. The calculations of Froyenet al.,19

which predict strong internal electric fields, are for perfect,
carrier-free GaInP2. The electric field due to a sheet charge
of 1011 electrons/cm2, corresponding to all the electrons in a
1 mm layer with ne51015/cm3, is ;100 kV/cm. Hence, in
orders of magnitude, sufficient carrier density may exist to
screen an order-induced electric field even if such a field
would exist in perfect carrier-free ordered GaInP2.

The observation of well defined excitons in
photoluminescence,33,36 photoluminescence excitation,8 and
exciton absorption bleaching studies9 further suggests that no
strong internal fields are present within individual ordered
domains of the measured samples. For excitons with a re-
duced massm'0.1me in a dielectric withe'13, the exciton
binding energy and Bohr radius are roughly 10 meV and 10
nm, respectively. Hence, for electric fields greater than
roughly 10 kV/cm, no excitonic bound state would exist.
Experimentally, excitons in GaAs/AlGaAs heterostructures
have been shown to disappear upon application of a 10
kV/cm field.45 At first, this appears to be irreconcilable with
the results of Ernstet al.,26 who measured the electric field
dependence of the PL up to total fields of order 200 kV/cm
including the built in field due to theirp-i-n device structure.
However, in the work of Ernstet al., the 200 Å thick ordered
GaInP2 layer embedded in disordered GaInP2 barrier layers
forms a quantum well thereby providing additional electron-
hole confinement.

Transient pyroelectricity has also been observed in or-
dered GaInP2,

29 consistent with a screened order-induced
electric field. Simply put, the lattice parameters change with
temperature and hence the strength of an order-induced field
would change as well. However, if the sample can be heated
quickly with respect to the screening time, a transient mea-
surable pyroelectric voltage will appear even when no steady
state voltage exists. Recent experiments by Weilet al.30 both
confirm the existence of pyroelectricity in ordered GaInP2

and find a quadratic dependence on the order parameter, as
would be expected for pyroelectricity due to cation ordering.
Screening is common in pyroelectric materials due to either
imperfect insulation or surface charges accumulated from the
environment.25 In the experiments on̂111& strained layer
InGaAs/GaAs and InAlAs/AlAs heterostructures, which ob-
serve steady state piezoelectric fields of order 200 kV/cm,
either the measurements were done atT55 K on undoped
samples46 or on devices with a built in bias field such that the
strained layer was carrier free.19,22,32

Leong et al. suggest that their recent scanning capaci-
tance microscopy27 and scanning near-field optical
microscopy28 measurements on bivariant ordered GaInP2 are
supportive of intrinsic internal fields. In their experiments,
Leonget al. find bothn- andp-type regions which are spa-
tially correlated with domain boundaries between@11̄1# and
@1̄11# ordered facets. An order-induced field in such samples
would lead to oscillating band bending spatially correlated
with the ordered facets and hence possibly to alternatingn-

and p-type regions. While Leonget al. do not provide a
quantitative estimate of the field required, for this model to
explain the observedn- andp-type regions, the field must be
of the order of the band gap divided by the domain size,; 2
eV per 2mm or 10 kV/cm. Hence, while these experiments
are consistent with the existence of internal fields, they do
not provide much support for the existence of intrinsic fields
of order 400 kV/cm. Leonget al. also state that dopant seg-
regation due to the faceted surface could provide the internal
electric field necessary to explain the spatially varyingn- and
p-type regions observed. Froyenet al. point out that even in
perfect carrier-free ordered GaInP2, screening by tunneling
will limit any field to the band gap divided by the domain
size. However, for our 1000 Å thick samples, this corre-
sponds to roughly 200 kV/cm, a field which should be ob-
servable by our electroreflectance measurements.

IV. SUMMARY

Recent calculations by Froyenet al.19 suggest that an
intrinsic ordering-induced electric field of order 1600 kV/cm
should exist in perfectly ordered (h51) insulating GaInP2
layers. Since such a field should scale ash2, a field of order
400 kV/cm is expected for actual samples withh'0.5. For
such a strong internal electric field, clear FKOs would be
expected in electroreflectance measurements. We have mea-
sured theT5100 K electroreflectance spectra of four ordered
GaInP2 samples withh'0.45. For each of two structures,
two samples with different thickness GaInP2 layers were
measured. For all four samples, no FKOs are observed in
electroreflectance measurements with no external dc bias
voltage applied. When a sufficiently large dc bias voltage is
applied, clear FKOs are observed in all four samples. We
find that the minimum internal electric field for well defined
FKOs in GaInP2, as calculated from the FKOs, is about 60
kV/cm in the @001# direction, corresponding to about 100
kV/cm along the@11̄1# ordering direction. Hence, since no
FKOs are observed at zero bias, we conclude that, in our
OMVPE grown ordered GaInP2 layers, any net macroscopic
internal electric field is necessarily less than about 100
kV/cm along the ordering direction.

This upper limit is substantially lower than both the 400
kV/cm predicted theoretically19 for partially ordered GaInP2
with h'0.5 and the 320 kV/cm deduced from Stark effect
measurements.26 In our OMVPE grown samples, an order-
induced electric field could either be electronically screened
due to the background carrier concentration or be unobserv-
able by FKOs due to a domain structure such that the spa-
tially averaged field is weak. However, the experimental ob-
servation of well defined excitons in similarly grown GaInP2

samples also suggests that no strong internal fields exist.
Collectively, these experiments suggest that no strong

steady-state internal electric fields exist in our 1000 Å to 2
mm thick OMVPE grown ordered GaInP2 layers. On the
other hand, the observation of transient pyroelectricity in
similar GaInP2 samples suggests a screened order-induced
field, consistent with theC3v symmetry of ordered GaInP2.
Our electromodulation measurements, the observation of ex-
citons in PL measurements and transient pyroelectricity but
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not a steady-state electric field are all consistent with a
screened order-induced field of unknown magnitude. Further
experimental work on more insulating samples with device
structures designed to yet further reduce the carrier concen-
tration in the ordered GaInP2 layers may enable more quan-
titative limits on the properties of perfect carrier-free ordered
GaInP2. Likewise, calculations aimed at understanding the
effect of finite doping levels on the predicted fields would be
valuable.
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