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GalnP, is studied in cross section with the scanning capacitance and near-field scanning optical microscope.
Our study shows significant differences in the electronic and optical properties between ordered single- and
two-variant GalnP,. In single-variant samples, spatially uniform capacitance signal, photoluminescence inten-
sity, and band gap are observed. In contrast, a spatially nonuniform capacitance signal, photoluminescence
intensity, and band gap are observed in samples with nominally uniform doping. Imaging of the same regions
by scanning capacitance and near-field scanning optical microscopes demonstrates that the photoluminescence
(observed by the near-field scanning optical microscope) comes only from the n-type-like regions (observed by
the scanning capacitance microscope) in lightly doped (n-type) two-variant GalnP,. The local capacitance and
photoluminescence measurements can be explained by the presence of internal electric fields in two-variant

GalnP,. [S0163-1829(97)07127-0]

I. INTRODUCTION

The phenomenon of atomic ordering has been observed in
a wide range of III-V semiconductor alloys.' The most com-
mon type of ordering in GalnP, is the CuPt-type ordering
which was observed by Gomyo and Suzuki.”> In the ideal
case, a (GaP),(InP), superlattice forms along a [111] direc-
tion. Ordering causes a reduction of the optical band gap,
observed experimentally by Gomyo and Suzuki, and first
theoretically explained by Kondow er al.’ It is of particular
physical and technological interest because the ordering-
induced band-gap reduction can be more than 100 meV (Ref.
4) depending on growth conditions.>® Additionally, Raikh
and Tsiper predicted that the interpenetration of two different
variants results in an additional reduction of band gap as
compared to a single variant.” However, a clear understand-
ing of the band structure of ordered GalnP, has not been
established.

Atomic ordering in GalnP; is identified by the appearance
of superspots in transmission electron diffraction (TED)
patterns.>® For perfectly ordered GaInP,, the periodicity is
doubled along one of the four [111] directions. This corre-
sponds to additional points in the corresponding reciprocal
lattice. Only two pairs of additional ‘‘superspots’’ in TED
patterns have been observed. They correspond to ordering
along the [111] and [111] directions. Samples with ordering
in only one direction ([111] or [111]) are called single-
variant GalnP, while those that have domains which are or-
dered in different directions ([111] or [111]) are called two-
variant GalnP,. In two-variant GalnP,, a distribution of
submicrometer-sized domains of the two variants is typically
seen by transmission electron microscopy (TEM) dark-field
imaging.’ The relative volume of the two ordered variants
varies with substrate misorientation. TEM dark-field imaging
provides a probe of the distribution of these ordered variants
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throughout the crystal.’” A correlation between surface face-
ting and the two ordered variants was observed by Friedman
et al.” The facets are several micrometers in width, and sev-
eral tens of micrometers in length.’ Faceting of the top sur-
face of GalnP, results in a thickness dependence of the pho-
toluminescence (PL) band gap.'” Recently, n-type- and
p-type-like domains in lightly n-type-doped two-variant
GalnP, were observed by scanning capacitance microscopy
(SCM)." In this work, we report microscopic imaging re-
sults with the near-field scanning optical microscope
(NSOM), and correlate them with our previous SCM
results.'’ Our NSOM results show that the PL intensity and
band gap are spatially uniform in lightly doped single-variant
GalnP,, while in two-variant GalnP, they are nonuniform.
Direct comparison of NSOM and SCM images demonstrates
that the NSOM PL comes only from the n-type-like regions
in a lightly n-type-doped two-variant GalnP, epilayer. These
results support the idea that internal electric fields are present
in two-variant GalnP,.

II. EXPERIMENTS
A. Samples

Three samples are grown by organometallic vapor-phase
epitaxy on (001) GaAs using trimethylindium, trimethylgal-
lium, and PH;. To produce highly ordered materials, samples
are grown at 670 °C. In order to obtain both single- and
two-variant GalnP, samples, the GaAs substrates were mis-
oriented from (001) toward [110] by 4°, 0°, and 2° for
samples A, B, and C, respectively. >3 Sample A is a
([111]) single-variant epilayer. Sample B is a two-variant
epilayer with the [111] and [111] variants present in roughly
equal amounts. Sample C is a two-variant GalnP, sample
with more of the [111] variant than [111] variant, as seen by
Friedman ez al.” The epilayer thickness of the GalnP, is ap-
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FIG. 1. A sketch of the SCM setup.

proximately 6 um for samples A and C, and 10 um for
sample B. The thickness of the GaAs buffer layer between
the epilayer and the substrate of all samples is approximately
0.6 um. All GalnP, epilayers and GaAs buffer layers are
nominally undoped, with a typical (unintentional) back-
ground doping level of 5X 10" c¢cm™3 n type for GalnP,
epilayer and 1 X 10'> ecm™3 p type for GaAs buffer layer, as
measured by electrochemical C-V measurements.

B. SCM

A sketch of the SCM experimental arrangement is shown
in Fig. 1."'1% A metal-coated silicon tip is brought to the
surface of the sample and a contact mode atomic force mi-
croscope (AFM) is used to maintain the tip-sample distance
and scan the tip across the sample. The SCM tip is induc-
tively grounded and a 10—100-kHz ac bias voltage is applied
to the sample. The tip-sample capacitance change (AC),
caused by the applied ac bias voltage, is measured by a high
sensitivity capacitance sensor. This change is detected by a
lock-in amplifier.

In this experiment, the tip and sample form a MIS (metal-
insulator-semiconductor) system. The capacitance-voltage
(C-V)characteristics of the MIS system vary depending on
the doping concentration, the doping type and the applied
voltage.'> In depletion, the majority carriers are depleted
from the semiconductor surface. The total capacitance in-
cludes the series capacitance of the insulator and the semi-
conductor depletion layer. As the applied tip-sample voltage
becomes more positive for a n-type semiconductor and more
negative for a p-type semiconductor, the depletion layer wid-
ens and the depletion layer capacitance falls. Since the insu-
lator capacitance is fixed, the total capacitance also falls. As
a result, the slope of the C-V curves of the MIS system has
a different polarity for the two types of doping.'> The experi-
ment was arranged such that a negative lock-in output is
observed for p-type samples and a positive lock-in output
voltage is observed for n-type samples.

C. NSOM

A sketch of the NSOM experimental arrangement is
shown in Fig. 2."%1% In the NSOM experiment, an aluminum
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FIG. 2. A schematic diagram of the NSOM used for cross-
sectional imaging.

coated fiber probe'® is employed as a tip and the tip-sample
distance is controlled by shear force microscopy.!” The ex-
citation mode'* is used and an Ar™ (488 nm) laser is used for
the excitation. PL images and spectra are taken using a
monochromator and an avalanche photodiode with a dark
current of eight counts per second. The local PL spectra and
PL images are taken from a cleaved (110) surface at room
temperature and in air.

III. RESULTS
A. AFM-SCM results

Single-variant GalnP, sample (A) and two-variant
GalnP, sample (B) have been imaged by AFM-SCM. Figure
3 shows a capacitance change (AC)image on the (110) sur-
face of a cleaved single-variant GalnP, sample (A). The im-
age area of Fig. 3 is 6X6 um?. The topographic variation on

GaAs substrate

—
O
¢
<
—_
—_
e
o=
-—
—_
—
L
7]
<
—
s
Q

0 6 um

FIG. 3. A capacitance change image of a (110) cross-section
surface of a cleaved sample A (single-variant GalnP,).



1474 J-K. LEONG, C. C. WILLIAMS, AND J. M. OLSON 56

2
-
)
—
i
fom—
=,
o
w2
<
ce
&)

0 10 pm

FIG. 4. A capacitance change image of a (110) cross-section
surface of a cleaved sample B (two-variant GalnP,).

the cleaved surface is less than 2 nm. The applied ac and dc
bias between the SCM tip and the sample are a 2-V peak at
98 kHz, and O V, respectively. In Fig. 3, the dark color
represents p-type C-V behavior, which corresponds to nega-
tive lock-in output signal and the light color represents
n-type C-V behavior which corresponds to positive lock-in
output signal. The GaAs buffer layer is seen as a nearly
vertical dark strip ( p type) on the left side of Fig. 3 with a
thickness of 0.6 um. The GaAs substrate, left of the GaAs
buffer layer in Fig. 3, shows a uniform small positive lock-in
output signal, which agrees with its n-type doping. The
GalnP, epilayer, right of the GaAs buffer layer in Fig. 3,
shows very uniform n-type capacitance change, which
agrees with its n-type background doping, measured by an
electrochemical C-V technique.

Figure 4(a) shows the capacitance change image (1010
um?) on a cleaved (110) surface of the two-variant GalnP,
sample (B). The topographic variation on the cleaved surface
is less than 2.5 nm. The applied ac and dc biases between the
SCM tip and the sample are a 2-V peak at 98 kHz, and 0 V,
respectively. The GalnP, epilayer, to the right of the GaAs
buffer layer in Fig. 4, shows a very nonuniform capacitance
change. Both light color (n-type-like) and dark color
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(p-type-like) regions appear in this epilayer, which is unin-
tentionally doped n type. The n-type- and p-type-like re-
gions are typically smaller near the GaAs buffer layer and
larger near the top surface. The spaghetti like regions (ap-
proximately zero lock-in output signal) between the n-type-
and p-type-like regions may correspond to intrinsic or built
in depletion regions, but are not fully understood at this time.

C-V curves on many different locations of the two-
invariant GaInP, sample (B) were observed by SCM. Figures
5(a) and 5(b) show typical C-V curves of the p-type (dark)
and n-type (light) like regions, respectively. The C-V curves
are similar to high-frequency MIS C-V curves with some
characteristic differences. The C-V curve in Fig. 5(a) ap-
pears stretched out, i.e., the transition region between accu-
mulation and inversion is not as abrupt as might be expected
for this doping level. This could be due to surface states on
the GalnP, surface.'> As the tip bias voltage is changed, the
band bending in the GalnP, changes, allowing for charge
capture and release from the surface states. This process af-
fects the C-V curve shape by stretching out transition region
between accumulation and inversion. The C-Vcurve in Fig.
5(b) is shifted along the positive voltage axis. This could be
due to charge trapped at GalnP, surface. It was very difficult
to get into accumulation on this sample. This is likely due to
leakage current which flows between the SCM tip and
sample during measurement.

The SCM images (Figs. 3 and 4) indicate that electronic
surface properties are uniform in the single-variant sample,
and nonuniform in the two-variant sample, respectively.
Many observations on other samples give similar results.

The growth (top) surface topography on the two-variant
GalnP, sample (B), observed by the AFM, is shown in Fig.
6.71% It is composed of distinct hillocks. The facets of hill-
ocks are planes tilted ~4° from (001) toward (111) and
(111).'° The facets are several micrometers in width and sev-
eral tens of micrometers in length. In order to correlate the
n-type- and p-type-like regions on a cleaved (110) surface
and the top surface structure of the (001) surface, a cross-
sectional sample is tilted approximately at an angle of 45°,
and the tip is scanned across the cleaved edge. Under this
arrangement, the topographic and capacitance change image
from both the cleaved (110) cross section and (001) top sur-
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FIG. 5. (a) and (b) C-V curves of p-type- and n-type-like regions of Fig. 4, respectively.
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um

FIG. 6. An AFM image of the surface topography of sample B
(two-variant GalnP,).

face can be obtained simultaneously and directly correlated.
The capacitance change on the (110) surface and top surface
structure (hillocks) of the (001) surface are compared di-
rectly at the interface. More than ten different locations were
imaged in this mode. We found that the n-type- and
p-type-like regions are all centered under the peaks and val-
leys of the top surface hillocks, respectively. This establishes
a relation between n-type- and p-type-like regions and the
top surface structures. Friedman et al. established the corre-
lation between the surface facets and the two different vari-
ant domains of the sample.” A schematic of these relation-
ships are illustrated in Fig. 11(c).

B. NSOM results

The local PL intensity and band gap of single- (sample A)
and two-variant (sample B) GaInP, samples were investi-
gated by NSOM. Figure 7 shows a NSOM PL image of the
(110) surface of single-variant GalnP, (sample A) with the
monochromator wavelength fixed at 684 nm with a 3-nm
bandwidth. The image area is 6X6 um?”. The dark area in
Fig. 7 represents no PL signal and the light area represents a
finite PL signal. The left side of Fig. 7, which is uniformly

0 6 um

FIG. 7. PL intensity map (A=684 nm, 3-nm bandwidth) of
cross-sectioned sample A (single-variant GaInP,). The image area
is 6X6 um?.

FIG. 8. (a) and (b) Topographic image and simultaneously ob-
tained PL intensity map (A=670 nm, 3-nm bandwidth) of cross-
sectioned sample B (two-variant GalnP,). (c¢) and (d) Topographic
image and simultaneously obtained PL intensity map (A=700, 3-nm
bandwidth) of cross-sectioned sample B. The image area is 10.3 by
10.3 um? for all images. All four images have been taken in the
same area with the same tip.

dark, is GaAs. To the right side of the GaAs is the GalnP,
epilayer which shows a spatially uniform PL intensity. Note
that it is similar to the spatially uniform capacitance change
on this sample observed by the SCM. PL spectra were taken
at ten different positions on the GalnP, epilayer, and all
spectra show the same peak wavelength of 684 nm.

In order to compare single- and two-variant GalnP,, a
two-variant sample (B) was imaged by NSOM. Figures 8(a)
and 8(b) show simultaneously obtained cross-sectional topo-
graphic and NSOM PL images of the (110) surface with the
monochromator wavelength fixed at 670 nm with a 3-nm
bandwidth. The image areas are 10.3X10.3 um? The left
side of Fig. 8(b), which is uniformly dark, is GaAs. To the
right side of the GaAs is the GalnP, epilayer, which shows a
spatially nonuniform PL intensity. Both light (PL) and dark
(no PL) regions appear in this epilayer. The spatially nonuni-
form PL intensity has the same scale as the nonuniform ca-
pacitance change observed on this sample by SCM. The PL-
emitting regions of the GalnP, epilayer are typically small
near the GaAs buffer layer and large near top surface. The
PL intensity from the GalnP, epilayer is also weaker near the
GaAs substrate and stronger near the top surface. PL spectra
were taken at many different positions in Fig. 8(b). Marks 1,
2, and 3 represent positions where the PL spectra are taken,
and correspond to the PL spectra 1, 2, and 3 shown in Fig. 9,
respectively. Spectrum 3 is amplified by a factor 7 relative to
the other spectra. Regions near the GaAs substrate emit PL
spectrum 1, and regions near the top surface emit PL spec-
trum 2. Only one region near the top surface is found to emit
PL spectrum 3. The PL band gap in the GalnP, epilayer is
generally larger near the GaAs substrate, and smaller near
the top surface. This can be easily seen by comparing Figs.
8(b) and 8(d). Figures 8(c) and 8(d) are simultaneously ob-
tained cross-sectional topographic and NSOM PL images of
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FIG. 9. Near-field PL spectra obtained from three different po-
sitions on sample B (two-variant GalnP,) as shown in Fig. 8(b).

the (110) surface with the monochromator wavelength fixed
at 700 nm with a 3-nm bandwidth. There is a slight vertical
shift of approximately 1 wm between Figs. 8(b) and 8(d). As
the comparison between Figs. 8(b) and 8(d) shows, the
GalnP, near the GaAs epilayer emits more light at the
shorter wavelengths (670 nm) than at the larger wavelength
(700 nm). These images (Figs. 7 and 8) indicate that both the
apparent PL band gap and PL efficiency are spatially uni-
form in single-variant GalnP,, while both are spatially inho-
mogeneous in two-variant GalnP,.

C. Combined SCM and NSOM results

In order to correlate the PL-emitting regions directly with
the n-type- and p-type-like regions in two-variant GalnP,,
we scanned an identical area of sample C by SCM and
NSOM. The results are shown in Fig. 10. Figure 10(b) shows
a SCM image (6.5X8 um?) of sample C. The light regions
represent n-type-like GalnP, and the black regions represent
p-type-like GalnP, in this image. Figure 10(d) shows a PL
image (6.5X8 um?) of sample C in the same location as Fig.
10(b). The light regions represent the PL intensity, and the
black regions represent no PL signal in this image. The cor-
responding topographic images are shown in Figs. 10(a) and
10(c). Figures 10(a) and 10(c) show a slight shift and rota-
tion between the two imaged regions. Marks 1-8 (n-
type-like regions) in Fig. 10(b) are in the same relative loca-
tions as the marks 1-8 (PL-emitting regions) in Fig. 10(d),
respectively, indicating that the PL comes from the n-type-
like regions. We have imaged four different regions on
sample C with similar results.

Note that samples B and C both show n- and p-type re-
gions because both are two-variant samples. However, it is
easily observed that the (n- and p-type) structure is different
in samples B and C. This is caused by the different growth
conditions associated with the different substrate misorienta-
tion for samples B and C. Similar variations are seen on
different facets of the same samples. We are currently study-
ing these effects.

FIG. 10. (a) and (b) Topographic image and simultaneously ob-
tained SCM image of cross-sectioned sample C (two-variant
GalnP,). (c) and (d) Topographic image and simultaneously ob-
tained PL intensity map (A=677 nm, 3-nm bandwidth) of cross-
sectioned sample C. The image area is 6.5X8 wum? for all images.
All images have been taken in the same area.

IV. DISCUSSION

Figure 11(a) shows a schematic diagram of an idealized
(110) cross section of a two-variant GaInP, epilayer (see Fig.
6).° The figures show the topographic and crystallographic
structure of the GalnP, epilayer, with equal quantities of
both variants. Friedman et al. have shown that variant 1
([111] variant) sits below facet 1, and variant 2 ([111] vari-
ant) sits below facet 2, as shown in Fig. 11(a).” Diagonal
lines oriented to upper left and upper right corner represent
variants 1 and 2, respectively, in Fig. 11(a).

Our explanation for the n-type- and p-type-like domains
is that electric fields are present in two-variant GaInP,."!

facet 1 facet 2

= variant 1 ([111] variant) D = n-type \/
= variant 2 ([111] variant) . = p-type [110]

FIG. 11. (a) A sketch of the idealized (110) cross section
through the (001) surface. Variant 1 sits below the facet 1, and
variant 2 sits below facet 2. (b) A qualitative sketch of the band
diagram corresponding to (a) using internal electric fields. (c) Cor-
relation between the n- and p-type regions and topography.
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These fields cause band bending, which modulates the local
carrier density. There are two possible sources of these elec-
tric fields. The first is a strong macroscopic electric polariza-
tion along the (111) directions due to ordering in
GalnP,."®" Froyen, Zunger, and Mascarenhas calculated
that an internal electric field along (111) in ideally ordered
GalnP, may be as large as 16 mV/A at 0 K.l_9 Using this
calculation, the internal electric field is along [111] in variant
1, and along [111] in variant 2 as shown in Fig. 11(a). The
[110] component of the fields in variants 1 and 2 point to the
left and right, respectively, in this figure. These fields are
reflected in the bending of the conduction and valence bands,
as shown in Fig. 11(b). Figure 11(b) is the band diagram
corresponding to Fig. 11(a) with the internal electric fields
present, but neglecting screening by carriers. At the peak of
the hillock, the conduction band is near the Fermi level,
while near the valley, the valence band is near the Fermi
level. If the band bending is significant enough, the intrinsic
level will cross the Fermi level and both n-type- and
p-type-like regions will show up in the two-variant sample
as shown in Fig. 11(c). Figure 11(c) is drawn using the band
structure in Fig. 11(b). The white and gray regions represent
the n-type- and p-type-like regions, respectively. The
n-type regions appear below the peaks of hillocks, and the
p-type regions appear below the valleys of the hillocks. This
model explains the appearance of n- and p-type regions in
two-variant GalnP,, and is consistent with our SCM experi-
mental results. Note that the [001] component of the field in
variants 1 and 2 is in the same upward direction. We believe
that this component of the internal electric field will be
screened by charges at the top surface and free carriers from
the substrate at the GalnP,/GaAs interface. In single-variant
GalnP,, the internal electric field along the upward ([001])
direction will be canceled by surface and substrate charges in
a similar manner. The field along the [110] direction, how-
ever, is very small because the polarization charges are sepa-
rated by the single-variant domain size, which is comparable
to the sample size. Therefore, polarization-induced band
bending in single-variant GalnP, will not be seen by the
scMm."”

The other possible source for internal electric fields is
dopant segregation’™*! on the nonplanar surfaces of two-
variant samples (see Fig. 5). Our results could be explained
by segregation of n- and p-type dopants during growth on
the peaks and valleys of hillocks, respectively, in two-variant
GalnP,. Because single-variant samples typically have a pla-
nar surface, such dopant segregation should not occur, con-
sistent with a uniform SCM signal, as observed. We cannot
conclude here whether the internal electric field is a polar-
ization effect or due to dopant segregation. Further work is in
progress.

The spatially nonuniform PL on two-variant GalnP,
(samples B and C) can also be explained using the band
bending model proposed to explain our SCM results, as
shown in Fig. 11(b). In these samples, there are three reasons
that more PL is emitted from the n-type-like regions than the
p-type-like regions. The first is that the magnitude of the
carrier concentration in the n-type- and p-type-like regions is
different. Samples B and C were nominally undoped, but
have an n-type background doping as measured by electro-
chemical C-V measurements and known from growth data.

This means that the average Fermi level is closer to the con-
duction band than the valence band. Therefore, the electron
concentration in the middle of the n-type-like regions is
greater than the hole concentration in the middle of
p-type-like regions. Because the PL radiative recombination
rate should increase with the local concentration of majority
carriers, the PL intensity in the n-type-like regions should be
higher than that of p-type-like regions. Second, the mobility
of electrons is higher than that of holes in GalnP,. In the
n-type-like region, a hole [as shown in Fig. 11(b)], generated
by pump light, will drift toward the adjacent p-type-like re-
gion because of the electric field present in this region. The
rate at which the holes will recombine with conduction elec-
trons in the n-type-like region depends upon how fast a hole
drifts. A similar situation exists in the p-type-like region.
Since in GalnP, the mobility of electrons is higher than that
of holes, the chance of the hole recombining with a conduc-
tion electron in the n-type-like region is higher than that of
the electron recombining with a hole in the p-type-like re-
gion. A third fact may also explain our observations. Where
the majority-carrier concentration is high, more screening of
the internal electric field will occur. In such a region, minor-
ity carriers will have a small drift velocity and thus a higher
probability of emitting PL. Since the majority-carrier con-
centration in the n-type regions is higher than that of the
p-type regions (for n-type background-doped samples), the
p-type regions will have a larger drift field than that of the
n-type regions. As a result, the recombination rate in the
p-type-like regions will be lower than that of the
n-type-like regions. All three of the arguments above indi-
cate that the n-type-like regions should emit more PL than
the p-type-like regions, as seen in the experimental results
shown in Fig. 10.

We observe that the PL-emitting regions (n type) in the
GalnP, epilayer are smaller near the GaAs substrate than
near the top surface in samples B and C. This can be ex-
plained by the fact that the growth facets, related to two-
variant domains,” become larger with increasing epilayer
thickness in two-variant GalnP,. Therefore n-type-like re-
gions (PL-emitting regions), directly related to two variant
domains, also become larger with increasing epilayer thick-
ness. The PL intensity from the GalnP, epilayer is observed
to be weaker near the GaAs than near the top surface as well.
This can be explained by the fact that domain walls may
serve as nonradiative recombination centers. The ratio of
domain-wall area to the domain volume will be larger for
smaller domain sizes. Therefore, nonradiative recombination
is more likely near the GaAs substrate than near the top
surface. The peak PL emission energy from the GalnP, near
the GaAs is also larger than near the top surface in samples B
and C. This is a result similar to that measured by Friedman
et al.'® This observation is probably due to an increase in the
degree of order with epilayer thickness.'® It is not likely due
to the presence of internal electric fields in two-variant
GalnP,. As the thickness of the GalnP, epilayer increases,
growth surface facets of hillocks are formed in two-variant
GalnP,. These facets develop and finally reach 4° from (001)
toward the (111) and (111) planes. The GalnP, grown on
these =4° facets sees the same growth condition as GalnP,
grown on 4° misoriented substrates, which gives single-
variant GaInP, and minimum band gap.'® This is the reason
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that the peak PL band gap of GalnP, near the GaAs substrate
is higher than that of GalnP, near the top surface in samples
B and C.

V. CONCLUSIONS

In summary, we have imaged the (110) surfaces of
cleaved GalnP, by SCM and NSOM. A uniform n-type
SCM signal is observed in lightly n-type-doped single-
variant GalnP,, and both n-type- and p-type-like structures
appear in lightly n-type-doped two-variant GalnP,. The PL
intensity and band gap are uniform on single-variant
GalnP,. In two-variant GalnP,, the PL intensity is spatially
nonuniform and the apparent band gap of the GalnP, near
the substrate is higher than that of GalnP, near the top sur-
face. Same-area imaging by SCM and NSOM on two-variant

GalnP, with an n-type background doping shows that the PL
comes from the n-type-like regions. All of these results sup-
port the model that internal electric fields are present in two-
variant GalnP,.
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