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Polarized photoluminescence from point emitters in ordered Ga,In,_.P
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A wide-field microphotoluminescence study of ordered Ga,In,_,P reveals spatially isolated submicron emis-
sion centers that emit in a spectral band 20 meV below previously studied PL features. The density of these

centers is correlated with the presence of sharp PL lines reported in the low-energy PL band. Polarization
analysis shows that many centers are very highly linearly polarized, contrary to models of quantum disks
aligned at antiphase boundaries normal to the ordering direction. Orientations of the linearly polarized centers
are found in some cases to be highly aligned along specific crystal directions that are not simply related to

ordering.
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I. INTRODUCTION

The intrinsic structural and band structure changes caused
by spontaneous ordering that occur in MOVPE-grown
Ga,In,_,P are well understood (see Ref. 1 for a review). Un-
der specific growth conditions (temperature, III-V ratio and
substrate orientation) the Ga and In atoms distribute not as a
random alloy, but with long-range ordering into a superlat-
tice of alternating indium-rich and gallium-rich monolayers
along the [111]; ordering direction. The degree to which
ordering occurs is expressed as an ordering parameter, 7,
defined such that the alternating monolayers have composi-
tions Ga,,,In,_,_,,P and Ga,_,,In;_,,,,P. An alloy of x
=0.52 is lattice matched to the GaAs substrate and ordering
parameters as high as 0.55 with domains that extend laterally
up to 0.5 um have been attained. This results in band-gap
lowering and valence band splitting in this technologically
important material. In addition to these effects, spontaneous
ordering is accompanied by defect-induced changes in the
photoluminescence (PL) spectrum which are still poorly un-
derstood. Several tens of meV below the bandgap, a broad
low-energy band (LEB) is uniformly present, and on a mi-
croscopic scale, extremely sharp low-energy spectral lines
(LEL) are seen throughout the same spectral region in some
samples.>? Even under submicron spatial resolution, multiple
sharp (100 ueV) lines are found whose energies vary rap-
idly with sample position. To explain these sharp discrete
energies, a type of quantum disk was proposed* based on an
antiphase boundary (APB), i.e., a stacking fault that creates a
double layer of indium-rich material within the partially or-
dered GalnP host material. Strong experimental evidence
was presented® including an anisotropic diamagnetic shift
that peaked for B oriented along the ordering axis, and a
correlation between LEL density and APB density. A detailed
calculation® found that the band alignment between the
double In layer and the GalnP host would be type II, and this
was thought to explain the extremely long PL lifetimes
found®’ in the LEB.

However, later studies did not support that particular
quantum disk as an origin of the LEL or LEB, as the corre-
lation between LEL and APB density was not confirmed® and
the magnetic field orientation dependence of the diamagnetic
shift was found to be smaller than the random distribution
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PACS number(s): 78.66.Fd, 78.55.Cr, 71.20.Nr, 71.55.Eq

among LEL.” Measurements showed that the very long life-
times of the LEB PL did not extend also to the LEL,%!0 and
thus, a model of a type-II quantum disk was not supported.
Furthermore, it was argued® that the APBs, which are spa-
tially quite dilute in large-domain samples, could not be the
source of spectral components that exist throughout the en-
tire sample. The detailed spatial maps that have been made®
of the LEB exhibit relatively low contrast, i.e., that signal is
everywhere nonzero. Similarly, the LEL are sparse only for a
particularly energy, but if the full spectrum of possible LEL
energies is considered, that integrated signal can be found
throughout certain samples, even when the experimental spa-
tial resolution is capable of isolating single domains. It has
been proposed that the LEL arise not from the long extended
APBs seen in transmission electron microscopy (TEM), but
rather from finer boundaries of domains that are only 5-10
nm in size.'! An origin on this scale is unexpected since the
LEL first begin to be resolved when the experimental spatial
resolution is decreased to a few microns, a threshold that is
much closer to the size of the larger domains.

The present study takes a wide-field approach to studying
this spatial dependence. Where previous studies used point-
by-point raster scans to build up a PL map, or ensembles of
fixed apertures to acquire statistics, these techniques were
limited in the amount of sample that could be studied. For
example, samples that were previously claimed to be absent
of LEL can now be observed to exhibit them at a very low
density. The ability to study single isolated defects is greatly
enhanced when large regions of sample can be surveyed.
Here, we study the polarization properties of individual de-
fects and the statistics of those defects throughout the
sample.

II. EXPERIMENT

The PL mapping used here is a direct-imaging technique
in which the entire two-dimensional (2D) sample surface is
imaged onto an electron-multiplying charge-coupled device
camera with a magnification of 50X. Spectral resolution is
obtained using a liquid crystal tunable filter (LCTF) that dy-
namically selects the PL band of interest. Samples are held in
a microcryostat and illuminated axially with a white light, or
obliquely with a 532 nm laser. The white light or PL is col-
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TABLE I. Growth conditions, peak energy of low-temperature heavy hole to conduction band photolu-
minescence, order parameter, and original reference for the ordered GalnP samples. Eyy.cp was updated for
the wafer segments used in the present study. The order parameter was calculated as in Ref. 12 without

correction for composition variation.

Growth Growth Rate Enn.c Order
Sample  Described in Ref. temperature (um/hr) Substrate  V/IIl ratio  (eV)  parameter
A 16 680 °C 3 6° [111], 100 1.907 0.46
B 3 (sample 2) 680 °C 4 6° [111], 70 1.901 0.47
C 3 (sample 1) 690 °C 4 4° [111] 70 1.917 0.43

lected with a 0.65 numerical aperture objective that is com-
pensated for the spherical aberration of the cryostat window.
The light is then passed through the LCTF and focused onto
the camera chip, or alternatively, unfiltered discrete image
points may be projected onto the tip of a single-mode fiber
that is coupled to a spectrometer. Images and spectra both
have a spatial resolution of approximately 1 wum. The ab-
sorbed laser power density is 0.5 W/cm?, which is well be-
low the density at which the LEL have been observed to
saturate.>*!? The bandpass is selectable between 0.5 or 5 nm
and all data were taken at 7 K.

The data presented here are from samples A-C, previ-
ously characterized in the references shown in Table 1. All
have large order parameters and are grown on GaAs sub-
strates miscut 4° or 6° toward [111]; and with thicknesses of
10 microns, resulting in large single-variant domains. With
regard to the occasionally conflicting past results described
above for the below band-gap states, we have also examined
a series of MOVPE samples grown at a second growth
facility.!”> Growth conditions were similar to samples A—C
resulting in comparable values for band-gap reduction, line-
widths, and valence-band splitting.

III. RESULTS

The wide-field PL images that we obtain agree well with
published® maps of the excitonic, or high-energy PL (HE)
and the LEB. For those spectral regions, PL is roughly ho-
mogeneous, with a fine structure that is likely domain bound-
aries. By further tuning the bandpass filter to an energy just
below the LEB/LEL, rare features of low-emission energy
show up as a dark field image. Comparison with visible op-
tical microscopy confirms that the low-energy features pre-
sented here occur in regions of otherwise pristine sample that
are free from any fractures, pits or gross surface contami-
nants. Figures 1(a) and 1(b) show PL maps for samples A
and B, whose LEL were studied in Ref. 8. Both samples have
large domain size and strong ordering, yet exhibited very
different densities of LEL: sample B has one of the most
densely structured LEL, whereas no LEL could be found in
sample A.® Figure 1 shows that there is also a similar pres-
ence and absence of spatially discrete PL emitters that we
now term point emitters (PE). These point-like spots are
smaller than the optical system resolution and by selecting a
single PE with the fiber/spectrometer, it can be seen that
they are distinguished by an emission band approximately
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FIG. 1. (Color online) PL maps and single-point spectra of two
GalnP samples that have (a) very few and (b) very dense LEL.
Spectra are displaced vertically for clarity and curves labeled
“bright” and “dark” are taken at a single PE and at a region re-
moved from the PE, respectively. Labels identify the different spec-
tral regions where important features occur in ordered GalnP and
vertical arrows identify the filter wavelength used for the image.
Maps are 80X 80 wum?.
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POLARIZED PHOTOLUMINESCENCE FROM POINT...
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FIG. 2. (Color online) Polarized PL spectra of a PE point, dis-
placed vertically for clarity. Both curves are expanded in the high-
energy region shown by the horizontal arrow. Analyzer angles are
relative to the surface projection of the ordering axis.

20 meV below the LEB. The specific spectral shape of the
PE varies considerable from point to point and may contain
both broadened features as in Fig. 1 or lines as sharp as
100 meV. Thus, they are spectrally similar to the LEB
+LEL region, yet distinguished by their microscopic spatial
extent.

We now examine the degree of linear polarization, P, of

this PL band, where P= 2;2 with [, and I, the PL signals
parallel to and orthogonal to a reference axis. Figure 2 shows
polarized PL of sample C showing all the GalnP spectral
components. The PE region (1.85-1.88 eV) exhibits more
resolved lines and fewer broadened components compared to
the samples in Fig. 1. The moderate degree of polarization
seen in the HE and LEB measured in low-temperature PL
has been thoroughly studied'?>-'* and can be understood by
considering the effect of ordering to be perturbatively de-

scribed as a crystal-field splitting. Since the resulting [111]
uniaxis is skewed to the (001) surface, the polarization mea-

sured at this surface is partial: the [110] direction is the
surface projection of the ordering axis, along which PL from
HH-CB recombination is forbidden. In contrast, the [110]
polarization direction is orthogonal to that axis and hence PL
is fully allowed. The observed degree of polarization of the
HE PL in the epilayer plane is reduced from a theoretical
value of 0.5 to the typical range 0.3-0.4 due to effects of
substrate misorientation and excitonic binding.'* In the case
of the sharp spectral lines, however, the polarization has not
been previous reported. If we concentrate on sharp lines that
are strong and well-resolved from the LEB background such
as near 1.89 eV, then the two orthogonally polarized spectra
in Fig. 2 reveal that the LEL does not have the same orien-
tation and degree of polarization that is shared by the broad
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FIG. 3. (Color online) Polarization of PL emitted by low-energy
points in sample C. (a) Level of signal at 661.2 nm from one point
emitter as a function of analyzer angle. Solid line is a fit of the data
points to a sinusoid+constant. (b) Angle of maximum signal and
degree of polarization extracted as in (a), plotted for several PE.
Error bars are due to finite bandwidth and extinction ratio of the
LCTF. Angles are relative to [110], i.e., offset 90° from Fig. 2.

spectral components. More detailed measurements show that
the LEL is less polarized. It is therefore surprising to see that
in the PE region the sharp lines are very highly polarized,
with a degree of polarization P>0.99 for the strong spectral
line near 1.857 eV. The degree of polarization and consis-
tency among different PE varied between samples, but in all
samples that showed the PE, instances were found of polar-
ization higher than expected from the crystal field splitting.

The orientation of the PE polarization is also unexpected.
The polarizations of the two spectra in Fig. 2 are oriented
parallel and orthogonal to an axis that is not along the sur-
face projection of the ordering axis, but approximately 16°
off from it. The deviation was found to be very consistent in
this sample. By acquiring polarized images filtered at a
narrow-band energy within the PE spectral region, the statis-
tical distribution of polarization can be studied for all points
emitting at that energy. Figure 3(a) shows this signal spa-
tially integrated over a single PE and plotted as a function of
polarization angle. A sinusoidal fit is used to extract values
for the orientation and degree of polarization. These values,
for a set of randomly selected PE are shown in Fig. 3(b). In
each case, the polarization was near unity, and the orienta-
tions were strongly clustered in two directions that are sym-
metrically spaced on either side of the ordering projection.
While not all PE in the field (>100) were digitized for this
figure, a visual inspection of the central 90° polarization im-
age confirmed the conclusion of Fig. 3(b): none of the PE
reached a maximum near that angle.

IV. DISCUSSION

The connection suggested by Fig. 1 between the density
of PE seen in the PL image, and the density of sharp lines
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seen in the PL spectrum was repeated in many samples. For
reasons not known, samples with strong LEL are a minor
subset of ordered GalnP samples, as are samples showing
PE, yet these two subsets are nearly identical with a direct
dependence between densities of LEL and PE. This was also
found in a set of eight high-quality ordered samples grown in
the second growth facility. A possible explanation for the
correlation between the two features may be that the PE arise
from pairing of the unknown defects that cause the LEL.
When that defect density is high, there exists a strong prob-
ability for the measurement to observe pairs of defects close
enough to form a joined potential well. PL from recombina-
tion of carriers bound to this well would have a lower emis-
sion energy and a distinct polarization direction due in part to
the symmetry of the pair. Known examples of close pairs,
separated by a single lattice constant, occur with impurities
in the isoelectronically doped semiconductor GaAs:N."> In
this case the pairing results in a state with much lower den-
sity than the parent impurity and PL with a lower photon
energy and a linear polarization dictated by the orientation of
the pair. This is all consistent with the present PE data.

The specific polarization directions shown in Fig. 3(b) are
more difficult to explain. It would appear, however, that the

host’s symmetry of Cyy, along [111] is not maintained at the
PE location, since the PE PL is so strongly polarized in the
plane of the sample’s surface. The polarization would instead
suggest a geometry that is linear and parallel to the surface,
or planar aligned normal to the surface. This is not ruled out
by the unchanged HE spectrum found at the PE locations
(bright spectra in Fig. 1). That HE peak confirms that PE are
situated in regions of uniform host sample, but it need not be
indicative of the defect volume itself, since the local disrup-
tions to the ordering symmetry could be small (20 lattice
spacings was used for calculations in Ref. 5) compared to the
one-micron sampling volume. In addition, the polarization of
the LEL in Fig. 2 are problematic as well, since that weak
polarization contradicts the result expected for heavy hole to

conduction band recombination in [111] ordered GalnP, and
it also contradicts the very similar symmetry expected from
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the quantum disks of Ref. 5. However, as we have noted, a
type-1I quantum disk formed at that type of APB is more
specific than the experimental evidence supporting it. As
pointed out in Ref. 8, APBs need not be along the ordering
planes. In fact TEM images do not show such a simple
picture.®!1:1 In Ref. 11, cross-sectional scanning tunneling
microscopy was used to show that TEMs may give an in-
complete picture, and that APBs which appear to poorly fol-
low a particular lattice plane can actually be analyzed into
multiple small segments each well aligned with one of a
small number of lattice planes. The relative contribution and
orientation of the two dominant planes agreed with the in-
tensity and polarization of two broad, below gap, spectral
peaks in the cathodoluminescence detected near such an
APB.!"" Without greater information on their spatial depen-
dence, it is difficult to identify them with the spectrally
sharp, spatially dilute features in Figs. 1 and 2, however it is
clear that quantum disks can be oriented in directions other
than the ordering axis.

Previous studies of the LEL have struggled with the large
distribution of the sharp line energies. Even when the prob-
ing diameter is reduced to as small as 200 nm and many such
volumes are examined, no general quantitative pattern in en-
ergies or energy spacings emerges. This apparent random-
ness forces the assumption of strong disorder in the size and
shape of the proposed confining potential. The same holds
true for the sharp lines in the PE. However, the experimental
polarization behavior presented in this study is a rare in-
stance of a common behavior for these defects that is not
dominated by the disorder. It applies to all lines within the
PE region and to many PE across the sample. This general
behavior suggests that a well-defined origin may be found
for the PE and by association with it, the LEL.
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