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Photoluminescence and excitation-photoluminescence study of spontaneous ordering in GalnP,
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Low-temperature polarized photoluminescence and polarized photoluminescence-excitation spectros-
copies are used to probe the electronic structure of GalnP, epilayers grown by organometallic vapor-
phase epitaxy. The epilayers were grown at various sample temperatures and exhibit different degrees of
ordering. A systematic study of the absorption edge and luminescence line shapes provides evidence for
a distribution of order parameters, 17, within the more ordered samples of this study.

1. INTRODUCTION

The phenomenon of spontaneous ordering in ternary
alloys, such as GalnP,, has attracted considerable atten-
tion.!”> Of interest is the bandgap lowering that it
causes, and the importance of this material for making
solar cells, light emitting diodes, and semiconductor in-
jection lasers.*” In addition, for a given value of the
composition x in Ga,In,_, P, ordering allows for growth
condition-dependent control of the bad gap.®~1°

The sample growth temperature dependence of the
band gap E, has been investigated in ordered alloys by
electoreflectance,*!""!? photoluminescence (PL),%>%1013
and excitation photoluminescence (PLE).'>!* Recently, a
systematic piezomodulated reflectivity study of the band
gap E,, the crystal-field splitting A_, and the spin-orbit
splitting Agg as a function of ordering has been carried
out.!> In this paper, we present a detailed PL and PLE
study on the phenomenon of spontaneous ordering in
GalnP, epilayers grown by organometallic vapor-phase
epitaxy (OMVPE). The results of this study support the
preliminary findings and model of a recent paper,!> and
we confirm that the ordered GalnP, epilayers in this sam-
ple set (for which growth and substrate tilt conditions are
given below) do not consist of domains with a unique or-
dering parameter 17, but that they are comprised of a sta-
tistical distribution of domains having different order pa-
rameters (Fig. 1).
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FIG. 1. Possible distributions of ordering F(7) in GalnP, for
various degrees of average ordering. Note that a perfectly
disordered sample must be represented by a & function at n=0,
whereas partially ordered samples may be described mathemati-
cally with F(7)’s of finite width.
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II. SAMPLE GROWTH
AND EXPERIMENTAL SETUP

A series of GalnP, epilayers were grown using atmos-
pheric pressure OMVPE in a vertical disklike reaction
vessel with tangential injection lines. The substrates con-
sist of (001) GaAs, misoriented 2° towards [011]. The
various epilayers were grown lattice matched at different
substrate growth temperatures T, ranging from 600°C
to 750°C. For all samples, the growth rate was held con-
stant at 4.4 pum/h with a V:III inlet ratio of 50:1, corre-
sponding to a phosphine partial pressure of 233 Pa. The
resulting composition was nominally Gag sosIng 495P, with
a maximum deviation of Ax =0.005.

The measured band gap is determined mainly by the
degree of ordering. However, it is necessary to correct for
band-gap changes due to the small composition devia-
tions from the nominal value. The composition can be
determined from the residual tetragonal deformations in-
duced by film-substrate strain. Double-crystal x-ray
diffraction was performed on the (004) reflection of all
samples, giving directly the tetragonality ¢ /a —1 of the
film.!®* To account for composition-induced changes in
Eg, we used the measured Eg for a set of samples of vary-

TABLE L Parameters of the OMVPE grown
Gay sIng sP/GaAs epilayers which were investigated. T, is the
growth temperature and E, is the band gap measured by photo-
luminescence at 15 K (the peak luminescence energy shows no
polarization dependence at low temperatures). The transition
energies were corrected for composition as described in the text.

T, E

g g
Sample o) (eV)
K-121 750 1.982
K-078 750 1.982
K -063 730 1.945
K-174 730 1.951
K-128 715 1.930
K-148 700 1914
K-075 670 1.892
K-044 630 1.912
K-134 630 1.907
K-175 600 1.969
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ing compositions versus c¢/a —1. We then corrected E,
by the appropriate energy shift required to produce
c¢/a=1 at growth temperature. All corrections are less
than 5 meV.

The PL emission spectra were analyzed with a linear
polarizer, P, oriented either parallel or perpendicular to
the [110] direction, where [110] is the projection of the
CuPt B-variant ([111] or [111]) ordering axis on the
(001) sample surface. The PLE spectra were collected
without an emission polarizer, but the polarization of the
incident laser was selected to be either along the [110] or
the [110] direction. In the PLE experiments, the spec-
trometer was set at the low-energy tail of the PL peak,
and the incident wavelength of a dye laser was scanned.
The samples studied and their growth temperatures are
indicated in Table I. All epilayers are 0.3 mm thick, and
they are not intentionally doped.

III. EXPERIMENTAL RESULTS
AND DISCUSSION

In Fig. 2 we show characteristic PL and PLE spectra
for a sample that exhibits a high degree of ordering
(K-134, T, =630°C) and one that exhibits a low degree of
ordering (K-121, T, =750°C). The spectra were obtained
at 15 K. The PL and PLE polarizations are indicated in
the figure. A number of trends, which we outline below,
can be extracted from these spectra.

We first focus on Fig. 2(a), which shows the PL and
PLE spectra for the ordered sample. The energy
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FIG. 2. PL and PLE spectra measured at 15 K for (a) an or-
dered sample (K -134, T, =630°C) and (b) a disordered sample
(K-121, T,=750°C). The PL emission spectra (labeled P) were
collected with a linear polarizer oriented along the indicated
crystallographic direction. No emission polarizer was used for
the PLE measurements, but the incident laser polarization was
varied between the [110] and [110] directions (as indicated by
the E; label).

difference of the position of the PLE edge for both polar-
izations is attributed to the crystal-field splitting A_ in the
ordered sample.!” An energy splitting of the absorption
edge in polarized PLE measurements is to be expected
based on the band-structure and polarization selection
rules, as discussed previously.!> From the spectra we
deduce a half maximum splitting of A, =9 meV, which is
consistent with previous polarized piezomodulated
reflectivity results on the same sample.!”> The PL at 15 K
shows no polarization energy shift. This is because PL
involves the product of a density of states term with a
Boltzmann factor term and the latter at low temperatures
tends to favor recombination from the lowest energy
transition. At room temperature, however, the effect of
the Boltzmann factor is not so prominent and so an ener-
gy splitting between the polarizations is apparent in the
PL spectrum (the temperature dependence of the energy
of the PL peaks is given below in Fig. 3). PLE, being re-
lated to absorption (i.e., to the upward transition), exhib-
its the crystal-field splitting at all temperatures.

In Fig. 2(a) we also note a large redshift of the PL peak
with respect to the PLE rising edge. Within the frame-
work of our model,'> which considers a statistical distri-
bution of domains F(7), the redshift arises from the fun-
damental difference between an absorption process (PLE)
and an emission process (PL) at low temperature. In the
absorption process, the dominant contribution occurs
from regions near the peak of the F(7) distribution. In
the emission process, however, electrons tend to drift to
domains with lower band gaps (larger order parameter,
1), and then recombine, and hence the dominant contri-
bution occurs from regions characterized by the low-E,
side of the F(7n) distribution. At room temperature, this
effect of the Boltzmann factor is diminished, thus reduc-
ing the redshift (this is observed in Fig. 3).

Figure 2(b) shows the PL and PLE spectra for the
disordered sample. As expected, a disordered sample ex-
hibits a zinc-blende type of symmetry and the PLE spec-
tra yields a very small crystal-field splitting A. <1 meV.
This value is also consistent with previous piezomodulat-
ed reflectivity results.’ In addition, the PL peak has the
same energy as the PLE edge: that is, it has a negligible
redshift. Following our interpretation based on the dis-
tribution of ordered domains (Fig. 1), this indicates that
in disordered samples the distribution function F(75) ap-
proaches a & function centered at 7, =0. This is also
confirmed by the fact that the width of the PL peaks are
narrower in the disordered sample, as compared to the
ordered one (this is discussed in more detail later in rela-
tion to Fig. 8). The same effect has also been seen in other
samples.” Furthermore, the rising edge of the PLE is
sharper in the disordered sample as compared to the
more ordered sample, consistent with the statistical dis-
tribution of band gaps within the laser sampling volume
[see Figs. 2(a) and 2(b)]."3

Figure 3 shows the temperature dependence of polar-
ized PL in samples with various degrees of ordering. As
explained above, the polarization splitting increases with
increasing temperature, the splitting being larger for the
most ordered sample in Fig. 3(c), and negligible for the
least ordered sample in Fig. 3(a). Consistent with the
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FIG. 3. Temperature dependence of polarized PL in samples
with various degrees of ordering. Plots (a), (b), and (c) corre-
spond to very low, medium, and significant degrees of ordering,
respectively. Although only high-power data are shown for
comparison’s sake, (c) shows a strong dependence of low-
temperature behavior on incident laser power density. This 1s
consistent with a low density of states associated with the low-
energy tail of the F(n) distribution.

argument based on the effect of the Boltzmann factor, the
splitting slowly increases in the range 0-293 K, or 26
meV of thermal energy, which corresponds approximate-
ly to the value of A.. Below 60 K we observe a sudden
redshift in the energy of the PL peak in the ordered sam-
ples, which is due to the drift of electrons into the more
ordered domains of F(7n). It is assumed that the
electron-hole pair has a sufficient lifetime at low tempera-
ture to drift to neighboring regions which have a lower
band gap. Figure 3 indicates that the redshift of PL with
respect to PLE occurs predominantly below 60 K, and
that it is larger for more ordered samples.

In the partially ordered samples of this study, the mag-
nitude of the low-temperature PL redshift is dependent
upon the incident laser power. If we photoexcite a large
population of electron-hole pairs with a high incident
power density (not shown), then the anomalous low-
temperature behavior of Figs. 3(b) and 3(c) is mitigated,
and these samples more closely exhibit the temperature
behavior of the disordered alloy [Fig. 3(a)]. This is con-
sistent with our F(7) distribution function: the low
band-gap (high 7) tail of the F(7) distribution represents
a smaller density of states. As we increase the laser
power density, the lowest energy recombination paths be-
come saturated, and the luminescence occurs predom-
inantly from higher energy states which exhibit an order
parameter closer to 7=1,.

We now focus on the trends of our experimental data
as a function of the degree of ordering. The PL band gap
at 60 K, E (60 K), is used as an indication of the degree
of ordering; the lower the band gap, the higher the order
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FIG. 4. Redshift of the PL peak with respect to the PLE
edge vs E (60 K) as measured by PL. The curves for the
different polarization are labeled [110] and [110]. The more or-
dered samples exhibit a significantly larger low-temperature
redshift.

parameter 7,. Although 7, has not been measured
directly, theoretical relations between E; and 7, have
been developed.! Figure 4 shows the redshift of the PL
with respect to the PLE edge at 15 K vs E, (60 K). The
redshift of the PL relative to the PLE increases with or-
dering, consistent with an increasing width of F(7) with
increasing 7,. We note again that the redshift is ex-
plained on the basis of a distribution of ordering parame-
ters: the PLE signatures probe the peak of the distribu-
tion while PL probes the more ordered regions which
comprise the right-hand side tail of the distribution (Fig.
1). The energy separation between the curves for [110]
and [110] polarization indicates how the crystal-field
splitting increases with increasing ordering. At 15 K,
PL does not show significant polarization dependence,
whereas the PLE does show clear polarization depen-
dence.

Figure 5 shows the PLE polarization splitting at 15 K
as a function of E;(60 K). The PLE splitting is attribut-
ed to the crystal-field splitting caused by ordering. The
results compare favorably with crystal-field splitting

PLE Splitting (meV)
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1.90 1.92 1.94 1.96 1.98
60 K PL Band gap ©V)

FIG. 5. PLE polarization splitting as a function of a 60-K
photoluminescence band gap. The PLE splitting is defined as
the energy difference between the two polarizations of the ab-
sorption edge half maximum.
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FIG. 6. (a) Energy of the PL peak at 60 K as a function of
sample growth temperature T,. (b) Energy of the PLE edge
(half maximum) at 15 K as a function of sample growth temper-
ature T,, for both incident polarizations. Both measurements
exhibit the characteristic U shape, but the polarized PLE mea-
surements directly show the presence of the crystal-field
valence-band splitting in the more ordered samples.

versus E, measurements done by piezomodulated
reflectivity'® at the same temperature.

Next, we focus on trends as a function of sample
growth temperature T,. Figure 6(a) shows the energy of
the PL peak at 60 K as a function of sample growth tem-
perature. A characteristic U-shaped curve is observed,

T= 60K
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FIG. 7. Slope of the PLE as a function of growth tempera-
ture T, the slope being measured as the energy width of the
10-90 % intensity rise. The labels [110] and [110] indicate the
polarization of the incident light. The PLE slope is controlled
by the distribution of order parameters within the volume being
probed, as well as the presence of the crystal-field splitting in
the more ordered samples.
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FIG. 8. Plot of the width of the PL peak as a function of
growth temperature T,. The PL width is expected to give an in-
dication of the width of the distribution F(7).

with a maximum band-gap lowering of =70 meV occur-
ring for a growth temperature of 670°C (our most or-
dered epilayer). Figure 6(b) shows the [110] and [110]
absorptive transition energies (as determined by 15 K po-
larized PLE) as a function of T,. Note that the energy
difference between polarizations is greatest when the
band gap is lowest. This is consistent with the theory:
the crystal-field splitting is expected to depend on the de-
gree of ordering in the sample.

Figure 7 shows the slope of the rising edge of the PLE
spectrum as a function of sample growth temperature T,
the slope being measured as the energy width of the
10-90 % intensity rise. The PLE slope is a measure of
the width of the F(7%) distribution, while the crystal-field
splitting (or energy separating between polarizations, dis-
cussed in the preceding paragraph) is a measure of 7, in
the sample. Using this interpretation we observe that the
more ordered samples in this study exhibit a wider sta-
tistical distribution of ordered domains than the disor-
dered samples in the range T,>670°C. The previous
conclusions about the width of the distribution F(7) are
consistent with a plot of the width of the PL peaks as a
function of T,, as shown in Fig. 8. This figure indicates
that the width of the distribution increases with degree of
ordering.

IV. CONCLUDING REMARKS

In summary, we have used the spectroscopic tech-
niques of PL and PLE to study the microstructure of
spontaneously ordered GalnP, grown on (001) GaAs sub-
strates misoriented 2° toward [011]. Data analysis was
performed with respect to growth temperature and the
resultant band gap, and as a function of sample tempera-
ture. Three trends were shown to correlate with order-
ing: (i) a low-temperature redshift of the PL peak energy
with respect to the absorption edge; (i) a crystal-field-
induced polarization of the absorption edge; (iii) a soften-
ing of the absorption edge as measured with PLE. These
observations provide strong evidence for a statistical dis-
tribution of domains in GalnP, grown on 2°—[011]
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misoriented substrates in support of the microstructural
model proposed in an earlier paper.!* Future work will
concentrate on optimization of the growth conditions and
substrate misorientation to achieve uniform epilayers that
exhibit maximal ordering.
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