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Raman line-shape analysis of random and spontaneously ordered GalnP, alloy
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We have measured the temperature dependence of the Raman frequency and linewidth of the GaP-
like LO phonon of random and spontaneously ordered GalnP, alloys. The width of the asymmetric Ra-
man band is strongly influenced by disorder and the anharmonicity of the lattice. The half-width to-
wards the high-energy side of the Raman band of the GaP-like phonon is independent of temperature,
while the half-width on the low-energy side does depend on temperature. Though no obvious differences
are observed in the temperature dependence of the Raman spectra of the random and the ordered alloys,
the GaP-like Raman band of the ordered samples narrows for incident photon energies near the funda-
mental gap of the alloy. We attribute the narrowing of the Raman band to the inhomogeneities in the
material caused by the existence of a statistical distribution of partially ordered domains with different
order parameters 7). From the observed width of the dispersion of the Raman linewidth as a function of
incident photon energies under resonance conditions, it is concluded that samples grown at higher tem-

peratures possess a narrower distribution of domains.

I. INTRODUCTION

GalnP, alloys have attracted considerable attention
due to their potential application for various photonic'
and high-efficiency photovoltaic devices.? For a judicious
choice of growth conditions these alloys exhibit a spon-
taneous formation of a monolayer superlattice along the
(111) B directions.> The electronic properties of the
spontaneously ordered material are markedly different
from that of the random alloy. In particular, the spon-
taneously ordered materials show a reduction of the fun-
damental band gap and a splitting of the otherwise degen-
erate valence bands of the random alloy. These changes
in the electronic structure have been explained on the
basis of doubling of the unit cell and the reduced symme-
try of the Cu-Pt structure.* Though the modifications to
the electronic structure of the ordered GaIlnP, have been
studied extensively,”~° the vibrational properties of these
materials have received relatively little attention. In a
previous paper, we have demonstrated the sensitivity of
the resonance Raman technique to the changes in the
band structure of the spontaneously ordered GalnP, al-
loy.' In this paper, we examine the temperature depen-
dence of the GaP-like LO phonon and the changes in the
Raman line shape under resonance with the E, gap for
both the ordered and random alloys. It is found that the
temperature dependence of the linewidth of the Raman
band of the GaP-like phonon has considerable contribu-
tion from both the effects of disorder and lattice anhar-
monicity. The sensitivity of Raman scattering to local
atomic arrangement in alloys has been exploited in the
past to study clustering effects!! and variations in compo-
sition from a nominal value!? under resonant conditions.
The inhomogeneity of the electronic properties of semi-
conductors manifests itself in the distortion of the Raman
line shape for incident photon energies in the vicinity of
an allowed optical transition for the material.'* The Ra-
man line shape of the ordered GalnP, epilayers exhibits
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interesting changes for excitation of the samples with
photon energies close to the fundamental gap of the ma-
terial. These changes are related to the fact that the mi-
crostructure of the spontaneously ordered samples con-
tains a statistical distribution of domains with different
order parameters 7. %13

II. EXPERIMENTAL DETAILS

The GalnP, samples used in this study were prepared
by organometallic vapor-phase epitaxy technique. 3000-
A-thick Gag 55Ing 4P epilayers were grown on (001)
GaAs substrates, misoriented by 2° towards the [111]B
direction, at substrate temperatures ranging from
630°-750°C. The details of the growth process have
been described elsewhere.!* The electronic properties of
these samples have been extensively studied by photo-
luminescence, photoluminescence excitation'® (PLE), and
piezomodulated reflectivity techniques.!” The sample
grown at 670°C shows the largest reduction in the band
gap with respect to the random alloy. The epilayer
growth at 750°C is the least ordered, while samples
grown at other temperatures exhibit intermediate degrees
of ordering. Raman measurements were performed using
either the 5145-A line of an Ar*-ion laser or emission
from a DCM special dye laser. The scattered light was
dispersed either by a 0.85-m double monochromator
equipped with a photon counting system or a 0.6-m triple
spectrometer equipped with a charge-coupled device
detector. The resolution of the spectrometers was set at 2
cm~!. The low-temperature measurements were per-
formed using a continuous-flow helium cryostat.

III. EXPERIMENTAL RESULTS AND DISCUSSION

Figure 1(a) shows the Raman spectra from samples
grown at 750°C and 670 °C under cross-polarization con-
ditions measured at 15 K. The Raman spectrum of
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FIG. 1. (a) Raman spectra of the random [7,=750°C,
E,(RT)=1.88 eV] and the ordered [T, =670°C, E,(RT)=1.83
eV] GalnP, alloy measured at 15 K. (b) Expanded view of the
Raman spectrum of the ordered GalnP, alloy. The broken line
is a Lorentzian fit to the high-energy part of the Raman spec-
trum.

GalnP, alloys exhibits a modified two-mode behavior'®
and consists of a broad asymmetric GaP-like LO feature
at ~385 cm™ !, the InP-like LO band at ~365 cm ™!, and
a TO mode at ~340 cm ! (not shown). The deviations
from the zinc-blende selection rules for the Raman spec-
tra of the ordered material have been discussed earlier.'
No systematic variations in the phonon frequencies are
observed between the ordered and the random alloys.

Figure 1(b) displays an expanded view of the GaP-like
Raman band of the most ordered sample measured at 15
K. The GaP-like band is broad and asymmetric with a
relatively sharp cutoff on the high-energy side and a long
tail extending down to the InP-like band. The observed
line shape is typical of ternary alloys!°~2! and has been
described theoretically within the framework of the
coherent-potential approximation.”? The observed 7
cm ™! full width at half maxima (FWHM) of the GaP-like
band is much larger than the FWHM of 0.36 cm ! ob-
served for the binary GaP.? The large broadening ob-
served in the Raman spectra may arise either from the
anharmonicity in the lattice or be due to alloy disorder
produced by fluctuations in the cation-site occupancy.
Since the anharmonic contribution to the linewidth at 15
K is small, it appears that the major contribution to the
linewidth arises from disorder effects.
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Due to the presence of translational symmetry in a per-
fect crystal, only the kK ~0 phonons are accessible to Ra-
man scattering. The presence of cation fluctuations in
the ternary alloy leads to the breakdown of the
momentum-conservation rule and phonons throughout
the Brillouin zone can become Raman active. The peak
in the Raman spectrum in Fig. 1(b) arises from the
highest-frequency, zone-center GaP-like LO phonon in
the material. To study the temperature dependence of
the Raman spectra, we extract the peak position and the
width of the highest-phonon by fitting only the high-
energy part of the Raman band with a Lorentzian.

An example of such a fit is also shown in Fig. 1(b). A
reasonably good fit is obtained for the high-energy side of
the Raman spectrum. A half-width at half maximum of
2.5 cm™! is obtained from the fitting procedure. This
width is much larger than the homogeneous broadening
caused purely by lattice anharmonic effects in typical
II1-V binaries. The Raman FWHM of single-crystal GaP
is 0.36 cm 1.2 The presence of cation fluctuations on
the group-III sublattice and additional scattering at the
boundaries of the ordered domains in Cu-Pt ordered al-
loys would lead to a broad Raman peak. The broadening
on the low-energy tail of the experimental data that is not
accounted for by the fit is attributed to scattering from
phonons, which are not exactly at the center of the Bril-
louin zone.

Figure 2(a) shows the temperature dependence of the
highest-energy GaP-like phonon frequency of the most
ordered and the random alloy. A rigorous description of
the temperature dependence of phonon frequencies re-
quires a knowledge of the anharmonic potential and the
phonon self-energy.?* Since these quantities are not avail-
able in the literature, we describe the temperature depen-
dence of the phonon frequency by assuming a decay pro-
cess of the LO phonons into two phonons of equal fre-
quencies. The temperature dependence of the shift in Ra-
man frequency can be described by*’

2

e*—1

1+

Aw(T)= AT +B , (1)

where the first term on the right-hand side is the contri-
bution to the shift from the lattice-expansion effect, the
constant B determines the cubic contribution to the de-
cay process, and x =fiwy,/2ky T where w, is the T=0 K
phonon frequency. The values of A4, B, and w, obtained
from the fit are 0.0044 cm ! K™, 1.97 and 386 cm !, re-
spectively, for the ordered epilayer.

The temperature dependence of the width of the
highest-energy GaP-like Raman band of the most or-
dered sample is plotted in Fig. 2(b). The data are a good
representation of other GalnP, alloy samples as well.
The width of the Raman band is independent of tempera-
ture. This indicates that the broadening of the Raman
feature corresponding to the GaP-like phonon is strongly
dominated by the inhomogeneity in the film. For com-
parison, the temperature dependence of the Raman
linewidth of the LO phonon of single-crystal GaP is also
plotted in Fig. 2(b). The behavior of the LO phonon in
this case can be described well by homogeneous broaden-
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ing caused by the effects of lattice anharmonicity alone.?
The dependence of the Raman linewidth of the GaP-like
phonon of the alloy on temperature is in contrast with
the dependence of the GaAs-like phonon in Al, Ga,_, As
alloys, where the width of the Raman linewidth is only
weakly affected by the disorder on the cation sublattice.!’

Figure 3 demonstrates the temperature dependence of
the ratio of the half-widths of the low-energy to the
high-energy side, T, /T, of the Raman spectra for the
most ordered and the random alloy. It is observed that
the asymmetry is a strong function of temperature. Since
the low-energy tail of the Raman band arises from
scattering by phonons that originate away from the zone
center and the width of the Raman feature arising from
the highest-energy GaP-like phonon is independent of
temperature, the increase in asymmetry can be attributed
to the anharmonicity of the phonons, which are away
from the T' point in the Brillouin zone. This behavior is
again in contrast to the situation observed in
Al,Ga,_,As alloys where the asymmetry of the GaAs-
like Raman band is only weakly affected by tempera-
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FIG. 2. (a) Temperature dependence of the Raman shift of
the GaP-like LO phonon of the ordered and the random alloy.
The solid and broken lines represent the best fit to the data as-
suming cubic contribution of the anharmonicity to the decay
process. (b) Temperature dependence of the Raman width of
the GaP-like LO phonon for the alloy (M) and single crystal
GaP (@). The broken line is meant as an aid to guide the eye,
while the solid line is the fit to the experimental data assuming
cubic anharmonicity. The data for single crystal GaP are taken
from Ref. 23.
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FIG. 3. Temperature dependence of the asymmetry, I', /T,
of the Raman spectra for the ordered (M) and the random (@)
GalnP, alloy. The lines are meant as an aid to guide the eye.

ture.!” A possible explanation for the strong dependence
of the asymmetry of the Raman line shape on tempera-
ture in the case of GalnP, alloys may lie in the fact that
the InP-like LO phonon branch is situated below the
GaP-like phonon branch, and hence gives rise to addi-
tional decay channels for the GaP-like phonons.

Though the temperature dependence of the Raman
linewidths and shifts show no significant variation be-
tween the ordered and the random alloy, significant
differences are observed in the linewidth dependence on
the incident photon energy in the vicinity of the funda-
mental gap for the two cases. Figures 4(a)—4(c) show the
behavior of the Raman linewidth I'), of the highest-
energy GaP-like phonon as a function of the laser excita-
tion energy for GalnP, samples exhibiting different de-
grees of ordering. The incident light was polarized along
the [110] direction to ensure the enhanced coupling with
the E, gap of the material.'® Since the low-energy tail of
the band arises from the superposition of modes away
from the zone center, we choose to study the dependence
of the half-width of the Raman band towards the high-
energy side I'j,. For the nearly random alloy, no varia-
tions in the Raman half-width are observed as the excita-
tion energy is varied across the fundamental gap of the
sample. For the samples exhibiting various degrees of or-
dering, the half-width shows a decrease in the vicinity of
the E, gap of the material. It should also be noted that
the I';, for the ordered alloys is greater than the Raman
width of the nearly random sample. This increase, how-
ever, is not surprising if one considers that additional
scattering from domain boundaries in the ordered materi-
al will give rise to larger linewidth as compared to
scattering from alloy fluctuations alone. An accurate
determination of the position of the Raman band near
resonance is hindered by the presence of strong lumines-
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FIG. 4. Variation of the high-energy Raman half-width T,
with incident photon energy in the vicinity of the fundamental
gap of the GalnP, alloy for epilayers grown at (a) 750°C, (b)
730°C, and (c) 715°C. The lines are meant as an aid to guide the
eye. The arrows indicate the measured band gap of the samples.

1

cence from both the epilayer and the GaAs substrate. No
systematic shifts in the position of the GaP-like Raman
band as a function of excitation energy could be detected
within £1 cm™'. Thus, any dependence of the position
of the GaP-like Raman band on the degree of ordering is
expected to be small.

The reduction in the Raman half-width I";, of the spon-
taneously ordered alloys for excitation close to the funda-
mental gap of the material can be explained if one
remembers that the microstructure of the ordered materi-
als consists of an inhomogeneous distribution of partially
ordered domains with different degrees of ordering. The
Raman spectra of such materials is a superposition of the
Raman spectrum of phonons originating from different
domains within the sample volume. As the incident pho-
ton energy is tuned to the band gap of a particular
domain, the contribution to the Raman cross section
from that region of the material is resonantly enhanced.
Such an enhancement will result in reduction of the
overall width of the Raman band. Of course, no narrow-
ing of the Raman line shape is expected for alloys that
are uniformly ordered or disordered, since only a single
optical transition corresponding to a unique order param-
eter would be expected for such materials. It should also
be noted that for photon energies above the gap of the or-
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dered material, the half-width T'), is slightly lower than
the observed width of the Raman band for excitation
below the gap. The reduction in the half-width of the
Raman band for excitation above the gap could arise due
to either a resonance with the outgoing channel or a
weak coupling with the crystal-field splitoff band.'°

The width of the observed dispersion of I';, in Fig. 4
can be used as a convenient tool to measure the degree of
uniformity of the ordered materials. This width is plot-
ted in Fig. 5(a) as a function of growth temperature. A
narrower width is indicative of greater uniformity in the
material. It is observed that, in general, alloy samples
grown at temperatures close to, or greater than 670°C,
exhibits a greater degree of homogeneity than the sam-
ples grown at lower temperatures. Our results support
transmission electron-diffraction data on ordered GalnP,,
which show sharp superlattice spots for samples grown at
higher temperatures and streaky images for epilayers
grown at low-growth temperatures,”?’ indicating a
greater degree of homogeneity in epilayers prepared at
higher temperature.

The absorption edge measured by PLE spectroscopy
on the set of samples under study showed an interesting
correlation between the band-gap reduction and the 10-
90 rise of PLE edge.!® For the nearly random alloy, the
absorption edge displays a sharp rise with an excitonic
signature, while the slope softens for samples with
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of the dispersion observed in Fig. 4 as a function of growth tem-
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different degrees of ordering. The softening of the slope
in the ordered materials was attributed to the presence of
a distribution of gaps within the probe volume. Since the
width of the dispersion of I";, with respect to the incident
photon energy is also a measure of the same distribution,
it is of interest to compare the PLE 10-90 rise with the
corresponding Raman data. Such a comparison is made
in Fig. 5(b). A positive correlation is observed between
the PLE 10-90 rise and the width of the dispersion of I';,
with incident photon energy. The Raman results thus
provide additional support to the interpretation of the
PLE data.

In conclusion, a comprehensive study of the GaP-like
optical phonon in random and spontaneously ordered
GalnP, alloy has been performed. The temperature
dependence of the Raman linewidth indicates the strong
influence of cation fluctuations and phonon scattering at
the boundaries of ordered domains in these materials.
The dependence of the asymmetry of the Raman line
shape on temperature is produced by the influence of the
anharmonicity of the lattice on the phonons, which lie
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away from the zone center. Though the temperature
dependence of the Raman spectra of the random and the
ordered alloys does not show any obvious differences,
significant changes are observed in the shape of the Ra-
man band of the ordered materials for excitation close to
the fundamental gap of the material. The observed nar-
rowing of the GaP-like Raman band in spontaneously or-
dered samples in the vicinity of the fundamental gap has
been attributed to the presence of a statistical distribution
of partially ordered domains in these materials. The nar-
rowing of the Raman band provides an effective probe to
measure the degree of uniformity of ordering in these al-
loys. The Raman data also support the interpretation for
the observed softening of the PLE edge in the ordered
GalnP, alloys.
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