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Phonon modes in spontaneously ordered GaInP2 studied by micro-Raman
scattering measurements

Hyeonsik M. Cheong, F. Alsina, A. Mascarenhas, J. F. Geisz, and J. M. Olson
National Renewable Energy Laboratory, 1617 Cole Boulevard, Golden, Colorado 80401

~Received 9 December 1996; revised manuscript received 1 April 1997!

We have performed micro-Raman-scattering experiments on ordered GaInP2 alloy samples in three different
geometries where the phonon wave vector is either parallel or perpendicular to the ordering axis of the crystal.
By comparing results from the~1̄11! backscattering and right-angle scattering measurements with theC3v

symmetry of the crystal, we found that the recently discovered peaks at 205 and 354 cm21 in the Raman
spectra of ordered alloys are due to longitudinal-phonon modes withA1 symmetry in these geometries. In the
~110! backscattering geometry, selection-rule forbidden longitudinal-phonon modes appear in the Raman spec-
tra measured in parallel polarizations. Possible mechanisms for this selection-rule violation are discussed.
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I. INTRODUCTION

Spontaneous CuPtB-type long-range ordering in GaInP2
has been a subject of intense study in recent years.1 Depend-
ing on the growth conditions, Ga0.52In0.48P ~written as
GaInP2 for simplicity!, grown lattice matched to a~001!
GaAs substrate by organometallic vapor phase epit
~OMVPE!, exhibits ordering of the cations on the group-
sublattice along@1̄11# or @11̄1#, which are the two@111#B
directions. The ordered alloys consist of monolayer super
tices of Ga11hIn12hP2/Ga12hIn11hP2 along the@111#B direc-
tions, where the order parameterh ranges from 0 to 1. When
the ordering is single variant, i.e., the ordering occurs alo
only one of the two@111#B directions throughout the sample
this structure has trigonal symmetry with point groupC3v ,
while the random alloy of GaInP2 has the cubic zinc-blend
structure with point groupTd . The ~001! backscattering Ra
man spectrum of the random alloy GaInP2 consists of three
major features:2–10 a GaP-like longitudinal-optical-~LO-!
phonon peak at;380 cm21, an InP-like LO phonon peak a
;362 cm21, and a transverse-optical-~TO-! phonon band at
;330 cm21. In addition, it is believed that there is a TO
phonon peak between the two LO-phonon peaks.11,12In early
Raman studies on the effects of ordering, no major chang
the Raman spectrum was observed. With recent impro
ment in the sample qualities, however, there have been
eral reports7–10 of major effects of ordering on the~001!
Raman spectrum. Several effects are reported:~1! three extra
peaks at;60,;205, and;354 cm21 appear in the Raman
spectra of highly ordered samples;~2! the GaP-like LO-
phonon peak blueshifts with increasing ordering by abou
cm21; and ~3! the peak at 354 cm21 is enhanced when th
excitation and the detection polarizations are aligned in
@1̄10# direction while the peak at 205 cm21 is enhanced when
the polarizations are in the@110# direction. Hassineet al.,9

report a larger blueshift~;4.5 cm21! and a 7-cm21 splitting
of the GaP LO peak, but this observation has not been re
duced by others. The extra peaks are often interprete
terms of theC3v symmetry of the ordered alloy.

7–9However,
since the@111#B ordering axis is neither parallel nor perpe
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dicular to the phonon wave vectorq in the @001# backscatter-
ing geometry, symmetry and polar characters of the mo
are mixed, and therefore it is not possible to make defin
assignments of the modes withouta priori knowledge of the
relative strengths of the LO-TO splitting and theA1-E split-
ting. Lately, Mestreset al.13 compared backscattering Rama
spectra of~110! and~1̄10! cleaved edges in an effort to fin
the correct phonon mode assignments for the new pe
However, modes are again mixed in the~1̄10! backscattering
geometry and, as we will show later, the~110! backscattering
geometry turns out to be problematic due to non-negligi
forbidden scattering of the longitudinal modes. In this pap
we compare the results of micro-Raman-scattering exp
ments in three different geometries withq either parallel or
perpendicular to the ordering axis to obtain the first definit
phonon mode assignments for the extra Raman peaks.

II. EXPERIMENT

We have performed micro-Raman measurements on
eral ordered GaInP2 samples and the results for a typic
sample presented in this paper were reproducible. A 10-mm-
thick GaInP2 epilayer was grown by OMVPE on a~001!
semi-insulating~SI! GaAs substrate 6° misoriented towa
@111#B . A growth temperature of 680 °C and a growth ra
of 5 mm/h were used. The SI substrate was used to que
the hot photoluminescence~PL! signal from the substrate in
the right-angle scattering measurements. The substrate
orientation assures that the sample is single variant.14 The
exact orientation of the ordering axis was found by meas
ing the room-temperature photoluminescence on the
cleaved surfaces@~110! or ~1̄10!# of the sample and compar
ing the polarization of the PL.15 The value of the order pa
rameterh of the sample was estimated to be 0.4660.02 by
comparing the low-temperature~10 K! PL and PL excitation
spectra with theoretical calculations.16–18

We choose the two cleavage directions of the sample
X5@11̄0# and Y5@110#, and the growth direction as
Z5@001#.19 Since the sample is single variant, the princip
axes of the crystal symmetry can be defined as the orde
1888 © 1997 The American Physical Society
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TABLE I. TheC3v Raman-scattering efficiency calculated with Eqs.~1! and~2! for the scattering geom-
etries used in this work. We use the Porto’s notation whereki(ei ,es)ks refers to the scattering configuratio
in which ki andks are the propagation directions of the incident and scattered photons, andei andes are the
polarization directions of the incident and scattered photons, respectively.u is the angle between thez8
direction and the direction normal to the growth surface.

A1 Ex8 Ey8

z̄8(y8,y8)z8, z̄8(x8,x8)z8 a2 c2 0
z̄8(x8,y8)z8, z̄8(y8,x8)z8 0 0 c2

Z̄(X,Z)X̄ (a2b)2sin2u cos2u $c sinu cosu1d(cos2u2sin2u)%2 0

Z̄(Y,Y)X̄ a2 c2 0

Z̄(Y,Z)X̄ 0 0 (c sinu2d cosu)2

Z̄(X,Y)X̄ 0 0 (c cosu1d sinu)2

y8(z8,z8) ȳ8 b2 0 0
y8(x8,x8) ȳ8 a2 c2 0
y8(x8,z8) ȳ8, y8(z8,x8) ȳ8 0 d2 0
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axis z85@1̄11# and two axes perpendicular to i
y85Y5@110# andx85@11̄2#. The Raman spectra were take
in three geometries: backscattering on~110! and ~1̄11! sur-
faces, and right-angle scattering between theZ̄ andX̄ direc-
tions. For the~1̄11! backscattering, a piece of the sample w
polished normal to the@1̄11# direction using 500-Å grit size
colloidal silica. The backscattering measurements were
formed in air through a 603 microscope objective using th
5145-Å line of an Ar ion laser as the excitation source. T
power used was 1.5 mW and the spot size was<2mm, much
smaller than the thickness of the epilayer, in order to ens
that the excitation laser light is fully contained in the corre
surface of the GaInP2 layer. The possible effect of local hea
ing was checked by varying the excitation power, and
appreciable change in the Raman spectra was observe
powers up to;5 mW. For the right-angle scattering, a tit
nium:sapphire laser tuned at 7400 Å, below the band-
energy of GaInP2, was used as the excitation. The las
power at the sample was 20 mW, focused to a spot siz
;50 mm in diameter. The focus spot was;100mm below
the top edge of the~001! surface in order to prevent th
diffracted laser light from reaching the top~1̄10! surface. In
both geometries, the signal was collected with the mic
scope objective, dispersed by a Spex 0.6-m triple spectr
eter, and detected with a liquid-nitrogen-cooled hig
resolution CCD detector array. The uncertainty in the Ram
shift is estimated to be62 cm21.

III. RESULTS AND DISCUSSION

In theC3v symmetry, the three Raman-scattering tens
A1 , Ex8 , andEy8 that represent vibrations alongz8, x8, and
y8, respectively, can be written as20

S a 0 0

0 a 0

0 0 b
D , S c 0 d

0 2c 0

d 0 0
D , S 0 2c 0

2c 0 d

0 d 0
D .

~1!

The Raman-scattering efficiency can be written as
s
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S}ueiResu2, ~2!

whereei andes are the unit vectors along the polarizations
excitation and scattered light, respectively, andR is the ten-
sor for a particular mode. Table I summarizes the values
ueiResu2 for the scattering geometries used in this work.

A. „1̄11… backscattering

In the backscattering geometry on the~1̄11! surface,q is
along thez8 direction, and therefore theA1 tensor represents
longitudinal modes and theEx8 and Ey8 tensors represen
transverse modes. Then, according to Table I, both long
dinal and transverse modes are allowed in parallel polar
tions @ z̄8(x8,x8)z8 or z̄8(y8,y8)z8], while only transverse
modes are allowed in crossed polarizations@ z̄8(x8,y8)z8 or
z̄8(y8,x8)z8]. Figure 1 shows Raman spectra taken in th
geometry for the four polarization configurations. Only t
TO-phonon peak at 328 cm21 appears strongly in the crosse
polarizations, while the InP- and GaP-like LO-phonon pea
and the new peak at;205 cm21 also appear in the paralle
polarizations. This is consistent with the previo
interpretation7,9,10 of the 205-cm21 peak as a folded
longitudinal-acoustic-phonon mode withA1 symmetry. The
extra peak at 354 cm21 is not resolved in any of these spe
tra. This is also consistent with the~001! backscattering re-
sult where this peak is strong and clearly resolved only wh
the polarization has az8 component. In the current geometr
the polarization has noz8 component. In the crossed pola
izations, weak features appear at the frequencies of the
phonons. These nominally forbidden peaks appear wea
becauseq has some component orthogonal toz8 due to the
large angle of incidence of the micro-Raman optics.

B. Right-angle scattering

In right-angle scattering where the excitation is in theZ̄
direction and the detection in theX̄ direction, q is at 45°
relative to theZ direction. For a sample grown on a 6° mi
oriented substrate, the angle between thez8 and Z axes is
48.7°. Therefore, in this geometry it is a good approximat
to assume thatq is parallel toz8, and as in~1̄11! backscatter-
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ing, the A1 tensor represents longitudinal modes and
Ex8 andEy8 tensors represent transverse modes. Table I
the scattering efficiencies usingX5(cosu,0,2sinu), Y
5(0,1,0), andZ5(sinu,0,cosu), where u is the angle be-
tween thez8 andZ axes.

Figure 2 shows four spectra taken for the four possi
polarization configurations. In this geometry, the detec
signal was a few orders of magnitude stronger than the b
scattering case owing to the larger interaction volume. In
Z̄(X,Y)X̄ configuration, a very weak signal was detected
the TO-phonon peak at 328 cm21. This implies, according to
Table I, thatc>2d tanu'2d ~u'45°! for this mode. In the
Z̄(Y,Z)X̄ configuration, only the TO-phonon peak is d
tected as expected. Here, unlike the case of the~1̄11! back-
scattering, no signal from the forbidden LO-phonon pea
was detected. This is due to the difference in the geometr
the optical setup; unlike the backscattering geometry, the
citation beam is almost perfectly parallel to theZ̄ direction,
and the microscope optics preferentially collect scatte
photons nearly parallel to theX̄ direction due to the high
index of refraction of the material and the;100-mm distance
between the incident-beam path and the top~1̄10! surface of
the sample. It should also be noted that there is no indica
of a TO-phonon peak between 362 and 380 cm21 in this
spectrum. It has been suggested that a TO-phonon pea
tween the two LO peaks at 362 and 380 cm21 is responsible
for the reduction of the so-called valley-depth ratio in t
~001! Raman spectra of ordered alloys.7,9 However, our data

FIG. 1. Raman spectra of ordered GaInP2 taken in the~1̄11!
backscattering geometry in four different polarization configu
tions (ei ,es), whereei andes are the polarization directions of th
incident and scattered photons, respectively. The inset shows
scattering geometry.
e
ts

e
d
k-
e
r

s
of
x-

d

n

be-

show that even if there exists a TO mode in this frequen
range, it is very weak and so its contribution to the~001!
Raman spectra would be negligible.

In the Z̄(X,Z)X̄ andZ̄(Y,Y)X̄ configurations, both longi-
tudinal and transverse modes are allowed, and the spe
show the extra peaks at;354 cm21 and at;205 cm21 in
addition to the two LO-phonon peaks and the TO-phon
peak. This, together with the behavior of this mode in t
Z̄(Y,Z)X̄ and theZ̄(X,Y)X̄ configurations, is consistent with
the result of the~1̄11! backscattering which assigned th
205-cm21 peak as anA1 longitudinal mode. The 354-cm21

peak is also anA1 mode, because if it were anEx8 mode, it
should be about 4 times stronger in theZ̄(Y,Y)X̄ configura-
tion than in theZ̄(X,Z)X̄ configuration~sinu'cosu'1/A2).
By comparing the intensities of these peaks with Table I,
can estimate the relative magnitude of some of the ten
components of Eq.~1! for each mode. The 205-cm21 mode is
strong in theZ̄(Y,Y)X̄, z̄8(x8,x8)z8, and z̄8(y8,y8)z8 con-
figurations and weak in theZ̄(X,Z)X̄ configuration. There-
fore, we can deduceua2bu!2uau (u'45°), or equivalently,
a'b for this mode. The 354-cm21 peak shows an opposit
behavior, and thereforeua2bu@2uau for this mode. We also
note that the positions of the peaks in Figs. 1 and 2 are
same within experimental uncertainties as those in the~001!
spectra, which means that the anisotropy of the force c
stant is rather small. In order to check the effect of re
nance, the excitation energy was varied from 1.675 eV~7400
Å! to 1.785 eV~6946 Å! and the above results were cons

-

he

FIG. 2. Raman spectra taken in the right-angle scattering ge
etry where the excitation is in theZ̄ direction and the detection in
the X̄ direction.
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56 1891PHONON MODES IN SPONTANEOUSLY ORDERED . . .
tent throughout the excitation energy range.~The room-
temperature band gap of the sample was;1.81 eV.!

C. „110… backscattering

In the backscattering geometry from the~110! cleaved
surface,q is along they8 direction; theEy8 tensor represent
longitudinal modes and theEx8 and A1 tensors represen
transverse modes. Therefore, only transverse modes ar
lowed in any of the four polarization configurations acco
ing to Table I. Figure 3 shows Raman spectra taken in
geometry. The TO-phonon peak at 328 cm21 is present in all
four spectra as expected. In addition, the forbiddenEy8 sym-
metry LO-phonon peaks at 362 and 380 cm21, and the peak
at 205 cm21 are clearly observed in the parallel polarization
Some signal from the forbidden modes is expected due to
geometry of the micro-Raman optics as discussed earlie
the case of the~1̄11! backscattering. However, if the LO
phonon signal in these spectra is solely due to the geom
of the optical setup, the intensities of the forbidden LO pe
should be the same for the two parallel polarizations;
example, we observed a very weak signal from the forbid
LO-phonon mode for the GaAs substrate of this sample
its intensity did not depend on the direction of the polariz
tions. In this case, however, there is a clear directionality;
forbidden modes are much stronger for they8(x8,x8) ȳ8 con-
figuration than for they8(z8,z8) ȳ8 configuration. This also
rules out a breakdown of the translational symmetry due
random disorder as the cause of this selection-rule violat
Two possible mechanisms for this breakdown a

FIG. 3. Raman spectra taken in the~110! backscattering geom
etry. The forbidden LO modes are clearly seen in the parallel
larization configurations and are stronger in they8(x8,x8) ȳ8 con-
figuration than in they8(z8,z8) ȳ8 configuration.
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q-dependent Fro¨hlich interaction and Fro¨hlich interaction
due to the electric field induced by surface charges.21,22Both
these forbidden scattering mechanisms are dependent o
excitation energy with enhancement near the resonance
an interband transition. In our case, the excitation ene
~2.41 eV! is not far from the interband transition between t

spin-orbit valence band and the foldedL band state (L1c8 ),
which has an energy of;2.3 eV.1 In order to check this
possibility, we repeated the~110! backscattering measure
ments using the 4880-Å line~2.54 eV! as the excitation; the
forbidden scattering should be weaker for the 4880-Å ex
tation. Figure 4 compares two Raman spectra taken in
y8(x8,x8) ȳ8 configuration under nominally identical cond
tions except for the excitation wavelength. The overall R

man signal was weaker for the 4880 Å probably due to
combination of some resonance effect and the fact that
spectroscopy system was optimized for the 5145-Å exc
tion. In Fig. 4, the spectra were normalized for the T
phonon peak for comparison. It is seen that the relative
tensity of the LO-phonon band at 360–385 cm21 is
significantly smaller for the 4880-Å excitation. A similar e
fect was observed for they8(z8,z8) ȳ8 configuration. This is
consistent with the above assumption that these peaks ap
due to forbidden scattering. Also, since these forbidden s
tering mechanisms reflect the symmetry of the crystal,
strength of the interactions would be different for differe
polarizations as we have observed. It should be pointed
that one would not observe selection-rule violations due
these forbidden scatterings in geometries withqiz8, because

-

FIG. 4. Comparison of Raman spectra taken in the~110! back-
scattering geometry with 5145- and 4880-Å excitations. The forb
den LO modes at 360–385 are weaker in the spectrum for
4880-Å excitation. The relative intensity of the 205-cm21 peak is
also lower for the 4880-Å excitation, which indicates that this pe
is also due to a forbidden longitudinal mode.
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in those cases,A1 longitudinal modes are already selectio
rule allowed when these Fro¨lich interactions are allowed
~parallel polarizations!.

It is also seen in Fig. 4 that the relative intensity of t
205-cm21 peak is much smaller for the 4880-Å excitatio
This implies that this mode has similar characteristics as
GaP- and InP-like LO phonons at 360–385 cm21, which are
Ey8 longitudinal modes. This contradicts the interpretation
Mestreset al.,13 who interpreted this peak as anA1 trans-
verse mode in this geometry based on the assumption
the LO-TO splitting is very small for this mode. Since the
used only the 5145-Å excitation and ignored the rather s
nificant intensity of the LO-phonon band at 360–3
cm21, they assumed that the strong signal of the 205-cm21

peak in this geometry was consistent with this being an
lowed A1 mode. However, our current data clearly indica
that this peak’s behavior closely resembles those of the G
and InP-like LO phonons, which haveEy8 symmetry in this
scattering geometry.
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IV. CONCLUSIONS

We performed micro-Raman-scattering measurements
spontaneously ordered GaInP2 samples in scattering geom
etries where the phonon wave vectorq is either parallel or
perpendicular to the ordering directionz8, which is the
uniaxial direction of the trigonalC3v symmetry of the crys-
tal. By comparing the selection rule and the results of
~1̄11! backscattering and the right-angle scattering, wh
qiz8, we identified the extra peaks at 205 and 354 cm21 as
A1 longitudinal modes. In~110! backscattering, we observe
forbidden scattering of GaP- and InP-like LO phonons, a
found that the 205-cm21 mode also behaves like these L
phonons which areEy8 longitudinal modes in this geometry
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