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Far-Infrared dielectric anisotropy and phonon modes in spontaneously
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The phonon properties of partially CuPtB-ordered Ga0.52In0.48P with degrees of ordering
h50,0.19,0.28,0.35,0.47, determined from generalized ellipsometry measurement of the near-band-gap order
birefringence, are studied by far-infrared spectroscopic ellipsometry. We determine precise spectra of the
anisotropic dielectric functions. With increasingh all Ga0.52In0.48P phonon modes split inE- and A1-type
vibrations with polarization perpendicular and parallel to the sublattice ordering direction, respectively, and the
mode frequencies shift continuously. We demonstrate here that the alloy-induced modes previously observed in
highly disordered Ga0.52In0.48P @Phys. Rev. B64, 155206~2001!# have their origin in the ordered atomic
arrangement of alike group-III atoms. We propose far-infrared dielectric anisotropy as a sensitive measure for
sublattice ordering in multinary III-V alloys.
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I. INTRODUCTION

The III-V semiconductor compound Ga12xInxP exhibits,
in contrast to its binary constituents, a complex polar latt
resonance behavior.1–7 For ternary alloys a distinction wa
made so far between the two extreme where infrared-ac
phonon mode frequencies vary as a function of the a
composition: A single band of transverse~TO! and longitu-
dinal ~LO! phonon modes, which shift continuously betwe
those of the binary constituents, and which is commo
termed as ‘‘one-mode’’ behavior. Accordingly, for the ‘‘two
mode’’ behavior, two infrared active phonon bands occ
close to the frequencies of the binary constituents.
Ga12xInxP the ‘‘two-mode’’ behavior is commonly
accepted.2,3,8,9 For x50.48 the alloy can be grown lattic
matched to GaAs where extensive Raman studies reve
three common features: the GaP-like LO phonon mode
;380 cm21, the InP-like LO mode at;361 cm21, and the
InP-like TO band at;328 cm21. The values for the two LO
modes reported from different authors are fairly consist
but scatter for the InP-like TO frequency from 325
331 cm21.3,4,6,10,11The occurrence of the GaP-like TO mod
was observed at;372 cm21 in far-infrared~fir: ;100 cm21

to ;500 cm21) studies only.7,8,12Measurement of the fir re
sponse provides convenient access to the active lattice m
through an analysis of the complex dielectric functione,
provided the experimental method used owns sufficient s
sitivity to both real and imaginary parts ofe. Such a tech-
nique is spectroscopic ellipsometry~SE!, a powerful tool,
well known for measurements of thin-film dielectric functio
spectra, and which is superior to intensity spectroscopy te
0163-1829/2002/66~19!/195204~10!/$20.00 66 1952
e

e
y

y

r
r

led
at

t

es

n-

h-

niques in terms of accuracy and sample information.13,14

Besides chemical effects due to alloying, or effects due
lattice-mismatch-induced strain, long-range chemical ord
ing of alike group-III or group-V atoms can drastically affe
the phonon mode frequencies as well as other physical p
erties such as band-gap energies, electron effective mas
rameters, and electrical transport properties.15 The reduced
lattice symmetry in ordered alloys also gives rise to anis
ropy and phonon mode splitting.16,17 We have recently ob-
served that highly disordered~Al !GaInP reveal modes with
an extremely small polarity.7 These alloy-induced mode
were not seen before application of fir spectroscopic el
sometry, and are also unknown from the binary constitue
which where extensively studied in bulk or thin film form b
Raman and fir intensity spectroscopy. We demonstrate h
for GaInP that these alloy-induced modes have their origin
the newly introduced ‘‘degree-of-freedom’’ upon alloying
namely, the ordered atomic arrangement of alike group-III
-V atoms.

The spontaneous arrangement of column-III elements
alternating$111%B planes has been found in many terna
zinc-blende III-V semiconductor alloys~e.g., AlGaAs,
InGaAs, and GaInP!, and results in partially ordered
CuPtB-type structure. Spontaneous ordering in$111%A planes
is another possible, but rarely observed ordering type.
stacking direction of the superlattice planes in CuPtB-type
ordering is parallel to the@ 1̄11# or @11̄1# direction. A per-
fectly arranged superlattice creates a new trigonal crys
with threefold rotation axis along@ 1̄11# or @11̄1#, and the
symmetry of a completely ordered alloy is lowered from c
bic zinc-blende (Td) to trigonal (C3v) by the superperiodic-
ity along the ordering direction. In real crystals grown b
©2002 The American Physical Society04-1
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nonequilibrium thin-film growth techniques such as molec
lar beam epitaxy or metal-organic vapor-phase epit
~MOVPE!, the superlattice arrangement is not perfect. T
phenomenon is commonly described upon introducing
ordering parameterh, whereh may be treated as the differ
ence between the compositionx of the two subsequent sub
lattice planesAx1h/2

III Bx2h/2
III CV/Ax2h/2

III Bx1h/2
III CV.15 If the ran-

dom alloy is nonstoichiometric (xÞ0.5), h can only vary
between 0<h/2<min$x,12x%; thus fully CuPtB-type or-
dered ternary compounds (h51) may only be formed for
x50.5. But to avoid strain effects in Ga12xInxP epilayers
grown on the GaAs substrate the experimentalist has to
vert to the compositionx50.48. For a derivation of the orde
parameterh, however, it is assumed thatx50.5. ~One may
consider the remaining 0.02 Ga as being located at a gr
III site randomly.! The term Ga0.52In0.48P is then commonly
abbreviated as GaInP2 for simplicity, and the latter is in use
for the present work throughout.

Most studies concerning the phonon properties of orde
GaInP2 employed Raman spectroscopy to investigate pho
mode frequencies and selection rules. To the best of
knowledge, only one group used fir reflection and transm
sion measurements to explore the phonon modes of ord
GaInP2, and no exact measurement of the fir dielectric fun
tion has been reported so far.8,12,18The features observed fo
ordered GaInP2 in Raman studies within the rang
100 cm21<v<600 cm21 can be summarized a
follows11,19–27: An ordering induced LO mode emerges
;354 cm21. The GaP-like LO mode blueshifts with increa
ing h. For the InP-like LO mode a shift fromv
;361 cm21 toward ;365 cm21 for h;0.5 was observed
while the corresponding peak in the Raman spectra beco
broadened.24,25 The InP-like TO mode is found at approx
mately 330 cm21. Alsinaet al.24 reported a line-shape sharp
ening of this phonon mode with increasingh. At v
;205 cm21 a folded longitudinal-acoustic-phonon mode h
been observed and additional weak modes atv;315 and
;340 cm21 were reported by Mintairov and Melehin23.

SE at fir wavelengths~fir-SE! is a very sensitive tool for
determination of fir active phonon modes as well as of f
carrier parameters~see, e.g., Refs. 28–34! for semiconductor
alloys in layered structures. This technique is used here
novelty to determine the phonon modes of CuPt-orde
GaInP2. The fir dielectric function, which follows from a
precise line-shape analysis of the fir-SE data, provides
link between the optical sample response and the infra
active phonon modes. Forh.0 GaInP2 is anisotropic, and
the observed birefringence will be traced back to the o
nary and extraordinary dielectric functions, which depend
h. It is the focus of the present work to extract the order
dependence of the alloy-induced modes~AM ! and the GaP-
and InP-like modes for partial CuPtB-type ordering, upon an
analysis of the far-infrared anisotropic dielectric function
We will compare and discuss our results with those repo
so far from experiment and theory. We propose the fir diel
tric anisotropy as sensitive measure for composition
state of ordering in multinary alloys.
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II. THEORY

A. Fir model dielectric function

The contributions of polar lattice vibrations to the diele
tric function e of semiconductors are commonly describ
using oscillator functions with Lorentzian-typ
broadening.35–37 Ternary alloys with multiple phonon
branches such as GaInP2 require sets of multiple oscillator
for model presentation ofe. The factorized form of the an
harmonic Lorentzian-sum presentation is used here for a
rametrization of the GaInP2 dielectric function~electric field
polarization j 5 ‘‘ i , ’’ ‘‘ ' ’’ with respect to the ordering
direction!,38,39

e j
(L)~v!5e`, j)

i 51

n
v21 igLO,i j v2vLO,i j

2

v21 igTO,i j v2vTO,i j
2

, ~1!

wherevLO,i , gLO,i , vTO,i , andgTO,i are the frequency and
the broadening values of thei th LO and TO phonons, respec
tively, and the indexi runs over n modes. Kasic and
co-workers33,34 presented a convenient model for treatme
of fir active modes with small polarity within the anharmon
oscillator approximation. This approach was successfully
plied to describe the response of low-polarity modes
highly-disordered GaInP2,7 and is adopted in this work a
well. For details and notation we refer to Refs. 33 and
The GaInP2 epitaxial layers were grown on Te-doped GaA
substrates. For a correct model description of the fir respo
of the samples, the contribution of the free carriers within
substrates must be considered. The classical Drude app
mation holds with sufficient accuracy for description of co
tributions from free carriers toe of III-V semiconductors,
and relates the free-carrier concentrationN, the free-carrier
effective massm* , and the optical carrier mobility paramete
m to the dielectric functione.36 Plasmons interact with LO
phonons, and LO-phonon-plasmon~LPP! coupling has been
observed by fir spectroscopy inn-type GaAs,40 and also in
p-type GaAs.41 For small plasmon dampings, the LPP mo
frequencies can be diverted from the roots ofe, which split
for n-type GaAs into low frequency (LPP2) and high-
frequency branches (LPP1).37 The LPP mode coupling
mechanism distinctly affects the fir-response of the samp
studied. These effects can be consistently described wi
the model calculations performed here for the layered sam
structures, and are clearly traced back to the free-car
properties of the substrate materials. Results for the fr
carrier parameters obtained thereby for the individual s
strates differ slightly, depending on the doping concentrati
and parameters are given further below. The free-carrier c
tributions originating from the substrate do not influence
fir response from the GaInP2 layers studied here. Furthe
discussions of the LPP coupling mechanism is omitted. T
interested reader is referred to previous publications devo
to the ellipsometry study and line shape analysis for pho
modes and free-carrier parameters in layered III-V co
pound materials.32–34,42–45
4-2
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B. Uniaxial dielectric tensor of CuPt-type GaInP2

The dielectric tensor of a completely CuPt-type orde
alloy is optically uniaxial, and may be written in diagon
form as

e~h!5S e'

e'

e i

D , ~2!

wheree' and e i denote the ordinary and extraordinary d
electric functions for polarizations perpendicular and para
to the ordering direction, respectively. The optical axis
parallel to the ordering direction, which is tilted from th
sample normal byQ554.7°. For 0,h,1 we assumee(h)
as the uniaxial dielectric tensor, which describes a sin
homogeneous ordered phase. This implies that we ass
ordering as a single subvariant only, i.e., ordering takes p
in one of the two possible@111#-type directions. For assign
ment, and without loss of generality, we choose the@ 1̄11#
direction. We observed that for the partially ordered samp
the optical response is that of a uniaxial material, with
optical axis collinear to the@ 1̄11# direction. For perfect
CuPt-type ordering, the zinc-blende lattice modes sho
split into modes withA andE1 symmetries, and with lattice
displacement patterns parallel and perpendicular to the tr
nal axis, respectively. For 0,h,1 the trigonal lattice is not
perfect but the ordering axis is clearly defined. The dielec
tensor is found to be uniaxial from the fir ellipsometry e
periment. We therefore keep the symbol assignment for
uniaxial phonon modes found with polarization parallel (A1)
and perpendicular~E! to the optical axis, and which we de
rive from e i ande' , respectively.

Alsina et al.12 attempted to decomposee(h)5(1
2h2)edis1h2eord, whereedis is isotropic and represents
disordered phase, andeord is the tensor for perfect ordering
This assignment is leaning on theh2 rule, where all physical
quantities induced upon ordering should scale according15

We find, however, thate(h) is uniaxial with no isotropic
~disordered! part for h.0. Also, theh range studied here
does not allow one to predicte(h51), which is completely
unknown, and at this point the approach pursued by Als
et al.12 seeamed in appropriate to us.

C. SE data analysis

Ellipsometry determines the complex reflectance ratior

r[
r p

r s
5tanCeiD, ~3!

where r p and r s are the complex Fresnel reflection coef
cients for light polarized parallel~p! and perpendicular~s! to
the plane of incidence, respectively.13 C and D denote the
standard ellipsometric parameters.C and D, measured on
layered samples, depend on all materials’ dielectric functi
including their directional dependencies~anisotropy!, layer
thickness values, and the incident wavelength. In gene
stratified layer model calculations are needed for SE d
analysis~see Jellison,14 and references therein!. Models must
19520
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invoke appropriate physical relationships, which must ren
the dielectric response studied. Materials’ physical quantit
such as frequencies, amplitudes, and broadening param
of polar lattice resonances, then follow through a model
of all materials’e spectra. Parameters with significance a
varied during data analysis until calculated and measu
data match as close as possible~best-fit!. Least-square ap
proaches, which minimize weighted test functions~maxi-
mum likelihood methods!, such as the Levenberg-Marquar
algorithm,46 are employed for fast convergence. Detailed d
cussions on parameter correlation issues, proper data n
treatment, and ‘‘best-choice-fitting’’ procedures in ir ellip
sometry data analysis for semiconductor layer structures
be found in Refs. 30, 33, and 47, and references therein

The model used here accounts for the layer seque
substrate/buffer/epilayer, where substrate and buffer
treated isotropic. The epilayer is modelled as uniaxial la
for h.0, or as isotropic layer forh50, respectively.48 The
MDF described in Ref. 7 is used to calculatee for then-type
Te-doped GaAs substrate@Eq. ~1!, n51, and Eq.~3! and~4!
with m* 50.067me for GaAs#, and the undoped GaAs buffe
@Eq. ~1!, n51] with vTO5267.7 cm21, vLO5291.3 cm21,
gTO5gLO55.6 cm21, ande`511.0, common to both sub
strate and buffer.49 N andm need to be varied, and accou
for the free-carrier response within the substrate. The th
ness of the buffer layerdbuffer is also an adjustable paramet
of significance. To extracte(h) of the GaInP2 layers, two
sets of MDF equations@Eqs. ~1! and ~2! in Ref. 7 with n
52,m<3] for e' and e i were used, adjusting all corre
sponding MDF parameters separately. This approach
vides sufficient sensitivity to the GaInP2 layer thicknessd,
the substrate free-carrier parametersN andm, and the buffer
layer thicknessdbuffer. The best-fit results ofd, dbuffer, N,
andm are given in Table I.

D. Estimation of the degree of ordering

CuPt-ordering cause reduction of the fundamental b
gapDEg

(h)5Eg
(h)2Eg

(h50) , and top-level valence-band spli
ting dEi j at k50(G point).50–53ThedEi j ’s have been related
by Wei and Zunger51 to the degree of orderingh upon the
amount of spin-orbit and crystal field splitting paramete
within the quasicubic perturbation model, as well as to
amount of order induced band gap reduction.51,54,55General-
ized variable angle spectroscopic ellipsometry~gVASE! at
near-infrared to visible wavelengths~nir-vis: 1650–500 nm)
can be employed to determine the fundamental band-to-b
transitionsE0

(1) , E0
(2) , andE0

(3) from theG4,5v , G6(1)v , and
G6(2)v valence band states to theG6c conduction band state
at k50 from the nir-vis dielectric functionse i ande' as is
described in detail in Ref. 58. For detailed discussion of
model-line shape analysis of the CuPt-ordering-induc
order-birefringence measured by the gVASE approach at
ible wavelengths the reader is referred to Refs. 53 and 5
60.

III. EXPERIMENT

The GaInP2 films were grown by MOVPE on~001! GaAs
with several substrate orientation defects~column 3 in Table
4-3
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TABLE I. Best-fit results for GaInP2 layer thicknessd, GaAs buffer layer thicknessdbuffer , and the GaAs
substrate free carrier parameters obtained from the fir-SE data analysis. The error limits, which corres
90% reliability are given in parentheses.

No. d dbuffer N(300 K) m LPP2 LPP1

~nm! ~nm! (1017 cm23) @103 cm2/(Vs)# (cm21) (cm21)

1 1286~5! 161~7! 3.5~0.03! 2.88~0.07! 169 307
2 384~5! 130~5! 3.7~0.03! 2.63~0.06! 172 308
3 404~5! 130~5! 3.8~0.03! 2.57~0.06! 175 309
4 375~5! 137~4! 5.9~0.03! 2.53~0.06! 208 325
5 1463~3! 130~5! 3.5~0.03! 2.76~0.06! 167 307
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II !. Prior to the GaInP2 layers a GaAs-buffer layer with a
thickness ofdbuffer;150 nm was deposited. The substra
were Te doped whereas all epitaxial layers were intention
undoped. The sample growth parameters are summarize
Table II. Room temperature fir-SE measurements for wa
numbers from 100 cm21 to 600 cm21, and with a resolution
of 1 cm21 were carried out using a prototype, rotatin
analyzer, Fourier-transform-based ellipsometer, which w
equipped with a He-cooled bolometer detector system.
each sample we performed measurements at two diffe
sample orientations.

~a! A @ 1̄10# axis parallel to the plane of incidence~setup
A); the ordering axis is located within the plane of inc
dence,

~b! A @ 1̄10# axis perpendicular to the plane of inciden
~setupB); the ordering axis is located within the plane pe
pendicular to the plane of incidence.

All fir-SE measurements were carried out at 70° angle
incidence fa .61 To determine the degree of orderingh,
room temperature nir-vis gVASE and standard SE meas
ments in the spectral range from 0.75 to 2.5 eV were p
formed for each sample with a resolution of 0.01 eV at t
angles of incidence (fa515° and 65°) in reflection arrange
ment. Experimental and best-fit spectra are shown exem
ily for sample 5 in Fig. 1.

TABLE II. Sample parameters of the GaInP2 layers studied in
this work. The growth parameters~growth temperatureTg and sub-
strate orientation! have been varied to obtain different degrees
orderingh. The values ofEg andDEVBS are determined by nir-vis
gVASE as described in Ref. 58, and are given in columns 5 an
respectively. The degree of orderingh was calculated using Eq.~7!
of Ref. 54 and the maximum band-gap reduction paramete
DEg5490 meV given in Refs. 56 and 57.

No. Tg Orientation Da/a Eg DEVBS h
(°C) (1024) ~eV! ~meV!

1 595 2°(111)Ga 24 1.900 ;0 ;0
2 720 6°(111)Ga 15 1.885 3.8 0.19
3 650 6°(111)Ga 7 1.866 8.0 0.28
4 720 6°(111)As ;0 1.847 12.2 0.35
5 680 2°(111)Ga ;0 1.805 20.6 0.47
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IV. RESULTS AND DISCUSSION

In the following sections we present the fir-SE spectra
the most ordered sample~Figs. 2 and 3!, the corresponding
anisotropic MDF of the GaInP2 layer ~Fig. 4!, and the fir-SE
spectra for all samples~Fig. 5 and 6!. The phonon mode
behavior for GaInP2 is given as a function of the orderin

f

6,

of

FIG. 1. Imaginary part of the pseudodielectric function^e& of
CuPt-type ordered GaInP2 ~sample 5 in Table II!, obtained from a
single-angle-of-incidence standard rotating-analyzer ellipsom
measurement at fixed incident polarization (fa565°; polarizer at
45° azimuth; dashed line: experimental data; solid line: best-!.
Also shown are reflection gVASE dataIm$r ps /r pp% obtained at
fa515°, for example. The gVASE data reveal the birefringence
the GaInP2 epilayer due to the CuPt-type superlattice ordering. T
energies of the band-to-band transitionsE0

(1) , E0
(2) , andE0

(3) from
the G4,5v , G6(1)v , andG6(2)v valence band states to theG6c con-
duction band states atk50 follow from model-line shape analysi
of the order-birefringence.@After Schubertet al. ~Ref. 58!.# The
transition energiesE0

(1) , E0
(2) , andE0

(3) are then related to the de
gree of orderingh through the quasicubic model approximation a
its ordering dependence.@After Wei et al. ~Ref. 54!.#
4-4
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FAR-INFRARED DIELECTRIC ANISOTROPY AND . . . PHYSICAL REVIEW B66, 195204 ~2002!
parameterh ~Figs. 7 and 8!, and is compared with data re
ported previously.

A. FIR-SE

The best-fit spectra where obtained through the MDF
proach described in Sec. II. The uniaxial character of
material is reflected by the differences in theC andD spec-
tra of the two orientations~setupsA andB). A simultaneous
analysis of the two fir-SE data sets enables us to extrac
e i and e' spectra of the GaInP2 layers. Figure 2 shows th
experimental~dashed line! and calculated~solid line! fir-SE

FIG. 2. Experimental~dashed line! and calculated~solid line!
fir-SE C spectra atfa570° for sample 5.CA and CB denote

spectra taken with the sample@ 1̄10# axis parallel and perpendicula
to the plane of incidence, respectively. TheCA spectrum is shifted
by 15° for convenience. The reststrahlen band of then-type Te-
doped GaAs substrate extends betweenvTO;268 cm21 ~solid ver-
tical line! and LPP1;307 cm21 ~dotted vertical line!. The small
dip very close to the GaAs LO mode atvLO;292 cm21 ~dashed
vertical line! is due to the Berreman effect~BE! caused by the
undoped GaAs buffer layer~Refs. 62 and 64!. The GaInP2 InP-, and
GaP-like TO ~solid vertical lines! and LO ~dotted vertical lines!
modes are indicated by brackets. The inset enlarges the spe
region of AM1 , AM2, and AM4.

FIG. 3. Same as Fig. 3 forD spectra.
19520
-
e

he

C spectra for sample 5 withh50.47. The spectra measure
with the sample@ 1̄10# axis parallel~setupA) and perpen-
dicular (B) to the plane of incidence are denoted byCA and
CB , respectively. The corresponding fir-SED spectra are
shown in Fig. 3.

The reststrahlen band of then-type GaAs can be recog
nized in the spectral region betweenvTO;268 cm21 and
vLPP1;307 cm21. The uncoupled GaAs LO phonon mod
causes the Berreman effect atvLO;292 cm21.62–66 Two
strong peaks can be recognized atv;155 and 273 cm21.
Both resonances are attributed to plasmon-phonon-mo
induced s-polarized surface-bound electromagnetic wa
propagation parallel to the substrate/buffer interface, wh
cause resonant losses of thes-polarized reflectivity.

The GaInP2 layer imposes distinct structures in the fir-S
C spectra for 310 cm21<v<400 cm21. The InP- and GaP-
like TO ~LO! phonon modes, obtained from the best-
analysis, are indicated by solid~dashed! vertical lines. We
observe small frequency differences for theE- and A1-type
phonon modes. The differences between theCA and CB
spectra can be appreciated in the spectral region 310 c21

,v,360 cm21. To reproduce the experimental line sha
in this spectral region properly we included three allo
induced modes AM1, AM2, and AM4.67 These modes have
different TO-LO splitting values and are clearly anisotrop
as seen from Figs. 2 and 3. The TO~LO! phonon mode

tral

FIG. 4. GaInP2 MDF’s e uu and e' obtained from the best-fit
fir-SE data analysis for sample 5 withh50.47. Spectrally local
maxima of Im(e') and Im(e i) coincide with the spectral position o
the E(TO) and A1(TO) mode parameter frequencies, which a
indicated with vertical solid lines, respectively. The correspond
LO mode frequencies are located near maxima of Im(21/e') and
Im(21/e i), and are marked with vertical dotted lines. The best
values for the GaInP2 MDF parameter for sample 5 are given
Table III.
4-5
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frequency parameters are indicated by dashed~solid! vertical
lines ~see also the inset in Figs. 2 and 3!. At approximately
350 cm21 one can recognize a sharp maximum and m
mum in CA and CB , respectively. Here occurs AM2, the
strongest AM mode, which has been often observed in
literature and which has already been attributed to C
ordering.8,11,12,18,21–25,27The E-type AM2 shows a small
TO-LO splitting (;0.4 cm21) in comparison to the large

FIG. 5. Experimental~dashed line! and calculated~solid line!
fir-SE C spectra at a 70° angle of incidence for all samples inv
tigated in this work. All C spectra were obtained with samp

@ 1̄10# axis parallel to the plane of incidence~setupA; see Sec. III!.
The strong difference between theC spectra in the region
150 cm21<v<310 cm21 reflect the different doping levels an
carrier mobilities of then-type Te-doped GaAs substrates.

FIG. 6. Same as Fig. 6 for the sample@ 1̄10# axis perpendicular
to the plane of incidence~setupB; see Sec. III!.
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value for A1(AM1) (;1.5 cm21). This leads to a strong
anisotropy and causes the main difference betweenCA and
CB . AM1 and AM4 contribute further subtle differences be
tween CA and CB in the spectral range 310 cm21,v
,340 cm21.

All phonon modes obey the ‘‘alternation rule.’’35 Note
that AM2 and AM4 are located within the InP-like phono
band and the sequencevTO

InP,vLO
AM4,vTO

AM4,vLO
AM2,vTO

AM2

,vLO
InP fulfills the ‘‘TO-LO alternation rule’’ for bothA1- and

E-type modes.33

Figure 4 presents the GaInP2 best-fit MDF fore i ande'

for sample 5 and the obtained best-fit MDF parameter
this sample are summarized in Table III. TheE(TO)
@A1(TO)# phonon modes can be recognized as peaks
Im(e') @ Im(e i)# whereas Im(21/e') @ Im(21/e i)# peak
near theE(LO) @A1(LO)# phonon mode frequencies. Th

-

FIG. 7. E-type phonon modes versush ~solid symbols: TO;
open symbols: LO!. We observe five bands (I –V) emphasized by
hatched areas. The dashed vertical brackets ath50 and 1 indicate
the phonon mode frequencies calculated by Ozolin¸š and Zunger
~Ref. 17! for random and perfectly ordered GaInP2, respectively.
Note the abscissa break ath; 0.49.

FIG. 8. Same as Fig. 7 for theA1-type phonon modes.
4-6
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solid and dashed vertical lines in Fig. 4 indicate the TO a
LO phonon mode parameter frequencies, respectively.
mode assignment withE- or A1-type symmetry follows from
parameters taken from the MDF’se i ande' , respectively, as
mentioned in Sec. II B. It is obvious that Im(e') @ Im(e i)#
differ particularly in the region aroundv;350 cm21, where
only in Im(e i) a peak is noticeable. This peak corresponds
the A1(TO) resonance of the AM2 mode. Note that Alsina
et al.12 concluded a similar behavior ofe i from polarized fir
reflection studies of GaInP2, although a much less accura
line shape analysis was presented there~see Fig. 7 in Ref.
12!. Comparing Im(21/e') and Im(21/e i) one can observe
here that Im(21/e i) also peaks in the regionv;350 cm21

but only a broad structure can be noticed in this region
Im(21/e'). The peak in Im(21/e i) can be identified as the
A1(LO) resonance of the alloy-induced mode AM2. The
TO-LO splitting and the broadening values of theA1-type
AM2 mode are smaller than the corresponding paramete
the AM1 and AM4 mode. This leads, in contrast to the AM2,
to very broad structures in Im(e', i) and Im(1/e', i), and
causes subtle differences betweenCA andCB ~see Fig. 2! in
the spectral range 310 cm21,v,340 cm21.

The experimental~dashed lines! and calculated~solid
lines! fir-SE C spectra for all samples studied in this wo
are shown in Figs. 5~setupA) and 6 (B). TheC spectra for
the various samples differ strongly in the GaAs reststrah
region because, unintentionally, substrates with slightly
ferent doping levels were used for GaInP2 sample growth.
The most obvious effect in the region 310 cm21<v
<360 cm21 is the evolution of the additional feature (AM2)
near v;350 cm21 in C ~Figs. 5 and 6!. More subtle
changes in the experimental line shape occur atv;315 and
336 cm21. However, the spectra are also influenced by
thickness of the GaAs buffer layer, and the thickness of
GaInP2 epilayer, and which must be reduced upon the mo
line shape analysis. This was performed for all samples
described above for sample 5, and Table I contains result

TABLE III. Best-fit results for the GaInP2 MDF parameter in
Eq. ~2! of Ref. 7 for sample 5 obtained from the fir-SE data analy
~all values in cm21). The error limits, which correspond to 90%
reliability are given in parentheses. Note thatvLO

AM, k5vTO
AM, k

2dAM, k is used~see Ref. 7 for symbol notation!.

vTO vLO gTO gLO

e' 325.8~2.1! 360.2~0.6! 14.5~0.7! 14.4~0.5!
InP e i 325.8~1.5! 362.0~0.5! 23.5~3.0! 16.7~0.4!

e' 374.3~0.5! 380.7~0.5! 21.3~0.6! 5.9~0.2!
GaP e i 375.6~0.4! 383.3~0.5! 12.9~0.4! 1.0~0.2!

vTO dv gTO dg

e' 315.7~2.0! 9.7~6.1! 60.0~1.5! 211.5(65.4)
AM1 e i 315.7~1.0! 3.8~1.1! 49.2~4.6! 218.1(2.9)

e' 350.0~1.5! 20.5(1.7) 10.7~1.1! 6.8~2.2!
AM2 e i 353.9~0.4! 21.5(0.6) 3.4~0.2! 20.9(0.2)

e' 332.1~2.1! 26.3(6.2) 20.9~1.6! 26.2~67.3!
AM4 e i 332.1~1.9! 25.2(2.0) 15.3~1.3! 42.5~4.9!
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layer thickness, and the substrate free-carrier parame
The GaInP2 phonon mode frequencies are discussed belo

B. Lattice modes in GaInP2

Figure 7 and 8 summarize allE(TO,LO) andA1(TO,LO)
phonon mode frequencies for the GaInP2 samples studied in
this work obtained from the fir-SE analysis as a function
h, respectively. We also included recently published valu
for phonon modes in random and perfectly CuPt-orde
GaInP2 which were calculated using first-principles densit
functional linear-response theory.16,17 The phonon mode fre-
quencies obtained for the sample withh;0 are in very good
agreement with our previous mode assignment for hig
disordered GaInP2.7 The disordered alloy exhibits two mai
bands. One strong InP- and one weak GaP-like band~shaded
regions in Fig. 7!. We characterize the observed GaP-, a
InP-like phonon bands as function ofh as follows.

E-type phonon modes~see Fig. 7!:
~i! The TO-LO splitting of the GaP-like band~I! decreases

with in increasingh.
~ii ! The InP-like band splits into tree TO-LO subban

(II ), (III ), and (IV); band (IV) reveals an extremely sma
TO-LO splitting for h50.47.

A1-type phonon modes~see Fig. 8!: TheA1(TO,LO) pho-
non modes are identical to theE(TO,LO) phonon modes for
the disordered alloy~sample 1!, thus reflecting its isotropic
character. With increasingh

~i! The TO-LO splitting of the GaP-like band~I! decreases
slightly compared with theE-type band. The blueshift o
GaP-likeA1(LO) mode isDv;4.8 cm21 for the most or-
dered sample (h50.47).

~ii ! The InP-like phonon band also splits into three su
bands (II ), (III ), and (IV). For h;0.47 bands (II ) and
(III ) are well separated, and band (IV) still present.

In addition to the GaP- and InP-like modes, three ani
tropic pairs of low-polarity modes AM1, AM2, and AM4 are
identified nearv;312, ;336, and;351 cm21, respec-
tively. For h;0, all modes are isotropic. With increasingh
their dependencies can be summarized as follows:

E-type AM modes~see Fig. 7!.
~i! AM1(TO) shifts from v;310 to 316 cm21, and its

TO-LO splitting increases fromDv;0 to 8 cm21 for h
;0 –0.47.

~ii ! AM2 is located atv;348 cm21 independent ofh,
and its TO-LO splitting is very small for all five samples.

~iii ! A second mode occurs within the InP-like phono
band, called here AM4 to keep consistency with our previou
assignment.7 Its TO frequency is shifted fromv;336 to
332 cm21 for h ;0 –0.47, while its TO-LO splitting in-
creases. Forh50.47 the gap mode AM4 nearly merges with
AM1 causing the subband~IV! to show an extremely smal
TO-LO splitting.

A1-like phonon modes~see Fig. 8!.
~i! AM1(TO) is also shifted to larger wave numbers, b

the TO-LO splitting remains smaller than that with anE-type
symmetry.

s
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~ii ! In contrast toE(AM2) theA1(AM2) frequencies shift
from v;348 to 352 cm21 for h;0 to 0.47, and the TO-LO
splitting increases slightly to;1.5 cm21.

~iii ! The AM4(LO) mode is also shifted to smaller wav
numbers~from v;338 to 333 cm21). The TO-LO splitting
is increasing with increasingh, but unlike to theE-type
modes no subband merging occurs here.

The obtained spectral positions of the GaP- and InP-
LO, and the GaP-like TO modes for the highly disorder
sample agree well with data reported in the literature. T
value for the InP-TO mode (v;322 cm21) obtained here
seems low compared with the data in the literature, wh
scatter fromv;325 to 331 cm21, but is consistent with our
previous ellipsometry measurements on highly disorde
Ga0.52In0.48P.7

The shift of the GaP- and InP-likeA1(LO,TO) and
E(LO,TO) modes with increasingh was only seen in Rama
scattering spectra for the GaP- and InP-like LO mode,
was already attributed to long-range ordering.24,25 The ob-
served blue shift in Raman data for the GaP-like LO mo
ranges fromv;1 to 4.5 cm21.22,24,25 Unfortunately, these
Raman studies have been carried out in a~001! backscatter-
ing geometry only. Because the phonon wave vectorq in the
backscattering geometry is neither parallel nor perpendic
to the ordering axis the symmetry and polar characters of
modes are mixed.25 Thus it is not yet clear if the shifted LO
mode reported in the literature is that ofA1 or E symmetry.
Here we find that the GaP-likeE(LO) mode remains almos
constant while theA1(LO) mode is blueshifted by approxi
mately 2 cm21, resulting in the A1-E(LO) splitting of
;2 cm21 for h50.47. Hassineet al.22 observed, in low-
temperature Raman scattering measurements very large
ting of the GaP-like LO mode of;7 cm21, but this obser-
vation has not been reproduced by other groups.

For the InP-likeA1(LO) mode we also observe a bluesh
of approximately 2 cm21 while the E1(LO) mode remains
constant resulting in theA1-E(LO) splitting of ;2 cm21 for
h50.47. A similar blue shift has also been reported in Re
25 and 24, and was attributed to the InP-likeE(LO) mode,
but since these measurements have been performed in~001!
Raman backscattering geometry as well, it cannot be ru
out that the observed peak is due to a mixedA1-E(LO)
vibration. Mode sharpening was observed in polarized
man scattering measurements for the InP-like TO mode u
ordering. We explain this effect by the rather complex beh
ior of the InP-like TO mode with increasingh. The slight
blueshift of the InP-like TO mode and the redshift
AM4 with increasingh results in a narrowing and collapsin
of the phonon band (IV) for A1 and E symmetries~Figs.
8 and 7!.

Some experimental evidence of a previous observatio
the AM1 mode in ordered GaInP2 exists in the literature.
Mintairov and Melehin23 reported a weak mode at 315 cm21

after a careful Lorentzian line shape analysis of their Ram
spectra of ordered GaInP2. Hassineet al.22 also reported Ra-
man backscattering data on a~001! face, and, although no
further discussed by the authors, a weak resonance ca
recognized nearv;315 cm21 ~Fig. 3 in Ref. 22!. Further
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indications of this weak mode can be found in Raman d
published by Cheonget al.26 ~Fig. 1 in Ref. 26! and Mestres
et al.11 @Figs. 2~a! and 3~a! in Ref. 11#, but no systematic
study of this mode as a function ofh was performed prior to
the present work.

The AM2 mode corresponds with the CuPt-ordering i
duced mode atv;354 cm21, which was already observe
by several groups using Raman scattering and fir reflect
and transmissions intensity measurements. However, we
serve this mode not only in the ordered samples but, con
tent with our previous work, also in the disordered allo7

Note that mode AM2 is isotropic forh;0, but very aniso-
tropic for h.0. There is an ongoing controversy in the li
erature about the assignment of this mode. Furthermore
magnitude of the observed blue shift of the AM2 mode
ranges betweenDv;1 cm21 and ;4.5 cm21 for a maxi-
mum valence band splitting ofDEVBS530 and 9.6 meV,
respectively.22,25The very large blueshiftDv;4.5 cm21 oc-
curring for the comparative smallDEVBS59.6 meV has only
been observed by Hassineet al.22 Different Raman scattering
geometries have been used to reveal the symmetry and c
acter of this mode. Now common agreement seems to e
that the Raman peak is caused by an LO mode withA1-type
symmetry. It is however, still unclear whether this mode
polarized along@ 1̄11# or @ 1̄10#. One can notice in Figs. 7
and 8 that the AM2 E(TO,LO) andA1(TO,LO) frequencies
reveal different dependencies onh. While the A1(TO,LO)
frequencies blueshift with increasingh by ;4 cm21 the
E(TO,LO) frequencies remain almost constant~shift by
;1 cm21). The TO-LO splitting for theA1-type frequencies
increases to;1.5 cm21 while the E-type TO-LO splitting
remains small (;0.5 cm21). According to our assignmen
from e i and e' the polarization ofA1(LO) and A1(TO) is
along @ 1̄11# and @110#, respectively. The previous contro
versy about the polarization assignment of this mode,
rived from Raman measurements, might be due to its co
paratively small (;1.5 cm21) TO-LO splitting, and
ambiguous assignment due to the actual breakdown of
trigonal symmetry selection rules because of the partial ch
acter of the CuPt-type ordering.

The mode AM4 located within the InP-like phonon ban
exhibits a very strong dependency onh, and nearly merges
with the InP-like TO mode. For the most ordered sam
(h50.47) theE(TO,LO) mode splitting vanishes but th
A1(TO,LO) band is still present. Mintairovet al.68 reported
the occurrence of a mode atv;340 cm21 in Raman scat-
tering spectra for a sample withDEVBS528 meV, which
might correspond to the mode AM4.

The AM modes prove to be very sensitive to the degree
orderingh, and it is obvious that these modes contain inf
mation on the next neighbor configurations. Moreover,
AM modes although not anisotropic exist also in sample
which should not contain any ordered domains according
its band gap value (Eg51.899 eV at 300 K!.69 However, the
existence of residual ordering, too small to affect the ba
gap but appreciable enough to affect local bond vibratio
cannot be ruled out either. CuPt ordering seems to activ
the AM modes for Raman scattering. TheA1-E splitting for
4-8
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the GaP- and InP-like phonon modes are small compare
their LO-TO splitting, i.e., the long-range electrostatic forc
dominate over the anisotropic short-range forces. Howe
for the alloy-induced modes we observe a stronger dep
dence on the ordering parameter, and theirA1-E splitting is
comparable to the TO-LO splitting. Hence, for AM mode
the anisotropic short-range forces should dominate over
long-range electrostatic forces.

Ozoliņš and Zunger calculated the phonon spectra
GaInP2 using first-principles density-functional linea
response theory and predicted splitting of the GaP- and
like phonon bands withA1 and E symmetry. So far, it was
unknown how the splitting will emerge for partia
ordering.16,17 Ozoliņš and Zunger suggested the applicati
of the ‘‘h2 rule,’’ in which strength and spectral positio
should scale withh2 times the difference of the respectiv
quantity ~strength and position! imposed upon perfect orde
or disorder. The AM1 mode withE symmetry and the AM2
mode with A1 symmetry seem to match the dispersionle
E(TO) mode, predicted at 316 cm21 and the CuPt-order
induced mode ofA1 symmetry at;350 cm21. However, the
GaP- and the InP-like modes observed here fit only parti
within the mode picture predicted by Ozolin¸š and Zunger. At
this point, and from theh range studied here, it remain
unclear whether the ‘‘h2 rule’’ is applicable or not, becaus
the experimental determination ofe(h51) is still lacking.

V. SUMMARY

A fir ellipsometric study of spontaneously ordered GaIn2
thin films with degrees of ordering 0;h<0.47 was per-
formed. The exactly determined anisotropic fir dielect
functions provide a link between the fir optical sample
sponse and the fir-active phonon modes. The phonon m
frequencies of GaInP2 are presented as a function ofh. For
h;0 we identify GaP- and InP-like phonon modes, a
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three alloy-induced modes (AM1, AM2, and AM4) with low
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