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Infrared dielectric function and phonon modes of highly disordered„Al xGa1Àx…0.52In0.48P
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Dielectric function spectra and phonon modes of highly disordered (AlxGa12x)0.48In0.52P, i.e., solid solu-
tions with nearly randomly distributed cations, lattice matched to GaAs, are studied for Al compositionsx
50, 0.33, 0.48, 0.7, 0.82, and 1 using far-infrared ellipsometry and Raman scattering. An anharmonic oscillator
model approach is employed for line-shape analysis of the (AlxGa12x)0.48In0.52P dielectric function. A complex
phonon mode behavior for the random-alloy solid solutions is found:~i! two ~one weak GaP-like and one
strong InP-like or one weak InP-like and one strong AlP-like with TO-LO splitting! bands are present in
Ga0.52In0.48P and Al0.52In0.48P, respectively,~ii ! three~one weak GaP-like, one weak AlP-like, and one strong
InP-like! bands dominate the quaternary compounds forx,0.5, ~iii ! the GaP-like band is absent forx.0.5,
and ~iv! three additional modes~AM’s ! with low polarity occur with small composition dependencies at
AM1;313 cm21, AM2;351 cm21, and AM3;390– 405 cm21, respectively. Results from polarized Raman
measurements agree excellently with the mode scheme developed from the ellipsometry study. Modes AM1

and AM2 coincide with CuPt-type superlattice-ordering-induced lattice modes, predicted recently for
Ga0.52In0.48P from first-principles calculations@V. Ozoliņš and A. Zunger, Phys. Rev. B57, R9404~1998!# and
may be used to identify small degrees of ordering in AlGaInP by far-infrared ellipsometry.
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t
ea
y
i-
th
o

y-
t

ec
re

on
ric
i-

-

h

ve

the

ous
-
of

-

ing

-

po-

re

nd
of
I. INTRODUCTION

The III-V alloy system Alx8Gay8InzP has been the subjec
of intense research since the advent of the molecular b
epitaxy1,2 ~MBE! and the metal-organic vapor phase epitax3

~MOVPE! techniques for semiconductor thin-film depos
tion. During the last two decades, enormous effort led to
development of optoelectronic devices based
Al x8Gay8InzP as active material.4–7 For z50.48 the alloy can
be grown lattice matched to GaAs for Al compositionsx
5x8/(12z)50 – 1.8 Besides chemical effects due to allo
ing or effects due to lattice-mismatch-induced strain, spon
neous cationic ordering of CuPt type can drastically aff
the physical properties of the solid solution, and the deg
of orderingh influences,9 e.g., band-gap energies, electr
effective mass parameters, phonon modes, and elect
transport properties.10 Therefore, knowledge of the compos
tion, strain, and degree of ordering11 is crucial for correct
tailoring of device constituent properties.

For highly disordered compounds (h;0), the
composition dependence of the room-temperature~RT!
direct band-gap energy isEg(x,h;0) @eV#51.899
10.683x20.12x(12x),12 where the direct-indirect cross
over occurs nearx50.52,13 thereby limiting random-alloy
Al0.52xGa0.52(12x)In0.48P solid solutions for short-wavelengt
0163-1829/2001/64~15!/155206~11!/$20.00 64 1552
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photonic device applications to 2.24 eV. Most studies ha
so far have concentrated on Ga0.52In0.48P. Knowledge con-
cerning the influence of ordering and composition on
physical properties of alloys withx.1 or zÞ0.48 is not
exhaustive, and further studies are required. Simultane
assessment ofx for xÞ0 andh is a challenge. Electron mi
croscopy techniques reveal the existence
ordering, but quantitative determination ofh is difficult.10

The redshift of the band gapDEg(x,h) can be used to quan
tify h upon comparing measuredDEg(x,h) values with cal-
culated maximum gap reduction values for perfect order
(h51)DEg(x,1). Theoretical values forDEg(x,1) exist
only for z50.5 and x50, 1 (Ga0.5In0.5P: 430 meV,
Al0.5In0.5P: 270 meV).14,9 Experimental valuesDEg(x
50.48,h51), deduced recently from generalized ellipsom
etry experiments,15 agreed well with a linear interpolation
between the theoretical results for Ga0.5In0.5P and Al0.5In0.5P,
suggesting that a linear interpolation scheme for the com
sition dependence ofDEg(x,1) would allow one to classifyh
for all compositions upon the measured red shiftDEg(x,h).
However, strong deviations from theoretical results we
found experimentally for Al0.52In0.48P,14,16 and further stud-
ies shall elucidateDEg(x.0.5,h51).

A feasible alternative to access strain, composition, a
ordering information is to study the phonon mode spectra
©2001 The American Physical Society06-1
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the solid solutions because chemical~composition!, struc-
tural ~strain!, and configuration~ordering! effects influence
the short-range force constants as well as the long-ra
electrostatic fields.17 FIR-transmission18 and -reflection19,20

and Raman scattering21–33~RS! spectroscopy were employe
to study ordering-induced changes in the phonon spectrum
Ga0.52In0.48P, whereas no reports seem to exist for solutio
with x.0. CuPt ordering induces additional modes in t
acoustic region at 60 cm21 and 205 cm21, which were iden-
tified as L-to-G folded acoustic phonons.30,33 A new peak
emerges in the optic region with increasingh at ;354 cm21,
which was identified as the LO mode withA1
symmetry.18,19,28,29 After early studies on polycrystalline
samples using FIR and RS spectroscopy,34–37 it was thought
that Ga12zInzP is a one-mode system, supported by res
from the modified random isodisplacement model of Cha
and Mitra.38 An additional feature was subject to diver
interpretation.34–37 Jusserand and Slemkes39 performed de-
tailed studies of single-crystalline samples and state
‘‘modified’’ two-mode behavior, where two LO modes—on
InP-like and one GaP-like—and one InP-like TO mode o
curred for all compositions. In a simple presentation,
frequencies of the Ga~In! impurity modes in bulk InP~GaP!
may determine whether the system will display a one-
two-mode behavior. A pure one-mode behavior can only
pictured if both impurity modes merge with their oppos
TO modes. Naively, but nonetheless in a strict sense
‘‘modified’’ two-mode system cannot exist in this presen
tion, because of the ‘‘alternation’’ rule, which requires th
each TO mode neighbors its LO mode.40 The GaP-like TO
mode, adjacent to InP-like LO, occurs indeed,41 but is often
subsumed by the strong LO line shape and therefore diffi
to retrieve from unpolarized Raman spectra. The GaP-
TO mode was clearly resolved in recent FIR-reflectivity a
-transmission studies18,19 and is also detected in the prese
study. Recently, Ozolin¸š and Zunger reported on vibrationa
properties of random-alloy and CuPt-type ordered Ga0.5In0.5P
from first-principles density-functional linear-respon
theory calculations.17,42 For random-alloy Ga0.5In0.5P two
strong pairs of LO and TO modes were found, where e
mode contains contributions from both cations. These mo
agree well with the GaP- and InP-like TO and LO mod
found in Raman and FIR experiments. In addition, the c
culated partial TO- and LO-decomposed phonon density
states contains several weak side bands with mixed Ga
In contributions, and results obtained in the present pa
endorse a complex phonon spectrum beyond the ‘‘tw
mode’’ picture.

The phonon mode behavior of AlGaInP is still controve
sial. Some reports conclude a three-mode behavior,43,44

whereas others assign a ‘‘partially’’ three-mode behavio45

RS studies on~presumably disordered! Al12zInzP (0.4,z
,0.7) were reported by Bouret al.,46,47 and the authors as
signed a two-mode behavior with one InP-like and one A
like band. Four groups reported RS data fro
(Al xGa12x)0.52In0.48P,43–45,48 where two studies cover th
full range of compositionx.43,45 The AlP-like LO mode was
found to vary almost linearly withx, whereas small bowing
is required to describe the change of the GaP- and InP-
15520
ge

of
s

ts
g

a

-
e

r
e

a
-
t

lt
e

t

h
es
s
l-
f

nd
er
-

-

e

LO modes. The InP-like LO mode was observed for allx.
GaP- and AlP-like LO modes were observed in the rang
<x<0.4 and 0.16<x<1, respectively.45 Only Kubo et al.45

and Asahi, Emura, and Gonda44 reported on a clear observa
tion of InP-like TO modes. No report presented evidence
the existence of GaP- and AlP-like TO modes, nor does
work address the influence of ordering. Lack of accur
knowledge of the Alx8Gay8InzP lattice mode behavior re
quires further experiments. To begin with, the phonon mo
behavior of nearly random-alloy solid solutions shall be
tablished in the present work, where three major TO-L
bands are clearly assigned for the quaternary samples stu
here.

FIR transmission and reflection experiments constitute
alternative to RS spectroscopy in order to determine lat
modes of III-V compound materials. The link between t
FIR data and the materials’ lattice modes is the dielec
function «, which obeys poles and zeros at TO and L
frequencies.40,49,50No data of accurate« values at FIR wave-
lengths for Alx8Gay8InzP quaternary alloys have been r
ported so far. Reflectivity data of ordered and random-al
Ga0.52In0.48P were presented by Alsinaet al., but simple
model assumptions for parametrization of« resulted in poor
agreement between experimental and calculated data
Precise data for « were not extracted from the
experiments.18–20

Data accuracy and sensitivity to thin film properti
achievable by spectroscopic ellipsometry~SE! is superior
over standard reflection or transmission intensity meas
ment techniques.51 SE can be employed at wavelength
which match the phonon frequencies of III-V alloys.52 This
technique has become available recently as feasible t
nique for characterization of free-carrier and phonon prop
ties in III-V semiconductor bulk materials and thin epitaxi
layers.53 Fast, convenient, precise, and nondestructive ch
acterization of single layers, superlattices, or complex h
erostructures provided phonon and free-carrier informat
for, e.g., GaAs,52,54 SiC,55 GaAsN,56,57 GaInAsN,58,59

GaN,60,61 AlGaN,62 and AlInN.63 In this work we will per-
form a comparative study of the lattice vibration propert
of (Al xGa12x)0.52In0.48P using FIR-SE and RS
(Al xGa12x)0.52In0.48P is known to exhibit long-range chem
cal CuPt ordering, regardless of the compositionx.10,16,64

Therefore, the samples chosen here are highly disordered
were studied at visible wavelengths12 prior to their investi-
gation here. Accurate line-shape analysis of the FIR-SE d
is presented. The lattice modes are then obtained thro
model line-shape functions and compared with those
served in RS data collected in this work, as well as w
those presented in the literature previously.

II. THEORY

A. IR dielectric lattice response

Contributions to the dielectric function« of semiconduc-
tors at FIR wavelengths due to resonant excitation of po
lattice vibrations are commonly described using the h
monic oscillator presentation.40,50,65Materials with multiple
phonon branches, such as alloys, require sets of mult
6-2
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oscillators for appropriate description of«. Phonon coupling
induces anharmonic resonance behavior. Anharmonic o
lator functions with Lorentzian-type broadening have be
used successfully for accurate modeling of« obtained from
several multiple-phonon-mode materials.60,66–70In this work
the factorized form of the anharmonic Lorentzian sum p
sentation is employed for the parametrization of t
(Al xGa12x)0.52In0.48P dielectric function66,71

«~L !5«`)
i 51

v v21 igLO,iv2vLO,i
2

v21 igTO,iv2vTO,i
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 indexi runs overv modes. For further informa
tion regarding the history and applicability of Eq.~1!, the
reader is referred to recent publications and discuss
given therein.60,69,70

B. Low-polarity modes

Convenient treatment of infrared-active modes with sm
polarity within the anharmonic oscillator approximation w
discussed recently.60,61 Contributions to« due to m ‘‘addi-
tional modes’’ ~AM’s ! with small LO-TO splitting values
dvk

2[vLO,k
2 2vTO,k

2 can be factorized in«:

«~L1AM !~v!5«~L !~v!)
k51

m S 11
idgkv2dvk

2

v21 igAM, kv2vAM,k
2 D ,

~2!

with vTO,k[vAM, k , gTO,k[gAM, k , and dgk[gLO,k
2gTO,k . For dgk;0 and small values Im$«~L!% for v
;vAM, k , the following conditions can be read from Eq.~2!:
dvk

2,0 (dvk
2.0)↔vAM, k is a local mode, i.e.,vTO,i

,vAM, k,vLO,i ~vAM, k is a gap mode, i.e.,vLO,i,vAM, k
,vTO,i 11!.60

C. Free-carrier contribution

The AlGaInP epitaxial layers were deposited on Si-dop
GaAs substrates. For a correct model description of the
response of the samples, the contribution of the free carr
within the substrates must be considered. The class
Drude approximation holds with sufficient accuracy for d
scription of contributions from free carriers to« of III-V
semiconductors. A single-specie54 free-carrier plasma con
tributes«~FC! to «~v!,49,50

«~FC!~v!52«`

vp
2

v~v1 igp!
. ~3!

The screened plasma frequencyvp is related to the free-
carrier concentrationN, «` , and the free-carrier effective
massm* ,

vp5S Nq2

«`«0m* D 1/2

, ~4!

where«0 is the vacuum permittivity andq the carrier charge
In a constant-carrier-scattering-regime, the connection
15520
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tween the plasma broadening parametergp and the optical
carrier mobility parameterm is gp5q(m* m)21.65 Plasmons
interact with LO phonons, and LO-phonon-plasmon~LPP!
coupling has been observed by FIR spectroscopy inn-type
GaAs ~Ref. 68! and also inp-type GaAs.54 The LPP-mode
frequencies can be diverted from the roots of« and split for
n-type GaAs into low-frequency (LPP2) and high-frequency
branches (LPP1).65

D. SE data analysis

Ellipsometry determines the complex reflectance ratior,

r[
r p

r s
5tanC expiD, ~5!

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.72 C and D denote the
standard ellipsometric parameters.C and D, measured on
layered samples, depend on all materials’ dielectric functi
and thickness, and the incident wavelength, in gene
Model calculations are needed for SE data analysis.51 Mod-
els must invoke appropriate physical relationships, wh
must render the dielectric response studied. Materials’ ph
cal quantities, such as frequencies, amplitudes, and broa
ing parameters of charged lattice resonances, follow t
through modeling the materials’ dielectric functions«.51 Pa-
rameters with significance are varied during data analy
until calculated and measured data match as close as pos
~best fit!. Least-squares approaches to minimize weigh
test functions~maximum likelihood methods!, such as the
Levenberg-Marquardt algorithm,73 are employed for fast
convergence.

The model used here accounts for the layer seque
substrate/buffer/epilayer, and all materials are treated iso
pic. The model dielectric functions~MDF’s! in Secs. II A and
II B provide « for the n-type doped GaAs substrate@Eq. ~1!,
v51, and Eq.~3! with m* 50.067me for GaAs# and the
undoped GaAs buffer @Eq. ~1!, v51# with vTO
5267.7 cm21, vLO5291.3 cm21, gTO5gLO55.6 cm21, and
«`511.0, common to both substrate and buffer.74 N and m
need to be varied, and account for the free-carrier respo
within the substrate. The thickness of the buffer layerdbuffer
is also an adjustable parameter.

Two methods for extracting« of the (AlxGa12x)0.52In0.48P
layers were pursued here.

~A1! Modeling of« using the MDF@Eqs.~1! and~2! with
v53, m<3# by adjusting all corresponding MDF param
eters.

~A2! Performing a wavelength-by-wavelength~point-by-
point! fit for «.

Both approaches result in numerical reduction of t
substrate/buffer optical effects from the SE data, and b
require the (AlxGa12x)0.52In0.48P layer thicknessd as neces-
sary input parameter. These thickness values were kn
from a previous analysis of UV-VIS SE data.12 A1 also pro-
vided enough sensitivity to the substrate parametersN andm,
anddbuffer. A2 was employed after performing A1, andN, m,
and dbuffer were used as input parameters obtained by
6-3
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TABLE I. Sample parameters for the (AlxGa12x)0.52In0.48P layers studied in this work. All samples wer
grown at 720 °C by MOVPE on~001! GaAs with 6° miscut toward the nearest~111! Ga plane. Further
growth parameters are given in Ref. 12. The free-carrier concentrationN and mobility m of the Si-doped
GaAs substrate, the GaAs buffer layer thicknessdbuffer , and«` of the (AlxGa12x)0.52In0.48P layers are best-fit
results from the FIR-SE analysis. Error limits~in parentheses! correspond to 90% reliability.

Sample A B C D F G

x 0 0.33 0.48 0.7 0.82 1
d @nm# 801 951 1224 262 413 913
dbuffer @nm# 198~6! 159~9! 266~9! 200~13! 154~3! 167~20!

«` 9.1~0.1! 8.7~0.1! 8.6~0.1! 8.4~0.1! 8.3~0.1! 8.1~0.1!
N~300 K!
@1017 cm23#

7.5~0.03! 4.72~0.02! 27.5~0.04! 7.2~0.06! 9.8~0.01! 7.4~0.1!

m
@103 cm2/~V s!#

2.28~0.02! 2.25~0.02! 0.68~0.03! 1.58~0.05! 2.0~0.01! 4.2~0.3!

LPP2 @cm21# 219 186 259 216 224 218
LPP1 @cm21# 334 311 541 331 358 333
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prior to A2. Detailed discussions on parameter correlat
issues, proper data noise treatment, and ‘‘best-choice-fitt
procedures in infrared ellipsometry data analysis can
found in Refs. 60, 69, and 70, and references therein,
shall not be reiterated here.

We finally note that the isotropic model will be incorre
if an appreciable degree of orientational order would
present within the (AlxGa12x)0.52In0.48P layers. In this case a
uniaxial model must be employed. This idea, however, is
pursued any further in this work since we start from t
assumption of complete cationic orientation disorder, and
the samples studied here, order-induced birefringence eff
will be neglected.

III. EXPERIMENT

Epitaxial (AlxGa12x)0.52In0.48P layers with A1 composi-
tions x50, 0.33, 0.48, 0.7, 0.82, and 1 were grown by m
alorganic vapor-phase epitaxy at 720 °C on~001! GaAs with
6° miscut towards the nearest~111! Ga plane~Table I!. Prior
to the quaternary layers, a GaAs-buffer layer with thickn
of ;300 nm was deposited. All epitaxial layers were inte
tionally undoped. The thicknesses of the AlGaInP alloy la
ers range from 262 to 1224 nm.~See Table I and Ref. 12.!
All samples were analyzed by transmission electron micr
copy to confirm their highly disordered state. The select
area diffraction pattern did not or only minimally reveale
additional spots due to the alternating sublattice planes
CuPt-ordered compounds.75 RT measurements for a
samples were performed by SE and RS for wave numb
from 100 to 600 cm21 and with a resolution of 2 cm21. The
FIR-SE measurements were carried out at 50° and 70° an
of incidence using a prototype, rotating analyzer, Four
transform-based ellipsometer, which was equipped wit
He-cooled bolometer detector system.53 RS measurement
were performed in the scattering geometriesz(y8,y8) z̄ and
y8(x8,z) ȳ8 to distinguish between LO and TO modes76

wherex, y, z, x8, andy8 denote the crystal axes@100#, @010#,
@001#, @110#, and @ 1̄10#, respectively. In thez(y8,y8) z̄
@y8(x8,z) ȳ8# scattering geometry LO@TO# modes are al-
15520
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lowed and TO@LO# modes are forbidden, respectively.65 RS
measurements inz(y8,y8) z̄ geometry for samplesA, D, E,
andF were performed using the 5145-Å line of an argon-i
laser as the excitation source. The 4579-Å line of the sa
excitation source was used for the measurement of samplB
andC. The size of the laser beam was;2 mm on the sample
surface. Raman scattering measurements iny8(x8,z) ȳ8 ge-
ometry were performed for all samples using the 4579-Å l
of the laser source. The laser source was focused on
sample surface using a3100 objective, and the laser spo
size was;1 mm.

IV. RESULTS AND DISCUSSION

A. FIR-SE

Figure 1 depicts experimental~dashed line! and calculated
~solid line, approach A1! FIR-SE C spectra for sampleB

FIG. 1. Experimental~dashed line! and calculated~solid line!
FIR-SE C spectra at 50° angle of incidence for sampleB. InP-,
GaP-, and AlP-like TO~solid vertical lines! and LO~dashed vertical
lines! modes are indicated by brackets. The reststrahlen band o
n-type doped GaAs substrate extends betweenvTO~GaAs! ~solid
vertical line! and LPP1~GaAs! ~dotted vertical line!. Low-polarity
modes AM1–AM3 were added to model« of the AlGaInP layer
adequately. The inset enlarges the spectral region of AM1–AM3.
The dotted line presents the best-fit line shape without AM1–AM3.
6-4
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with x50.33. Presentation ofD spectra is omitted throughou
this work for brevity. The reststrahlen band of then-type
GaAs substrate extends betweenvTO (267 cm21, solid verti-
cal line! and LPP1(311 cm21, dotted vertical line; see als
Table I!, and dominates the polarized reflectivity at the lon
wavelength end of Fig. 1. The strong loss ofp- ~minimum in
C! and s-polarized reflectivity ~maximum in C! at v
;180 cm21 and v;284 cm21, respectively, is attributed to
plasmon-phonon-mode-induced surface-bound electrom
netic wave propagation effects with pseudopolariton cha
ter at the substrate/buffer interface.~See Sec. 2.2 in Ref. 56
and references therein.! Above ;311 cm21 the AlGaInP
layer causes fine structure in the FIR spectrum ofC. ~Refer,
e.g., to the flatC spectra of nitrogen-rich GaAs layers give
in Fig. 7 of Ref. 58.! The fine structure above the GaA
substrate-LPP1 mode contains multiple bands with anha
monic character. We have identified the strongest contr
tions as InP-, GaP-, and AlP-like TO~solid vertical lines! and
LO ~dashed vertical lines! modes, which are indicated b
brackets in Fig. 1. These modes bound the InP-, GaP-,
AlP-like reststrahlen bands of the quaternary alloy. Their f
quencies were obtained from comparative analysis of
FIR-SE spectra and RS spectra, which will be discussed
ther below. The three binary constituents of t
(Al0.33Ga0.67!0.52In0.48P layer produce the major contribution
to « and impose subtle modifications onC above the high-
frequency edge of the GaAs reststrahlen band. We inclu
three anharmonic oscillator terms within the MDF to acco
for the InP-, GaP-, and AlP-like bands and to obtain their
and LO phonon frequency parameters. Three low-pola
modes AM1– AM3 were further added to model« of the

FIG. 2. Experimental~dashed lines! and calculated~solid lines!
FIR-SE C spectra of (AlxGa12x)0.52In0.48P/GaAs at 50° angle o
incidence. Vertical lines indicate all TO, LO, and AM modes i
cluded into the MDF for« of each AlGaInP layer. The GaA
TO-LPP1 bands reflect the different doping and carrier mobil
levels within the Si-doped substrates~Table I!.
15520
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(Al0.33Ga0.67!0.52In0.48P layer adequately. Although of sma
amplitude, these modes are required for accurate repro
tion of the experimental line shape. The inset in Fig. 1 e
larges the region where modes AM1– AM3 occur, and the

FIG. 3. Point-by-point inverted~dotted lines! and MDF ~solid
lines! Im(«) spectra. Vertical lines indicate TO~solid line! and AM-
~dotted line! mode parameters within the MDF, which coincide wi
spectrally local maxima of Im(«). The dashed line represents th
experimental uncertainty inC, which limits determination of small
Im(«) values~shown only for sampleA with x50!.

FIG. 4. Same as Fig. 3 for Im(21/«). Note that the experimen
tal uncertainty inC propagates nonlinearly into sensitivity limit
for small Im(21/«) values~dashed line shown only for sampleA
with x50!.
6-5
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TABLE II. Best-fit results for TO frequencies and broadening parameters from FIR-SE analysi~all
values in cm21!. Error limits ~in parentheses! correspond to 90% reliability.

Sample A B C D F G

vTO
AM1 311.2~0.3! 313.0~15.2! 313.5~1.7! 311.8~1.1!

gTO
AM1 16.5~2.7! 19.6~3.4! 30.0~3.0! 13.1~6.0!

vTO
InP 320.5~0.5! 327.2~0.2! 328.4~0.8! 327.6~1.1! 325.5~0.2! 324.3~0.2!

gTO
InP 14.1~1.4! 15.3~0.6! 17.1~1.2! 22.3~2.4! 18.6~0.3! 12.7~0.6!

vTO* 336.2~0.4!
gTO* 19.8~0.9!
vTO

AM2 350.6~0.4! 352.4~0.8! 358.4~2.4! 350.8~2.6! 351.2~1.0! 355.8~1.7!
gTO

AM2 3.7~0.8! 8.1~1.7! 22.1~11.7! 13.3~5.1! 10.3~1.7! 22.7~11.6!
vTO

GaP 372.5~0.3! 374.9~1.2! 370.8~3.1!
gTO

GaP 17.0~0.6! 13.7~2.4! 28.0~15.1!
vTO

AM3 397.4~2.2! 398.0~3.7! 401.6~6.3! 398.6~1.3! 403.7~0.7!
gTO

AM3 36.0~4.4! 30.2~8.7! 55.2~16.8! 33.7~2.8! 27.8~1.5!
vTO

AlP 431.8~0.9! 430.1~1.2! 429.0~4.2! 427.4~0.4! 428.9~0.5!
gTO

AlP 34.3~2.1! 37.2~2.6! 39.5~9.6! 23.6~0.8! 31.3~1.0!
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dotted line presents the best-fitC spectrum when the low
polarity modes were excluded from the model calculati
All three modes obey small polarity and induce subtle effe
on the line shape of«. Note that all modes obey the ‘‘alter
nation rule,’’ i.e., TO and LO frequencies of multiple phono
mode materials must alternate mutually.40 Because ofvTO

InP

,vAM2,vLO
InP, AM2 is located within the InP-like band, an

dvAM2520.4 cm21,0 for x50.33.60

Figure 2 shows experimental~dashed lines! and calcu-
lated ~solid lines, approach A1! FIR-SE C spectra for all
samples. Vertical lines indicate the spectral positions of
phonon modes used within the MDF for« of the AlGaInP
layers. The GaAs restrahlen behavior is different for ea
sample because substrates out of various cha
with slightly different doping levels were used for samp
deposition ~Table I!. Figures 3 and 4 present Im(«) and
15520
.
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Im(21/«), respectively, obtained by approaches A1~solid
lines! and A2 ~dotted lines!. Tables I, II, and III summarize
all parameters from the best-fit calculation using A1. It
worth emphasizing the excellent agreement between
point-by-point inverted« spectra and the MDF model lin
shape. MDF approaches can subsume small resonance
into adjacent model lineshapes of larger amplitudes. Su
features may thereby become wiped out within the result
spectra, when presented as the ‘‘original’’ data. The diff
ences between the point-by-point fit and the MDF spectra
Figs. 3 and 4 are minor only and represent data noise.
dashed lines in Figs. 3 and 4 estimate the sensitivity limi
small absorption values considering the experimental lim
for small D values, propagated into«. We have estimated
based on our equipment’s present average uncertaint
dD;60.5°, that values of Im(«),0.7 cannot be sensed b
s
TABLE III. Best-fit results for LO frequencies and broadening parameters from FIR-SE analysi~all
values in cm21!. Error limits ~in parentheses! correspond to 90% reliability. Note thatvLO

AM,k5vTO
AM,k

1dAM,k is used.

Sample A B C D F G

dvAM1 1.7~0.1! 0a 0a 0a

dgAM1 22.3~0.6! 3.3~0.8! 14.1~2.3! 2.5~1.4!
vLO* 321.5~1.6!
gLO* 37.1~2.6!
dvAM2 0a 20.4~0.01! 216.2~0.2! 22.5~0.4! 1.1~0.1! 0a

dgAM2 1.0~0.3! 2.7~0.9! 5.0~2.8! 6.9~4.6! 0a 26.2~3.4!
vLO

GaP 382.0~0.1! 375.3~1.9! 371.9~5.8!
gLO

GaP 3.4~0.1! 6.6~1.1! 14.3~3.9!
vLO

InP 360.1~0.2! 358.4~1.3! 359.9~1.3! 354.5~6.4! 342.9~0.6! 335.0~0.6!
gLO

InP 9.5~0.4! 21.2~2.4! 11.9~3.2! 26.9~11.8! 27.6~1.0! 21.0~0.9!
dvAM3 0a 4.8~0.1! 12.1~0.4! 0a 6.1~0.1!
dgAM3 22.6~4.2! 9.1~3.7! 44.8~24.5! 15.6~0.1! 18.8~0.2!
vLO

AlP 437.5~0.4! 444.9~0.3! 448.0~1.7! 455.6~0.1! 460.3~0.1!
gLO

AlP 13.1~0.7! 10.5~0.6! 25.4~3.3! 5.7~0.2! 5.1~0.1!

aNo sensitivity to parameter;dv set to 0.
6-6
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the ellipsometric approach. Note that these uncertain
translate nonlinearly into noise limits for Im(21/«). ~The
dashed line in Fig. 4, sampleA, is shown for example.! It
follows directly from Eqs. ~1! and ~2! that Im(«) and
Im(21/«) peak locally near TO and LO frequencies, resp
tively. Figure 3~4! contains vertical lines depicting TO~LO!
frequencies as solid lines and AM-mode frequency para
eters as dotted lines, representing values given in Table
and III. As can be seen in Figs. 3 and 4, the MDF TO and
parameters indeed point to local maximum in spectra Im«)
and Im(21/«), respectively. For AM modes with sma
TO-LO splitting, corresponding maxima occur at almost t
same frequency in Im(«) and Im(21/«).

B. Raman spectroscopy

The spectra in Fig. 5 summarize RS studies iny8(x8,z) ȳ8
backscattering geometry~TO allowed, LO forbidden!. The
vertical dashed line depicts the GaAs TO mode, which or
nates from the substrate and buffer layer. Short vertical li
indicate the spectral positions of the InP-like TO mod
Their peak positions where determined using Lorenzt
line-shape fits.48 The AlP-like TO mode occurs forx>0.7 at
v;400 cm21, but was found too broadened for accura
line-shape analysis. The spectrum of the Al0.52In0.48P sample
further contains the symmetry-forbidden LO mode of t
GaAs buffer layer (v;292 cm21! and the AlP-like LO mode
(v;460 cm21!.

Figure 6 presents Raman spectra obtained inz(y8,y8) z̄

FIG. 5. Raman spectra iny8(x8,z) ȳ8 backscattering geometr
~TO allowed, LO forbidden!. The GaAs TO mode~vertical dashed
line! originates from the substrate and buffer layer. The InP-like
modes are indicated by vertical lines. The AIP-like TO mode occ
for x>0.7 atv;400 cm21, but is too weak for accurate line-shap
analysis.
15520
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backscattering geometry~LO allowed, TO forbidden!. Iden-
tified LO modes are indicated by vertical solid lines. T
InP-like LO mode is strongly excited in all samples and o
curs in the range;340 cm21 (x51) to ;361 cm21 (x
50). Forx<0.33 the AlP-like LO mode occurs above;430
cm21. The GaP-like LO mode is clearly distinguishable f
samples withx50 andx50.33. The InP-like TO mode~dot-
ted vertical lines! is symmetry forbidden, but occurs for allx.
For x50.33, 0.48, and 1, additional modes occur atv
;313 cm21 and v;350 cm21 ~vertical arrows!, which ex-
actly match the spectral locations of AM1 and AM2, assigned
already in the FIR-SE analysis.~See also Tables II and III
and note thatvLO

AM, k5vTO
AM, k1dAM, k.!

C. Lattice modes in AlGaInP

Figure 7 summarizes all TO-, LO-, and AM-mode fr
quencies obtained from the FIR-SE and RS data. Mo
identified from RS spectra are in remarkably good agreem
with those derived from our ellipsometry analysis. A com
plex phonon mode behavior is observed for the nea
random-alloy solid solutions

~i! Two bands are present in Ga0.52In0.48P and
Al0.52In0.48P, one strong InP- and one weak GaP-like and o
weak InP- and one strong AlP-like, respectively.

s

FIG. 6. Raman spectra inz(y8,y8) z̄ backscattering geometry
~LO allowed, TO forbidden!. LO modes are indicated by vertica
solid lines. The InP-like LO mode is strongly excited in all samp
and occurs in the range;340 cm21 (x51) to ;361 cm21 (x
50). Forx>0.33 the AlP-like LO mode occurs above;430 cm21.
The InP-like TO mode~dotted vertical lines! is symmetry forbid-
den, but occurs for allx. For x50.33, 0.48, and 1 modes atv
;313 cm21 and v;351 cm21 are identical with AM1 and AM2

~arrows!, which were found in the FIR-SE analysis.
6-7
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~ii ! Three bands, one weak GaP-like, one weak AlP-li
and one strong InP-like, dominate the quaternary compou
for x,0.5.

~iii ! The GaP-like band is absent forx.0.5.
~iv! Three low-polarity modes with small dispersion occ

at ;313 cm21, ;351 cm21, and;400 cm21, where the first
two apparently involve In and/or P, and the last is related
the existence of Al.

The GaP- and AlP-like mode frequencies change linea
with compositionx. The InP-like LO mode exhibits sma
bowing. The frequency dependences are approxima
given by

vLO
AlP~x!'33.0 cm21x1427.2 cm21,

vTO
AlP~x!'25.0 cm21x1432.8 cm21 ~0.33<x<1!,

vLO
InP~x!'244.0 cm21x119.3 cm21x1359.5 cm21,

vTO
InP~x!'3.0 cm21x1323.9 cm21 ~0<x<1!, ~6!

and

vLO
GaP~x!'220.9 cm21x1382.1 cm21,

vTO
GaP~x!'21.7 cm21x1373.2 cm21 ~0<x<0.48!.

~7!

The dependences for InP-like TO and InP-, GaP-, and A
like LO agree well with those given in Ref. 44, except th
no second-order term was found here for AlP-like LO. Thx
dependence of modes AM1– AM3 is also given in Fig. 7. The
location of AM1 at vAM1;313 cm21 is that of a gap mode,40

and AM1 occurs below InP-like TO Mode AM2 at vAM2
;351 cm21 is a local mode within the InP-like band, an
mode AM3 at vAM3;395– 405 cm21 is another gap mode
between the GaP- and AlP-like bands.

FIG. 7. TO-, LO-, and AM-mode frequency dependences on
Al composition x found in this work ~solid symbols: TO; open
symbols: LO!. Rectangles denote phonon frequencies obtained f
Raman spectra. Circles indicate parameter values from FIR
analysis. The InP-, GaP-, and AlP-like bands are emphasized
hatched areas. Triangles~TO, up; LO, down! indicate modes
AM1–AM3, which are shown as diamonds fordvk;0.
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The broadening parameters in Tables II and III for t
GaP-, InP-, and AlP-like modes are substantially larger th
those for the pure binary compounds.77,78 It was already ob-
served that lattice mode broadening parameters of tern
alloys are larger than those for the pure bina
constituents.79,80 Here, the broadening of the GaP-like ban
increases asx increases from 0 to 0.48. The broadening p
rameter of the AlP-like TO mode reveals a maximum at a
proximately x50.6, whereas the LO-mode broadening d
creases asx increases from 0.33 to 1. The InP-like ban
exhibits a maximum broadening at approximatelyx50.6 for
both LO and TO modes. The broadening parameters for
additional modes AM1– AM3 are found to remain nearly
constant for all compositions studied here.

Modes AM1 and AM2 display no or only little dependenc
on the Al concentration. These modes seem to occur reg
less ofx. Therefore, eigenvectors of AM1 and AM2 should
involve In and P displacements. The character of A2
changes atx;0.8 from a local mode to that of a gap mod
The splitting parametersdvAM1 anddvAM2 are small, except
for x50.48. Mode AM3 occurs only forx.0, suggesting
involvement of Al. The splitting parameterdvAM3 is small
except for x50.7. A peculiarity is seen for Ga0.48In0.52P
through the observation of another local mode pair~vTO*
5336.2 cm21, vLO* 5321.5 cm21!, located within the InP-
like band and which was not observed in samples withx
.0.

The positions of the InP-, GaP-, and AlP-like bands in t
quaternary alloy were partially viewed in the literature, a
data reported by different authors are fairly consistent. F
ure 8 reviews TO- and LO-mode frequencies obtained fr
RS investigations reported by Kondow, Minagawa, a
Satoh43 ~0<x<1, down rectangles!, Kubo et al.45 ~0<x
<1, circles!, Asahiet al.44 ~0<x<1, up-triangles!, and Feng
et al.48 ~x50.18, squares! in comparison with results ob
tained in this work~indicated by hatched areas and das
dotted lines!. Values for InP-like TO and AlP-like LO are

e

m
E

by

FIG. 8. TO ~solid symbols! and LO ~open symbols! mode fre-
quencies for (AlxGa12x)0.52In0.48P reported by Kondow, Minagawa
and Satoh~down rectangles!, Kubo et al. ~circles!, Asahiet al. ~up
triangles!, and Fenget al. ~squares!. Hatched areas and dash-dotte
lines are the same as in Fig. 7.
6-8
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almost consistent. Considerable scatter exists within G
like LO data, which is not surprising because this band
very small and likely subsumed by the strong InP-like L
band in RS data. Apparently, no line-shape analysis was
formed in Refs. 43, 44, and 45. The only AlP-like TO value
reported by Kuboet al.,45 deviate substantially with decrea
ing Al content from our ellipsometry results. The assignm
for the AlP-like TO mode from spectra shown in Ref. 45
unclear, and values shown in Ref. 45 are uncertain. No o
group observed AlP-like TO in RS spectra, and no su
mode is detected in ourz(y8,y8) z̄ RS studies. Data forx
50.18 reported by Fenget al. fit excellently into the scheme
developed here, if all values would be shifted up by;4
cm21. Data for GaP-like TO and AlP-like TO were not re
ported. No data from FIR reflection or transmission measu
ments forx.0 are available. No group has reported on t
occurrence of modes AM1– AM3 observed in the presen
work. The InP-like LO assignment by Kondow, Minagaw
and Satoh43 in the crossover region between the local- a
gap-mode behavior of AM2 may reflect the unnoticed influ
ence of AM2 on their RS spectra. Neither of the gap mod
AM1 and AM3 has been assigned in any work.

AM1 occurs in z(y8,y8) z̄ Raman spectra forx50.33,
0.48, and 1. For samples withx50, 0.72, and 0.8 this mod
is weak and subsumed by the strong InP-like LO mo
Mintairov and Melehin31 found a very weak ordering
induced mode at 315 cm21 in CuPt-ordered Ga0.52In0.48P
Hassineet al. reportedz(y8,y8) z̄ Raman spectra of ordere
Ga0.52In0.48P, and although unnoticed by the authors, a we
side band also occurs atv;315 cm21 ~Fig. 3 of Ref. 30!.
This band can further be recognized within Raman data
ordered Ga0.52In0.48P reported by Mestreset al. @Figs. 2~a!
and 3~a! in Ref. 29# and Cheonget al. ~Fig. 1 in Ref. 32!.

Mode AM2 coincides with the mode at 354 cm21, which
was found in CuPt-ordered Ga0.52In0.48P.18,20,28,32,33AM2 is
seen in ourz(y8,y8) z̄ Raman data for samplesB, C, andF,
and AM2 occurs in the FIR-SE data for allx. Apparently, this
mode is inherent to this alloy, similar to AM1.

Very recently, Ozolin¸š and Zunger calculated phono
spectra of perfectly CuPt-ordered Ga0.5In0.5P using first-
principles density-functional linear-response theory.17,42 In
essence, the GaP- and InP-like bands are predicted to
into two bands with modes polarized parallel (A1) or perpen-
dicular ~E! to the ordering direction, in accordance with th
C3n crystal symmetry of CuPt-ordered GaInP2. The mecha-
nism of how this splitting will emerge for partial ordering
yet unknown, although Ozolin¸š and Zunger suggested app
cation of the ‘‘h2 rule,’’ where strength and spectral positio
should scale withh2 times the difference of the respectiv
quantity ~strength, position! imposed upon perfect order o
disorder.42 Modes AM1 and AM2 seem to match the dis
perisonlessE~TO! mode, predicted at 316 cm21, and the
‘‘new’’ ~CuPt-order-induced! mode ofA1 symmetry at;350
cm21. Because no quantitative method is available yet
determination of small valuesh for quaternary alloys, we
cannot rule out existence of slight CuPt ordering for o
samples. We expect residual ordering in all quaternaries
though no or only little superlattice diffraction spots we
observed in selected area diffraction pattern. SampleA
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should not contain any ordered domains according to
band gap value~Eg51.899 eV at 300 K!.12 SampleG did
reveal no diffraction spots, and its growth condition was th
of sample 13 in Ref. 16, which was highly disordered. B
cause AM1 occurs regardless ofx, P and/or In should be
involved in this mode. TheE~TO! mode predicted forx
50, h51 at 316 cm21 is indeed GaP-like42 and may also
exist for x.0 and for very smallh values. For our
Ga0.52In0.48P sample, AM1 can be detected by FIR studie
but is not seen in the Raman spectrum. This observa
suggests that AM1 may be very sensitive to small degrees
ordering. CuPt ordering seems to activate modes AM1 and
AM2 for Raman scattering. According to this line of discu
sion, samplesA, B, C, andF should obey some small degree
of ordering, wherein sampleA is most disordered. In sum
mary, the origin of modes AM1 and AM2 is likely ordering.
The occurrence of both modes indicates residual orderin
our samples. These modes may be used to monitor s
degrees of ordering. Finally, the ‘‘h2 rule’’ may not apply for
spectral positions of superlattice-ordering-induced latt
modes.

The origin of AM3 remains unclear. AM3 was not ob-
served forx50, which suggests that this mode could
related to the existence of Al. Because we are not awar
any work, experimental or theoretical, which studies latt
vibration properties of ordered Al0.52In0.48P, no assignmen
can be made for AM3 at this point. Also, no observation o
AM3 for quaternary alloys was reported. This is not surpr
ing, because AM3 was also not seen in our RS spectra.
best of our knowledge, no result from FIR experiments w
presented for alloys withx.0.

V. SUMMARY

An accurate study of the lattice vibration modes in high
disordered (AlxGa12x)0.52In0.48P over the full range of com-
positionx is performed using ellipsometry and Raman tec
niques comparatively. All AlP-, GaP-, and InP-like TO an
LO modes are deduced from FIR-SE data analysis. The
tice modes follow from line-shape analysis of the fir functi
«. RS spectra are analyzed using Lorentzian line-shape
Raman results are highly consistent with the mode sche
developed from the ellipsometry study. Three addition
modes with low polarity are identified upon the FIR-S
analysis. The first two modes, located near;313 and;351
cm21, are also Raman active and coincide with CuP
ordering-induced modes, predicted and observed previo
for ordered Ga0.52In0.48P. The origin of the third mode re
mains unclear. It is suggested that the first two modes
volve In and/or P contributions, whereas the last one is
lated to the occurrence of Al. All three modes seem to
inherent to this quaternary alloy system, and may beco
infrared and Raman active upon ordering.
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58J. Šik, M. Schubert, G. Leibiger, V. Gottschalch, and G. Wagn
J. Appl. Phys.89, 294 ~2001!.

59G. Leibiger, V. Gottschalch, and M. Schubert~unpublished!.
60A. Kasic, M. Schubert, S. Einfeldt, D. Hommel, and T. E. Tiwal

Phys. Rev. B62, 7365~2000!.
61A. Kasic, M. Schubert, B. Kuhn, F. Scholz, S. Einfeldt, and

Hommel, J. Appl. Phys.89, 3720~2001!.
62M. Schubert, A. Kasic, T. E. Tiwald, J. Off, B. Kuhn, and

Scholz, MRS Internet J. Nitride Semicond. Res.4, 11 ~1999!; M.
Schubert, A. Kasic, T. E. Tiwald, J. A. Woollam, V. Ha¨rle, and F.
Scholz,ibid. 5, W11 ~2000!.
15520
e
.

.

-

,

63A. Kasic, M. Schubert, J. Off, and F. Scholz, Appl. Phys. Lett.78,
1526 ~2001!.

64R. Wirth, A. Moritz, C. Geng, F. Scholz, and A. Hangleiter, Phy
Rev. B55, 1730~1997!.

65P. Y. Yu and M. Cardona,Fundamentals of Semiconducto
~Springer, Berlin, 1999!.

66F. Gervais and B. Piriou, J. Phys. C7, 2374~1974!.
67F. Gervais and B. Piriou, Phys. Rev. B11, 3944~1975!.
68A. A. Kukharskii, Solid State Commun.13, 1761~1973!.
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