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The phonon properties of partially CyRtrdered Ggsdngsd Wwith degrees of ordering
7=0,0.19,0.28,0.35,0.47, 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 increasing all Ga, 5Jng4d® phonon modes split iE- and A;-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 Ggsdng 4P [Phys. Rev. B64, 155206(2001)] have their origin in the ordered atomic
arrangement of alike group-Ill atoms. We propose far-infrared dielectric anisotropy as a sensitive measure for
sublattice ordering in multinary IlI-V alloys.
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I. INTRODUCTION niques in terms of accuracy and sample informatibHf.
Besides chemical effects due to alloying, or effects due to
The 111-V semiconductor compound Ga In,P exhibits, lattice-mismatch-induced strain, long-range chemical order-
in contrast to its binary constituents, a complex polar latticdnd of alike group-Iil or group-V atoms can drastically affect
resonance behavidr’ For ternary alloys a distinction was e Phonon mode frequencies as well as other physical prop-

made so far between the two extreme where infrared-activg /€S such as band-gap energies, electron effective mass pa-
. : rameters, and electrical transport properte¥he reduced
phonon mode frequencies vary as a function of the allo

- . , Nattice symmetry in ordered alloys also gives rise to anisot-
composition: A single band of transver§EO) and longitu- ropy and phonon mode splitti§:l” We have recently ob-

dinal (LO) phonon modes, which shift continuously betweenggrved that highly disordere@l)GalnP reveal modes with
those of the binary constituents, and which is commonlyan extremely small polarity. These alloy-induced modes
termed as “one-mode” behavior. Accordingly, for the “two- were not seen before application of fir spectroscopic ellip-
mode” behavior, two infrared active phonon bands occursometry, and are also unknown from the binary constituents,
close to the frequencies of the binary constituents. Fowhich where extensively studied in bulk or thin film form by
Ga, _,In,P the *“two-mode” behavior is commonly Raman and fir intensity spectroscopy. We demonstrate here
accepted:>®° For x=0.48 the alloy can be grown lattice for GalnP that these alloy-induced modes have their origin in
matched to GaAs where extensive Raman studies revealdble newly introduced “degree-of-freedom” upon alloying:
three common features: the GaP-like LO phonon mode atamely, the ordered atomic arrangement of alike group-Iil or
~380 cni'!, the InP-like LO mode at-361 cm'!, and the -V atoms.

InP-like TO band at- 328 cni L. The values for the two LO The spontaneous arrangement of column-lll elements in
modes reported from different authors are fairly consisten@lternating{111}g planes has been found in many ternary

but scatter for the InP-like TO frequency from 325 to Zinc-blende II-V: semiconductor alloyge.g., AlGaAs,
331 et 3461010Tha occurrence of the GaP-like TO mode'nGaAs’ and GalnR and results in partially ordered

was observed at 372 cni ! in far-infrared(fir: ~100 cm?  CUPB-type structure. Spontaneous ordering 111 planes
to ~500 cm 1) studies only#12Measurement of the fir re- is another possible, but rarely observed ordering type. The

sponse provides convenient access to the active lattice mod8@cking direction of the superlattice planes in Ggifype
through an analysis of the complex dielectric functien ordering is parallel to th¢111] or [111] direction. A per-
provided the experimental method used owns sufficient serfectly arranged superlattice creates a new trigonal crystal,
sitivity to both real and imaginary parts @f Such a tech- with threefold rotation axis alonfgl11] or [111], and the
nigue is spectroscopic ellipsometf$E), a powerful tool, symmetry of a completely ordered alloy is lowered from cu-
well known for measurements of thin-film dielectric function bic zinc-blende T,) to trigonal (Cs,) by the superperiodic-
spectra, and which is superior to intensity spectroscopy techty along the ordering direction. In real crystals grown by
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nonequilibrium thin-film growth techniques such as molecu- Il. THEORY
lar beam epitaxy or metal-organic vapor-phase epitaxy
(MOVPE), the superlattice arrangement is not perfect. This
phenomenon is Common]y described upon introducing the The contributions of pOlar lattice vibrations to the dielec-
ordering parameter;, wherez may be treated as the differ- tric_ function € of semicond.uctors are commonly Qescribed
ence between the compositiarof the two subsequent sub- USINg .osgllé:’;ltor functions  with  Lorentzian-type
lattice planesAl), , ,Bl , ,CV/AY Bl ,CV.2%If the ran- broadening® Ternary alloys with multiple phonon
dom alloy is nonstoichiometricx&0.5), » can only vary branches such as QalpFéquwe sets qf multiple oscillators
between G< p/2<min{x,1—x}; thus fully CuPg-type or- for mod_eI presentation of. The factgnzgd form of the an-
dered ternary compoundsy& 1) may only be formed for harmo.mc !_orent2|an—sum p.resent.atlon is used here for a pa-
x=0.5. But to avoid strain effects in Ga,In,P epilayers rametrization of the GalnfPdielectric function(electric field

grown on the GaAs substrate the experimentalist has to r@?'a”_zat"ggglg:“ I,” * L with respect to the ordering
vert to the composition=0.48. For a derivation of the order direction,™

parametery, however, it is assumed that=0.5. (One may
consider the remaining 0.02 Ga as being located at a group
[l site randomly) The term GgsJng 4P is then commonly
abbreviated as GalpRor simplicity, and the latter is in use
for the present work throughout.

Most studies concerning the phonon properties of ordered
GalnP, employed Raman spectroscopy to investigate phonowherew, o, ¥.0;, @wto;, andyro; are the frequency and
mode frequencies and selection rules. To the best of ouhe broadening values of thth LO and TO phonons, respec-
knowledge, only one group used fir reflection and transmistively, and the indexi runs over v modes. Kasic and
sion measurements to explore the phonon modes of orderex-workers®3* presented a convenient model for treatment
GalnR, and no exact measurement of the fir dielectric func-of fir active modes with small polarity within the anharmonic
tion has been reported so fa?'8The features observed for oscillator approximation. This approach was successfully ap-
ordered Galnp in Raman studies within the range plied to describe the response of low-polarity modes in
100 e l<w=<600cm® can be summarized as highly-disordered Galn®’ and is adopted in this work as
follows>°=2? An ordering induced LO mode emerges at Well. For details and notation we refer to Refs. 33 and 34.
~354 cni L. The GaP-like LO mode blueshifts with increas- 1he GalnB epitaxial layers were grown on Te-doped GaAs
ing 7. For the InP-like LO mode a shift fromw substrates. For a correct_mo_del description of t_he fir response
~361 cm ! toward ~365 cni * for 7~0.5 was observed, of the samples, the contribution of the free carriers within the

while the corresponding peak in the Raman spectra becomggb;trates must be cqn_3|dered. The classical .Dr.ude approxi-
broadened®? The InP-like TO mode is found at approxi- mation holds with sufficient accuracy for description of con-

matelv 330 cmit. Alsinaet al2 reported a line-shape sharp- tributions from free carriers t@ of IlI-V semiconductors,
. y L ) p. . . P P and relates the free-carrier concentratd®nthe free-carrier
ening of this phonon mode with increasing. At o

1 L . effective massn*, and the optical carrier mobility parameter
~205 cm " a folded Iongl_tl_,ldlnal-acoustlc-phonon mode haslu to the dielectric functiore.*® Plasmons interact with LO
been obitalrved and additional yvegk mode$uat31§ and phonons, and LO-phonon-plasm@rPP) coupling has been
~340 cm * were reported by Mintairov and MeleKih observed by fir spectroscopy mtype GaAs?® and also in
determination of fir active phonon modes as well as of freq:requencies can be diverted from the rootsepfwhich Sp"t
carrier parametersee, e.g., Refs. 28—Bfbr semiconductor  fqor n-type GaAs into low frequency (LPP and high-
alloys in layered structures. This technique is used here asfeequency branches (Lp[y_37 The LPP mode coupling
novelty to determine the phonon modes of CuPt-orderednechanism distinctly affects the fir-response of the samples
GalnR. The fir dielectric function, which follows from a studied. These effects can be consistently described within
precise line-shape analysis of the fir-SE data, provides ththe model calculations performed here for the layered sample
link between the optical sample response and the infraredstructures, and are clearly traced back to the free-carrier
active phonon modes. Faj>0 GalnB is anisotropic, and properties of the substrate materials. Results for the free-
the observed birefringence will be traced back to the ordicarrier parameters obtained thereby for the individual sub-
nary and extraordinary dielectric functions, which depend orstrates differ slightly, depending on the doping concentration,
5. Itis the focus of the present work to extract the orderingand parameters are given further below. The free-carrier con-
dependence of the alloy-induced mod&s#/1) and the GaP- tributions originating from the substrate do not influence the
and InP-like modes for partial CuRtype ordering, upon an fir response from the GalpgPayers studied here. Further
analysis of the far-infrared anisotropic dielectric functions.discussions of the LPP coupling mechanism is omitted. The
We will compare and discuss our results with those reportechterested reader is referred to previous publications devoted
so far from experiment and theory. We propose the fir dielecto the ellipsometry study and line shape analysis for phonon
tric anisotropy as sensitive measure for composition anagnodes and free-carrier parameters in layered IlI-V com-
state of ordering in multinary alloys. pound materiald?—3442-45

A. Fir model dielectric function

v 2, 2
O T 1YL0jj @0~ WL gjj
eP(w)=e. ] , (&)

L _ 2
=1 @+l y70jj0 ~ WTojj
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B. Uniaxial dielectric tensor of CuPt-type GalnP, invoke appropriate physical relationships, which must render

The dielectric tensor of a completely CuPt-type orderedhe dielectric response studied. Materials’ physical quantities,

alloy is optically uniaxial, and may be written in diagonal such as frequencies, amplitudes, and broadening param_eters
form as of polar lattice resonances, then follow through a modeling

of all materials’e spectra. Parameters with significance are
€, varied during data analysis until calculated and measured
data match as close as possilibest-fi). Least-square ap-
e(n)= €L : 2) proaches, which minimize weighted test functiofmsaxi-
€ mum likelihood methods such as the Levenberg-Marquardt
algorithm?® are employed for fast convergence. Detailed dis-
Fussions on parameter correlation issues, proper data noise
treatment, and “best-choice-fitting” procedures in ir ellip-
sometry data analysis for semiconductor layer structures can
be found in Refs. 30, 33, and 47, and references therein.

as the uniaxial dielectric tensor, which describes a single The model used here accounts for the layer sequence

homogeneous ordered phase. This implies that we assun bstrate/buffer/epilayer, where substrate and buffer are

ordering as a single subvariant only, i.e., ordering takes placgeatEd isotropic. The epilayer is modelled as uniaxial layer
T or >0, or as isotropic layer fop=0, respectively® The

in one of the two possiblgl11]-type directions. For assign-

where e, and ¢ denote the ordinary and extraordinary di-
electric functions for polarizations perpendicular and paralle
to the ordering direction, respectively. The optical axis is
parallel to the ordering direction, which is tilted from the
sample normal by) =54.7°. For 0< <1 we assume( 7)

. _ — MDF described in Ref. 7 is used to calculatéor the n-type
ment, and without loss of generality, we choose [thé&1] Te-doped GaAs substrafgq. (1), »=1, and Eq(3) and(4)
direction. We observed that for the partially ordered samplegNith m* =0.067m, for GaAs] an,d the endoped GaAs buffer
the optical response is that of a uniaxial material, with the[Eq_ 1) v=‘1] wieth P 2é7_7 cm !, w 0=291.3 et
optical axis collinear to thd 111] direction. For perfect T0= 7Lo:5-6 cm!, ande,=11.0, eommon to both Sl:,b_
CuPt-type ordering, the zinc-blende lattice modes shoulGtrate and buffet? N and . need to be varied, and account
split into modes withA andE; symmetries, and with lattice for the free-carrier response within the substrate. The thick-
displacement patterns parallel and perpendicular to the trigghess of the buffer layet,, ., is also an adjustable parameter
nal axis, respectively. For9»<1 the trigonal lattice is not of significance. To extracé(s) of the GalnR layers, two
perfect but the ordering axis is clearly defined. The dielectriGets of MDF equation§Egs. (1) and (2) in Ref. 7 with v
tensor is found to be uniaxial from the fir ellipsometry ex- —» m<3] for e, and e were used, adjusting all corre-
periment. We therefore keep the symbol assignment for thgponding' MDF parameters separately. This approach pro-
uniaxial phonon modes found with polarization parall{Y  yides sufficient sensitivity to the GalpRayer thicknesd,

and perpendiculafE) to the optical axis, and which we de- he substrate free-carrier parametiirand ., and the buffer

rive from ¢ andlgl , respectively. layer thicknessdyqe- The best-fit results ofl, dyyger, N,
Alsina etal.~ attempted to decomposee(n)=(1 and u are given in Table .

— 1) €4is+ 77 €0rq, Where e is isotropic and represents a

disordered phase, argl,q is the tensor for perfect ordering. D. Estimation of the degree of ordering
This assignment is leaning on thg rule, where all physical
quantities induced upon ordering should scale accordiigly. (D () e(7=0 i
We find, however, thai(7) is uniaxial with no isotropic 9aPAEG"=Eg" —E4" ,Sg_r;gi top-level valence-band split-
(disorderedl part for »>0. Also, the 7 range studied here tng oE;; atk=0(T" point).”~**The 5E;;'s have been related
does not allow one to predie(7=1), which is completely Py Wei and Zunge to the degree of ordering upon the

unknown, and at this point the approach pursued by Alsin@mount of spin-orbit and crystal field splitting parameters
et al12 seeamed in appropriate to us. within the quasicubic perturbation model, as well as to the

amount of order induced band gap reducfibr***General-
ized variable angle spectroscopic ellipsometgWASE) at
near-infrared to visible wavelengtlisir-vis: 1650—500 nm)
Ellipsometry determines the complex reflectance ratio  can be employed to determine the fundamental band-to-band
transitionsE”, E, andES from theT'4 s, , T's(1y, , and
L —tanwe'?, 3) I's(2), valence banq states to tﬁec conduction band states
I's atk=0 from the nir-vis dielectric functiong; ande, as is
described in detail in Ref. 58. For detailed discussion of the
model-line shape analysis of the CuPt-ordering-induced
order-birefringence measured by the gVASE approach at vis-
ible wavelengths the reader is referred to Refs. 53 and 58—

CuPt-ordering cause reduction of the fundamental band

C. SE data analysis

-

pE

wherer, andrg are the complex Fresnel reflection coeffi-
cients for light polarized parallép) and perpendiculais) to
the plane of incidence, respectivéfy® and A denote the
standard ellipsometric parametetk. and A, measured on 0
layered samples, depend on all materials’ dielectric functiong '
including their directional dependenci¢anisotropy, layer
thickness values, and the incident wavelength. In general,
stratified layer model calculations are needed for SE data The GalnB films were grown by MOVPE 0(001) GaAs
analysis(see Jellisort? and references thergirModels must ~ with several substrate orientation defe@slumn 3 in Table

IIl. EXPERIMENT
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TABLE I. Best-fit results for Galnplayer thicknessl, GaAs buffer layer thickness e, and the GaAs
substrate free carrier parameters obtained from the fir-SE data analysis. The error limits, which correspond to
90% reliability are given in parentheses.

LPP LPP*

NO. d dbuffer N(SOO K) M
(nm) (nm) (10 cm %) [10° cn?/(Vs)] (cm™1) (cm™Y)
1 12865) 161(7) 3.50.03 2.880.07) 169 307
2 3845) 1305) 3.7(0.03 2.630.06 172 308
3 4045) 130(5) 3.80.03 2.57(0.06 175 309
4 3745) 137(4) 5.90.03 2.530.06 208 325
5 14633) 13005) 3.50.03 2.760.06 167 307
I). Prior to the GalnR layers a GaAs-buffer layer with a IV. RESULTS AND DISCUSSION

thickness ofdp, e~ 150 nm was deposited. The substrates | the following sections we present the fir-SE spectra for
were Te doped whereas all epitaxial layers were intentionallyhe most ordered sampli€igs. 2 and B the corresponding
undoped. The sample growth parameters are summarized Hhisotropic MDF of the GalnPlayer (Fig. 4), and the fir-SE

Table 1. Room temperature fir-SE measurements for Wavespectra for all Samp|e§:ig_ 5 and 6. The phonon mode
numbers from 100 ¢ to 600 cm !, and with a resolution  pehavior for GalnR is given as a function of the ordering

of 1 cm ! were carried out using a prototype, rotating-
analyzer, Fourier-transform-based ellipsometer, which was
equipped with a He-cooled bolometer detector system. For
each sample we performed measurements at two different
sample orientations.

@A [TlO] axis parallel to the plane of incidenésetup
A); the ordering axis is located within the plane of inci-
dence,

(b) A [110] axis perpendicular to the plane of incidence
(setupB); the ordering axis is located within the plane per-
pendicular to the plane of incidence.

All fir-SE measurements were carried out at 70° angle of
incidence ¢,.5* To determine the degree of ordering
room temperature nir-vis gVASE and standard SE measure- 0.005
ments in the spectral range from 0.75 to 2.5 eV were per-
formed for each sample with a resolution of 0.01 eV at two
angles of incidenced,=15° and 65°) in reflection arrange-
ment. Experimental and best-fit spectra are shown exemplar-

0.000

ily for sample 5 in Fig. 1. 0005t Jr )
2
TABLE Il. Sample parameters of the GalnRwyers studied in 1f0 ' 1T5 ' 2T0
this work. The growth parametefgrowth temperatur&, and sub- Energy [eV]
strate orientationhave been varied to obtain different degrees of
orderingn. The values oE4 andAE,gs are determined by nir-vis FIG. 1. Imaginary part of the pseudodielectric functigs) of

gVASE as described in Ref. 58, and are given in columns 5 and 6CuPt-type ordered GalpRsample 5 in Table )| obtained from a
respectively. The degree of orderimgwas calculated using Eq7) single-angle-of-incidence standard rotating-analyzer ellipsometry
of Ref. 54 and the maximum band-gap reduction parameter ofneasurement at fixed incident polarizatiop,E 65°; polarizer at

AE4=490 meV given in Refs. 56 and 57. 45° azimuth; dashed line: experimental data; solid line: best-fit
Also shown are reflection gVASE datan{r,/r,,} obtained at

No. Tq Orientation  Aa/a Eq AEyps n ¢,=15°, for example. The gVASE data reveal the birefringence of

(°C) (1074 (eV) (meV) the GalnR epilayer due to the CuPt-type superlattice ordering. The

energies of the band-to-band transitideg’, E?, andE{®) from

1 595 2°(111)Ga -4 1.900 ~0 ~0 theys,, To(1y, . andTg(,), valence band states to thig,. con-

2 720 6°(111)Ga 15 1.885 3.8 0.19  duction band states &t=0 follow from model-line shape analysis

3 650 6°(111)Ga 7 1.866 8.0 0.28 of the order-birefringencelAfter Schubertet al. (Ref. 58.] The

4 720 6°(111)As ~0  1.847 122  0.35 transition energie€{", E?, andE? are then related to the de-

5 680 2°(111)Ga ~O0 1.805 20.6 0.47  gree of orderingy through the quasicubic model approximation and

its ordering dependencpAfter Wei et al. (Ref. 54.]
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j E(AM,) E(AM.)
100} GalnP, (17=0.47) E(AM,L)'H“ e 120

80 )
A AM, ) | 1
AAM) AAM)) 80
60 325 350 375
- E(InP) 1
= )

Gans A, (IP) |}
A(GaP)
100 200 300 400 500

® [cmﬁl]

FIG. 2. Experimentaldashed ling and calculatedsolid line)
fir-SE ¥ spectra at¢,=70° for sample 5% , and ¥ denote
spectra taken with the samgl&10] axis parallel and perpendicular
to the plane of incidence, respectively. THe, spectrum is shifted
by 15° for convenience. The reststrahlen band of kgpe Te-
doped GaAs substrate extends betwegg~ 268 cm ! (solid ver-
tical line) and LPP ~307 cmi'* (dotted vertical ling The small
dip very close to the GaAs LO mode afo~292 cm ! (dashed
vertical line is due to the Berreman effe¢BE) caused by the
undoped GaAs buffer layéRefs. 62 and 64 The GalnR InP-, and
GaP-like TO(solid vertical line$ and LO (dotted vertical lines

PHYSICAL REVIEW B56, 195204 (2002

T |
GalnP, (7 =047)

dielectric function

Tm(-1/g,)

300 320 340 360 380 400 420
® [cm'l]

FIG. 4. GalnB MDF’s ¢ and €, obtained from the best-fit
fir-SE data analysis for sample 5 with=0.47. Spectrally local
maxima of Im(, ) and Im(g)) coincide with the spectral position of

modes are indicated by brackets. The inset enlarges the spectifie E(TO) and A;(TO) mode parameter frequencies, which are

region of AM;, AM,, and AM,.

parametery (Figs. 7 and 8 and is compared with data re-
ported previously.

A. FIR-SE

indicated with vertical solid lines, respectively. The corresponding
LO mode frequencies are located near maxima of-thfe, ) and
Im(—1/g)), and are marked with vertical dotted lines. The best-fit
values for the GalnPMDF parameter for sample 5 are given in
Table III.

V¥ spectra for sample 5 witly=0.47. The spectra measured

The best-fit spectra where obtained through the MDF ap®ith the sample[ 110] axis parallel(setup.A) and perpen-
proach described in Sec. Il. The uniaxial character of thélicular (5) to the plane of incidence are denotedBy, and

material is reflected by the differences in tfreandA spec-
tra of the two orientationésetups4 andB). A simultaneous

¥, respectively. The corresponding fir-SE spectra are
shown in Fig. 3.

analysis of the two fir-SE data sets enables us to extract the 1he reststrahlen band of tiretype GaAs can be recog-

€ and e, spectra of the GalnPlayers. Figure 2 shows the
experimentaldashed ling and calculatedsolid line) fir-SE

300 F ! !
GalnP. =047 E(AM,)
2 (7 ) CHAM) 1350

250 GaAs E(InP)
o 300
200
250

150

200

B
50
0

-50

, L 4,(GaP)

100 200 300 L 400 500
o [cm ]

FIG. 3. Same as Fig. 3 fak spectra.

nized in the spectral region betweeno~268 cni ! and
w_pp+~307 cm L. The uncoupled GaAs LO phonon mode
causes the Berreman effect afo~292 cm 1.5275¢ Two
strong peaks can be recognizedaat 155 and 273 cm?.

Both resonances are attributed to plasmon-phonon-mode-
induced s-polarized surface-bound electromagnetic wave
propagation parallel to the substrate/buffer interface, which
cause resonant losses of thpolarized reflectivity.

The GalnB layer imposes distinct structures in the fir-SE
¥ spectra for 310 cm'<w=<400 cm *. The InP- and GaP-
like TO (LO) phonon modes, obtained from the best-fit
analysis, are indicated by solidiashedl vertical lines. We
observe small frequency differences for theand A;-type
phonon modes. The differences between thg and ¥
spectra can be appreciated in the spectral region 310'cm
<w<360 cm L. To reproduce the experimental line shape
in this spectral region properly we included three alloy-
induced modes AN, AM,, and AM,.%” These modes have
different TO-LO splitting values and are clearly anisotropic
as seen from Figs. 2 and 3. The T@O) phonon mode
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T T T T T x T T T T /I/LI_
| |
GaP-like
380 L —'_8 o] - (o} o] o -
1
An
InP-like '
3601 o o o o o -
:; 7; i Bt :
1
g 2 [fe™ —
n ! 1
FY 34011 AM, I =
E ) * ¢ b4 . ":
- —A o
| ) e V3 o 9 Ay
320} R 5 I
o AM; S .
L 1 L 1 N 1 N 1 N V) ]
0.0 0.1 02,03 04 10
100 200 300 400 500 FIG. 7. E-type phonon mode_s versug (solid symbol_s: TO;
o [em™] open symbols: LQ We observe five bandd €V) emphasized by

hatched areas. The dashed vertical bracketg=a® and 1 indicate
FIG. 5. Experimentaldashed ling and calculatedsolid line  the phonon mode frequencies calculated by Qzotind Zunger
fir-SE ¥ spectra at a 70° angle of incidence for all samples inves{Ref. 17 for random and perfectly ordered GapaRespectively.
tigated in this work. All' " spectra were obtained with sample Note the abscissa break gt- 0.49.
[TlO] axis parallel to the plane of incidenésetupA; see Sec. I\l
The strong difference between th# spectra in the region value for A;(AM,) (~1.5 cmi ). This leads to a strong
150 cm '<w=310 cm ! reflect the different doping levels and anisotropy and causes the main difference betw¥gnand
carrier mobilities of then-type Te-doped GaAs substrates. V. AM; and AM, contribute further subtle differences be-
tween ¥ , and ¥4 in the spectral range 310 chh<w
frequency parameters are indicated by dagisetid) vertical <340 cm L.
lines (see also the inset in Figs. 2 angd At approximately All phonon modes obey the “alternation rulé> Note
350 cm ! one can recognize a sharp maximum and mini-that AM, and AM, are located within the InP-like phonon
mum in ¥ 4 and W5, respectively. Here occurs AMthe  pand and the sequenaelf< wfg4< w¢g4<w’:'(\)"2<w¢g2
strongest AM mode, which has been often observed in the- P fi5iis the “TO-LO alternation rule” for bothA,- and
literature and which has already been attributed to Cuplti-type modes3
ordering®111218.21=252"The E.type AM, shows a small

- TN . Figure 4 presents the GalpBest-fit MDF fore and e,
TO-LO splitting (~0.4 cm™™) in comparison to the larger ¢, sample 5 and the obtained best-fit MDF parameter for

this sample are summarized in Table Ill. TH&(TO)
' ' IGaInP [A,(TO)] phonon modes can be recognized as peaks in
2 Im(e,) [Im(e)] whereas Im¢1/e;) [Im(—1/e)] peak
near theE(LO) [A;(LO)] phonon mode frequencies. The
T T T T T //LI_
_ —
=1 —, o o 2 y 1
: L[F8 i
§ 380 i ' i .
@ =2 ¢ '
e InP-like " E
360 [-rre ) ° o e
'T"_‘ : I 8
E flioAv, o ° °
3 1
3401 L am, 1 _—
v . 7 : 2 e '_!.
30F ° o
100 200 300 400 500 oy Q 9 .
1 AM, L
u)[cm ] L ? N 1 N 1 L 1 N 1 N ,//_|_'
0.0 0.1 02, 03 04 1.0
FIG. 6. Same as Fig. 6 for the samplELQ] axis perpendicular
to the plane of incidencésetupBB; see Sec. I\ FIG. 8. Same as Fig. 7 for th&,;-type phonon modes.
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TABLE Ill. Best-fit results for the GalnPMDF parameter in  layer thickness, and the substrate free-carrier parameters.

Eq. (2) of Ref. 7 for sample 5 obtained from the fir-SE data analysisThe GalnR phonon mode frequencies are discussed below.
(all values in cm?). The error limits, which correspond to 90%

reliability are given in parentheses. Note thafy *=why "
— "MK is used(see Ref. 7 for symbol notatipn B. Lattice modes in GalnP,
wTo Lo Y10 Yo Figure 7 and 8 summarize &l(TO,LO) andA;(TO,LO)

phonon mode frequencies for the Gajrdamples studied in
this work obtained from the fir-SE analysis as a function of
7, respectively. We also included recently published values
€ 374305 380.10.5 21.30.6 5.90.2) for phonon modes in random and perfectly CuPt-ordered
GaP ¢ 375604 383305 12.904 1.00.2 GalnB, which were calculated using first-principles density-
@10 ow Y10 5y functional linear-response thedfyt’ The phonon mode fre-
e, 31572.0 9.76.) 60.01.5 -11.5(65.4) duencies obtained for the sample wih-0 are in very good
AM; ¢ 315710 3811 49246 —18.1(2.9) agreement with our previous mode assignment for highly

e, 325821 360.20.6 14507  14.40.5
NP ¢ 325815 362005 23530 16.710.4

e, 350.01.5 —0.5(1.7) 10.7L.1) 6.82.2) disordered Galnf’ The disordered alloy exhibits two main
AM, ¢ 353.904 —15(0.6) 3.40.2 —-0.9(0.2) bands. One strong InP- and one weak GaP-like ahdded

€, 332121 -6.3(6.2) 2091.6 26.267.3 regions in Fig. 7. We characterize the observed GaP-, and
AM, ¢ 332119 -—5.2(2.0) 15.8.3 42.54.9) InP-like phonon bands as function gfas follows.

E-type phonon modetsee Fig. T:
(i) The TO-LO splitting of the GaP-like bart) decreases

solid and dashed vertical lines in Fig. 4 indicate the TO andVith in increasingz. o
LO phonon mode parameter frequencies, respectively. The (i) The InP-like band splits into tree TO-LO subbands
mode assignment witE- or A;-type symmetry follows from (/). (I1), and (V); band (V) reveals an extremely small
parameters taken from the MDRs ande, , respectively, as TO-LO splitting for »=0.47.
mentioned in Sec. I B. It is obvious that Iwy() [Im(e)] As-type phonon modesee Fig. 8 The A,(TO,LO) pho-
differ particularly in the region aroun@~ 350 cnt t, where ~ NOn modes are identical to g TO,LO) phonon modes for
only in Im(e) a peak is noticeable. This peak corresponds tghe disordered alloysample 1, thus reflecting its isotropic
the A,(TO) resonance of the AMmode. Note that Alsina Ccharacter. With increasing _
et al* concluded a similar behavior &f from polarized fir =~ (i) The TO-LO splitting of the GaP-like bar(@) decreases
reflection studies of GalnP although a much less accurate Slightly compared with the=-type ba'ldl' The blueshift of
line shape analysis was presented thesee Fig. 7 in Ref. GaP-likeA;(LO) mode isAw~4.8 cm = for the most or-
12). Comparing Im¢-1/e, ) and Im(— 1/¢;) one can observe dered sample§=0.47). o
here that Im¢- 1/e)) also peaks in the region~ 350 cmt (ii) The InP-like phonon band also splits into three sub-
but only a broad structure can be noticed in this region ifPands (1), (I1l), and (V). For ~0.47 bands () and
Im(—1/e,). The peak in Im{- 1/¢|) can be identified as the (l1l) are well separated, and banid/{ still present.
A;(LO) resonance of the alloy-induced mode AMThe In addition to the GaP- and InP-like modes, three aniso-
TO-LO splitting and the broadening values of tAg-type  tropic pairs of low-polarity modes AM AM,, and AM, are
AM, mode are smaller than the corresponding parameters dadentified nearo~312, ~336, and~351 cm !, respec-
the AM; and AM, mode. This leads, in contrast to the AM tively. For »~0, all modes are isotropic. With increasing
to very broad structures in Ine( ) and Im(1k, ), and their dependencies can be summarized as follows:
causes subtle differences betwekn and WV ; (see Fig. 2in E-type AM modes(see Fig. 7.
the spectral range 310 ch<w<340 cm 1. (i) AM{(TO) shifts from w~310 to 316 cm?, and its
The experimental(dashed lings and calculated(solid ~ TO-LO splitting increases fromAw~0 to 8 cm'® for #
lineg) fir-SE ¥ spectra for all samples studied in this work ~0-0.47.
are shown in Figs. Bsetup.A) and 6 (3). TheW spectra for (i) AM, is located atw~348 cm ! independent ofy,
the various samples differ strongly in the GaAs reststrahlemand its TO-LO splitting is very small for all five samples.
region because, unintentionally, substrates with slightly dif- (iii) A second mode occurs within the InP-like phonon
ferent doping levels were used for GajnBample growth. band, called here Apto keep consistency with our previous
The most obvious effect in the region 310chsw  assignment.lts TO frequency is shifted fromw~336 to
<360 cm ! is the evolution of the additional feature (AM 332 cmi for  ~0-0.47, while its TO-LO splitting in-
near «~350 cm® in ¥ (Figs. 5 and & More subtle creases. Fop=0.47 the gap mode AMnearly merges with
changes in the experimental line shape occusat315 and  AM; causing the subban@dV) to show an extremely small
336 cm 1. However, the spectra are also influenced by theTO-LO splitting.
thickness of the GaAs buffer layer, and the thickness of the A;-like phonon modessee Fig. 3.
GalnR epilayer, and which must be reduced upon the model (i) AM,(TO) is also shifted to larger wave numbers, but
line shape analysis. This was performed for all samples, athe TO-LO splitting remains smaller than that with Bitype
described above for sample 5, and Table | contains results faymmetry.
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(ii) In contrast toE(AM,) the A;(AM,) frequencies shift indications of this weak mode can be found in Raman data
from w~348 to 352 cm* for 7~0 to 0.47, and the TO-LO published by Cheongt al®® (Fig. 1 in Ref. 26 and Mestres
splitting increases slightly te-1.5 cm L. et al!! [Figs. 2a) and 3a) in Ref. 11], but no systematic

(iii) The AM,(LO) mode is also shifted to smaller wave study of this mode as a function gfwas performed prior to
numbers(from w~338 to 333 cm?). The TO-LO splitting  the present work.
is increasing with increasing, but unlike to theE-type The AM, mode corresponds with the CuPt-ordering in-
modes no subband merging occurs here. duced mode at~ 354 cm !, which was already observed

The obtained spectral positions of the GaP- and InP-likby several groups using Raman scattering and fir reflections
LO, and the GaP-like TO modes for the highly disorderedand transmissions intensity measurements. However, we ob-
sample agree well with data reported in the literature. Theserve this mode not only in the ordered samples but, consis-
value for the InP-TO moded{~322 cni'!) obtained here tent with our previous work, also in the disordered alfloy.
seems low compared with the data in the literature, whicHNote that mode AM is isotropic for »~0, but very aniso-
scatter fromw~ 325 to 331 cm?, but is consistent with our tropic for >0. There is an ongoing controversy in the lit-
previous ellipsometry measurements on highly disordere@rature about the assignment of this mode. Furthermore, the
Gay 54N 4P’ magnitude of the observed blue shift of the ANhode

The shift of the GaP- and InP-like&\,(LO,TO) and ranges betweedw~1 cm * and ~4.5 cm * for a maxi-
E(LO,TO) modes with increasing was only seen in Raman mMum valence band splitting oAEygs=30 and 9.6 meV,
scattering spectra for the GaP- and InP-like LO mode, andeSPectively’>**The very large blueshith v~4.5 cm * oc-
was already attributed to long-range ordeffig® The ob-  Curring for the comparative smallEygs=9.6 meV has only
served blue shift in Raman data for the GaP-like LO modd?€€n observed by Hassiseal™ Different Raman scattering
ranges fromw~1 to 4.5 cm 1.222425 Unfortunately, these geometries have been used to reveal the symmetry and char-

Raman studies have been carried out if®@1) backscatter- acter of this mode. N(.)W common agreement Seems to exist
ing geometry only. Because the phonon wave vegtior the that the Ramgn peak is cau_sed by an LO mode Mthype .
backscattering geometry is neither parallel nor perpendicula?ymmetry' It is @Wever,ftlll unclear whether this mode is
to the ordering axis the symmetry and polar characters of theolarized along 111] or [110]. One can notice in Figs. 7
modes are mixe€ Thus it is not yet clear if the shifted LO and 8 that the AM E(TO,LO) andA,(TO,LO) frequencies
mode reported in the literature is that Af or E symmetry.  reveal different dependencies on While the A;(TO,LO)
Here we find that the GaP-likg(LO) mode remains almost frequencies blueshift with increasing by ~4 cm * the
constant while the;(LO) mode is blueshifted by approxi- E(TO,LO) frequencies remain almost constaishift by
mately 2 cm?, resulting in the A;-E(LO) splitting of ~~1 c¢m ). The TO-LO splitting for theA;-type frequencies
~2 Cm_l for 7= 0.47. Hassinest a|_22 observed, in low- increases to~1.5 Cmﬁl while the E-type TO-LO Spllttlng
temperature Raman scattering measurements very large spligmains small £-0.5 cn *). According to our assignment
ting of the GaP-like LO mode of-7 cm %, but this obser- from ¢ and e, the polarization ofA;(LO) and A,(TO) is
vation has not been reproduced by other groups. along[111] and[110], respectively. The previous contro-
For the InP-likeA;(LO) mode we also observe a blueshift versy about the polarization assignment of this mode, de-
of approximately 2 cm! while the E;(LO) mode remains rived from Raman measurements, might be due to its com-
constant resulting in tha;-E(LO) splitting of ~2 cm * for  paratively small 1.5cm!) TO-LO splitting, and
7=0.47. A similar blue shift has also been reported in Refsambiguous assignment due to the actual breakdown of the
25 and 24, and was attributed to the InP-IlE€LO) mode, trigonal symmetry selection rules because of the partial char-
but since these measurements have been perform@din  acter of the CuPt-type ordering.
Raman backscattering geometry as well, it cannot be ruled The mode AM located within the InP-like phonon band
out that the observed peak is due to a mixedE(LO) exhibits a very strong dependency gn and nearly merges
vibration. Mode sharpening was observed in polarized Rawith the InP-like TO mode. For the most ordered sample
man scattering measurements for the InP-like TO mode upofn=0.47) theE(TO,LO) mode splitting vanishes but the
ordering. We explain this effect by the rather complex behavA,(TO,LO) band is still present. Mintairoet al®® reported
ior of the InP-like TO mode with increasing. The slight the occurrence of a mode at~340 cni'! in Raman scat-
blueshift of the InP-like TO mode and the redshift of tering spectra for a sample withE,gs=28 meV, which
AM , with increasingn results in a narrowing and collapsing might correspond to the mode AM
of the phonon bandly) for A; and E symmetries(Figs. The AM modes prove to be very sensitive to the degree of
8 and 7. ordering#n, and it is obvious that these modes contain infor-
Some experimental evidence of a previous observation afhation on the next neighbor configurations. Moreover, the
the AM; mode in ordered GalnPexists in the literature. AM modes although not anisotropic exist also in sample 1
Mintairov and Melehif® reported a weak mode at 315 ¢t which should not contain any ordered domains according to
after a careful Lorentzian line shape analysis of their Ramaits band gap valueEy=1.899 eV at 300 K However, the
spectra of ordered GalpPHassineet al?? also reported Ra- existence of residual ordering, too small to affect the band
man backscattering data on(@01) face, and, although not gap but appreciable enough to affect local bond vibrations,
further discussed by the authors, a weak resonance can bannot be ruled out either. CuPt ordering seems to activate
recognized neaw~315 cm'! (Fig. 3 in Ref. 22. Further  the AM modes for Raman scattering. TAg-E splitting for
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the GaP- and InP-like phonon modes are small compared t@ree alloy-induced modes (AM AM,, and AM,) with low
their LO-TO splitting, i.e., the long-range electrostatic forcespolarity. These modes shift and split & and A;-type vi-
dominate over the anisotropic short-range forces. Howeveprations with increasingy. The change of the GaP- and InP-
for the alloy-induced modes we observe a stronger depenike modes upon ordering is weak confirming previous indi-
dence on the ordering parameter, and tgiE splitting is  cations from Raman scattering experiments. The alloy-
comparable to the TO-LO splitting. Hence, for AM modes, induced modes are distinctly affected by For example, the
the anisotropic Short-range forces should dominate over thﬁ]ode A|\/b produces Strong fir anisotropy for wave numbers
long-range electrostatic forces. near w~354 cmi ! due to the increase of thé;(AM,)

Ozolips and Zunger calculated the phonon spectra offo-LO and AM,(TO) E-A; splitting with increasing
GalnR, using first-principles density-functional linear- where theE;(AM,) TO-LO splitting remains small. The
response theory and predicted splitting of the GaP- and InRgentified mode behavior allows the assignment of the
like phonon bands with; andE symmetry. So far, it was ordering-induced mode previously observed at this wave
unknown how the splitting will emerge for partial number in Raman scattering and fir spectroscopy as an LO
ordering*®*’ Ozoligs and Zunger suggested the application mode with A-type symmetry. We suggest that the ordered
of the “»” rule,” in which strength and spectral position arrangement of alike group-lil atoms in common sublattices
should scale withy” times the difference of the respective js the possible physical mechanism for the occurrence of the
quantity (strength and positionmposed upon perfect order gjloy-induced modes, where strengffO-LO splitting and
or disorder. The AM mode withE symmetry and the AM  anisotropy E-A; splitting) may scale with the degree of or-
mode withA; symmetry seem to match the dispersionlessgering 7.
E(TO) mode, predicted at 316 cth and the CuPt-order-  we propose the alloy-induced modes as sensible measure
induced mode oA; symmetry at~350 cnmi . However, the  for the degree of ordering in indirect multinary alloys where
GaP- and the InP-like modes observed here fit only partialltypical optical order-fingerprints such as band splitting val-
within the mode picture predicted by Ozgiand Zunger. At yes cannot be easily obtained. We expect the observation of
this point, and from thep range studied here, it remains very similar mode behavior in multinary alloys with other
unclear whether the #2 rule” is applicable or not, because than the CuPt-type ordering.
the experimental determination ef»=1) is still lacking.
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