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The order-induced birefringence in the near-band-gap spectral (riigeto 2.5 eV, and its dependence on
the degree of ordering is reported for A} ,dGa, 5JdnP,. Transmission and reflection generalized variable angle
spectroscopic ellipsometry, dark-field spectroscopy, and cross-polarized reflectance difference spectroscopy
(CRDS are used to determine precisely the room-temperature dielectric functions for polarization parallel and
perpendicular to the ordering direction of a series of spontaneously CuPt-ordered samples grown by metal-
organic vapor-phase epitaxy. The CRDS technique is introduced as an approach to sense extremely weak
anisotropy at oblique angles of incidence. The observed order birefringence is treated as “chemical-stress”
induced piezobirefringence. The dielectric function model for piezobirefringence in zinc-blende compounds,
and selection rules for the transitions from s, ,I'g(1), ,I'6(2)y Valence band states to tig. conduction
band states, allow excellent modeling of the order birefringence in the near-band-gap spectral region. Thus,
explicit treatment of the transition-matrkkdependence, as recently suggested for ordered GamBalnAs,
can be avoided. The transition energies, strengths, and broadening parameters for the three zone-center tran-
sitions are obtained from analysis of the sample dielectric function tensor. All parameters in the quasicubic
perturbation model can be fitted. We find, in excellent agreement with recent theoretical predictions, that the
spin-orbit splitting parameter of 76 meV is nearly ordering independent, and that the ratio of the crystal-field
splitting to the band-gap reduction for the perfectly ordered alloy amounts to 0.62. The band gap of the
disordered compound is extrapolated to 2.195 [80163-18209)04647-0

[. INTRODUCTION ternate stacking of the superlattice planes has not yet been
reported. Only partially ordered epilayers are formed during
Long-range chemical ordering is widely observed in ter-the growth process. For partially ordered material the param-
nary or quaternary -V semiconductor compounds growneter 5 can be used to quantify the degree of ordefifigvo
by metal-organic vapor-phase epitaxJhe spontaneous ar- other possible, but rarely observed variants are due to order-
rangement of column-lll elements in alternatifd1ls  jng within the{111}, planes (CuRy). Numerous theoretical
planes constitutes ‘ordering of the Cwpttype in  4ng experimental effort has been undertaken in the past to
(AjB;)""C"Dy  zinc-blende compounds such  as predict and study the effect of chemical ordering on the
AlyGa _,InP,, or AlyGa,_yInAs,. The stacking direction of physical properties of the compound materfals’ The most
the superlattice planes is usually found according to Orderingommon|y observed consequences of CuPt Ordering are the
within either one of the{111} planes, i.e., parallel to the reduction of the fundamental band gap, and the splitting of
[111] or the[111] direction(Fig. 1, hereafter referred to as the valence band¥®-12Most recently, Wei and Zunger pre-
CuPt type. The ordered phase consists of a 1,1 superlatticélicted the spontaneous CuPt ordering-induced band-gap re-
of  monolayer  planes AyB;_y)x:,2Cx—y2 @and ductionAEg relative to the random alloy, crystal-field split-
(AyB1_y)x—72Cx+ 2, Wherex andy are the composition ting A at the valence band maximum, and change of spin-
parameters of the randomA(B, ,),C;_,D alloy, andnis  orbit splittingAg, for AllnP;, AllnAs,, GalnR, and GalnAg
the difference between the compositionsf two subsequent using the corrected local density approximatfon.
sublattice planes within the CuPt superlattice. A perfect al- Similar to (11D-biaxial strain, CuPt ordering splits and
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sitions. Luoet al. used reflectance-difference spectroscopy
(RDS) for assignment of band-gap reduction and valence-
band splitting values in ordered GalnBamples. The RD
spectra were compared with four-band, six-band, and eight-
bandkp calculations, which also included expliditdepen-
dence of the interband transition matrix eleméenit$. How-
ever, none of these models provided good fits to the
experimental data. In particular, tH&g),) and [T's2))
state transition features remained unexplained for the RD
spectra. Schubest al. reported recently on the application
of cross-polarized transmission spectra of spontaneously or-
dered GalnRPand AlInR, for the determination of the band-
gap reduction and valence-band splitting in samples with dif-
ferent degrees of ordering:*® But quantitative analysis of
the order-induced anisotropy was not performed. So far, the
spectral dependence of the dielectric functions in the near-
band-gap spectral range is unknown for CuPt-ordered IlI-V
compounds. Other techniques, which avoid explicit treat-
near the valence-barfgent of the sample dielectric function tensor, have been em-
ployed to determine the order-affected zone-center transition
gnergies. Wirttet al. used measurement of linear absorption
anisotropy for determination of band-gap reduction and

ALGa In P

FIG. 1. Crystal structure of perfectly Cygt ordered
Al,Ga _,InP, for ordering along th¢ 111] direction.

shifts the zinc-blende states, e.g.,
maximum, and leads to polarized interband transititthal-
though the interpretation of the order-induced valence-ban
states|I'y5,), |Tg1y), and|Tg(,y,) is different from the A
case of biaxial strain alongl11), the Hamiltonian used to valence—bée(l)g(ii spliting in ordered GalnAgrown on InP
calculate the energy level shift and transition matrix ele-Substrates. = The optical fingerprints of CuPt-ordered

ments has the same form as that for stress applied along, e_%aln% have been measured by many authofecently,
[111]. It has been shown previously that fictitious internal™Mascarenhagt al™ and Kieselet al™ obtained the transi-

strain and deformation potentials can be treated as functiori®" energies from all valence band states as a function of
of the order parametey.24 In general, nondegenerate polar- O'dering z using low-temperature nonlinear exciton absorp-

ized interband transitions will induce optical birefringence, 1o bléaching and polarization-dependent electroabsorption

especially below the fundamental band-to-band transitiondnéasurements, respectively. The dependencies of gap-
Furthermore, polarization selection rules for optical transi-"€duction and level-splitting values opwere found to be in

tions cause dichroic material properties, since the strength gxcellent agreement with the theoretical predictions by Wei
photonic absorption will depend on the direction of @d Zunge. Except for Galnp and AlinP, none of the
polarization®3 The dielectric function of materials with low- ©Ptical CuPt fingerprints, i.e., the amount of the gap reduc-
ered symmetry is then represented by a complex rank-2 terion and the increase of spin splitting and crysta!—_fleld split-
sor. This is well known for, e.g., the stress-induced birefrin-ing Vs 7, have been observed for any composition of the
gence (piezobirefringence in cubic semiconductors. For AlyGa-,InP; alloy system. The present work focuses on the
analysis of the piezobirefringence in zinc-blende semicon€Xploitation of the optical CuPt fingerprints in
ductors, Higginbotham, Cardona, and Pollak developed aftl0.4G& sAnP,. The generah_zed elllpsomet_ry approach is
interband one-electron model for the dielectric function, in-useéd to measure sample anisotropy. Additionally, approxi-
cluding the effects of dispersion of tfi&-, E;-, andE,-type mate_ equaupns for the light propagatlon in CuRt order-
transitionst* This model contains critical-point transition en- Pirefringent films are presented which allow analysis of po-
ergies, their strength, and broadening values as adjustab'l%”zed reflection and transm|§S|pn spectra: As a result, we
parameters. Quantitative analysis of anisotropy measurél'® able to complete quantitative analysis of the order-
ments then allows for determination of level splitting andinduced birefringence in the near-band-gap spectral range.
transition strength as a function of strain. For a_naIyS|s of the anisotropic dielectric func’qon o_f the

Direct measurement of CuPt-order-induced birefringenc&hemically ordered compounds, we apply the piezobirefrin-
has been reported by Wirtt al. for spontaneously ordered 9€Nnce model. T_he dielectric funcyons.for polarlzatlon paral-
GalnR, and Al Ga, oAnP,.5 The authors investigated lel and.perpendlcul'ar to the ordering dlrgctlon are.reported as
waveguide structures and observed a positive birefringenc@ function of orderingy. Finally, we obtain the optical tran-
with small magnitude far below the band gap of the aIons.Sf't'O” energies from all three valen_ce band stz_ites_as a func-
Also, a sign change of the birefringence was found wher’f'on, of orderingz. The parameters in the quasicubic pertur-
approaching the band gap. A six-bakd method using the bation model are reported_ for MG 5JnP,, and compared
Hamiltonian proposed by Wei and Zundemwas used for !0 those predicted by Wei and Zunger.
qualitative description of the birefringence below the band
gap. However, the waveguide experiment failed to explore Il. THEORY
the zone-center transition energies because of absorption at
the fundamental gap transition.

Several authors observed characteristic anisotropy fea-
tures in polarized reflection and transmission spectra for pho- The largest optical structure to be discussed in this paper
ton energies near and across the fundamental direct-gap traarises from the transitions at the center of the Brillouin zone

A. Model dielectric function of CuPt-ordered alloys
(order-birefringence)
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(Eo-type transitions, ESY Tys—Tec, ng):re(l_)v-r_ac, FOGU) =[ES] 250 22— 1+ 0 — V1—xD]. (3
ESY :Tg2—T6c)- The transitions along th@11) directions

in k space(E;-type),** have also been demonstrated, both In the case of CuPt ordering, the splitted states at the
theoretically and experimentally, to split into at least threevalence-band maximum are the twofolgpin) degenerate
transitions upon ordering?® These transitions are located I's5, sy, andTg(,), states(figuratively “heavy-hole”
outside the spectral range investigated here. However, thelike, “light-hole” like, and “spin-split” like ), respectively.
contributions to the dielectric functions below the fundamen-Direct absorption at thé critical points is due to transi-
tal transitions may become appreciable. The strBadype  tions from the maximum of the valence bands to the twofold-
transitions likely cause long-tail birefringence that extendsdegenerates-like conduction band minimum &=0(Ig.).

far below the fundamental band gap when polarized by symThe gy, and I'gp), states lie at energiessE;,
metry reduction such as CuPt ordering. The feature in zinc= E(()l)—Eg ) and SE 3= E(()l)_ng) below the lowest absorp-
blende compounds labeled wit, contains contributions jgn edgeE(" . The transitionE{=T", 5,—I'g, is forbidden

from transitions within a large region of the Brillouin zone o, nolarization parallel to the ordering direction only. The
superimposed by weak transitions between the valence banﬂ%nsitionsEgz)=Fs(l)v—FGC andE83)=F6(2)v—Fec may be

and Iarger_ con_duct|40n bands close_to the center, and a_lor}%larized parallel as well as perpendicular to the ordering
the (111) directions?* Recent theoretical calculations predict direction® Hence. for each polarizatiop(major dielectric

ordering-induced splitting and shifting of these transitions a3,nction ;) the summation in Eq(2) includes contributions

5 . .
well.> We therefore will consider all of thé&,-, E,-, and from three transitions. Excitonic effects are known to modify

Eo-type contnbuuons_to th? dielectric function of t_he CuPt- the absorption edges of semiconductors even at room tem-
orderd compound; since in general these transitions magO

ot ithouah b able inf erature. We do not include, however, contributions of exci-
cause anisotropy, although we observe appreciable informgg , absorption to the imaginary part of tlig-type transi-
tion from the E,-type transitions only.

In th | del. the i . f the di tions since none of the samples revealed appreciable
n the one-electron model, the imaginary part of the di-gy ¢itonjc absorption features. We suppose from our experi-
electric functione ,(w) in the vicinity of a critical pointn is

- . ments that excitons in phdGasJdnP, become thermally
related to the joint-density-of-statgg, (7 @), and the mo- ,hi;04 at room temperature, and therefore do not contribute
mentum (dipole transition matrix elements(c|p;|v;) be-

: to the order birefringence.
tween states at the maximum of the valence bgugsand (i) E; transitions =1): The contributions of the tran-
the conduction band minimure): " C : :
: sitions along theg111) directions to the complex dielectric
functions are usually modeled by two-dimensionl,

critical-point approximations, which enter Eq2) as
Ez(w)jOCEi [(clpjlVi)|?pe(E). D follows:4

The indexj refers to the component of momentum polarized FPOA) == () ~2In[1- (X)) 4
parallel to either axis of a right-handed cartesian coordinate
system. Parabolic bands and matrix elements are assumed toWei, Franceschetti, and Zungeredict that for CuPt or-
be independent df. The contribution of the transitionat a  dering, theE; transitions split intd{™ andE{® components
critical point n to the major complex dielectric function along the zinc-blendeA lines which connectl” with
e (w); may be written &% L*{m/a(-111),7/a(1-11),m/a(11-1), a being the lattice
constany, and anE(f) component along the ordering direc-
tion. Transitions with small density of stateE(lf)) may also
[ ()] ew,j+2 A}L)fg)(xg)), (2)  occur along the\ line betweer —L 31/, andLyg;—L1g1p.°
hn The EfY and E{? transitions are predicted to have nonzero
. . . . strength parameter for polarization perpendicular to the or-
with x{'=(E+iT()/E(’. The f{) are well-known func- dering direction only, whereas tHg;> and E{* transitions
tions for theE,-, E;-, andE,-type transitions in zinc-blende are allowed for all polarization directions. To obtain the
semiconductor$??’ The quantitiesA(;), T')), andE{) are  complex dielectric function for each polarization, the right
treated as, respectively, strength, broadening, and energy side of Eq.(2) may consist of four terms fon=1. Transi-
transitioni at critical pointn due to incident electromagnetic tions which are attributed té, critical points are strongly
radiation polarized along=x,y,z. The “static” dielectric = modified by excitonic effects. Adachi suggested the usage of
constants= .,; correspond to hf electric fields applied parallel Lorentzian line shapes to model contributions of Wannier-
to j. Due to the type of symmetry of CuPt-ordered com-type two-dimensional2D) ground-state excitons. Those may
pounds, the order birefringence is uniaxial. Thereforefind consideration at eadh;-type transitior?*27:2
critical-point parameters, and dielectric constants are identi- (iii) E, transitions =2): Although outside the spectral
cal for polarization paralle{1-11). In this work we consider range of interest here, these transitions possess large ampli-
single-variant CuPt ordering onfy. Subsequent symbols tudes since they comprise contributions within a large range
which correspond to polarization parali@erpendicularto  of the Brillouin zone. The dispersion frof,-type transi-
the ordering direction will be labeled byll™ (*“L™). tions in zinc-blende semiconductors is usually treated as that
(i) Eq transitions 6=0): The contributions of the zone- of a single damped harmonic oscillatdtPHO). To account
center transitions to the complex dielectric functions in Eq.for order-induced splitting and shifting of states in the disor-
(2) are obtained with dered alloy, the contributions te may be summed over
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TABLE |I. Sample structure parameters for the, AGa, sJnP, epilayers. The samples were deposited at
Te=720°C, and different substrate miscuts were included. The epilayers are nearly lattice matched to GaAs
[perpendicular mismatchA@/a), in column 5. The thicknessd of the as-grown A) and on-glass G)
epilayers are obtained from ellipsometry data analysis. The order paramistabtained from scaling the
lowest zone-center transition ener@/o” in Table 1)) to a maximum band-gap reduction of 353 meV, which
is the linear average for /Ga _,InP, for y=0.48 between the values for Gain@30 meVj, and AlinR,

(270 meVj predicted by Wei and ZungéRef. 7). The random alloy bandgap is obtained as 2.195®3é

also Table 11).
Substrate Surface (Aal/a), d(A) d(G)
Sample miscut normal (C] (1074 7 [nm] [nm]
1 0°—(100 [001] 54.7° 8.6 0.53 11781 1121+1
2 2°—(101) [1029 53.3° 6.4 0.51 11622 1150+2
3 6°—(101) [2019 50.6° 4.1 0.47 12161 1144+1
4 6°—(111 [2227] 55.0° 3.7 0.39 12252 1200+1

DHO terms which may account for transitions polarized par-and therefore allow for their determination using the experi-
allel or perpendicular to the ordering direction: mentally determined quantitie3E;; . However, if the degree
of ordering of a given sample is unknown, only the ratios
FD 0y =1 =T41)72 —2' r'<gd 5
2 (x2)=( X219 2 2 ®) g*lz_éA(S%Zl)/AEgvzl), g*lz_éA(C?::l)/AEBWZﬂ_
(12)
B. Optical fingerprints of CuPt-ordered alloys

. _ _ _ can be obtained.
Optical properties can be used to estimate the relative

degree of ordering within alloys of the same compositidf.
We briefly recall here what has been ternwatical finger- lll. EXPERIMENTAL DETAILS AND TECHNIQUES
prints of ordered alloys, and which have been introduced and A. Sample preparation

derived for, e.g., the Ill-As and IlI-P by Wei, Zunger, and The growth of the Aj.GacnP, samples was per-

coworkers(See, e.g., Refs. 1, 4, 5, 6, and The most emi- : : .
nent feature of ordering is the reduction of the fundamenta\‘ormed on (001)-GaAs with different miscuts by low-

band gapAE,=E—E(-9 which has been shown to pressure metal-organic vapor-phase epitddOVPE) at
scale with thg deg?ree of ordéring 720°C in a horizontal reactor with a rotating substrate

holder. The substrate orientations and sample parameters,
such as the inclination of the ordering direction from the
sample normal, are given in Table |. The input gas-flow ratio
f(V)/f(111) was 334. Trimethylaluminium, triethylgallium,
and trimethylindium were used as grollp-sources, and
hosphine as groug-precursor. Prior to the epilayer growth
GaAs-buffer layer of about 300-nm thickness was depos-
ited. The relative composition of Al and Ga was controlled
1 1 5 by adjusting the gas flows of trimethylaluminiunx\fa
_ - - 2 ° =0.244), and triethylgalliumxy, g =0.266).
OB12=75 (AcrtAsd =3 \/(ACF+ASO) 3 Acrlso The perpendicular lattice mi(sm)at@t‘xa/a]L of the epil-
(7) ayer to the GaAs substrate was measured by double-crystal
x-ray diffraction using th€004)-reflex of both the substrate
1 1 8 and the epilayer. The film thickness estimated from the
0B13=5 (AcrtAsd T35 \/(ACF+ Aso?~ 3 Acrlso growth rate was 1.2um. The CuPt ordering in the samples
®) was observed in selected area diffraction pattern and dark-
field transmission electron microscopy images. The selected
area[110]-pole diffraction pattern showed additional spots
AE = \/(Acp+Aso)2— g Acrhso (9) due to the alternating sublattice planes in almost only the

[1?1] direction(single-variant ordering in samples 2, 3),4,

whereA s and A are treated as the spin-orbit, and crystal-and gge[Tll]' direction (double-variant ordering in sample
field splitting parameters, respectively. These quantities aré)-~ Dark-field transmission electron microscopy images

AEY=AE Y97, (6)

whereAE("=Y is the maximum gap reduction relative to the
random alloy? The valence-band splittingE;; at the top of
the valence band for CuPt ordering has been described
Wei and Zunger using the quasicubic perturbation médel:

assumed to scale with: revealed that the ordered atomic arrangement is distributed
across almost the entire epilayer.
= = One piece of each sample was placed upside down on a
AR =AG5 O+ oags VR (10 P ple was placed up

thin glass slide, and the substrate material was etched from
- (p=1) 2 the back side as explained in Refs. 11 and 19. Although the
AcE=0Ack 7", (11 etch process was stopped immediately after approaching the



16 622 MATHIAS SCHUBERT et al. PRB 60

epilayer, the latter was unintentionally thinned as well. Thethis notation is the angle between thexis and the projec-
thicknesses of the flhgGaysAnP,/GaAs (samples labeled tion line of the[111] onto the sample surface. The inclina-

with A) and the AJMSGag“L-,zI.an/glas_s(samples labeled with i, of the[111] with respect to the sample normal is de-
G) epilayers were determined during data analysis, and aAre.ribed by the Euler angle.

given in Table I. The ellipsometric spectra were measured at multiple

_ ) angles of incidencé® ,=0° in transmission® = 15°, and
B. Generalized ellipsometry 65° in reflection arrangemenby generalized variable angle

Standard ellipsometry at oblique angle of inciderizg  Spectroscopic ellipsomet@GVASE), and the samples were
determines the ratip of the complexp-and s-polarized re-  constantly aligned to the laboratory coordinate system with
flectance coefficients, andrg from layered systems with [100]IIx, [010]lly, and[001]iiz. The same sample setup is
plane parallel interface®: used for CRDS and DFS data acquisition, and we will refer
to this setup as CRDS setup. Note thi@ndz invert accord-
ingly for the samples on glas&See Fig. 1

A recently reported A4 matrix formalism is employed
for data analysig® It is shown within the appendix that, to

Nondepolarizing samples which contain anisotropic matefirst order approximation ik €, the GVASE data typeR,
rials can be treated within the Jones matrix approach. Here, ghd Rsp are proportional to the order-birefringende= =1
2><2 complex matrix, t_he ;o-ca}led Jones matrix,.relates ang —te,, whereasR,, evolves linearly inAe from the
|nC|d(_ent state of po!anzanon with the corresponding state ofsotropic ellipsometric ratigp's= rolrs:
polarization transmitted or reflected upon the sample. Stan-

r
p= r_p =tanV expliA}. (13

S

dard ellipsometry, however, fails to explore the Jones matrix Ros=A e (B +iBi)pstO[(Ae)?], (169
properties of anisotropic samples. A more comprehensive
approach, which has been termed generalized ellipsometry, Rsp=A e (B, +iBi)sp+ OL(A e)?], (16b)
allows simultaneous determination of the normalized Jones
matrix elements. This technique combines the advantages of Rop=pS[1+A e (B +iB)pptO((Ae)D)]. (169

ellipsometry to monitor accurately thin-film optical proper-
ties with the ability to obtain dielectric function tensor com-  The coefficientss, andg;, as well as the isotropic reflec-
ponents, and its spatial coordinates in arbitrarily anisotropigjon coefficientsr, andr, depend on the angle of incidence
layered sam_ple%l. For anisotropic surfaces, the complex re- ¢, the mean value of the major dielectric functioas= 2
flectance ratiqp depends on the incident polarization state 1 ., the film thicknessd, and the dielectric function
and the normalized Jones matrix elem&hts of the substrate: . The coefficientss, andB; possess some
_ 1 similarity with those known as Seraphin coefficients for iso-
Pp=(Ropt Repx™ )/ (14 RppRpsx). (14 tropic semiconductor surfacd$The coefficients3, and B;
Generalizedreflection ellipsometry determines the nor-

for CuPt-type order-birefringent thin films grown on isotro-
malized but complex-valued ratioR,,, Rps, and Rg, pic substrates are given in the appendix of the present work.
which are defined as follow¥:

C. Dark-field spectroscopy

@ERpftan‘Pppexp{iApp}, A cross-polarized transmission technique has been intro-
I'ss duced recently to study the order birefringence of spontane-
ously ordered Galnfand AlInR; alloys!*®We named this
approach “dark-field” spectroscopyDFS) because of the
extremely weak intensities transmitted upon the spectrally
local dichroic and linear birefringence centered at the funda-
sp_ ) mental direct-gap transitions of the ordered alloys. The spec-
r—SS=Rsp:tan‘1’speXp['Asp}: (19  tral features observed have been pointed out as inherent to
the ordered state within the CuPt-ordered IlI-V compounds.
and which, at a given photon ener@y angle of incidence For this experiment, the sample is released from the substrate
®,, and sample azimuthp form an irreducible set for and placed upside down on a glass slide. In the present work
sample anisotropy informatior{The generalized transmis- we use this technique to study AkGa, sdnP,. The sample
sion ellipsometry ratios are obtained by substituting thealignment is the same as for the GVASE and CRDS acqui-
Jones reflection coefficients with their respective transmissition procedure(i.e., the CRDS setyp and experimental
sion ratios) For a detailed introduction into the generalized details have been discussed elsewhérd/e demonstrate
ellipsometry technique, the reader is referred to previousvithin the appendix of the present work that, to first order
work in which the definition of all quantities, the coordinate approximation inA €, the DFS data of a CuPt-ordered film
system, and the mathematical framework used for analysis fre proportional tdA e||=AcAe*:
birefringent thin films have been presented and discussed in

r
ps __ _ .
r_pp =Rps=tanV¥ cexp{id g,

detail3132:33343%yiefly, the plane of incidence, the sample DFS~||A el +ias|+O(|A €]?). 17
surface, and the sample normal span a right-handed coordi-
nate system, wherepoints toward the substrate, ards in The coefficientsa, and «; depend one, d, and .

the plane of incidence. In this study, the sample azimwith ~ Knowledge of the spectral dependence of the averaged CuPt-
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ordered material dielectric functioa, and the film thickness We define the right sides of Egdl9) and(20) as the two
d is necessary to unambiguously analyze data. CRDS data types used in this work. This approach provides
spectral information on extremely small reflectance anisot-
ropy at oblique angles of incidence. But, accurate polarizer
and analyzer adjustment is a prerequisite. The effect of this
In this paper, a cross-polarized reflectance differencejifference technique is to quench the strong on-diagonal re-
spectroscopyCRDS technique is introduced which allows flectivity r,,, andrs. The sample itself then becomes a po-
for detection of extremely small in-plane birefringence of arization modulator. If the sample reflectivity is purely iso-
thin films. The motivation for development of the CRDS tropic, the numerators in Eqgs(19 and (20) are
technique is to avoid the wet-chemical substrate removalntisymmetric and cancel out, even at oblique incidence. The
However, because of the nearly index-matched GaAs suliatter distinguishes this approach from the well-established
strate, the cross-polarized reflection coefficients, which conreflectance difference spectroscof®DS) technique which
tain similar information about the order-birefringence as thQ'e"eS on the normal incidence setup. RDS detects the set of
DFS data, are smaller in magnitude and harder to retrievep to p ands to s reflectivity (r,, andrg), and the weighted
We therefore employ a modulation approaém detailed difference (’pp_rss)/(r p+ rSS) is Supposed to Vanish for
description of this technique will be given elsewhere.sotropic surface&” 35t a CuPt-ordered thin film is ori-
Briefly, the sample surface is irradiated at oblique incidencented to the plane of incidence according [tbOO]lIx,

by a collimated and linearly polarizetbolarizer P) light T vE . . er )
beam. The reflected light beam passes a second linear pol ?j)gﬂgng:%oe%lr]:lé ;he CRDS signalis to first-order ap

izer (analyzerA), and its remaining intensity is detected as a

function of photon energy. Polarizer and analyzer vary

slightly by |y,|, | ya|< from the p-s cross-polarized setup [_
(P, A arep or s polarized if their azimuth orientation, with

respect to the plane of incidence, is 02, respectively.

The detected intensity is approximated as follgascording  and the coefficientg, and B; are the same as in Eq4.69

D. Cross-polarized reflectance-difference spectroscopy

=RgAe (:8r+i:8i)]ps;sp+ Of(Ae )2], (21

psisp

to, e.g., Eq(10) in Ref. 32: and (16b).
H(¥p,Ya) ps= (P="vp,A=712+ yo)~| = ya(F ppt ¥plsp) E. Reflectance-difference spectroscopy
+(rpst yprss)|2, (19 In cubic semiconductors, RDS can be used to detect
surface-induced anisotropy, whereas in noncubic materials,
wherer;; (i,j="p,”" s”) are the complex reflection the reflectance difference is usually dominated by bulk

coefficients® For small off-diagonal reflection coefficients anisotropy’’ RDS data from CuPt-ordered samples are com-
(||rps||.||rsp||<||rpp\|,||fssl|), and neglecting second order monly o_btalned by acquiring reflectance for polarization par-
terms in y,=y,=y, the symmetric set of four intensity allel[110](R1107) and[110](R;11g):

measurements( + y, = y) 5, andl(0,0),, yield ReRs)

R0~ R
r AR/R=2 119 1119 (22)
Re[ﬁ] Rr1101+ Rpaag

Tpp
AR In the Jones matrix element notation this signal refers to
R ARIR=2([r gl = [IrsdD/ ([l + I od); ]| =rr*.” Accord-

R ing to the frame of reference used here, the ordering direc-
(= 7= P)oet 1= 12 7) e 1 (72 7) oe— | (72— 7) tion is within the (x-2 plane (hereafter referred to as RDS
= Y~ Vs Y2 Vps™ 4, ¥)ps™ 1Y~ Vips setup. For small order-birefringenca e, the RD spectrum

8y1(y=0,y=0)pp ’ of a thin-film sample is composed of an isotropic term,
(199  Wwhich vanishes at normal incidence only, and a second term
which is linear inAe (see Appendix

where Ré¢a} denotes the real part of a complaxLikewise,

if P and A are, respectively, nearly and p polarized, AR ) 5
Re{Rg,) is obtained through a similar set: R =| /| tRlAe(B+iB);+0O[(A)7]. (23
is
Re{rﬂ)) Both terms depend on the angle of incidenbg, the
Fss averaged CuPt-ordered material dielectric functien the
AR film thicknessd, and € ;. Consideration of interference ef-

fects, and knowledge of the isotropic contribution duesto
are necessary for analysis of experimental RD spectra. The
coefficientsB, andB; in Eq. (23) are different from those in
81(y=0,7=0) Eqg. (21) because of the different sample orientation during
YRY=4%Y ss the CRDS and RDS measurements. Those for (E8). are
(200 given in the appendix as well.

R

_ Ly V) spt 1Y = V)sp= =Y = Vsp= 1 (=¥, V)sp
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FIG. 3. Transmission(O; ®,=0°) and reflection(d; ®,

FIG. 2. Pseudodielectric functioe) of a CuPt-ordered — 15°) GVASE dataV, , from sampleG3 (— best fiy. The insets
Alo.465854nP, epilayer on glasgsampleG3) obtained from a = on15106 the zone-center transition region. The data sets are finger-

fsingle-angle-of_-inc_ident standard ellipsometry measurement at ﬁxeﬂrints of the near-band-gap CuPt-order-induced birefringence. Be-
incident polarization (9, =65° y=1; O Re(c), O Im(<), |, 1he first zone-center transition energy) , the birefringence is
— best fi). The standard ((f)lllpsometry data reveal the lowest d"real valued and undergoes a sign change indicated. Below C

rect transitionl’, 5,—I's; atEg” only, where the interference oscil- t?e birefringence is positive. Abovg, the order birefringence has

iﬁtlons .be%'\n 0 dlsapp})jealjr.. 'll'het Qa;[a altgo provu?jet:]hekmean \ﬁlﬁe rong dispersion, and becomes complex vaIueEf)]dt Absorption
€ major Al 4d58,54NP; dielectric functions, and thickness of the of incident electric field polarizations along the sublattice planes

gpllayer, which are prerequisites for analysis of the generalized eléntails the strong rise int,, (upper panel in Fig. 6 and
lipsometry data.

tan Ytgp/tsd. At E?, the incident radiation polarized along the

ordering direction excites electrons from thg,), valence-band
IV. RESULTS state to thd ¢, conduction band state, bleaching v mode cou-
pling effects abov&E(? . TheT gz, ~T'q. transition is activated at

ESY . AboveES, the film becomes opaque.
Figure 2 presents standard ellipsometry data acquired at

®,=65° from a CuPt-ordered ALgGa, JInP, epilayer on  Eo-type transitions. Nevertheless, besidethe thickness of
glass(sampleG3 in Table ). During data acquisition, the the Al 1dG& sAnP, epilayer is obtained from this experi-
polarizer of the rotating-analyzer ellipsometer was fixed afnent. Standard ellipsometry parameters were also measured
P=45°, i.e., the incident polarization staje=tanP in Eq.  ©n the as-grown sampl&3. Except for the thickness, which
(14) is unity. The ellipsometric parameters are transformeds slightly larger than that of the epilayer on glass, no further
into the pseudodielectric functiofe ), which is a represen- information is available from this data set.

tation of ¥ and A assuming a two-phase model, for

conveniencé! The quality of the epilayer, after the wet- B. Generalized ellipsometry

chemical removal of the GaAs substrate, is excellgoiv Figures 3 (s,) and 4 (A, show GVASE data mea-
surface roughness, high thickness uniformitifor photon  sured in transmissioiO; ®,=0°) and reflection(J; ®,
energies below the lowest zone-center transition energies 15°) on a CuPt-ordered AlLGay sInP, epilayer on glass
EY, the real-valued film optical constants have slight dis-(sampleG3). The insets enlarge the zone-center transition
persion, and multiple reflections occur between the film intange. The data sets reveal most of the spectral features of
terfaces. AboveEgl), the interference oscillations disappear the near-band-gap CuPt-order birefringence:

due to the onset of absorption at this fundamental absorption Below the first zone-center transition enerﬁ)%l), the
edge. Except forEgl), the zone-center transition energies birefringence is real valued and undergoes a sign change
and strength parameters cannot be resolved from this datadicated byC. At this spectral position, the epilayer is iso-
type. Thel'g(1),—I'6c, @andl'g(2),—I's transitions are polar-  tropic, and bothts,/tss and rg,/rgs vanish. BelowC, the

ized almost parallel to the ordering direction, and mainlybirefringence is positive, and pronounced interference oscil-
affect the extraordinary dielectric function, . The sensitiv-  lations occur inW,. Above C, the order birefringence is

ity of the standard ellipsometry parameters is limitedeto negative with strong dispersion. AtC, both Ag,
=%, + 3 e,. Further information about the sample anisot- =argtsp/ts) and Agp=arg(sp/rsd) possess a reversal
ropy is required for analysis of the polarization-dependenpoint.

A. Standard ellipsometry
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FIG. 5. DFS, i.e.|ts |? (O; ®,=0°, sampleG3), and CRDS,
FIG. 4. Same as Fig. 3 foAg,=arglsp/tsd (O), and A i.e., Rerg,/rsg data(C]; @,=58°, sampleA3). The insets enlarge
=arg(sp/rs¢d (O). The phase information provide sensitivity to the the zone-center transition region. The simulated data were calcu-
sign of the order birefringence, and, if necessary, to the in-plandated with the order-birefringence parameter obtained from simul-
orientation of the ordering directio during data acquisition. taneous analysis of the GVASE, DFS, and CRDS data. The devia-
tions between experimental and calculated CRDS data in the
The absorption of incident electric field polarization along vincinity of C are attributed to surface-induced anisotropies.

the (111) sublattice planes entails the strong rise\n, N ) )
=tan’1|tsp/t55| at E(()l). There, the reflection-type data are sition .FG(Z)\,—I’GC causes an asymmetr)lc broadenlng of the
st dominated by interference effects. Bothg, DFS lineshape and a weak ShOUIQeEgi . The DFS signal
=argtsp/tsd andA g =arg(s,/rs) possess another reversal vanishes also &€ where the birefringence undergoes a sign
point. change. BelowC, multiple reflections within the transparent
At EE)Z) the incident radiation polarized along the ordering and birefringent film induce a S|r_n|lar mterfe_renc_e pattern of
direction excites electrons from tlig,), valence-band state p-s coupled modes as those which appear in Figs. 3 and 4.
to the I'g. conduction band state damping tpes mode-
coupled wave amplitudes for photon energies abB{e. D. Cross-polarized RDS

At EfY the I'g(2),—T'ec transition is activated accompa- g ower panel of Fig. 5 shows the experimettfa) and
nied again by a change of dispersion of the birefringenceyoq; it (—) CRDS data from the as-grown

Above E(()s’ the epilayer becomes opaque. The transmissionA|04SGao sANP,/GaAs sampleA3 (®,=58°). The intensity
type data pass into noise as the transmitted electric field insets in E'q(ZO) were acquired fory=0.5°, 1°, and 1.5°, and
tensities vanish. The exponential damping of the wave amgq (20) resulted in similar values regardlesspf(This be-
plitudes reflected from the back side of the epilayer causegayior is expected as long ag<w/2). The error bars on
the decay of the interference oscillations within the reflections 5 individual CRDS data point were estimated to be less
type data. Note that thEg(;),—I'g. transition can be identi- than 50, The interference amplitudes bel@aare propor-
fied by the pronounced shouldersif’ in all data sets. tional to the absolute value of the order birefringence as ex-
pected from Eq(21). At the isotropy pointC, the slope of
the interference oscillations is reversed due to the sign
. _ _change inAe. Three reversal points abov@ indicate the

A photon-counting unit, attached to a home-made polarizone-center transition ~energies where birefringent-
metric experimental setup, was used to detect the crossnterference, -absorption, and -dispersion effects overlap.
polarized transmission intensitiests|> of the same Note that for isotropic surfaces, this modulation signal would
Al 4653 sAnPo/glass epilayefsampleG3). The upper panel  pe zero throughout regardless of the angle of incidence. The
of Fig. 5 shows the experimenteD) and best fit——) DFS  deviation between the experimental and best-fit data in the
data. The inset enlarges the zone-center transition regioRicinity of C is attributed to surface-induced anisotropy.
The spectral features observed here are similar to those for Figure 6 shows the to p polarized coefficients, and 3;
the transmission GVASE parametdfs,. However, the for sampleA3 (as-grown calculated according to EGB8)
strong rise of the DFS signal & and the steep slope at using ¢ and d determined from the standard ellipsometry
E(()Z) form a unique lineshape which allows immediate iden-data. The calculated CRDS data shown in Fig. 5 are obtained
tification of both transition energies. The “spin-split” tran- using the order-birefringence parametéts= shown for »

C. Dark-field spectroscopy
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FIG. 6. Spectral dependence of th¢o p polarized CRDS co-
efficients 8, (—) and B; (— — —) calculated for an order- 1.0
birefringent Ap_4dGa, sJdnP, film on GaAs(sampleA3).

=0.47 in Fig. 12 and the coefficients in Fig. 6. Below the 0.5 : i T
band gap, the CRDS equal An?. Above the band gap, : 21 22 g
both real and imaginary parts dfe contribute to the reflec- 00 :
tance difference, and the CRDS data depend on the disper- T 0 15 20 25

sion of the order-birefringenc& e, the film thickness, and

e. Excellent agreement is obtained between CRDS calcula-

tion and experiment, although the order-birefringence model FIG. 7. Major dielectric function= , (M), and e, () of CuPt-

ignores any nonparabolicity in the valence bandk=a0. ordered A} ,4Ga s4dnP, (sample 3. The insets enlarge the zone-

center transition range. Below the isotropy pdhtthe order bire-

fringence is positive and real valued, and changes sigh above

. _ _ _  the first zone-center transitioR,5,~T's(ES”), the onset of ab-
FIQULe 7 presents_the major  dielectric funCtlonSsorption for polarizations perpendiculélTl], and activation of

€(II[111]) and e, (L[111]) in the near-band-gap spectral thel's),—Isc, andlg(z),—Ts. transitions by polarizations paral-

range of sampleA3. The order-birefringence model from el [111] cause strong dispersion ine =3¢ (I[111])—1/3

Sec. Il'is used for parameterization ef and e, . All spec- < (1[111]). The order birefringence allows simultaneous identi-

tra shown in Figs. 2-5, and the standard ellipsometry dat@cation of the zone-center transitions of the CuPt-ordered alloy.
from the as-grown epilayer, were analyzed simultaneously.

A 4X4 matrix formalism that accounts for plane-wave h der-birefri del d ah . i
propagation in arbitrarily anisotropic layers was employed© the order-birefringence model. Instead, a harmonic oscil-

for the regression analysiSee also the appendi¥ The lator was used to account for all higher-order critical point
multiple-data-type  fi%%2 were performed using a contributions to the near-band-gap dielectric function. We

Levenberg-Marquardt regression algoritinwith an error ~ 2dded, instead of the, andE; CP's, a %iiptgle DHO 'Viirr‘te'
function properly weighted to the estimated experimentafhape to bothe, and e, [Eq. (5); A;"=4.37, E;

Energy [eV]

E. CuPt-order birefringence

errors?® =3.66eV, I')""'=0.0eV]. The order-hirefringence model
The angular in-planép) and azimuth®) orientations of ~then comprises the zone-center transition contributions, the
the optical axis of the sample, i.e., the Euler angland®  “static” dielectric constantse | , .., and the isotropic DHO

which relate crystal and laboratory coordinate systems, wer@ispersion.

calculated according to the substrate miscut, and the sample The best-fit parameters of the experimental data from
alignment during GVASE, DFS, and CRDS data acquisitionsample 3 to the order-birefringence model are given in Table
The azimuth® is given in Table |, and represents the anglell. The zone-center transition energies are marked by arrows
between the sample normal and the ordering direction. Th# Fig. 7. As expected from the experimental data, the order
in-plane orientationp is the angle between the plane of in- birefringence is real-valued belo&", and undergoes a

cidence and thg110] direction, i.e.,p=45°. sign change irC (see enlarged inset in Fig).7A positive but
Prior to parameterization of the order-birefringence in thesmall birefringence remains then throughout the below-gap
near-band-gap region we determined EheandE,, critical- ~ SPectral range. This birefringence causes the interference pat-

point contributions to the dispersion of the dielectric func-tern of p-s mode-coupled waves observed in all anisotropy
tions in this spectral range. We extended the spectral rangéata types. Above, the lowest absorption edge B" be-

for the GVASE measurements to 5 eV. We did not, howeverlongs to electric field polarization perpendicular to the order-
observe appreciable sample anisotropy information. For phdng direction. The seconoEéJZ)) and third CES”) absorption

ton energies above 2.5 eV, the ratiBgs and Rg, are too  in this sample occurs mostly for plane wave polarization
small for resolution by this technique. The CRDS setup perpendicular to the ordered sublattice planes. We obtain that
which would be more powerful for detection of higher- the I'g(1),—I'sc, and I'gz),—I's. transitions are almost
energy critical point birefringence, was limited to photon en-blocked for polarization perpendicular to the ordering direc-
ergies of 3 eV. We therefore treated the andE, critical-  tion. A second sign change of the real-parto& appears
point structures as isotropic, and no contributions were addedetween thel'y5,—I'sc and I'g(1),—I'g; transitions. Note
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TABLE Il. Zone-center transition energies, strength, and broadening parameters obtained from the best fit
of the order-birefringence model to the spectroscopic data.Effleand E> transitions are almost blocked
for polarizations perpendicular to the ordering direction. The “static” dielectric constart(2€, .,
+ €..)/3=4.174+0.02 accommodates isotropic high-energy CP contributions not included within our model.
The “static” contribution to the order-birefringencke..= (¢,..— €,..)/3 is influenced by ordering-induced
splitting and shifting of all CP transitions. Up to now, it is unclear which of the critical points introduce
positive or negative birefringence.

ESleV] A
Sample  I'{’[meV] A
i 1 2 3 1 2 3 Ae,=(€.—€,)/3
1 2.091+0.003 2.12#0.003 2.2070.003 11.5 2.3 0.5 —0.115+0.018
16+1 205 20+5 0.9 8.6 7.2
2 2.101-0.001 2.129:0.003 2.212-0.003 11.4 1.2 1.4 —0.109+0.005
10+1 11+1 14+2 0 8.3 7.1
3 2.116+0.002 2.1410.002 2.226:0.003 12.7 0 0.1 —0.108+0.005
5+1 51 8+2 0.3 8.8 5.7
4 2.139+0.001 2.159-0.002 2.234:0.003 12.8 0.3 2.3 —0.045+0.005
9+2 6+1 25+2 0 11 5.9

that, except for the redshift of the fundamental gap transitionband splitting values, which are plotted in Fig. 12 against the
the average dielectric functioa =% e, + 3 € is very simi- I'y5—T6c transition energye’). The dependencies of the
lar to that obtained from random alloy samples reported rethree transition energies oﬁgl) can be explained by the
cently (Ref. 44. quasicubic perturbation model, where the spin-orbit and
crystal-field splitting parameters scale with the degree of or-
F. CuPt-order parameter dering », as described by Wei and Zund&ee Eqs(6)—(11)

A series of A} 46Ga 5JnP, sampleqA: as-grown;G: on- N T " T " ' ; '
glass was investigated to study the influence of the degree
of ordering on the order birefringence, and on the zone-
center transition energies. Table | summarizes relevant
sample structure parameters. Different substrate miscuts
were included, and different degrees of orderipgwere
expected* Spectroscopic data sets, as discussed above for
sample 3, were acquired from all other samples. The experi-
mental and best-fit data are shown in Figs. 8—10, and Fig. 13.
(Presentation of the standard ellipsometry data is omitted
Figures 8 and 9 present transmission and reflection
GVASE data from sample&1—-G4 (the spectra are shifted
for clarity). All samples possess similar birefringence. How-
ever, the isotropy point moves to higher energies, whereas
the zone-center transitions are redshifted from bottom to top
in Figs. 8 and 9. This redshift is well-known for ordered
GalnR or AllnP,. Likewise, the valence-band splittingf;;
increases. Figures 10 and 13 show experimental and best-fit
DFS and CRDS data, respectively. Here, the shift of the
peak-maximum aEE,z), i.e., thel'gq),—I'g. transition, is
most obvious. The weak shoulder, as well, which emerges on
the left side of the DFS signal, and which is caused by acti- Energy [eV]
vation of the I'g(y),—I'gc transition, evolves into a pro-

nou.n.ced structure from bottom to top in Fig. 10. The spectra}nission GVASE dataf ;) for a series of Al 4Ga sAnP, samples
position of this structure remains nearly unchanged, Wherea(%pilayers on glass in Table Wwith different degrees of ordering.

the low-energy side of the DFS signal is shifted to longerrne spectra are shifted each by 8° for convenience. The lineshape
wavelength. . within the zone-center transition region consists of a convolution of

Figure 11 presents refractive,—n, ; upper panel and  pirefringent thickness interference and dispersion effects. The
extinction coefficients(k,—k, ; lower panel of the order-  knowledge of the sample thickness is crucial for data analysis.
birefringence obtained from all samplese(, =[n;; increases from bottom to top, as can be seen from the redshift of the
+ik;, 1%). The order-birefringence model parameters aresteep flank(ESY position above the zero point where the order-
summarized in Table Il. The transition energies, which resulbirefringence changes sign, and tB§’ peak positiongsee also
from the same best fit, were used to calculate the valenceig. 3.

sp - sst

tan’'l¢_ft | [deg]

S N AR O
—T T T

1.0 1.5 2.0 2.5

FIG. 8. Experimenta(symbolg and best-fit(solid lineg trans-
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FIG. 11. Order hirefringence of spontaneously CuPt-ordered
Al 46Gay 5JnP, with different degrees of ordering (Table ). The
birefringence undergoes two sign changes, below and within the

FIG. 9. Same as Fig. 8 for the reflection GVASE parameterzone'cemer transitions. Below the band-gap, the birefringence is

Vp=tan *|rg,/red (P,=15°). The spectra are shifted each by 3°

for convenience.

2
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FIG. 10. Same as Fig. 8 for the DFS data. The spectra are A R S S S S

positive and scales withy. The successive activation of the zone-
center transitions cause strong dispersion changes. The order pa-
rameters are estimated after Wei and Zun@raf. 6; see also cap-
tions in Table ).

in Sec. Il.” The dotted lines in Fig. 12 represent the best fit
of the experimentally determined transition energies to the
quasicubic perturbation parameters. We obtain
A7"9=78x5meV, E{7"?=2.195-0.005eV,
{Tr=0A VIAEYTY=0.0+0.1,

and

120r II 5E,, 300K 1

100 -

%
E
E 60 4
[ 6Ezs
“©
40 .
-
20 BE
= .I -
3E,
oF T

2.08 2.10 2.12 2.14 2.16 2.18 2.2

shifted for convenience. Note the shoulder on the high-energy side
of the DF spectra which becomes more pronounceg exreases
(from bottom to top. This shoulder is caused by the change of
dispersion of the order birefringence upon activation of the third

FIG.

12.

E" [eV]

Valence-band splittingsSE;; (symbolg  for

zone-center transition &S . The small side band on the left of the Al 4dGaysdnP, with different degrees of ordering at 300 K plotted
DFS signal is caused by interference oscillations which overlap thagainstESY . The dotted lines represent the best fit after Wei, Laks,
strong-rise signal aES" (see also Fig. b A lineshape analysis is and Zunger(Ref. 6, and parametera {5, AGE?, E{779,
necessary to identify all zone-center transitions securely. SAGEVIAE™Y | and SAZE VIAE(™Y given in Table |1,
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TABLE Il Quasicu.bic m.odell parameters for CuPt-ordergd parameters with available theoreti€dl,,, ¢, £€) and experi-
AI0_48GQ)A52In_PZ. _The spin-orbit splitting parameter found here is mental CEE;FO)) data for the A} 4Ga, s4nP, alloy. Excellent
nearly ordering independent. agreement is obtained between the linear interpolation of re-
cently predicted values for AllnPand Galnk (Wei and
Zunger, Ref. T.

Al,Ga _,InP, (x=0.48)

Present work Reference
=0
E{? [eV] 2.195+0.005 2.199 V. DISCUSSION
2178
2.21% Dispersion and sign change of the order birefringence for
AL [meV] 78+5 oF photon energies belovE" have been already found by
SA=DAE(=1) 0-+0.05 0.048 Wirth et al.in ordered GalnfPand Al 34G& ¢AnP, (Fig. 8 in
SO g . h .
SAGE VIAEDY 0.620+0.02 0.626 Ref. 13. There, the authors investigated the supermode ori-
entation in planar waveguide structures, and found that or-
%, [eV]=1.9+0.5%+0.11x? Ref. 46. dered A|Ga _,InP, (y=0, 0.33 is positively birefringent
PE, [eV]=1.89+0.51x+0.18, Ref. 47. far below the band gap, and negatively birefringent when
°E4[eV]=1.885+0.681, Ref. 48. approaching the band gap. Unfortunately, the authors could

dAveraged between thEg, and ', states of GaP, InP, and AIP not extend their investigations for wavelength close to, or
taken from Wei and Zunge(iTable Il in Ref. 7, according to the above the band gap because of the strong absorption of the

volume fractions of the binaries in the AkGa, s4nP, alloy. guided waves in this spectral range. A six-bdgimethod
fLinear interpolation between GalpBnd AlnP; calculated by Wei  for ordered A}Ga _,InP, was used to calculate the order
and Zunger(Ref. 7). birefringence below the band gap. Tkemethod resulted in
the correct dispersion, but failed to explain the isotropy point
§‘1=5A§;”F:1)/AEB”:1)=0.62t 0.02. and sign change iAn. The latter was attributed to high-

energy CP contributions which possibly induces long-tail bi-

(The crystal-field splitting of the random aIIoA)(E{’F:O) is  refringence within the below-gap spectral range. Recently,
zero) For different degrees of ordering, the valence-band Wirth et al. also observed the same type of birefringence in
splitting energies are mostly influenced by the change of th€uPt-ordered GalnAs®2! It appears that the order birefrin-
crystal-field splitting parameter. The spin-orbit splitting pa-gence observed so far is inherent to the CuPt-ordered state in
rameter remains nearly constant for the ordered and disothe Al,Ga _,InP, system regardless of the compositign
dered compounddA,=0). Table Il compares the best-fit Furthermore, it is likely that the same order birefringence
may be found throughout the &ba; _,InAs, system as well.

Luo et al. measured RDS features on ordered GalnP
samples acquiring reflectance for polarization parallel

[110](Ri1107) and[110](Rr11g). The authors used a4
Luttinger model for calculation of RDS features of ordered
GalnB, neglecting coupling with the spin-orbit split-off
band!’ More recently, Lucet al. extended their calculations
by a k-dependent eight-band modélBeside the ordering-
induced coupling of the crystal-field and spin-orbit split-off
band, this model includes thedependence of the transition
matrix elements. Wei and Zunger have presented a similar
theory for RDS in CuPt-ordered llI-V compounds using a
six-band model treating coupling with the spin-orbit split-off
band, but neglecting the transition matiixdependencé’
Figure 2 in Ref. 18 compares the resulting lineshapes from
the four-band, six-band, anddependent eight-band model.
Although some improvement was obtained from the
k-dependent eight-band model, the agreement between the
experimental RD spectrum and the calculation there is still
unsatisfactory. Nevertheless, the authors argue that the order-
s ) 20 ) 25 induced coupling between the three valence bands#
cannot be neglected for correct RDS data analysis.
Energy [eV] Because of the discrepancy concerning the necessity of

FIG. 13. Experimentalsymbols and best-fi(solid lineg CRDS treating nonparabolicity of the valence bands, we also per-
data (Refrgp/rsd, P,=58°) for the as-grown A, GasinP; formed standard RDS measurements at near-normal inci-
samples listed in Table I. The calculated data were obtained usir;génce (b,=4°) on sample 3. Figure 14 shows experimental
the order-birefringence model parameter, derived during the analyl]) and calculated—) data. The RDS data are very simi-
sis of the ellipsometry-type and DFS data, without further paramlar to the CRDS datéboth techniques sense the same sample
eter variation, resulting in good agreement between theory an@nisotropy. The calculated RD spectrum in Fig. 14 is ob-
experiment. tained using Eq(B14), and the order-birefringence model
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eters are obtained for QhdGaysJdnP, in  excellent
consistency with recent theoretical predictions by Wei and
Zunger. We find, almost ordering independent, the spin-orbit
splitting parameter of 76 meV, and the crystal-field splitting
band-gap reduction ratio for the perfectly ordered alloy of
0.62. The band gap of the random alloy is 2.195 eV. A
cross-polarized reflectance difference technique was further
introduced to sense the extremely weak anisotropy in as-
grown CuPt-type ordered samples at oblique angles of inci-
1.0 1.5 20 dence. This technique is nondestructive, and avoids removal
of the substrate material. Equations for light propagation in
CuPt-type ordered thin-film samples according to each ex-

FIG. 14. Experimentalsymbols and best-fitsolid line§ RDS ~ perimental data type used in this work are given in the ap-
data @,=4°) for the as-grown AJ,dGa, sJnP, sample 3 in Table pendix.
I. The calculated data were obtained using the order-birefringence
model without further parameter variation, resulting in excellent
agreement between theory and experiment.

0.04

0.00

Energy [eV]
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ments within the CuPt-order birefringence model is avoid-
able, (i) the piezobirefringence model, i.e., the parabolic
band approximations suffice for calculation of the near-band-
gap dispersion of the CuPt-ordered dielectric function tensor, The 4x4 matrix formalism is employed for calculation of
and (i ) correct treatment of plane wave propagation in bi-the GVASE, CRDS, RDS, and DFS data types for CuPt-
refringent thin films is crucial for correct analysis of ordered thin films. This approach accounts self-consistently
polarization-dependent spectroscopy data. We thereforgr multiple internal reflections within the order-birefringent
added the appendix to the present work that includes explicfilm. All equations are derived to first order approximation in

APPENDIX A: T, FOR CuPt-ORDERED THIN FILMS

expressions for all data types used here. Ae,ie.,|Ae|<]|e| is assumed throughout, and second- or
higher-order terms i\ e are omitted. The inclinatio® of
VI. CONCLUSIONS the ordering direction from the sample normal amounts to

cos }(An3) for (001) surfaces. This assumption is still a

To summarize, we have presented a consistent approagfood approximation for(100) samples with miscuts not
to quantify the order-induced birefringence in the near-bandgreater than 6°. The approximate equations given below
gap spectral rang@®.75 to 2.5 eV for spontaneously ordered were compared to results using exact solutions for light
Alg 4dGay sJdnP,. Four different experimental techniques: propagation in arbitrary anisotropic thin-film samples pre-
generalized ellipsometry, dark-field spectroscopy, crosssented previousl§® For values ofAe measured in this
polarized, and standard reflectance difference spectroscopyork, both the approximate equations and the exact solutions
were used simultaneously for determination of the samplg@rovide the same numerical values. The approximations pre-
dielectric function tensor. The observed order birefringencesented here can be used for immediate and straightforward
is treated as “chemical-stress” induced piezobirefringencedata analysis, and may shed light on spectral features due to
The dielectric function model for piezobirefringence in zinc- CuPt-order-induced birefringence in lll-V-semiconductor
blende compounds, and selection rules for the transitionsompounds observed by polarization-dependent techniques.
from thel'y 5, ,I's(1), . I'6(2)y Valence band states to tihg. For the framework of the ¥4 matrix formalism, the sym-
conduction band states, suffice for calculation of the ordebols, and the coordinate system used here, the reader is re-
birefringence in the near-band-gap spectral region. It wa$erred to Refs. 31, 33, 35, 50, and references therein. To
shown that explicit treatment of the transition-matkbde-  begin with here, the partial transfer matiix, for a thin film
pendence, as recently suggested for ordered GabrP of CuPt-ordered alloy is derived for two typical sample ar-
GalnAs, is unnecessary. Instead, consideration of multipleeangements(the RDS setup and the CRDS setughe
internal reflections within the thin-film samples results in GVASE, DFS, CRDS, and RDS equations are then obtained
improved data analysis. The transition energies, strengthsising ambient and substrate matrices for computation of the
and broadening parameters for the three zone-center transinisotropic Jones reflection and transmission coefficients.
tions are obtained from parameterization of the sample di¢See Appendix B.
electric function tensor. The quasicubic perturbation param- (i) [100]llx (CRDS setup Without loss of generality the
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[111] direction is chosen as stacking direction{l1} sub- ~ Whereko=w/c, » andc are the angular light frequency and
lattice planes that form the CuPt structure within the zinc-the vacuum light velocity, respectively, aridl is the unit
blende alloy (Fig. 1). For the experiment the sample is matrix. The scalars; follow from the eigenvalues;; of A,
aligned such that thgL00] direction is parallel to thecaxis  and do not depend o e:

of the laboratory coordinate system, and hence parallel to the

plane of incidence. At the same time, th]aTO] direction, 1 ,
which is parallel to the sample surface, is rotated away from Yo=cogkodq) — > kodgsin(koda),
the plane of incidence by=m/4. The dielectric function
tensor e in laboratory coordinates is then expressed as fol- y1=(i120){— kod g cog kodq) — 3 sin(kodq)},
lows [® =cos }(1n3)~54.7°]:
e —Ae Ae y,=(1/29%)kodgsin(kedq),
e=| “Ae = Ael (A1) ya=(i120%){kodq coskoda) +sin(kodc)}.  (AB)

Ae —Ae IS

. ’\+ ay -
whereAe=ie,~te,, e=ie,+2e,, ande, e, re- T, decomposes intb+ A € B with

fer to the dielectric functions for polarizations parallel or i

perpendicular to the ordering direction, respectively. Berre- I=E cogkydq)— — D sin(kodq), (AB)
man introduced the coefficient matrix of the first-order q

Maxwell differential equation system for light propagation

through anisotropic media with plane parallel interfates. é:(y1+ 2q2y3)3+ Voy+ Y30, (A7)
For the CuPt-ordered alloy, the complex rank-4 wave trans- L L
fer matrix A implies andy=DJ+ 6D, 6=DéD, which results in
—kAe  kde 0 ek o ¥ Kk _kaq_z
.1 0 0 —e 0 € € €
A = 2 . k
€ eAe —e(e—ky) 0 —kAe A -1 0 0 Rx
e? —elAe 0 -—-kAe = 62 '
(A2) kK, 0 0 il
The x component of the incident wave vectds, <
=n, sin®, depends on the ambient index of refractiop =2k Ky 1 0

and the angle of incidenc®,. The eigenvalues oh are

o= = \(c—K—Ae), and  Ggu=—kAele B P
+(e —kX2+A ). We defineg?= e —k?, and decompose ‘e €

A into D+(Ae)3 usi
into (A e)é using K, 0 o o
9 o= € . (A8)
o 0 0 = 0O 0 0 0
R q?
D= 0 -1 0], 0 0 —k¢ —k—
-2 0 0 <
e 0 0 O The identitiesD?=q2E, D3=qg?D are used. Note that
k. k. 0 0O Tp22=l22, Tp2s=l23, Tpaz=l32, and Tpzz=133 do not de-
X X pend onAe. Tpiq, Tpias Tpar, @and Ty, are of typeT,;
5oL 0 0 © . (A3) =|:ij+AeI§ij, whereas the remaining elemerits,;;=A
€ € 0 —ky €Bj; are linear inAe.
—e 0 —kg (i) [111]l(x-2) plane (RDS setup For RDS experi-

) . ] ments the sample is commonly aligned such that[ttEl]
The matrix T, constitutes the solution of the Maxwell gjrection is within the k-z) plane. The %-z) plane is iden-

first-order differential equation system for plane parallel in-tica| with the plane of incidence. The dielectric function ten-
terfaces. The complex rank-4 matrix describes coupling angOr Zin laboratory coordinates then reads

propagation of electromagnetic plane waves across a homo-
geneous birefringent film with thickness™ T, can be cal-

N e+Ae 0 V2A e
culated as finite series expansionAn®'->2

e = 0 e—Ae 0 . (A9)
TpEqu_ |k0&d}: ’}/Oé+ ’}/1A+ ’)’2Az+ ')’3&3, (A4) V2A e 0 €
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The derivation of T, follows the same line as given
above. The coefficientg; and the matriX are the same as in
Egs.(A5) and(A6), respectively. The elements of v, and
o are 511: 544: - \/Ekxl e, 532: 541: 1 (Other 5” = O),
Y= va= e, yim 0 €y, Y= —2V2ke 2
=y33= — 1; 011= 0.44= —2Ke Y11, 014= Y31, 023= 1 (other
¥ij=0i;=0). A similar setup used for RDS experiments is
where the ordering direction lies within thg-2 plane.T,
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_ TuaTos— TarTys
PS T1Taz—TarTas’

_TaaT33— TasTa
P ToiTag—TosTar’

and

T11T43_ T41T13

s an (B4)
PP T21T33_ T23T31

The ratios are expanded according to

can be decomposed in the same way, but, for the oblique

angle of light incidence, the resulting expressions differ

slightly from those given above. Both orientations,
[111]l(y-z) and[111]ll(x-2), are not equivalent to each

other with respect to the light propagation through birefrin-

[c/l(a+bAe)]Ae~(cla)Ae,

or

[(A+AeB)/(C+AeD)]~(A/C)+Ae[B/C—(A/C)

gent thin films. Sometimes these two orientations are used

for data acquisition to cancel out systematic errors by aver-

aging the data sets. This fact may then find consideration.

APPENDIX B: GVASE, DFS, CRDS,
AND RDS EQUATIONS

The concept of the ¥4 matrix algebra provides the ma-
trix T from which the complex reflection and transmission
elements are computéd For a single CuPt-ordered film on
an isotropic substraté'=La_1Tpo, wherelL, andL; ac-
count for the optical properties of the ambient {= nﬁ),
and the substratee(fznfz) materials, respectively. Deriva-
tion of L, andL; is given in Ref. 33. The matrix multipli-

X(D/C)].

cation yields nonvanishing elements in the first and third

column of T only:
T11=[Tp22— Tp23Nts] = [ Tpaz— TpaaNi]l/Naa,
T21=[Tp20— Tp2aNts ]+ [ Tpaz— TpaaNil/Naa,
T31=[Tpaz— TpaaN¢e]/Nat [ Tp1o— TpisN¢sl/cosdy,,

T41=[Tpao— TpaaN¢£1/Na—=[Tp10— Tp1aN¢ ]/ cosP, ®1

T13=[Tp21€08D ¢+ Tpogni ] —[Tp31C0SP ¢+ T3]/ Naa,
To3=[Tp21€08P ¢+ Tpogni | +[Tp31C0SP ¢+ T3ans]/Naa,
T33=[Tpar COSP ¢+ Tpaani ]/ N+ [ Tppq COSDy

+ Tpidns]/cos®,,
T43=[Tpa1€0sD ¢+ Tpaani /N —[Tp1q COSP

+Tp1anel/cos®,, (B2)

with

Njj=n; cos®;=n;V1—-[(na/n))sin®,]>.  (B3)

In the following, the elements df are labeled a3} if we
SetTpij :’I\ij s andTlﬁl if we SetTpij: B” .

(i) [100Q]||x (GVASE, CRDS, and DFS It follows from
T, thatT,; andT,; do not depend oA e, whereasT sy, Tas,
T.3, andT,5 are proportional ta\ e. The elementd§ ;3 and
T4 are of the typea+bA . The GVASE ratioRs, R,
andR,,, follow from T:333:%

This allows factorization oRs, Rsp, andR, into

Rps;sp:AE(Br+i,8i)ps;sp+o((AE)2)r (B5)
Rpp: (r;)/rs)l::l-_|'A € (:Br+iﬂi)pp+o((A € )2)]1
(B6)
with the coefficients3, and g; :

(IBr'HIBi)ps: T,2,3/TA,13_ rSTIZII.3/-I-A,13' (B7)
(Bet+1Bi)sp=Tad To— 1o T3/ T2y, (B8)
(IBr""iIBi)pp:TZa/TAS_ TgalTéS' (B9)

The isotropic ratios, andr are those for the complex
and s polarized reflectance of an isotropic ambient-film-
substrate system witle being the dielectric constant of the
film.® The experimentap-s and s-p polarized CRDS data
types follow from the real parts of Eq&B7) and (B8), re-
spectively. Note that the generalized ellipsometric r&jg
evolves fromr,/rs, and determines:=. The ratiosR,s and
Rsp are sensitive td e, but still depend one. Only simul-
taneous analysis of all GVASE parameters can provide both
e andA e unambiguously.

The DFS data type is proportional k|?. (Note that at
normal incidencets,=t,s.) The cross-polarized transmis-
sion coefficientt,, follows from T;3%3>°3

N (B10)
sp T11T33_ T13T31.
ts, is expanded according to[c/(at+bAe)]Ae
~(cla)A e. This allows factorization ofts|? into
ltspl*=lAellle; +iaill +O(JAe]?),  (B1Y

where ||a|| denotesaa*, and the star denotes the complex
conjugate. Note that the DFS data are proportional to the
square ofA e. The coefficientsy, and «; are

(ar‘Ha'i)ps: /1’3/(T11Té3)
(i) [111]](y-2) plane(RDS): Here, Ta;, T41, T1s, and

T,3 are zero,Tq;,T,1,T33,T43 are of the generic typa
+bA e. The RD signal is defined by the weighted differ-

(B12)
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ence between thp to p ands to s polarized reflection coef- T Tis
ficientsr,, andr, respectively. Those follow accordingly (B, +i3;)=2(tarf ¥ + 1)_1[ tarf ‘1’( =+ —,)
from 7388553 T T

AR %1 Ths AR

>< PR — — — — —_—

2 [ RH (T;ﬁss Rl
AR |TuiTas— ToiTad — [ ToiTas— ToaTad ) )
=1 (B13) (B15)

R ||T11T43_ T41T13|| + ||T21T33_ T23T31|| ’ . . :

The isotropic termsAR'S/R=(||r pl| = [[rJ[)/(l[r pll +Ir oI}
and tadW=|r,[/|IrJ| refer to the isotropic three-phase

§ _ model®® AR'S/R andW¥ depend ord, €, and®,. At normal

where [ja]| denotesaa®. Expansion of numerator and de- incidence (,=0) AR'S/R=0 and tan?=1. AR'S/R and ¥
nominator yields affect the birefringent contribution to the RD signal. When

performed at some degree of oblique incidengeArs), the
RDS technique tends to collect isotropic reflectivity contri-
butions. Note that in order to remove the isotropic contribu-

AR R . tion for an ordered sample, RDS data from random alloy
— 2 ’

R _[ iS+Re{A €(Betip)}+OLAe), (B14) samples are of less use, because the average dielectric func-
tion e changes due to the redshift of the fundamental-gap
transition as well. This problem can be circumvented with
ellipsometry (determinese and d) and RDS, as demon-
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