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Birefringence and reflectivity of single-crystal CdALSe, by generalized ellipsometry
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Transmission and reflection generalized variable-angle spectroscopic ellipsometry and polarized transmis-
sion intensity measurements over the photon energy range from 0.74 to 5.0 eV have been used to characterize
the optical properties of the ordered-vacancy compound 38\l We report the dispersion of the uniaxial
refractive index below the band gap. The onset of weak absorption indicates the fundamental band edge at
about 2.95 eV, but does not reveal the nature of the lowest band-to-band transition. Above the fundamental
band gap we assign four possible critical-point structures from a line-shape analysis of the sample dielectric
function.[S0163-1828)06812-X]

[. INTRODUCTION Trykozko and Huffman observed five critical points in
partially disordered Cdise, including E, from unpolarized
Because of their large potential for technological applica-synchrotron-radiation reflectivity data in the photon energy
tions (e.g., photovoltaic and nonlinear optical devicemst ~ (E) range 1.5<E<6.5 eV."? Using the results from band-
of the chalcopyrite and related ordered-vacancy compoundsructure calculations reported by Balderesathal.® the au-
(OVC'’s) have been thoroughly investigat&d.Due to diffi- thors assigned the critical-point structures to direct interband
culties with crystal growth and sample preparation of thetransitions, i.e.Eo (1.75 eV asI'-I', E; (3.7 eV) andE; (4.3
A'BYCY OVC's with B"=Al, such as the high oxygen eV) asR-R, E; (5.4 e\/),. gsl“-l“, andE, (6.3 eV) as a sum
affinity of aluminum, only very little is known about the °f M-M and X-X transitions. They also noted that thg

physical properties of these OVC's. Very recently high_structure is similar to th&, critical-point behavior in binary
purity crystals of CdAJSe, were grown by the chemical va- zinc-blende compounds. As welt, was assigned as a fea-

: ; . : _ ture due toM; andM,, critical points known as th&; criti-
por transport techl_"nq_u%CdAIZSe‘l crystallizes |_n the thiogal cal point in 1lI-V compounds. Trykozko and Huffman fur-
late structure (uniaxial, space groupl4, Fig. 1), and

; ) ) i .~ ther noted the existence of a spin-orbit splitting at the lowest
anisotropic optical properties should be expected. In this pas rillouin-zone-center transitionE+ A )
- - 0 0/-

per we report angular-resolved generalized anisotropic ellip- Syrbu and Tezlevan investigated the OVC's CeGa

sometry investigations over the photon energy range fro : . .
0.74 to 5 eV to determine the optical properties of uniaxiar?’md CdALS, using polarized reflection measuremetits

single crystal CdAISe, samples grown by Krau8t al®

Band-structure calculations for thd'B5 CY' compounds @@ Q fo@
with A'"=Cd, zn,B" =In, andC"'=Se, Te when crystal- ¢ ¢ &
lized in tetrahedral arrangemefgpace groupP42m) pre- [ ®
dicted the fundamental band edBg as an indirect band-to- ‘ Oy D
band transition, and the lowest direct interband transition ® & ‘.
about 200 meV above the fundamental efigell com- ) A )
pounds should be very similar in their band structures, which a . &
themselves are similar to those of the compound zinc-blende a ,;\L;)U [ ) 319‘9

analog$:’ The upper valence band was found to be very flat,
and the nature oE, needs experimental verificatiénEor
CdGaSe, (space groug4) MacKinnon also predicted an
indirect band gap that involves a transition from the FiG. 1. Crystal structure of the uniaxial defect chalcopyrite
Brillouin-zone X-point valence-band maximum to thé  cgal,Se, (thiogallate structure)4). The ordered-vacancy com-
point conduction-band minimufhBernard and Zunger pre- pound is a derivative of the centered tetragonal terdey8,_,C,
dicted a direct nature for the band gapsfCdin,Se, (space  chalcopyrite compoundgl42d, see, e.g., Berard and Zunger,
group P42m).° Ref. 9.
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strong dependence of the reflectance critical-point structuresn the parabolic band approximation and an oscillator en-
on the incident light polarization direction was observed. Asemble, to model the semiconductor critical-point structure
total of seven critical pointéincluding their spin-orbit split above the fundamental band g@pAnalysis of the sample
partners within the photon energy range from 1 to 6) eV dielectric function and its second derivative is then per-
were assigned. formed simultaneously. However, we did not explicitly fit
For CdALSe, no experimental data have been reportecthe second_der_ivative. We used the c_riterion that the moplel
so far. Only the fundamental band gap has been presented §§cond derivative matches the experimental second deriva-
KrauR et al. Assuming a direct interband transitioiy was Ve s & supplementary condition for having a good fit to the
obtained from unpolarized absorption measurements at 2.gglipsSometric data. The numerical derivative is obtained by
eV 5 locally fitting a polynomial to the ellipsometric data.
Ellipsometry is known as a fast, nondestructive, and pre- For optical investigations on anisotropic samples it is nec-
cise optical technique that determines the complex reflecéSsary to specify the in-plane orientatignof the sample
tance ratiop=R, /R of samples with plane parallel bound- With respect to the plane of incidence.g., Fig. 2 in Ref.
aries, whereR, and Ry are the complex reflectance 13). We define the sample azimuthas the angle between
coefficients ofp- ands-polarized light, respectiveli? Gen-  thex axis of our laboratory coordinate systesee Fig. 1 in
eralized variable-angle of incidence spectroscopic ellipsomBRef. 16 where the axis is parallel to the plane of incidence
etry (QVASE) takes into account sample optical anisotropyand the prOj.ectlo.n of the optical axighich is parallel to the
and detects p” and “ s”-wave conversions. The extension S@mplec axis, Fig. 1 through to the sample surface. The
of rotating-analyzer ellipsometry, a standard ellipsometryEuler anglesp, ¢, and 6 (Fig. 2 in Ref. 14 are then associ-
technique, to gVASE capabilities has been reported recently@ted with the respective crystal coordinate system during
and demonstrated through applications to birefringent layMmeasurement, and provide the orthogonal rotation matrices
ered medid®®The basis of gVASE is to measure normal- that dlago_nallze the dielectric tensor that is given in labora-
ized complexratios involving all four elements of thex22  tory coordinates? For our CdAbSe, sample the Euler angles
Jones matrix describing the sampfeThese normalized ¢ qnd ¢ are the azimuth and the inclination angles_ of the
Jones-matrix elements may be measured in transmissid¥Ptical axis with respect to the and z axes, respectively,
(Tpps Tps, @nd Ty, or reflection(Ry,, Rys, andRgy) ar- whereasy is equal to 0°.. Note tha_lt the Euler angleis the
rangement. Note that in cases where qy*‘and “ s”-wave ~ Same as the sample azimuth defined above.
conversions occur, the ratids, andR,, are identical to the
standard transmission and reflection ellipsometric param- Il. EXPERIMENT
eters. Polarized.tra.nsmissic')n intgns{@TI) measur;aments A CdAlSe, single crystal was grown by the chemical
a”o‘é" for determination of ahgne(bllaggnal, '-e-“pzp| »and  yapor transport methctiThe thiogallate structure was con-
|tsd?) or crossedoff-diagonal, i.e.|tpd|*, and|tsp|) polar-  fimed by x-ray investigatiotRietveld methoit® The lattice
|_zed modulus—squarec_i Jones-matrix elements. For a qef'nb'onstants were determined to e=5.7606 A andc
tion of the Jones matrix and the framework of the coordinate_ 19 7138 A5 The crystal was unoriented sliced and pol-

system used in this work, we refer the reader to Refs. 12-18¢1a4 on both sides with 50-nm corundum. The sample size
In order to analyze the gVASE and PT! data, one needs @ 45 4x0.32 mn? as determined from caliper measure-
model the sample structure together with the optical propery,ants.

ties of the materials involved. The measured data are then Goneralized VASE measurements were carried out in

subject to a regression procedure that involves@matrix  yansmission at two 45°-like sample azimuth orientations.

formalism that accounts for propagation of electromagnetiGyhese angles were later determined from the sample best fit
plane waves through anisotropic materfals® as o= —45° and - 1359, and at multiple angles of inci-

For ellipsometric data analysis simple parametric opticabence@ ——30°, —15°, 0°, 15°, and 30°for photon en-
constants models such as the Cauchy model for OIieIeJ('7tricsergies from 0.74 to 3 eV., In addition, PTI measurements for

or the Zollner model for semiconductor oxidgsre often both aligned and crossed polarizer fopolarized input light

g 20 .
utilized™ General parametric models that completely de-yere performed at the same sample setup, and incident light
scribe critical-point structure and line shape of the dielectri

function of semiconductors are complex and have been dcetconditions. Reflection-type gVASE data were taken at mul-
: X iple sample azimuths (B2 ¢=<2360°), and incident photon
veloped, e.g., by Kimetal?! and Kim, Garland, and P P (G2 ) b

R 1?2 Such del L int i bout critical energies from 3 to 5 eV. As well, &=1.5 eV reflection-
accaft.” such models reveal information about critical- type gVASE data were measured as a function of incidence

p_(t)lnt fente;gles',o\Cr|t|c:::l-p0|_?t blroat_jetmngs, and thdelJomt 'gtehn-angle (30 ®,=<75°) ato=—45° and—135°. This work
S! yt?] sta gts cgl;ra ecn ||ca ;po:‘nthen;rgljle? .anf |nt(§-W| as done with a commercial spectroscopic rotating-analyzer
are then obtained from analysis of the dielectric function an llipsometer with automated compensatdr A. Woollam

Its der!vanvgsz. However, to ensure sgfﬁment accuracy the Co.). The automated compensator allows for complete deter-
numerical differentiation of ellipsometric data requires atten-

. . L X ; mination of the phasé\ of the polarization state (G2A
tion because differentiating optical data may distort real P P (

spectral feature$ A simple method to eliminate systematic =360°) of the light wave emerging from the sample. The
pectr: ures. A simp ) imi y: HC same equipment was used for PTI data acquisition.
distortions and broadenings introduced by numerical differ-

entiation has been proposed by Garlandl? employing a
Savitzky-Golay* algorithm. However, for this work we
make use of a less ambitious parametric optical constants Depending on the spectral range and the acquisition mode
model, a three-dimension# ; critical-point structure based during our optical investigations, i.e., according to the pen-

IIl. RESULTS AND DISCUSSION
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etration depth of the electromagnetic light waves into the 0.5 1.0 1.5 2.0 2.5 3.0
sample, the experimental data information refer to bulk- or o0l @ ' ' ' ' 1oo
surface-related sample properties. Our transmission-type data o
are mainly influenced by the bulk refractive indices, and 3
surface-related effects are negligible. A single-layer model ;= 0]} 160
was used for their analysis.

The reflection-type data acquired abdwg contain infor- 30 130
mation from the near-surface region only, and are therefore
extremely sensitive to any surface overlayer. The latter usu- of 10
ally complicates the accurate determination of bulk refractive
indices. If bulk-related critical-point contributions & the (b)
dielectric function of the bulk material, are of interest one — 300} 1300
can avoid the exact treatment of surface overlayer effects by §
using the pseudodielectric functide) as target data for the T2 2001 1200
sample regression analysis. The pseudodielectric function is < , \
a representation of the standard isotropic ellipsometric pa- L% X Al

. 100F =o' o M o] 100

rameters¥ and A assuming a two-phase model, and a good s
approximation toe when the surface overlayer consists of 0

2.0 2.5 3.0
Energy [eV]

contaminants only’ Nevertheless, we used an effective di- %.'5 = 110 15
electric medium approximation to account for surface rough-
ness, modeling a roughness lay@ricknessd,) by averaging

the _am?;ezgt (ai and bulk (CdAjSe) dielectric FIG. 2. Experimental datésymbol$ [(a) ¥ ,s and (b) A ] for
functions: “° Note that no contaminants or oxide materialshe cross-polarization coefficiefft,=tan¥,exp(A,J, as a func-
are treated in this concept. tion of the incident angleb, obtained from transmission gVASE

Data within the band-gap spectral region are difficult tomeasurement$O ®,=—-30°, O ®,=0°, A ®,=30°; sample
analyze due to the gradual change between bulk- angzimuthe=—45°). The best fisolid lineg for n,, n., the sample
surface-related effects. Decaying multiple reflections withinthicknessd, and the Euler angles of the optical axis and 6 is
the sample overlap with the typicll, structure are usually obtained by simultaneous analysis of multiple-angle-of-incidence
observable in reflection arrangement on bulk materials. Weand multiple-sample-azimuth reflection- and transmission-type data
therefore omit the presentation and discussion of e from the spectral region below the band gap. The optical axis is
spectral range in this work because further investigations ofilted from the sample normal by=—61°. The sample azimuth is
more appropriate samples with smaller thicknesses are neg¢= —45°. Note the change of period and amplitudetiis with
essary. varying angle c_)f incidence due to d_ifferent qrientatiqns of the major

As an example, Fig. 2 shows experimer(&mbol3 and crystal axes with respect to the ellipsometric coordinate system.
calculated (solid lines gVASE transmission datd T,
=tar¥,s exp(A,d] in terms of ¥, (a), and A, (b) ac-  The calculated data in Figs. 2 and 3 were obtained from a
quired ato=—45°. The data typ@s,=tanW¥g,exp(Asy) is  multiple-data-type regression analysis for the sample optical
symmetrical toT s in that Ag, differs from A s by a sign  (major refractive indicesand structural(thickness, major
only. Due to the 45°-type orientation of the optical axis with crystal axis orientationsproperties involving the gvVASE
respect to thex andy axes, T, is close to unity. We there- and PTI data acquired at multiple angles of incidence and
fore omit the presentation dfs, and T, here. For a more sample orientations. For sample analysis>44matrix for-
detailed discussion of the properties of anisotropic samplemalism that accounts for plane-wave propagation through
and their Jones-matrix representation we refer the reader tanisotropic layergwith an extension to allow for transmis-
Refs. 13-18. sion through anisotropic substratdsas been usel. Note

Figure 3 depicts the modulus-squared Jones-matrix elethat the optical characterization of an anisotropic layer is a
ments|t,? (@ and |t,,|* (b) obtained from crossed and challenge when the thickness exceeds the incident light
aligned polarizer PTI measurementsgat —135°. Note that wavelength by order of magnitudes. The presence of mul-
the data shown in Figs. 2 and 3 are related in Hatis the  tiple discrete polarization states due to the finite coherence
complex ratiot,s/t,,. The change in period and amplitude length of the light source results in partial depolarization of
in W, Aps, |tpd? and|t, |? by varying the angle of inci- the light beam emerging from the sample. Multiple beams
dence is due to different propagation directions of the elecare generated by multiple reflections between the front and
tromagnetic plane waves relative to the major crystal axeghe back surfaces. In order to model the detected data types
Note that the gVASE transmission data are highly sensitivave assume that a single beam consisting of two copropagat-
to the major axis orientations and major refractive index dif-ing eigenstates maintains internal coherence, whereas differ-
ferences, whereas the PTI and gVASE reflection dat& at ent beams are treated as incohefént.
=1.5eV (not shown here contain necessary information We have parametrized the major below-gap refractive in-
about the absolute refractive index values. dicesn, (electric field polarizatiorElic), andn, (ELc) of

The data in Figs. 2 and 3 reveal the Cgl®é, birefrin-  CdAl,Se, through a Cauchy dispersion mod@&lable ). We
gence in the below-gap spectral range. At this point we emebtain that CdAJSe, is uniaxial negative below the band gap
phasize generalized ellipsometry as an appropriate technige.<n,), and no crossovelisotropy poin} occurs(Fig. 4).
to investigate the optical anisotropies of noncubic OVC’s.The major refractive index differences remain nearly con-
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FIG. 4. Major (O ordinaryn,, A extraordinaryn,) below-gap
10.2 refractive indices of CdABe, determined from best fit applying a
4X 4 matrix formalism and modeling the gVASE and PTI data. As
0.0r 10.0 a result we obtain a small extinction coefficiénas well(CJ). (Note

0.5 110 115 210 2:5 310 the Iarge_ thickne§$j=320,u'm of the sa_mple cqmpar_eq to the

slowly disappearing polarized transmission intensities above
Energy [eV] ~2.8 eV in Fig. 3) Note also that our data did not provide enough

sensitivity for resolution of different major absorption indices. We
therefore treated the extinction coefficidntsotropically.

02t

FIG. 3. Same as Fig. 2 for the modulus-squared Jones-matri
elements|t,d? (@ and [t,,|? (b) (A P,=—15°, O ®,=15°;
sample azimuthp= —135°). The experimental data were obtained
from angle-resolved crossed and aligned PTI measurements fagotropic. Further investigations of the absorption coefficient
p-polarized incident light. The calculated dafsolid lineg were  within the fundamental band-gap spectral range are neces-
obtained from the same best fit as shown in Fig. 2. Whereas thgary for which samples with smaller thicknesses are required.
gVASE transmission data are highly sensitive to the major axis Figure 5 presents experimeni@ymbol$ and calculated
orientations and the major refractive index differences, the polar-(SO"d lineg reflection-type gVASE data in terms of the
ized transmission intensities reveal the absolute refractive indef}seudodielectric functiore) (@) and its second derivative
values. Note the onset of absorption abov@.8 eV where both d2<e>/dE2 (b) for photon energies from 3 to 5 A7 At

t,% and|t, |? begin to vanish. .
It [topl” beg every sample azimutl and photon energig, the CdALSe,

04

stant f1,—n,~0.02), since botm,, andn, show the same sample ;urface did not reveal anp™ and “'s”—wave con-
dispersion. We further obtained the inclination angle of theVersion, i.e.Rps=Rs,=0. As well, R,, was independent of
samplec axis asf= — (61=0.1)°. The azimuth angles that ¢ thus identical to=R,/R;=tan¥ exp(A), where¥ and
determine the in-plane orientation of the sample during datd are the standard ellipsometric parameters. We interpret the
acquisition were found asp=—(45+0.1)° and —(135 isotropic reflectivity as being due to the polishing process in
+0.1)°, respectively. The best-fit sample thickneds Which crystallographic defects are incorporated into the near-
=(320+5) um is in agreement with the caliper measure-surface regiorfsome microns in depthBecause of the large
ments. The crystal axis orientations were confirmed by poabsorption aboveE, the reflected light beam information
larization microscopy investigations. depth is less than the surface region. We therefore observed
From the onset of weak absorption in our PTI data abovésotropically averaged CdA$e, reflectivity data. The
~2.8 eV we obtain a very small extinction coefficiéntFig.  gVASE data(R,, only) acquired at multiple sample azi-
4). A linear extrapolation of the absorption edge implies themuths were then averaged and converted {gt@liminating
existence o, at an energy of-2.95 eV. However, due to  the dependence oh, .’
the |al’ge thickness of the Sample and the few available data We have ana'yze(:k> through a detailed |ine-shape ana|y_
points fork we were unable to judge whether this onset ofsjs ysing Adachi's critical-point model far of semiconduc-
absorption refers to a direct or indirect fundamental band-totor compound materiaf:?°In this model, each critical-point
band transition. Furthermore, the PTI data did not providestructure contributes to the dielectric function. Our line-
sufficient sensitivity to distinguish between ordinary and ex-shape analysis ofe) and its second derivative?( e)/dE?
traordinary absorption coefficients. We therefore treikted suggested four critical-point structureB,(E,), which are
indicated by arrows in Fig. 5. The second derivative was
TABLE |. CdAI,Se below-gap major refractive indicen € « calculated by locally fitting a polynomial tc{6>_26 The
+BE*+ yEY). second-degree fitting polynomial was obtained using 25 data
points centered at the points of interest and the data step size
B, 7, was 5 meV. TheE; (3.34 eV}, andE,—E, (3.92, 4.49, and
@ eV (ev) 4.97 e\ features were found to be similar to the three-
no(ELc) 2.283:0.005 (16.42-0.05)10°% (2.21+0.1)1073 dimensionalM,, and the zinc-blend&,-type critical-point

no(Ellc)  2.264-0.005 (16.12-0.05)103% (2.13+0.1)103 contributions in 1ll-V compounds, respectively. These indi-
vidual contributions were modeled by particular expressions
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TABLE Il. Best fit of critical-point (CP) parameters of

8 CdAl,Seg, to the reflection-type data employing Adachi’'s semicon-
ductor compound CP modéRef. 25.
16
A CP structure CP E, r,
N"\‘/ v model type A, (eV) (eV)
14 1 3D-M,? 038 336  0.039
2 DHCOP 0.04 3.93 0.099
D) 3 DHO 0.67 451 0.155
4 DHO 1.65 4.98 0.158
140 5 HO 2.34 6.62 4]
(=N
{20 %,(E)=—A,x, 2In(1-x2), x,=(E+iTl,)/E, (Ref. 29.
Sy be (E)=A,/[1—(E/E,)>—iTE/E,] (Ref. 29.
10 gi ‘Undamped harmonic oscillator to account for higher-order transi-
tion contributions toe., .
1-20
20 40 IV. SUMMARY

3.0 35 4.0 4.5 5.0
An anisotropy ellipsometry technique has been used to
Energy [eV] characterize the opti [ i -
ptical properties of a single-crystal
FIG. 5. Experimental daté] real part,O imaginary pantfor ~ CdAl,Se, sample grown by the chemical vapor transport
the pseudodielectric functioke) (a), and its second derivative Method. Reflection- and transmission-type data were taken in
d%(e)/dE? (b). The experimental data were obtained by averagingthe spectral range from 0.74 to 5 eV. From the analysis of
the reflection gVASE datd&,,, acquired at multiple sample azi- the transmission-type data below the band gap we obtain the
muths because no measurable anisotropy could be deteRigd ( uniaxial major refractive indices, the major crystal axis ori-
=R,s=0). The gVASE data are identical to the standard ellipso-entations, and the thickness of the sample. The onset of ab-
metric parameter® and A, which are then converted @) (Ref. sorption implies the fundamental band edggeat ~2.95 eV.
17). The arrows show direct band-to-band transitions identifiedHowever, the nature of the lowest transition observed here
through modeling the dispersion ef(corrected for surface rough- remains unresolved. No anisotropy was observed in the
ness as described in the texty one three-dimensiondl;-type  reflection-type data above the fundamental band €8g&
(E;) and thre_e damped ha_rmonic oscillatét,E,) contributions eV) which is interpreted as being due to the polishing pro-
to the bulk dielectric function of our CdASe, sample(Table I)  cags jn which crystallographic defects are incorporated into
after Adachi(Ref. 25, sollq lines Note that due to .thelllmltatlon of ‘the near-surface region. From a line-shape analysis of the
tTe dSpiCtlrEal “”?f?gel 'nV.eSt'gate%' the second derivative does not ise g dielectric function and its second derivative above the
clude thek, critical-point contribution. fundamental band edge we assign four possible critical point
for e given in Ref. 29. The results from the best fit for the contributions E,—E,). The band-to-band transitions were
critical-point parameters are given in Table Il. Note that theidentified by modeling the dispersion of the Cd34; dielec-
E,-type transitions E,—E,) were characterized by damped tric function using one three-dimensiondll;-type (E;
harmonic oscillators(DHO’s). A surface roughness layer =3.34 eV), and three zinc-blendg,-like (E,=3.92 ¢V,
(d;=70x5nm) was modeled during the same regressiorE;=4.49 eV, andE,=4.97 eV critical points.
analysis through an effective medium approximation by
equally weighing the unityair, n=1) and CdA}LSeg, dielec-
tric function?® In order to account for higher-order transi-
tions we considered an additional tere,, , to e. This term
is assumed to have slight dispersion, and was modeled by an The authors are indebted to C. M. Herzinger, J. A. Wool-
undamped harmonic oscillat@rO, Table 1). Note that due lam Co., for supplying the numerical procedures for the
to the limitation of the spectral range investigated and thdreatment of multibeam propagation in biaxial substrates. We
necessity of surrounding data points for numerical evaluatiothank Professor R. Schwabe and Professor K. Kreher for
of d%(e)/dE? the E, critical-point contribution is not in- useful discussions. We further wish to acknowledge T. SaR,
cluded in Fig. Bb). Note finally that we could not resolve G. Lippold, B. Rheinlader, and H.-J. vom Hofe for helpful
spin-orbit splittings. Also, the data did not contain sensitivity comments and sample preparation. The research described in
to determine excitonic contributions to the critical-point this paper was made possible by the Deutsche Forschungs-
structures. gemeinschaft under Grant No. Ri756/1-3 and Rh28/1-1.
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