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Optical properties of zinc-blende CdSe and Zn„Cd& Se films grown on GaAs
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We present room-temperature ellipsometric measurements of the dielectric function of Zn„Cdl „Se
single-crystal films grown on {001)oaAs in the 1.5-6.0-eV energy region x ranging from 0 to 1. We iden-
tify the Eo, Eo+ d 0, El, El +5&, and E2 threshold energies using the CdSe band structure calculated
with a nonlocal empirical pseudopotential method. We find that the contact exciton efFect has to be in-
cluded in the calculated dielectric function of CdSe in order to obtain good agreement with our measure-
ments. A compositon-dependent critical-point analysis of the El and E&+6l structures has been per-
formed. We also find that the spin-orbit-splitting band gap b 1(x), the linewidths, and the excitonic an-

gles are about maximum at x =0.5, which we attribute to the statistical fluctuation of the alloy composi-
tion. Finally, the El and El +El critical-point amplitudes cannot be understood by the one-electron ap-
proximation, confirming the existence of strong excitonic efFects.

I. INTRODUCTION

Bulk cadmium selenide is a prototype of a hexagonal
wurtzite semiconductor, ' and its optical properties
and band structure have been extensively studied. '

However, after the discovery of blue-green lasing action
in (Zn, Cd)Se/ZnSe systems, '6 ' additional study of the
optical properties of zinc-blende CdSe and Zn„Cd& „Se
alloys became necessary. The study of the optical proper-
ties of semiconducting alloys is very useful in analyzing
band-structure changes from one semiconductor to
another. The properties at energies greater than those of
the fundamental band gap Eo are of particular interest,
since the structure in the optical spectra can be assigned
to direct electronic transitions at speci5c regions of the
Brillouin zone (BZ) and therefore can be related to the
band structure of the semiconductor alloys.

While several ellipsometric studies on hexagonal CdSe
have been reported, ' ' to our knowledge no ellip-
sometric study has yet been reported on zinc-blende CdSe
or Zn„Cd& „Se. The change in the fundamental gap of
Zn„Cd& „Sewith composition has been investigated with
reflection spectroscopy. Heterojunctions of
ZnSe/Zn„Cd| Se have also been the object of investiga-
tions. Alloying studies show that the fundamental
gaps of semiconductors scale quadratically with composi-
tion x. This "bowing" of Eo with x is believed to make
two contributions. One is the difference in the lattice
constants among the various constituents in the virtual-
crystal approximation (VCA), and the other is the eff'ect

of the random potential due to disorder. For higher band
gaps the magnitude and even the sign of the bowing rela-
tive to the fundamental edge can change. Lifetime
broadening effects due to alloying are also present in
higher band gaps, as is a nonlinear dependence of spin-

orbit (SO) splitting on alloy composition induced by dis-

In this work we present an ellipsometric study at room
temperature of zinc-blende Zn, Cd, „Sealloys (0(x (1)
in the energy range from the near-infrared (1.5 eV) to the
near-ultraviolet (6.0 eV) and we also present a band-
structure calculation of zinc-blende CdSe. Automatic
spectroscopic ellipsometry is an excellent technique for
investigating the optical response of semiconductors
and has been used to study Si (Refs. 31 and 32) and
Ge, ' as well as III-V (Refs. 31 and 34-41) and II-VI
(Refs. 19 and 42-47) compound semiconductors and
their alloys. Analysis of the numerical second derivative
spectra of the complex dielectric constant with respect to
the photon energy d s/dto allows an accurate deter-
mination of the energy threshold (E), linewidth (I'), and
phase (P) of the critical points (CP's). We found a quad-
ratic dependence of E, and E, +b, , band-gap energies on
composition x. An increase of the linewidth of the alloys
with respect to the parent compounds was observed,
reaching its maximum at the concentration x -0.5.

Section II describes the sample preparation, the experi-
mental technique, and the chemical treatment. In Sec.
III A the dielectric functions of CdSe and its band struc-
ture are presented. Section III 8 assesses the
composition-dependent dielectric functions of
Zn Cd& „Sealloys and their CP parameters.

II. EXPERIMENTAL DETAILS

In the bulk, a single crystal of the Zn Cd& Se alloy
has the zinc-blende structure for x ~0.3, the hexagonal
wurtzite structure for x)0.5, and mixed phases for
0.3 (x (0.5. In contrast, we found that the heteroepi-
taxy of Zn„Cd, Se on (100)GaAs by molecular-beam
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epitaxy (MBE) results in single-phase zinc-blende crystals
over the entire composition range from ZnSe to CdSe. In
this work, all Zn„Cd& „Se layers were grown on GaAs
except the pure CdSe film, which was grown on a buffer
layer of ZnTe on GaAs. Crystal growth was carried out
in a Riber 32 R&D system, with elemental sources of Zn
and Se, and either Cd or compound CdSe sources. The
composition of the alloy samples was determined by as-
suming a linear variation of the lattice constant (Vegard's
law), and also confirmed by energy-dispersive x-ray
fluorescence analysis. The thickness of the layers was
over 1 pm. Details about the growth conditions and the
characterizations are described in Refs. 22, 23, 49, and

50.
Dielectric function spectra ( s(co }) = ( e, (co })

+i (ei(~) ) were measured at room temperature between
1.5 and 6.0 eV using an automatic spectroscopic rotating
analyzer ellipsometer of the type developed by
Aspnes. ' Light from a 75-W xenon lamp was
dispersed by a Cary 14R monochromator, and then
linearly polarized with a Rochon-quartz prism. Upon
reflection from the sample the linearly polarized light be-
comes elliptically polarized. The reflected light is modu-

lated by means of a rotating analyzer (Rochon prism) and
detected by a photomultiplier. The output of the pho-
tomultiplier is digitized, and the signal is analyzed with
the aid of a personal computer. The measurements were

generally performed at an incident angle of 68.4'.
The sample was mounted and optically aligned with a

He-Ne laser in a windowless cell in flowing purified Nz to
minimize surface contamination. It is well known that
the existence of overlayers on the surface complicates
efforts to obtain the intrinsic dielectric response of the
sample by ellipsometry because of its surface sensitivi-

ty. ' Therefore, the samples have to be etched in situ im-

mediately before the measureinent. We followed that wet
chemical etching procedure described in Ref. 47, where
the successful removal of the oxide overlayer on ZnSe

10

was reported. The chemical treatment was repeated until
real-time ellipsometric spectra showed no more changes,
and the highest values of cz at the E

&
+6, band-gap ener-

gy region were obtained. Figure 1 shows the real and
imaginary parts of the pseudodielectric function after
chemical treatment of CdSe. The pseudodielectric func-
tion ( E ) is defined as the measured or apparent dielectric
function obtained by reducing the ellipsometric data with
the two-phase (ambient-substrate) model, ignoring the
presence of possible surface overlayers and microscopic
roughness. After the chemical treatment of a 1:3mixture
of NH&OH (29%}:methanol, the real part of the spec-
trum was significantly enhanced, contrary to the case of
hexagonal CdSe. ' The difference between these two ex-
periments may not easily be explained because the
characteristics of chemical etching depend not only on
the crystal orientations and the structures but also on the
different chemicals used and on conditions such as tem-
perature and the concentrations. All other alloy sam-

ples were treated in the same way and showed similar
behaviors.

III. RESULTS AND DISCUSSIONS

A. CdSe

The real and imaginary parts of the pseudodielectric
function (e) for zinc-blende CdSe films grown on the
ZnTe buffer layer on the GaAs substrate in the 1.5-6.5-
eU range are shown in Fig. 2. The large oscillations
below -1.7 eV are interference patterns from the trans-
parent characteristics of the films below their fundamen-
tal band-gap energies, and these effects can be seen up to
2 eV, where the penetration depth of the probing light be-
comes much smaller than the thickness of the films. The
multilayer calculation to remove these interference pat-
terns was not carried out because of the uncertainty in
the thicknesses of the CdSe film and ZnTe buffer layer.
However, since the thickness of the CdSe film is much
larger than the critical thickness for strain relaxation, we
expect the dielectric response of this film to be essentially
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FIG. 1. Pseudodielectric function for CdSe film before (solid
and dotted lines) and after (filled diamonds and open circles
connected by solid lines) chemical etching of CdSe film de-
scribed in Ref. 47. The enhancement of the structures is easily
seen.

FIG. 2. Real (thin) and imaginary (thick) parts of the pseudo-
dielectric function (e) =(8, )+i(az) for cubic CdSe film

grown on a ZnTe buffer on a GaAs substrate. The large oscilla-
tions below the fundamental band gap are interference patterns.
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FIG. 3. Electronic energy-bandy structure of zinc-blende
CdSe calculated by nonlocal empirical pseudopotential method,
showing the main interband critical points.

that of bulk CdSe. Although the normal upper limit of
our spectra range is 6 eV, the spectrum was extended to
6.5 eV to see the clear existence of a strong structure at
around 6 eV. The spectra above 6 eV show considerable
noise since the light intensity from the xenon lamp de-
creases sharply above this energy, and consequently the
regulation mechanism in the circuit for the photomulti-
plier tube fails to perform its function. Therefore the ex-
istence of structure in (e) at 6 eV can be confirmed, but
the absolute values of ( e ) over 6 eV cannot be used in a
quantitative analysis.

To identify the structures shown in the spectrum, we
calculated the room-temperature band structure of zinc-
blende CdSe by the nonlocal empirical pseudopotential
method, and the result is shown in Fig. 3. The empiri-
cal parameters used to fit our measured band gaps are
listed in Table I. Our nonlocal potentials taken the form

—(F/R )
VN~=+& A&e

' (lm)(lm(, where A& for different
angular momentum l are adjustable parameters. The
core radius R, is fixed at 2.3 a.u. The spin-orbit cou-
pling in each material is also included empirically
with the form Vso=kg&b. ~b)(b~o"L~b')(b'~, where

—( /R )
( r Ib ) = [x,y, z ] e ' Iv S denote three effective p-
like core orbitals, S being the normalization constant.
There are a few reports of band-structure calculations for
cubic CdSe, ' but we believe this is the first calculation
that includes the spin-orbit-coupling effect. Several inter-
band transitions related to CPs at different parts of the
BZ are indicated. With this result, we could identify the
structure in Fig. 2 as Eo, ED+50, E, , E, +h„and E2
threshold energies. The resulting CP transition energies
obtained from the band-structure calculation are in good
agreement with the experimental data, as shown in Table
II. In Fig. 2, the peak at 6.0 eV is identified as the E2
(X7 ~X6) transition, whose theoretically calculated en-

ergy is 6.069 eV. The E2+b, z (X6~X6) transition at the
X point, and the E2(X) transition which occurs along the
X direction are also believed to contribute to this peak.

Nonlocal parameters
Se

0.025
0
0
0.00041

Ao

Al
A2

0
0.010
0.628
0.000 19

Judging from the InP dielectric function spectrum in Ref.
37, the slight change of the slope in the real part of our
spectrum at around 6.3 eV indicates the existence of
another transition at higher energy, which could be a
theoretically predicted Eo transition at 6.668 eV in Table
II.

Table II also includes a comparison between the criti-
cal points of hexagonal (wurtzite) and cubic (zinc-blende)
CdSe. Birman explained the relationship between the
two structures, and their correspondences are also dis-
cussed by Bergstresser and Cohen. ' The conduction-
and valence-band edges are at the zone center (I point)
in both zinc-blende (shown in Fig. 3) and wurtzite CdSe,
making both direct-band-gap materials. ' ' However,
because of the higher symmetry of the zinc-blende struc-
ture, the slightly split Eo(A) and Eo(B) transition in
wurtzite CdSe correspond to the degenerate Eo transition
in zinc-blende CdSe, whereas the spin-orbit-split Eo(C)
transition corresponds to the Eo+b,o transition. For
zinc-blende CdSe we found that our experimental and
theoretical band gap for Eo is about 100 meV smaller
than the average of the reported Eo(A) and Eo(B) gaps
of wurtzite CdSe. "' The spin-orbit-split Ep+60 gap
of this work is also about 100 meV smaller than the re-
ported Eo(C) band gap. "" This same energy
difference in band gaps between zinc-blende and wurtzite
ZnS was discussed in Ref. 13. The [111]direction of zinc
blende is made to correspond to the [0001] direction of
the hexagonal axis, but the I. point of the zinc-blende
structure is mapped onto the I point of the hexagonal
structure. Therefore E i ( A ) and E, (C)( U4 ~ U3 ) transi-
tions in wurtzite correspond to the degenerate E, in zinc
blende, whereas E, (B) and E, (C)(U3 —+U3) correspond
to the E, +6, transition. Comparison of the average of
the split wurtzite transitions reported ' ' ' with those
of degenerate zinc-blende transitions observed in this
work in the 4—5-eV region also gives the same tendency
as at the Eo band gap. Likewise, our zinc-blende E2
transition is smaller than the wurtzite Ez(E3 ~E2 ) tran-
sition. The calculated effective masses at the I point
are also tabulated in Table III.

The calculated dielectric function from our band struc-
ture using the general formula of the one-electron pic-
ture ' deviates significantly from the measured spectrum
in Fig. 4. Thus the one-electron approximation fails ade-
quately to explain the experiments because of its neglect

TABLE I. Pseudopotential parameters for zinc-blende CdSe
(at room temperature).

Lattice
constant

V (&3) V (&8) V (~11) V"(&3) V "(&4) V"(&11) (A)
0.277 0 0.078 0.076 0.085 0.032 6.0S2
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TABLE II. Calculated and experimentally obtained critical point energies (in eV) for zinc-blende
CdSe in this work. Wurtzite CdSe values reported by ellipsometry study in Ref. 19 are also listed for
comparison.

Zinc-blende CdSe (this work)
Calculation Experiment

Wurtzite CdSe
(reported in Ref. 19)

E,(r", r;)

so+ ao(r7~r6)
Ei«4, 5

E, +hi(L6~L6)

E,(x,"~x,)

sq+ 62(X6~X6)
E,'(r," r;)
'This value is from Ref. 60.

1.666

2.056
4.197

4.546

6.069
6.149
6.668

—1.66

-2.05
4.314

4.568

-6.0
& 6.5

1.741
1.762
2.167
4.152
4.838
4.438
4.903
6.36'

s(~)(r," r)
Eo(S)(r,"~r,)

E,(c)(r," r;)
E, ( ~)(r,"~r, )

s&(C)( U4 ~U3 )

E,(a)(r,"~r;)
E)(C)( U3 U3 )

EI (C)( U3 + U3 )

of the electron-hole interaction. This tends to enhance
lower-energy structures at the expense of higher-energy
ones. One way to add many-body effects to the dielectric
function is to utilize the Slater-Koster model, ' which
has been applied to many semiconductors. ' ' Within
this model, the Coulomb interaction is truncated beyond
a certain value of the electron-hale separation. The sim-
plest approximation is that of a Slater-Koster "contact"
potential, which is set to zero except when the Wannier
electron and hole are in the same unit cell. This contact
interaction can be parameterized to describe the devia-
tion of the dielectric function from the one-electron pic-
ture I64' 66

Y(co) —1
s(co) —1 =

1 —gpiri2rP [Z(cP) —1]

where E(co) is the one-electron dielectric function, and the
parameter gp is the strength of the contact potential.
With gp =0.0038 eV, the calculated dielectric function
in the 2—6-eV range agrees satisfactorily with the mea-
sured data, and the result is shown in Fig. 4. The residu-
al deviations after this contact-potential correction are
attributed to the oversimplification of the model. In the
contact-potential approximation, the coupling strength
between any two k-space states is the same, whereas in
reality the coupling should be reduced with an increasing
difFerence in wave vector. Thus the sharp decline of si at
energies higher than 6 eV may be an artifact of this mod-
el.

Note that although the excitonic effect significantly
modifies the s2 spectrum, it has only a minor effect near
the I' point. The dielectric constant from Landolt-
Bornstein [s(0)=-10] and the effective masses of CdSe
from Table II give a binding energy for the exciton at the
I point of =—8 meV, which is much less than k~T at
room temperature. However, since the joint density of
states at the L and X critical points is much larger, the
excitonic effects there are much more significant.

14

CdSe
10

e—
6

Exp.data

-- --- -- One-electron

B. Zn„cd| Se alloys

Figure 5 shows the real ((si)) and imaginary ((s2))
parts of the pseudodielectric function for zinc-blende
Zn, Cd, „Se alloy films. Again the anomaly at the
lowest energy region of each spectrum results from the
interference patterns, and is cut arbitrarily to avoid the
overlap in the spectra. The shift of four main peaks (Ep,
Ep+ kp Ei and E, +6, ) to higher energies with increas-
ing Zn concentration x is easily seen. A decrease of the
height of the c& value at the E& peak occurs until concen-
trations of x-0.5, then this feature begins to reemerge
smoothly until it reaches the corresponding value for
ZnSe. The same behavior is observed for ez at the E, and

TABLE III. Effective masses for zinc-blende CdSe at the I
point calculated from the band structure in Fig. 3; msa is the
effective mass at the spin-split valence band (r7); m» and m»
are light- and heavy-hole masses, respectively; m, is the
conduction-band effective mass.

2

0

-2
0

E (eV)
12

Direction

(111)
(100)
(110)

mso

0.34
0.34
0.34

m&h

0.16
0.18
0,16

mhh

2.14
0.9
1.7

0.12
0.12
0.12

FIG. 4. Comparison of the measured (thick solid line) and
calculated imaginary parts of the dielectric function for CdSe
within the one-electron picture (dotted line), and with electron-
hole interactions (thin solid line).
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FIG. 5. (a) Real and (b) imaginary parts of
the pseudodielectric function
(s) =(s&)+i(s2) of Zn, Cd& „Se for several
compositions. Spectra have been offset by in-
crements of 2 and 3 relative to the center spec-
trum of the x =0.58 sample for the real and
imaginary parts, respectively.
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E, +b, structures, showing also that highly resolved
peaks at x =1.0 lose their sharpness at x -0.5, and start
to regain it as they approach the other end point at
x =0.0. The pure ZnSe (x =1.0) spectrum obtained in
this work has almost the same value as the one we report-
ed earlier. The main discrepancy is the slightly higher
c.

&
value at E& which, we believe, is due to the different

growth condition, and this discrepancy results in no
difference in the CP parameter analysis.

5.~5 I
'

I I I
'

I I

5.0 —
E

1

4.5)
4.0

U) 3.5

3.0

2.5

2.0

1.5

Zn Cd Se
E+4,

0 0

0.0 0.2 0.4 0.6 0.8 1.0
Zn Concentration (x)

FIG. 6. Composition dependence of Eo, Eo+60, E„and
E&+6& energies of Zn Cd& „Se. Lines represent the fits to
quadratic equations of Eq. (3). Error bars are not displayed,
since they are smaller than the filled circles.

1. Ep and Ep +6,p transitions

Eo and ED+50 represent the lowest direct gaps. Since
they are localized at the I' point of the BZ (Fig 3), wh. ere
there is a small density of states, they appear only as
small peaks in the real part of the dielectric function. As
was mentioned above, since the film's finite thickness re-
sults in pronounced interference patterns in this energy
range, and the residual oscillations reach into the regions
of Ep+ 6p transitions, it was impossible to carry out nu-
merical analysis on these transitions. However, from the
maxima in the real part of the dielectric function, the en-
ergies of the Ep and Ep+kp transitions could be deter-
mined, and the result are shown in Fig. 6. The Eo(x)

values obtained in this work show the same behavior as
that reported in Ref. 22, but are shifted by about 0.09 eV
to lower energies. The cause of this kind of discrepancy
between ellipsometry and reflectivity measurements has
been reported before. ' They pointed out that the el-
lipsometry measurement, in general, provides more infor-
mation than the re6ectivity measurement since it mea-
sures phase as well as intensity.

2. Eg and Eq+LL& transitions

To perform a line-shape analysis of the E, and E, +6,
structures in our spectra, and thus to obtain the values of
the CP parameters, the second derivatives of the dielec-
tric spectra were calculated numerically. An appropri-
ate level of smoothing was also allowed in order to
suppress the noise in the derivative spectra without dis-
torting the line shape. The resulting spectra were fitted
to the standard analytic critical-point (interband transi-
tion) line shape:

n (n —1)Ae'~(co E+iI')",—n%0
(2)Ae'~(co E+iI )—, n =0,

where a critical point is described by the amplitude A,
threshold energy E, broadening I, and excitonic phase
angle P. The exponent n has the values —

—,', 0, and —,
' for

one-, two- (logarithmic), and three-dimensional critical
points, respectively. Discrete excitons are represented by
n = —1. The electron-hole interaction effect on the
dielectric function discussed in Sec. IIIA is now de-
scribed as a phenomenological excitonic angle in this
equation. (For the excitonic line shape, a phase angle
/%0 corresponds to a line shape resulting from the in-
teraction of a discrete excitation with a continuous back-
ground. ) A least-squares fit procedure was used to fit
the real and the imaginary parts of d c/dm simultane-
ously. The E, and E, +6& transitions take place along A
directions of the BZ (see Fig. 3). Since their longitudinal
effective mass is much larger than their transverse one,
these transitions are generally interpreted as two-
dimensional saddle points. Hence two-dimensional CP
line shapes were used for the E& and E, +6, data, as in
the case of hexagonal CdSe work' and other alloy stud-
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E (x)=a +bx +cx

The resulting values are listed in Table IV. The values of
a obtained in this work, which are the E, and E, +b, ,
band gaps of CdSe, agree well with the only reported
values for zinc-blende CdSe in Ref. 60, which are also
shown in parentheses in Table IV. For completeness, in
Table IV we also include our estimates for the a, b, and c
parameters for Eo and E0+60, with the understanding
that these may be subject to some error, as discussed in
connection with Fig. 6 in Sec. III B 1.

A large nonlinearity of b, ,(x) in this alloy was observed
and is shown in Fig. 8. This deviation from the linear
variation expected in the virtual-crystal approximation
(VCA) was explained as being due to statistical fluctua-
tions in the crystal potential in compositionally disor-
dered semiconductor compounds. ' ' ' The proposed
Van Vechten —Berolo —Woolley (VV-B-W) model for
A&(x) is

600
Zn Cd, Se

x
450

300

ies, ' ' and both singularities were fitted simultaneous-
ly. For ZnSe, difFerences in the fitted E& and E, +5&
band-gap energies between this work and the previously
reported one lie within the experimental error.

In Fig. 7 we display the second-derivative spectra of
Zn„Cd, „Setogether with the best fits using Eq. (2). The
dots represent experimental data for d e&/de . (For
clarity, d ez/dr0 are not shown, but the quality of the
fits is similar. ) Both E, and E, +6, structures are
significantly enhances, and the shifts of the peaks with
composition are easily seen. The fitted band-gap energies
in Fig. 6 show a smooth quadratic dependence of the
gaps on concentration, as in many other semiconductor
alloys. ' ' ' The solid lines correspond to the fit of
our data to the expression

TABLE IV. Values of the parameters for zinc-blende

Zn„Cd& „Se alloy obtained by fitting the critical-point energy
(E), Lorentzian broadening (I ), and the excitonic phase angle

(P) vs composition (x) to the quadratic equation

f(x)=a +bx +cx .

a (eV) b (eV) c (eV)

E
ED+ 50

E)+6)

r(E, )

r(E$+5/)
P(E) )'
P(E, +6, )

1.66
2.05
4.314+0.003
(4.30)
4.568+0.003
(4.56)
0.09220.001
0. 116+0.001
146+5
128+4

0.73
0.68
0.055+0.018

0.30
0.38
0.467+0.016

0. 182+0.019 0.351+0.018

0.176+0.007
0.076+0.006
—154+22
—101+20

—0.188+0.007
—0.090+0.005
147+20
100+19

'Excitonic angles are in degrees.

ZI1
Czc =be Zcd

exp( —Rk, ),

where b is a constant (b = 1.5 }, Z and r are the valence
and covalent radius of each cation element, and k& and R
are linearized Thomas-Fermi screening wave numbers for
the valence electrons and covalent radius, respectively.
The estimated h, (x) in Eq. (4) obtained by using values in
Refs. 78 and 79 is shown as a solid line in Fig. 8, and
agrees well with our experimental points. Therefore, the
observed nonlinearity is attributed to the efFects of the
random potential due to disorder.

Figure 9 displays the Lorentzian broadening parame-

x (1—x)KCzc
b, ,(x}—b, ,~(x}=

h, yx
where E is a constant (I(. =0. 14} which relates the
strength of the model's selection rule for the fluctuating
potential, and b, , ~ is the linear interpolation of 5, (VCA).
The coefficient Czz is the magnitude of the fluctuations
of the actual potential in the virtual-lattice approxima-
tion:

uJ 150

0

-150

-300

x =0.

(x0.

0.32

0.28
0

1

0.24

-450
3.5 4.0 4.5 5.0

E (eV)

5.5 0.20
0.0

Exp-Data

Zn Cd Se —- —VCA
x 1-x vv-8-w

0.2 0.4 0.6 0.8
Zn Concentration (x)

1.0

FIG. 7. Fits to the second derivatives of the real (solid) and
imaginary (dashed) parts of the dielectric function of
Zn„Cd& Se. The dots represent experimental data for
d c&/dao . To show the quality of the fits clearly, we reduced
the number of data points in the graph to one-third.

FIG. 8. Concentration-dependent spin-split band gap 6 &.

The dot-dashed line is the linear interpolation from the virtual-
crystal approximation, while the solid line is estimated from
Eqs. (4) and (5).
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FIG. 9. Dependence of the linewidth on concentration x
defined in Eq. (2) for Zn„Cdi „Se. Solid lines are fits to the
quadratic x dependence.
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FIG. 11. Dependence on composition x of the amplitude pa-
rameters defined in Eq. (2) for Zn„Cd, „Se. Solid lines
represent the calculated E1 and E1+51 strengths according to
Eq. (6).

ters I'(x) for E, (open circles) and E, +b, , (filled trian-
gles) CP's. Lines are the result of the fit to quadratic
equations, and the fitting parameters are listed in Table
IV. While other alloy systems such as Al„Ga& „As,
Cd„Hg, „Te, Zn„Cd, „S,and CdS„Se, „(Refs. 39, 43,
and 80) show a strong asymmetry in I'(x), we observed
symmetric behavior in this Zn„Cd& Se work. The sta-
tistical fluctuation of the alloy composition mentioned
above should cause an inhomogeneous broadening of the
band-gap energy which can be represented by the parab-
ola Cx (1—x). ' The fit of our data without linear back-
ground results in I (Ei }=0.092+0. 189x —0. 188x (eV)
and I (Ei+b, i)=0.116+0.090x —0.090x (eV), which
are exact parabolas to show the consistent behavior due
to the alloying effect of random atomic potentials which
we treated in the analysis of b, ,(x).

The composition dependence of excitonic phase angle
is shown in Fig. 10. The phase angle in Eq. (2) describes
a metamorphism of CP line shapes due to excitonic
effects by allowing a continuous admixture between adja-
cent CP's. ' In the case of two-dimensional (2D) CP's
this limits P to the range 0' —270' (however, when the E,
structure is treated as an uncorrelated one-electron tran-
sition, it should correspond to the interband minimum,
and the phase angle is further restricted to the range
0 (P (90'}. The phase angles observed in this work cor-

150 I
I

I
I

I
l

I
I

I
I

I
'I

140 — E
1

~ 130

120

respond to mixtures of a 2D maximum and a saddle
point, as was reported for Cd, Hg, „Te,
Cd Mn& Te, and Al„Ga& „As. If this phase angle

P is small, it can be used as a phenomenological measure
of excitonic effects in the line shapes. ' However, even
in the case of larger P, the same interpretation has been
applied. ' ' If ((l is a measure of the excitonic effects,
the dependence of P on x shown in Fig. 10 is reasonable:
they should become smaller with increasing disorder and
thus reach a minimum for x-0.5. Again without the
linear background, the fitted quadratic curves have their
exact minimum at x =0.5, showing the sane symmetric
behavior as I (x).

Finally the amplitudes of the E, ( Az ) and E, + b, ,
1

( AE +a ) transitions are shown in Fig. 11. While Az in-
1 1 1

creases fairly linearly with x, AE +~ has its minimum at
I 1

x -0.5. The amplitudes for 2D E, and E&+5& transi-
tions can be calculated in the one-electron approximation
with"

A@ --44(EI +3,/3)/aoE, ,

Ax +a =44(E, +26, /3)/ao(E, +b, , )

(6)

0
where ao is the lattice constant in A, and the energies are
in eV. The calculated amplitudes according to Eq. (6)
(shown in Fig. 10 as solid lines) do not explain our data.
This result has been also found in Al„Ga, „As, and
the discrepancy was attributed to excitonic interaction.
The result of this analysis is consistent with the fact that
the one-electron picture without electron-hole interaction
in the calculated c2 spectrum of CdSe could not explain
our data in Sec. III A.

110

100 I i I I -- I i I I i I

0 0.2 0.4 0.6 0.8 1

Zn Concentration (x}

FIG. 10. Dependence on concentration x of the excitonic pa-
rameters defined in Eq. (2) for Zn„Cd, ,Se. Solid lines are fits
to the quadratic x dependence.

IV. CONCLUSIONS

We have measured the dielectric function of zinc-
blende Zn„Cd, „Se alloy films (0 ~ x ~ 1) grown on
GaAs(001} substrates by means of spectroscopic ellip-
sometry in the 1.5—6.0 eV region. A chemical etching
procedure to remove the natural oxide overlayer was ap-
plied to obtain the best dielectric response of these alloys.
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The band structure of CdSe with spin-orbit splitting was
calculated by the nonlocal pseudopotential method with
special emphasis on identifying the E2(X7 +Xs) (-6.0
eV) transition. The calculated dielectric function ob-
tained from the band structure without many-body effects
showed a large discrepancy with data. Including
electron-hole interactions by means of the contact exci-
tonic potential with adjustable strength gave good agree-
ment with the measured spectrum. This indicates the im-
portance of the excitonic effect even though the exciton
binding energy for the 1" point is only about 8 meV,
which is must less than k~T at room temperature. The
critical-point parameter study for E& and E, +6, transi-
tions was done from a fit to second-derivative spectra of
several Zn„Cd, „Se alloys. The concentration-
dependent energies, linewidth, and excitonic phase angles
obtained were 6t to quadratic equations, and the results

were reported. The observed nonlinear dependence of
the spin-split gap b, , on alloy concentration was ex-

plained well as a disorder-induced effect. The line
broadenings and phase angles showed symmetric
behavior, having their extremum at x =0.5, whereas the
amplitudes did not follow the estimated values according
to the one-electron approximation, consistent with
many-body effect observed in the CdSe spectrum.
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