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The complex refractive indices of Cd,Zn;_,O thin films were determined by
transmission spectrophotometry. Transmission spectra were modeled from
375 nm to 800 nm for samples having cadmium concentrations ranging from
2% to 77%. The transparent and absorptive regimes were fitted separately by
Sellmeier and Forouhi—Bloomer models, respectively. Real refractive indices
of Cd,Zn;_,O shift to higher values in the transparent region and the optical
absorption edge shifts to longer wavelengths with increasing cadmium con-
centration. Spectroscopic ellipsometry was carried out on one sample from
A =190 nm to 1.8 um. Comparison between the two methods shows that the
results are in general agreement.
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INTRODUCTION

Group II oxide compounds are currently of
increasing interest for applications in wide-bandgap
optoelectronic devices. In particular, wurtzite ZnO,
a material that has found applications in technolo-
gies exploiting its piezoelectric and photoelastic
properties,’ ™ has experienced renewed interest for
use in semiconductor light emitters and detec-
tors.”® In recent decades application of this mate-
rial in such technology has been impeded by the
difficulty of achieving the stable p-type doping nec-
essary for device engineering.'®!! Additionally, the
concurrent success of III-nitride-based compounds
in realizing efficient blue and ultraviolet devices'*!?
over the past decade has hindered commercial
interest in potential applications of ZnO for such
devices. Despite this, interest in ZnO-based semi-
conductor compounds did not fully diminish because
of unique aspects that offer advantages in device
functionality as well as device production and inte-
gration. High-quality native ZnO substrates are
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currently available in large diameters (>50 mm),
offering an excellent template for epitaxial growth
of device structures.'* ZnO compounds can be wet
etched, even selectively in some cases,'® which may
enable efficient fabrication techniques and novel
structures. Furthermore, ZnO has been shown to be
radiation hard'® relative to GaAs and GaN, making
it a good platform for use in radiation-intense
environments.

The bandgap and optical properties of ZnO ter-
nary alloys are sufficiently variable to facilitate
optoelectronic device engineering. Bandgap varia-
tion in the material system has been successfully
achieved by alloying ZnO with magnesium or
beryllium, to shift to higher bandgap energies,'*2°
or with cadmium to shift to lower energies.lé’m’22
Optical properties of ZnO are also desirable in that
it is transparent in the visible spectrum and has a
relatively hisgh refractive index (n =~ 2.0 at
/. = 600 nm).?*~2° Reduction of the refractive index
by alloying ZnO with magnesium has already been
investigated,?*3° as discussed below. In addition,
high-quality thin-film ZnO exhibits low loss due to
scattering and has therefore been utilized in optical
waveguide structures®'>* that may find use in
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integrated optoelectronic systems. Doped and un-
doped ZnO films of varying degrees of crystallinity
exhibit good conductivity and are well explored for
use as transparent conducting oxide (TCO)
films.?°37 Perhaps the most commonly emphasized
semiconductor property of ZnO is its large free-
exciton binding energy®**° (~60 meV), which is
credited as enabling lasing in epitaxial layers at
temperatures up to 570 K.*° Thus, the persistence
in ZnO-related research has occurred not only as a
result of improvements in epitaxial growth and
engineering methods,?~"971116:2141-45 byt al50 the
continued exploration of its wunique material
properties.

In order to implement waveguide structures,
including both passive waveguides and those used
in active devices such as optical confinement double
heterostructures, the material’s refractive index
must be sufficiently variable. As noted, the refrac-
tive indices of Mg,Zn;_,O thin films have been
thoroughly characterized over the entire range of
magnesium concentration 0<x <1 and over a
broad spectral range.?%?%3° In general, there is a
decrease in the refractive index of Mg,Zn;_,O with
increasing magnesium incorporation. With Mg
concentrations approaching x ~ 0.5 to 0.6, however
Mg,Zn;_,O transitions to the cubic phase,25’26’4é
thereby precluding wurtzite applications and
restricting the applicable range of refractive indices
for that compound. For improved confining struc-
tures, a greater range of refractive indices is desir-
able. Because alloying ZnO with cadmium is known
to shift the bandgap to lower energies, it is logical to
investigate the behavior of the refractive index as it
changes with cadmium content. While various
techniques exist to characterize refractive indices of
thin films, one effective and experimentally simple
measurement technique is transmission spectro-
photometry.

EXPERIMENTAL
Spectrophotometry and Analysis

Wurtzite Cd,Zn;_,O samples of varying cadmium
concentrations were epitaxially grown by oxygen
plasma-assisted molecular beam epitaxy (MBE) on
single-side-polished c-plane (0001) Al,O3/GaN tem-
plates as previously described.® Six samples with
cadmium contents of x = 0.02, 0.09, 0.16, 0.30, 0.64,
and 0.77 were chosen for refractive index charac-
terization. Compositional properties of the thin
films were first characterized with Rutherford
backscattering (RBS) and secondary-ion mass
spectroscopy (SIMS) to provide the relative cad-
mium concentrations for each sample. The RBS and
SIMS depth profiles also revealed abrupt interfaces
between successive layers of growth and confirm
uniform composition within each layer. Thicknesses
of the samples are 200, 175, 225, 200, 415, and
670 nm for x = 0.02, 0.09, 0.16, 0.30, 0.64, and
0.77, respectively. The error in layer thickness

measurements is less than 10 nm. X-ray diffraction
(XRD) showed that the films were of the wurtzite
structure and did not exhibit any observable cubic
phase component.® Photoluminescence (PL) and
atomic force microscopy (AFM) were also carried out
as previously presented.”’ In summary, PL results
showed behavior that is in general aéreement with
Cd,Zn;_,O films grown elsewhere,”*** and AFM
revealed epitaxially smooth surfaces with root-
mean-square (RMS) roughness less than 10 nm for
the samples measured (samples available at that
time were those for which x < 0.30).

To enable accurate transmission measurements
the sample substrates were polished to optical
smoothness to eliminate scattering effects due to the
initially rough backside of the sapphire substrates.
The samples were polished and smoothed using an
Allied wheel polisher with diamond lapping films
ranging in grain size from 30 ym to 100 nm. Sub-
sequent comparison of measurements with the
theoretical model reveals that losses due to scat-
tering are less than the accuracy of the transmission
measurements.

Transmission spectral measurements were taken
on the samples using a Varian Cary 500 spectro-
photometer over the wavelength range 375-800 nm
in 1 nm increments with the bandwidth of mea-
surement set to less than 1 nm/point. Transmission
measurements were taken at 0 deg angle of inci-
dence parallel to the crystalline c-axis; thus only the
ordinary refractive indices were interrogated. A
1-mm-diameter circular aperture was used to lat-
erally restrict the measured region. The measured
transmission spectrum of each sample was analyzed
using an evolutionary algorithm which employed a
transmission-matrix system representation as a
means of fitting the dispersion relation to experi-
mental data.

The fitting algorithm used is similar to other
implementations found in related multivariable
model fitting and optimization problems.**° The
algorithm initiates by posing a set of solutions con-
sisting of dispersion relation parameters in a pre-
defined parameter space. The solutions are
then evaluated by calculating the point-by-point
least-squares difference, 7> between the measured
spectrum, and the spectrum predicted by the
solution

S A{Tre(%) - Te ()}’
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where N is the number of points, and Tt and Ty
are the theoretically predicted and experimentally
measured values of transmission, respectively.
The transmission-matrix formulation method is
used to model the transmission of the multilayer
structure. Interfaces are represented by reflection
matrices H;, and film layers by propagation
matrices L;.
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Here, 7; and r; are the wavelength-dependent
Fresnel transmission and reflection coefficients at
the interface. Variables #; are the complex indices of
refraction of the layers, and d; are the layer thick-
nesses. Propagation constants for the layers, f5;, are
given at normal incidence as

% n;(A)d;. 4)
0
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By concatenating matrices, a thin-film structure

with an arbitrary number of layers can be repre-

sented as a system matrix, from which transmission
coefficients T are determined by the equation

2
T=¢>= (i> . (5)
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Solutions are ranked in order of decreasing error
and are procedurally altered through a pseudoran-
dom parameter perturbatlon function known as
Gaussian mutation.’™*? This process is repeated
until a minimum error is achieved and a solution is
converged upon.

Two optical dispersion models were chosen for
their simplicity and applicability. For the trans-
parent regime where the loss is considered negligi-

ble (k ~ 0) the Sellmeier model is given by
B;2
n?(2) = A+ —C (6)

where A, B, and C are ﬁttmg parameters. In the
absorbing region at shorter wavelengths the multi-
ple oscillator Forouhi-Bloomer (FB) model is used:

By,E + Cy;
n(E) = n(c) —_— (7
> B*—BE +C;
)2
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in which n(oc0), A;, B;, C;, and E, are the five fitting
parameters, and By;, Cy;, and @; are given by
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This model is consistent with the Kramers—
Kronig relation and has been used to model the
refractive indices of various optical materials
including both dielectrics and semiconductors.?®=>°
An advantageous property of the FB model is that
the imaginary component of index of refraction, and
therefore the absorption coefficient, is identically
zero at the wavelength value of the bandgap
parameter. The first step in analyzing the trans-
mission spectra, therefore, consisted of extending
the FB domain (absorptive region) until the zero-
absorption point was determined. The data for each
sample is then divided at its respective approximate
bandgap parameter. The transmission spectra
above this energy parameter are treated with the
FB model, and the spectra below it are treated with
the Sellmeier dispersion model. It is important to
note that, while E, is referred to as the bandgap
parameter, this value does not accurately represent
the true semiconductor bandgap. This is because
absorption occurs at energies below the bandgap
due to excitonic absorption®? and band-tailing
effects. The model nonetheless remains functional
when the bandgap parameters are less than the
material bandgap, and the various absorption phe-
nomena are represented by oscillator terms.

Spectroscopic Ellipsometry and Analysis

Spectroscopic ellipsometry was performed on one
of the samples to introduce an independent experi-
mental method to verify the modeling results and
study in detail some of the subtler features of the
spectrum. Spectroscopic ellipsometry is a well-
established technique to measure the optical con-
stants of a thin film. There are many texts on the
subject that the reader may reference which de-
scribe the details of the method.’®°® In spectro-
scopic ellipsometry the change in the polarization
state of light is measured after reflection from the
sample surface and interfaces. The two key mea-
surement parameters, ¥ and A, are related to the
change in _amplitude and phase shift of the
impinging E field upon reflection, and are wave-
length dependent. These two parameters are fit
simultaneously to a generalized oscillator model
which assigns an oscillator to each absorption peak
in the spectrum. In this measurement our sample
was prepared by homogeneously roughening the
backside by sandblasting prior to measurement to
scatter any light reaching the back surface. This
step simplifies modeling nonidealities in the data
due to the finite bandwidth of the instrument and
thickness nonuniformities of the sample which
introduce depolarization of the signal. Additionally,
because the sapphire substrate is known to be
anisotropic, suppression of the back surface reflec-
tion tends to suppress anisotropic effects on the
data, further simplifying the modeling process. It is
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important to note that the Cd,Zn;_,0, as a wurtzite
structure compound, is expected to exhibit bire-
fringence. However, the ellipsometric properties
measured on such C-plane-oriented samples are
dictated by the material’s dielectric response in the
plane of the sample surface. Thus, the spectroscopic
ellipsometry measurements presented here yield
the ordinary refractive indices of the films.

Measurements were performed on the 16% sam-
ple of Cd,Zn;_,O at multiple detector angles from
55 deg to 80 deg in 5 deg intervals with a spectral
resolution of 16 cm~! (~1.6 nm). Results are pre-
sented in Fig. 7. Measurements were performed in
standard reflection mode because reflective spec-
troscopic ellipsometry is know to be more sensitive
to absolute values of n and x compared with mea-
surements performed in transmission mode. As
mentioned previously, this allows us to avoid
anisotropic effects due to the sapphire substrate
which would be introduced if the measurement was
done in transmission mode. The data was modeled
as a linear superposition of Gaussian oscillators,
which is Kramers—Kronig consistent, and where
each oscillator represents a unique absorption peak
in the spectrum. A Tauc-Lorentz oscillator was
used to represent the semiconductor bandgap tran-
sition occurring just below the UVA range. Poles
were placed outside the data range to account for
n(oo) and surface roughness, and layer thickness
nonuniformity were also accounted for in the model.
Optical constants n and x or permittivity values ¢’
and ¢” were then extracted.

RESULTS AND DISCUSSION
Spectrophotometry

Measured transmission spectra for x = 0.02, 0.16,
0.30, and 0.77 samples are shown in Fig. 1. Varia-
tion of the material bandgap is evidenced by a shift
in the optical absorption edge to longer wavelengths
for increasing cadmium content. The separation
point between absorptive and nonabsorptive
regions, as determined by the FB x minimum point,
is indicated by the arrow on each graph. For
Fig. la—c, note the visibility of two separate
absorption edges. The longer wavelength edge is the
result of the Cd,Zn;_,O surface layer; the shorter
wavelength edge at approximately 374 nm is due to
the underlying ZnO layer. This effect is not seen in
Fig. 1d because the Cd,Zn;_,O layer of this sample
is several times thicker than the lower percentage
samples and is absorptive in that region. The
transmission spectra of the x = 0.09 and x = 0.64
samples obeyed the trend shown and are omitted to
conserve space.

A typical fit achieved by the evolutionary algo-
rithm is shown in Fig. 2. Good agreement in both
phase and amplitude of interference fringes suggest
accurate application of the model. Note that a slight
disagreement exists between the amplitude of the
fringes modeled and those measured, primarily
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Fig. 1. Transmission curves measured for four Cd,Zn;_,O samples.

The location of the arrow indicates the value at which the transmis-

sion spectrum is initially divided between absorptive and transparent
regions.
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Fig. 2. The experimentally measured and theoretically fit transmis-
sion curves for the x = 0.02 sample in the transparent region.

above 600 nm. This is a result of assuming zero
absorption in the Sellmeier region. In fact, it is
expected from photoluminescence measurements
that there are deep-level transitions that will allow
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absorption in that wavelength range*’ and these are
not accounted for in the index modeling.

The attained fits all satisfied the criteria of
%> <107* and represent converged solutions. The
refractive indices resulting in the best-fit trans-
mission curves in the transparent region are shown
in Fig. 3, and the associated parameters are listed
in Table I. At 2 = 800 nm the real refractive index is

seen to increase with increasing cadmium concen-
tration from n = 1.96 to n = 2.22. In addition, the
wavelength location of the asymptote in the Sell-
meier dispersion relation shifts from C = 335 nm to
C = 571 nm. This parameter shift shows the change
in behavior in the normal dispersion regime.
Figure 4 shows the real refractive indices as
predicted by the FB model fits in the absorptive

region. The associated parameter values are listed
in Table I. There is a shift in the refractive index
peak from 383 nm to 497 nm for cadmium concen-

2.25 T trations of x = 0.02 and x = 0.30, respectively. These
A\‘-EJZ\‘\& samples also exhibited a general broadening with
2.20 oy increasing cadmium concentration. The refractive
'\\ %@ index at the low-energy edge of the absorptive
2.15 regions agreed reasonably well with those at the
‘\'\_\-\.\ high-energy edge of the transparent region. Conti-
210 -~ nuity between the two regions was not intrinsically
n , 30% ] enforced in the fitting algorithm and therefore some
205 discontinuities are present. The greatest disconti-
. \ “\A\A\A\{% nuity is seen in the dispersion curves of the x = 0.02
16% sample at 2 =415 nm and the disagreement is
2.00 \M\a = approximately An = 0.07. This disagreement is
i iy, ] likely due to error in the initial selection of the

1.95 2% separation wavelength between the two regions.
The behavior of the x = 0.64 and x = 0.77 samples

500 600 700 800

do not obey the same overall trend in the peak shift
that is observed in the other four samples in the
absorptive region. For these two samples, multiple
solutions were found which had approximately

Wavelength (nm)

Fig. 3. The real refractive indices for all samples in the transparent
region as fit to the Sellmeier optical dispersion model.

Table I. Forouhi-Bloomer and Sellmeier Fitting Parameters and Corresponding Wavelength Ranges
for all Samples

Forouhi-Bloomer Sellmeier
Cd (%) n(oo) Eg (eV) A; B; (eV) C; (eV?) J (nm) A B C (um) A (nm)
2 1.530 2.949 0.097 6.596 10.902 375-420 3.118 0.592 0.335 420-800
0.00004 8.575 23.922
0.064 10.105 26.928
0.076 13.062 44.02
9 1.601 2.612 0.099 5.957 8.93 375-474 3.498 0.349 0.385 474-800
0.016 6.742 11.419
0.019 8.687 18.884
0.017 11.39 34.521
16 1.605 2.514 0.086 5.650 8.017 375-493 3.724 0.268 0.405 493-800
0.095 6.463 10.703
0.079 7.880 17.077
0.081 12.170 41.687
30 1.711 2.224 0.186 4.872 6.005 375-557 4.090 0.187 0.480 557-800
0.080 6.056 9.947
0.007 6.972 63.718
0.037 11.649 34.141
64 1.726 1.887 0.010 3.731 3.489 400-657 4.489 0.136 0.525 657-800
0.052 6.332 10.156
0.067 8.116 20.672
0.096 10.065 27.203
77 1.707 1.733 0.007 5.794 8.418 425-715 4.587 0.160 0.571 715-800
0.074 6.580 11.186
0.225 15.240 84.594
0.015 12.933 44.936
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Fig. 4. The real refractive indices for all samples in the absorptive
region as fit to the Forouhi—Bloomer optical dispersion model. The
FB formulation is extended into the transparent region until x = 0 and
matched with the Sellmeier model. Strict continuity was not enforced
in the fitting algorithm, allowing some discontinuities to exist between
absorbing and transparent regions.

equally low error (32), but varied in the location and
value of their peaks. Variation in the peak location
of approximately 30 nm was observed for the
x = 0.64 sample and more than 65 nm variation was
seen in the x = 0.77 peak location. The values of the
peaks were observed to vary by more than An = 0.2
for both samples. Curves are included for posterity
and the source of such ambiguity is addressed
below.

The imaginary part of refractive index is shown in
Fig. 5 for the six samples. A shift in the absorption
edge to lower energies is observed with increasing
cadmium content. Samples with cadmium concen-

0.1%

0.01

1E-3 |

Wavelength (nm)

Fig. 5. The imaginary refractive indices for all samples in the
absorptive region as fit to the Forouhi—Bloomer optical dispersion
model.

trations less than 0.30 show similar behavior and all
have a maximum x value of approximately 0.4. The
x =0.64 and x = 0.77 samples show much broader
absorption edges and reach maximum values of
k = 0.2 and x = 0.6, respectively. Note again that
these two curves do not represent quantitatively
unambiguous solutions.

To understand why multiple solution sets occur
for the absorptive regions of the 64 and 77% Cd
samples, the uncertainty in theoretical transmis-
sion values must be examined with respect to vari-
ation in refractive index and uncertainty in sample
layer thickness. The error in theoretical transmis-
sion, as compared with that measured, is a function
of measured wavelength, measured layer thickness,
and conjectured (by the algorithm) refractive index
for that layer. Neglecting wavelength error, for a
given wavelength value

et(n,d) = (Tr(n,d) — Tg)? (12)

gives the transmission error & in terms of the
refractive index and the layer thickness; this is
effectively the y? value of a single data point as a
function of n and d. To determine how rapidly the
transmission error varies with layer thickness
error, the function can be partially differentiated
with respect to both parameters. While this ana-
Iytical differentiation is prohibitively cumbersome,
simple inferences can be made from the structure of
transmission matrices. Because the propagation
matrix contains f in the exponential of both diago-
nal terms, the partial derivative of & will vary
directly with n and d and will vary indirectly with A.
It is therefore expected that the transmission error
will vary more rapidly in higher refractive index
regions, thicker epitaxial films, and shorter-wave-
length regions. The uncertainty in layer thicknesses
measured by SIMS and RBS is known for all sam-
ples and is less than 10 nm in each case.
Incidentally, not only are the refractive indices
expected to be the highest for the 64 and 77%
samples, but their layer thicknesses are also greater
than those of the other four samples. Figure 6
shows two density plots depicting the transmission
error for the 77% sample at different wavelengths
as a function of layer thickness error (g) and
refractive index variation. The top image corre-
sponds to 4 = 500 nm and the bottom to 4 = 800 nm.
In the 500 nm transmission error plot there are two
distinct, unconnected regions of minimum error, as
enclosed by the dashed line. For A = 800 nm of the
same sample, there is only one such region and
variation is slower, implying a smaller error value of
the conjectured n itself for a given uncertainty in
layer thickness. This degeneracy is seen in the 64
and 77% samples, but is not seen in any other
sample. Such single-point degeneracy does not
strictly imply solution degeneracy but with in-
creased rate in error variation there is a decreased
likelihood of reaching an optimal solution.*®
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Fig. 6. Density plots showing the transmission error ¢; as a function
of layer thickness error, and uncertainty in the initial guess of
refractive index in our analysis for the 77% sample. The top figure
shows ¢ at a wavelength of 500 nm and the bottom figure shows ¢, at
a wavelength of 800 nm. The dashed lines correspond to the
2 =5 x 10~ case, which specifies the neighborhood of least error
in parameter space.

Ellipsometry

The result of the ellipsometry data fit for the
Cd,Zn;_,0O layer with 16% cadmium concentration
is shown in Fig. 7. It is observed that from around
470 nm to 1.8 yum the Cdg 16Zng 40 layer exhibits
normal dispersion and is essentially transparent.
The figure shows that the peak value of n occurs at
452 nm, which corresponds reasonably well with the
spectrophotometric value of 442 nm. The n values at
the peaks as determined by ellipsometry and spec-
trophotometry are 2.35 and 2.37, respectively. The
Tauc—Lorentz model predicts a bandgap energy of
2.77 eV. In the region immediately below 449 nm it
is found that the generalized oscillator model ade-
quately fits the data. The bandgap transition is
reasonably sharp, but not as sharp a transition as

24 T 0.5
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Fig. 7. Optical constants n and « for the 16% Cd,Zn;_,O sample as

determined by spectroscopic ellipsometry. The peak in the refractive
index curve occurs at 452 nm and is approximately 2.35.

that of the GaN sublayer, indicating the GaN layer
may be more homogenous and have fewer crystal
defects.

In the process of fitting, a correlation matrix is
used to determine the minimum number of fitting
parameters, and hence oscillators, needed to obtain
the best fit. This procedure ensures the model is
physically meaningful without introducing an
excessive number of oscillators and fit parameters.
The resulting physical interpretation is that
Cd,Zn;_,O has two small absorption peaks which
overlap with the main bandgap transition peak. One
shoulder occurs at 315 nm, and another, slightly
broader shoulder, occurs at 236 nm. A strong pole at
11 eV out of the range of the plot to the left on Fig. 7
improves the fit and provides the residual account-
ing for n(oo). Oscillations in ¥ (interference fringes)
due to interference between the air-to-Cd,Zn;_,O
and Cd,Zn;_,O-GaN interfaces are symmetrical,
indicating no measurable birefringence. A surface
roughness layer and thickness nonuniformity
options are allowed to fit in the model. We find that
the top of the sample stack has an RMS surface
layer roughness of 11 nm thick and average thick-
ness nonuniformity of 1.76% for the Cd,Zn;_,O
layer. These options improve the model fit to
account for depolarization effects.

Figure 8 shows the resulting curves for the
refractive index fit for the 16% sample as obtained
by ellipsometry, overlaid with that obtained by
spectrophotometry. Good overall agreement is
observed between both the real and imaginary
refractive indices curves for the two techniques. An
error analysis of the ellipsometry data revealed the
standard deviations of the n and x values to be
o, = £0.013 and o, = £0.015, respectively. Using a
20 confidence interval to determine correlation
between the fits, it was found that the n values are
statistically well correlated at all points except for
the range from 429 nm to 465 nm in which the
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Fig. 8. The real (top) and imaginary (bottom) components of the
refractive indices of the 16% sample as determined by spectropho-
tometry overlaid onto results obtained by spectroscopic ellipsometry
showing good general agreement between the two techniques.

bandgap occurs. The peaks in the real refractive
indices curves are separated by AA= 10 nm. The
greater disagreement at the edges of the graph is due
in part to the more limited range of the spectropho-
tometric data; however, the value for real refractive
index at 800 nm differs between the two by only
An = 0.04. The difference in slope in the transparent
region is likely due to slight differences in the models
used for underlying layers, including the GaN
refractive index which is known to have some varia-
tion among the existing measurements.’®®? The
absorption edges show similar slopes between the
two curves and are in good agreement.

CONCLUSIONS

The complex refractive indices of wurtzite struc-
ture Cd,Zn;_,O thin films were determined by
fitting spectrophotometric transmission measure-
ments to two optical dispersion models, the Sell-
meier and Forouhi—Bloomer models. The cadmium
concentrations of the epitaxial films used ranged
from 2% to 77% and the spectral range of trans-
mission measurements ranged from 375 nm to
800 nm. Spectroscopic ellipsometry was also carried
out on one sample from 190 nm to 1.8 um and fit to a
generalized oscillator model. The real refractive
indices of Cd,Zn;_,O are seen to shift to higher
values in the transparent region with increasing
cadmium concentration while the dispersion band-
gap parameter decreases in energy from 2.95 eV to
1.73 eV for 2 and 77% cadmium, respectively.
Comparison between the spectrophotometry and
ellipsometry methods confirms the validity of the
use of spectrophotometry fitting for thin-film
refractive index determination. Sources of algo-
rithm-related errors are addressed.
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