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We have used a combination of prism-coupling, reflectivity, and ellipsometric
techniques to investigate the indices of refraction, n, of a series of BeyZn;_xTe
thin films grown on InP substrates. After determining the concentrations of
each of the Be,Zn;_,Te alloys using x-ray diffraction measurements, we mea-
sured their n at discrete wavelengths using a prism-coupler setup. In addition,
we used reflectivity measurements to complement the prism-coupler data and
arrive at the dispersion relations of n for the Be,Zn;_,Te alloys below their fun-
damental energy gaps. We then employed a rotating analyzer-spectroscopic
ellipsometer to measure the complex reflection ratio for each of the films at
angles of incidence of 65°, 70°, and 75°. By using the n values obtained from
both the prism-coupler and the reflection-spectroscopy techniques to guide the
ellipsometric analysis, we were able to obtain accurate results for the disper-
sion of n for the Be,Zn;_<Te alloys, not only below their fundamental energy
gaps, but also above their energy gaps (up to 6.5 eV) using these three comple-
mentary techniques. ' ‘
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INTRODUCTION

It has been shown recently that beryllium-based
I1-VI semiconductor alloys form high-degree covalent
bonds that result in lower defect densities and, con-
sequently, increase the lifetimes associated with op-
toelectronic devices.! Due largely to these advan-
tages, Be,Zn;_,Te alloys have been recently proposed
for applications in lasers and light-emitting diodes
that operate in the visible wavelength range.>® In
addition to its application benefits, there is also a
theoretical interest in studying the BexZn;_,Te
ternary-alloy system because it undergoes a tran-
sition from a direct-§ap material to an indirect-gap
material at x = 0.28.% If these alloys are to be used to
fabricate novel optical devices, their optical proper-
ties must be well understood. Although there are a
few studies reported on the bandgap and the exci-
tonic properties of Be,Zn; 4Te, very little knowledge
of the dispersion of the index of refraction, n, is
presently available.
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Although there are numerous experimental meth-
ods available to determine the n of thin films, such as -
interferometry, reflection spectroscopy, ellipsometry,
and prism coupler, all of these techniques seem to suf-
fer from deficiencies associated with their respective
measuring technique or their analysis procedure. For
instance, in both interferometry and reflection spec-
troscopy, one needs the prior knowledge of the film
thickness to obtain accurate values for n.5 Although
in the prism-coupler technique one is able to deter-
mine both n and the thickness, this method is limited
by its inability to obtain n as a function of wave- -
length.® This is because, due to experimental con-
straints, the prism-coupler method is most conve-
niently performed with a laser source, as opposed toa
continuous source. Similarly, although it is possible to
obtain the dispersion of n and the thickness from el- .
lipsometric data, because of the large number of un- -
known parameters, this method can be nontrivial.”
Because each of these techniques by itself has inher-
ent problems (as well as strengths), to obtain accurate
values for the dispersion of n, one needs to implement .
a couple of these techniques concurrently. |
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In this article, we have combined the prism-
coupler, reflection-spectroscopy, and ellipsometry
methods to obtain the dispersion of n for a series of
BeyZn;_,Te alloys. Initially, we used the prism-
coupler technique to find discrete values of n as well
us the thickness of the semiconductor film. These
parameters were then used to decipher the spectra

obtained from reflection spectroscopy and to obtain -

the dispersion of n below the fundamental energy
pap for the Be,Zn; ,Te alloys. Because the ellipso-
metric spectra have to be carefully analyzed using
several parameters to infer n, the prior knowledge of
the thickness and the dispersion of n (below the fun-
damental gap) obtained from the prism-coupler and
reflectivity methods facilitate this analysis. Hence,
the results obtained, from both the prism coupler
und the reflection spectroscopy, were used to guide
the analysis of the ellipsometric spectra. By using
these three experimental methods in unison, one is
nble to determine the dispersion of the n for
Be,Zn;_xTe alloys very accurately.

MOLECULAR-BEAM EPITAXY GROWTH
AND STRUCTURAL CHARACTERIZATION

All of the thin Be,Zn; ,Te films were grown by
molecular-beam epitaxy (MBE) on semi-insulating,
epi-ready (001) InP substrates using a Riber 2300
MBE system. Before depositing the Be,Zn;_,Te
films, the substrates were deoxidized at 500°C
under As flux, and a ~100-nm-thick, lattice-matched
InGaAs-buffer layer was grown. on the InP sub-
strate. The growth temperature for the Be,Zn;_,Te
Te layer was maintained around 270°C. The growth
rate was approximately 0.5 um/h, and BeyZn;_,Te
layers were 0.5-1.5 pm thick. No cap layer was nec-
essary, as no surface degradation of this material
has been observed even over extended periods of
time. We have used five samples of Be,Zn,_,Te al-
loys for this study, with Be concentrations (x) rang-
ing from x = 0 to x = 0.378.

The composition of the films was determined by
using 6-26 x-ray diffraction experiments, assuming a
linear dependence of the lattice constant with respect
to the alloy concentration. In all of the x-ray diffrac-
tion spectra, the (004) reflection for Be,Zn;_,Te is in-
dicated by a single peak. Furthermore, a full-width
at half-maximum in the range of 70-90 arcsec was
observed for the epilayers closely lattice matched to
InP. The photoluminescence experiments performed
at 6 K for these samples are dominated by narrow
band-edge emission lines that indicate the high crys-
talline quality of the BeyZn;_,Te specimens.?

PRISM-COUPLER MEASUREMENTS

In the prism-coupler technique, a laser beam is cou-
pled via a prism to the semiconductor layer for which
n is of interest. The evanescent coupling between the
prism and the semiconductor layer excites guided-
wave modes in the layer, which depend on both n
and on the thickness of the layer.? Hence, both these
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quantities can be determined if the semiconductor
layer is sufficiently thick (i.e., if it can accommodate
at least two guided modes within the layer). Using the
prism-coupler technique, one can determine n with a
precision of at least 0.1% and obtain the film thick-

.ness with an uncertainty of less than 0.5%.

The instrument was operated at two different
wavelengths, and the measurements were made in
transverse electric (TE) polarization mode. A He-Ne
laser operating at 632.8 nm was used in conjunction
with a rutile prism for one of the measurements, while
a semiconductor-diode laser operating at 1300 nm
was used with a Si prism for the other measure-
ment. The experimental details concerning the prism-
coupler method are discussed in Ref. 6. In Fig. 1, we
show a rotation spectra obtained for one of the sam-
ples (Zng g31Bep.169Te) at two different wavelengths.
The dips in the reflected spectra shown in Fig. 1 corre-
spond to the excitations of specific modes in the film.
Both n and the thickness are calculated from the
angular positions at which these dips occur in the re-
flected spectra. The n values obtained at the two dis-
crete wavelengths as well as the thickness obtained
for the film will be later used as input parameters to
analyze the reflectivity and ellipsometric data.

It has to be mentioned that the n of the prism used
in the experimental setup dictates the range of the n
of the films that can be measured using the prism-
coupler technique. For this reason, it is advantageous
to use a prism that has an n that exceeds the n of the
film. However, even in the absence of such prisms,
the prism coupler is capable of determining the n and
the thickness of films. Because the n of the Be,Zn;_,Te
alloys are greater than the value for n of rutile
at 632.8 nm, as shown in Fig. 1b, the first few wave-
guide modes are absent from the spectra.l® Alterna-
tively, as shown in Fig. 1a, because the n of the Si
prisimn is greater than the n of the Be,Zn;_,Te alloys,
the spectra show the initial waveguide modes. When
determining the n and the thickness from spectra
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Fig. 1. A prism-coupler reflection spectrum obtained for
Znoa31Beg 1eoTe at (a) A = 1,300 nm and (b) A = 632.8 nm. The dips in
the spectra correspond to the excitations of specific modes in the film.
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such as Fig. 1b, one has to calculate these parameters
together with their standard deviation, assuming
that a specific number of modes are absent from the
spectra. Following this procedure, the number of
absent modes is found when the standard deviation
for both n and the thickness are at their lowest
values.

REFLECTION SPECTROSCOPY

The reflectivity technique is a complementary
method suitable for determining the dispersion of n
by carefully analyzing the Fabry—Perot oscillations
in the reflection spectrum. However, to accurately
determine the values for n from reflectivity mea-
surements, one requires prior knowledge of the
thickness of the film. This can usually be accom-
plished by another measurement, such as scanning
electron microscopy. Because the prism-coupler
method determines the thickness of semiconductor
films with much higher accuracy than scanning elec-
tron microscopy, reflectivity data can be analyzed
more accurately if they are combined with the
prism-coupler data. Additionally, to correctly deci-
pher the reflectivity spectra, one needs to determine
the optical thickness corresponding to each of the ex-
trema in the spectrum. Here again, one can use the
discrete values of n determined by the prism-coupler
method to obtain the optical thickness at the corre-
sponding points in the reflectivity spectra.’ With
this input from the prism-coupler data, the reflectiv-
ity can produce a nearly continuous spectrum of n
(usually, but not necessarily, obtained from positions
of the Fabry—Perot maxima and minima).

The reflectivity measurements were carried out at
normal incidence, and the data were calibrated
using a Si-reference sample of known reflectivity. A
typical spectrum is shown in Fig. 2 for the same
sample as that used to illustrate the prism-coupler
spectrum in Fig. 1. The Fabry-Perot oscillations
seen in the spectrum arise from interference between
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Fig.2. A room-temperature reflectivity spectrum obtained for
Zng.g31Beo.1e9TE.
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Fig. 3. The dispersion of the index of refraction of Zng ga1Beg.1egTe Ob-
tained by the prism-coupler (full squares) and the room-temperature
reflectivity (open squares) techniques. The solid line corresponds to a
Sellmeier-type dispersion fit obtained for the experimental data.

rays that are reflected from the air/film and from the
film/substrate interfaces. As mentioned before, by
using the two n values (i.e., at 632.8 nm and 1300 nm)
as well as the thicknesses obtained from the prism-
coupler technique, one can determine the n values
corresponding to each of the extrema in the reflec-
tion spectrum. Figure 3 displays the dispersion of n
obtained for Be,Zn;_,Te using both the prism-cou-
pler data (full squares) and the reflectivity data
(open squares). The solid line displayed in the figure
corresponds to a Sellmeier-type dispersion fit ob-
tained for the experimental data.1? As can be seen in
Fig. 3, the increase of n as the wavelength decreases
reflects the dispersion expected as the photon energy
of light approaches the fundamental energy gap of
the Be,Zn;_,Te alloy.

ELLIPSOMETRIC RESULTS

Spectroscopic ellipsometry is a nondestructive
optical-characterization technique that gives in-
formation on dielectric functions, band-structure
critical points, thickness, interfaces, as well as the
semiconductor-alloy composition. Compared to the
prism coupler and the reflectivity technique de-
scribed previously, it has the distinct advantage of
obtaining n both below and above the fundamental
absorption edge of the semiconductor system. How-
ever, the ellipsometric measurement is an indirect
method to obtain the dielectric response of a multi-
layer structure, whereby one has to simulate a lay-
ered model (with a varying thickness and a dielectric
function for each layer in the model) until a proper
theoretical fit is obtained that accurately describes
the experimental spectra.” It is, therefore, advanta-
geous to know some of the parameters of the struc-
ture a priori in order to increase the reliability of the
values obtained for the dielectric function of the
semiconductor layer by such modeling. In this work,
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the prism coupler and the reflectivity results ob-
tained prior to performing the ellipsometric method
will serve this function. ‘

The spectroscopic analysis was performed using
an ellipsometer, capable of taking ellipsometric data
with photon energies of 0.7-6.5 eV. For each sample,
we obtained room-temperature ellipsometric data

at angles of incidence of 65°, 70°, and 75°. The two’

parameters, ¢ and A, measured by ellipsometry at
cach wavelength are related to the ratio of reflection
coefficients by

p = Ry/Rs = tan(y)e'®

where R, is the complex-reflection coefficient for
light polarized parallel to the plane of incidence, and
R, is the coefficient for light polarized perpendicular
to the plane of incidence. Here, both ¢ and A are pre-
sented in terms of two angles that are a function of
both wavelength and the angle of incidence. In Fig. 4,
we show the ¢ and A spectra for the Zng g31Beg 169Te
alloy sample obtained from the ellipsometer. In the
¢ spectrum (Fig. 4a), the observed oscillations at the
higher wavelength range are due to Fabry—Perot in-
terference within the Zn;_,Be,Te film. The film is
both transparent and below its energy gap in the
spectral range where these oscillations occur. As one
observes in Fig. 4a, the disappearance of the oscilla-
tions around 480 nm signals the transition from the

transparent region to the absorption region in the

semiconductor.

For a given specimen, the ¢ and A obtained from
the ellipsometric measurement depend on the opti-
cal properties of the entire structure. For the alloys
used in this study, a four-layer model (i.e., InP sub-
strate, InGaAs buffer, Zn;_,Be,Te layer, and surface-
oxide layer) was constructed for each sample. The
optical constants of the modeled oxide layer were an
average between that of air and the Zn; ,Be,Te
layer beneath. It must be mentioned that the optical
properties of the substrate and the buffer are already
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Fig. 4. The (a) ¢ and (b) A spectra of Zng g31Beo.169Te measured by
spectroscopic ellipsometry for an angle of incidence of 75°.
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Fig. 5. The dispersion of the index of refraction of Znggz1Beo, 169Te

determined by ellipsometry (solid line), reflectivity (open squares),
and prism-coupler (filled squares) techniques.

known.!3 Hence, the parameters that need to be var-
ied in the model are the thicknesses of each layer
and the dielectric constant of the Zn;_,Be,Te layer.
However, because we already know the thickness of
the Zn;_,Be;Te layer as well as its dispersion of n
below the energy gap from our previous prism-cou-
pler and reflectivity measurements, the ellipsomet-
ric analysis will be further simplified.

The n determined from this procedure is plotted in
Fig. 5 for the same Zn;_,Be,Te sample as in Figs. 1
and 2. In Fig. 5, both the prism-coupler and the re-
flectivity data are also plotted as filled squares and
open squares, respectively. We see in this case that
the prism-coupler and the reflectivity data stand to
guide the ellipsometric data. The excellent agree-
ment in the data obtained below the fundamental
gap from all three experimental methods gives cre-
dence to the above-bandgap dispersion of n deter-
mined by ellipsometry. In observing the ellipsomet-
ric spectra obtained for the different Zn; ,Be,Te
samples, we immediately notice that the incorpora-
tion of Be into the lattice blue shifts the energy gap
in the Zn;_,Be,Te-alloy system. In addition, we also
observe the presence of distinct excitonic peaks in
the dielectric spectra of samples with higher Be con-
centration, which also indicates the high crystalline
structure of the Zn;_,Be,Te alloy used for this study.

In measuring ¢ and A of the Zn;_,Be,Te alloy
samples, we did not use chemical-etching procedures
to eliminate Zn;_ BeTe-surface oxide that could in-
fluence the ellipsometric results.!* However, by
adding a surface-oxide layer to our semiconductor
model, we were able to circumvent the need for such
surface treatments.!’® Additionally, it must also be
mentioned that the thin films used in this study were
relaxed as their thicknesses exceeded the critical
thickness for strain relaxation.!® Hence, we expect
that the dispersion of n calculated for our thin films of
Zni_Be,Te to be essentially that of bulk Zn; _,Be,Te.
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CONCLUSIONS

In summary, we have used a combination of prism
coupler, reflectivity, and spectroscopic ellipsometry to
measure the index of refraction of a series of MBE-
grown Zn;_,Be,Te alloys. The discrete values of n as
well as the film thickness obtained from the prism

coupler are used to analyze the reflectivity spectra

and to obtain n as a function of wavelength. These
two experimental methods allow one to find the dis-
persion of n for a film below its fundamental energy
gap. By using the data obtained from these two
methods as input parameters in analyzing the ellip-
sometric spectra, one can obtain the dispersion of n
for the Zn;.,Be,Te-alloy system at wavelengths
above its fundamental energy gap. Hence, by combin-
ing the techniques of prism coupler, reflection spec-
troscopy, and ellipsometry, one is able to accurately
determine the dispersion of n for a semiconductor
thin film both below and above its fundamental

energy gap.
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