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a b s t r a c t

We report the characteristics of reflectance spectra of the 15- and 20-period ZnTe/ZnSe distributed Bragg
reflector grown on GaAs (001) substrates by molecular beam epitaxy. The reflectance spectra measured
at various incident angles and polarizations were investigated by the theoretical curves simulated using
transfer matrix method. The wavelength variation of the refractive indices described by Sellmeier
equation and random thickness model were also considered for the interpretation of the experimentally
observed curves. An omnidirectional reflection range defined from the edge of incident-angle-dependent
reflection band with TE and TM polarizations is about 15 nm, and is consistent with the observed
experimental curves. The results showed that the selected ZnTe and ZnSe materials are suitable for
constructing multilayer structures having omnidirectional reflection band.

© 2015 Elsevier B.V. All rights reserved.
1. Introduction

The distributed Bragg reflector (DBR) is a periodic multilayered
structure which consists of two different materials with the high-
and low-refractive indices, and the thickness of each layer is a
quarter of the designed resonant wavelength of the stop-band. The
high reflective performance of the stop-band of DBR can be ach-
ieved by selecting a large difference between the indices of
refraction (Dn) of the two-layer materials and increasing the
number of periods (N) in the DBR stack. The DBR structure has been
widely applied in a variety of optoelectronic devices such as
vertical-cavity surface emitting lasers (VCELs), FabryePerot mod-
ulators, and resonant cavity light emitting diodes (RCLEDs) [1e5].

The application of DBR can be promoted to operate as an
omnidirectional reflector, where both transverse electric (TE) and
transverse magnetic (TM) polarized waves at specific wavelength
band can be reflected at all angles of incidence. It is also known that
).
the band edges of the omnidirectional reflectance band would be
defined by the reflectance band for the propagation of TE and TM
polarization at any incident angle in the periodic multilayered stack
[6,7]. If a DBR originally designed for normal-incidence reflectance
has an omnidirectional reflectance band, it can exhibit more ad-
vantages of lower optical loss and higher reflectivity, which should
be useful in the fabrication of micro-cavities or coaxial waveguides
[8,9].

In this work, the ZnTe and ZnSe materials with a large value of
Dn (z0.4) and suitable band gap energy are selected for fabricating
the DBR structure for the resonant wavelength of 570 nm at the
center of stop-band [10e12]. The reflectance spectra of 15- and 20-
period ZnTe/ZnSe multilayer films prepared by molecular beam
epitaxy (MBE) were measured at different angles of incidence for
both polarization configurations (TE and TM) and compared with
the theoretical simulation using the transfer matrix method. The
omnidirectional reflection band derived from the variations in the
resonant wavelength and width of reflectance band in terms of the
incident angle for TE and TM polarizations is investigated and
discussed.
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Fig. 2. Measured and simulated reflectance spectrum of the 15-peorid ZnTe/ZnSe
multilayer films.

Fig. 3. Measured and simulated reflectance spectrum of the 20-peorid ZnTe/ZnSe
multilayer films.
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2. Experimental procedure

Fig. 1 shows the schematic diagram of ZnTe/ZnSe multilayer
films. The stop-band center of ZnTe/ZnSe multilayer films is
designed to be at 570 nm for application in the greeneyellow
spectrum. The assigned thicknesses (dm) of ZnTe and ZnSe layers
estimated from the relation dm ¼ 570

4nm
nm, withnm(nZnTe¼ 3.07 and

nZnSe¼ 2.63) being the refractive indices, were determined to be
46.4 and 54.2 nm, respectively. The detailed growth process for
preparing 15- and 20-period ZnTe/ZnSe has been reported in pre-
vious work [13].

The reflectance spectra of ZnTe/ZnSe multilayer films were
measured at different incident angles of 0,15, 30, 45, 60, and 75� for
TE- and TM-polarized light. The Xenon lamp was used as the light
source and the reflected beam was dispersed through a 0.5 m
spectrometer (Zolix omni�l 500) with a grating of 1200 grooves/
mm and detected by a photomultiplier tube.

3. Results and discussion

The reflectivity spectra of 15- and 20-period ZnTe/ZnSe multi-
layer filmsmeasured at normal incidence are shown as opened dots
in Fig. 2 and Fig. 3, respectively. It can be observed that the stop-
band center of the reflectivity spectrum of the 15- and 20-period
ZnTe/ZnSe stacks is at about 576 and 582 nm with a maximum
reflectivity of 91% and 98%, respectively. The results reflect the
strong dependence of the performances of the DBR reflectance on
the deposited number of periods. In the following, the deviated
stop-band center and the undesired asymmetric shape of the
reflectivity spectrum are presented and discussed.

In order to clarity the discrepancy between the theoretical and
experimental spectra, a theoretical calculation based on the
transfer matrix method has been carried out to compare the
simulation curve with the experimental spectrum. The equation of
the transfer matrix [14] is given by

�
M11 M12
M21 M22

�
¼ D�1

0

h
DH$PH$D

�1
H $DL$PL$D

�1
L

iN
DS (1)

where N is the number of periods; Dm ¼
�

1 1
nm �nm

�
, m ¼ 0, H, L

and S, are respectively the dynamic matrices for free space, ZnTe,

ZnSe and GaAs (001) substrate; Pm ¼
�
ei4m 0
0 �ei4m

�
, m¼H or L are

the propagationmatrices for ZnTe and ZnSe, respectively. The phase

term4m is given by 4m ¼ 2pnmdm
l

wherenm and dm are respectively,
the refractive indices and thicknesses of ZnTe or ZnSe. The
Fig. 1. Schematic diagram of ZnTe/ZnSe multilayer films.
theoretical curves (simulation 1) are plotted as solid dots in Figs. 2
and 3. For the calculation of the simulation 1 curve, constant
refractive indices of nZnTe¼ 3.06 and nZnSe¼ 2.63 together with the
designed thicknesses of ZnTe and ZnSe were used. As can be
observed, the curve of simulation 1 cannot describe well the
measured spectra of the 15- and 20-period ZnTe/ZnSe stacks. The
deviation indicates that the two important factors of refractive
index and thickness of the layer as given in the transfer matrix
equation have to be further considered.

The refractive index of the material is known to vary with
wavelength. Therefore the wavelength-dependent refractive
indices must be considered instead of the constant refractive index
value. Accordingly, the Sellmeier equation [15] for the wavelength-
dependent refractive indices of ZnTe and ZnSe as given by

nZnTe ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
3:96þ 3:29�l2

l2�0:3662

q
and nZnSe ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4:00þ 1:90�l2

l2�0:1132

q
, respec-

tively, are used in the transfer matrix equation. Furthermore, the
unavoidable lattice mismatch (>7%) existing between the ZnTe and
ZnSe layers would also result in the manifestation of ‘waviness’ of
the individual layers [10]. These mean that the actual deposited
ZnTe and ZnSe layers cannot attain the designed thicknesses in
addition to the non-uniform interface. Murtaza and Campbell
investigated the changes in layer thicknesses during a growth run
on reflectivity spectra and presented a model for distributed
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random thicknesses using a random number generator to generate
modified thickness with a standard deviation [16]. Hence, the
modified thickness with standard deviations of 9% and 8% of the
designed thicknesses for ZnTe and ZnSe layer, respectively, were
obtained according to this model. Successfully, the recalculated
curves (simulation 2) shown as the red solid lines in Figs. 2 and 3,
by taking account of the wave-dependent refractive indices and the
distributed random thicknesses in the transfer matrix equation, can
describe well the stop-band of the measured reflectivity spectra.

The reflectance spectrum of the 15- and 20-period ZnTe/ZnSe
stacks at different incident angles of 0 (normal), 15, 30, 45, 60, 75�

for TE and TM polarizations were measured and shown in Figs. 4
and 5. By increasing the incident angle, two considerable perfor-
mances of the reflectance spectra should be further discussed. One
is the stop-band center of the reflectance spectrum shifting toward
shorter wavelengths, and the other one is the variation in the shape
of the high reflectance band for TE and TM polarizations. The
spectra exhibit increased TE bandwidth while the TM bandwidth
decreases with increasing incident angle. It also shows the signif-
icant enhancement and reduction in the sharpness on the short-
wavelength side of the high reflectance band for TE and TM po-
larizations, respectively. To compare the incident-angle-dependent
reflectance spectrum, the effective dynamic and propagation
matrices, including the factor of the incident angle q, modified as

DTE ¼
�

1 1
nm cos q �nm cos q

�
for TE polarization,

DTM ¼
�
cos q �cos q
nm nm

�
for TM polarization, and
Fig. 4. Incident angle-dependent reflectance spectra of 15-peorid ZnTe/ZnSe multi-
layer films for TM and TE polarizations.

Fig. 5. Incident angle-dependent reflectance spectra of 20-peorid ZnTe/ZnSe multi-
layer films for TM and TE polarizations.
Pm ¼
�
ei4m 0
0 �ei4m

�
with 4m ¼ 2pnmdm cos q

l
[17,18] were substituted

in Eq. (1). As shown in Figs. 4 and 5, the simulated curves utilizing
the as described modification and displayed as the solid line can
predicate clearly the variations in the shapes of the high reflectance
band and are in good agreement with the measured reflectance
spectra for all incident angles and polarizations.

Figs. 4 and 5 also show that there is an overlapping stop-band
for both TE and TM polarizations at different incident angle,
which has been represented as the omnidirectional reflectance
band [6,7,19,20]. The omnidirectional reflectance band has been
determined to depend on the index ratio of the stacked layers and
the indices themselves should also be higher than (by > 1.5) that of
the ambient [7]. Ideally, the index ratio, which determined the band
splittings, should be higher than 1.5. In the current study, the
fabricated DBR structure is for wide band gap application. There-
fore the choice of materials may be quite limited. As listed earlier,
we havenZnTe/nZnSe¼ 1.163 which is far lower than the value of 1.5
for good omnidirectional design. Nevertheless, the choice of ZnTe
and ZnSe do satisfy the requirement that their refractive indices
should be larger than the ambient by more than 1.5 to suppress the
frequency of the Brewster crossing for the TM polarization [6,7].
The omnidirectional reflectance band is an important characteristic
for designing DBR, and its performance directly depends on the
variations of the band-edge wavelength lE of the reflectance
spectra as a function of incident angle. The equation governing lE is
given as [19]



Fig. 7. Long- and short-wavelength reflection band edges of the 20-peorid ZnTe/ZnSe
multilayer films for TE (solid line) and TM (dashed line) polarizations.
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lE ¼ lC ½1±Dg� (2)

where,

lC ¼ l0

��
1� sin2

q0

.
n2ZnSe

�1=2 þ �
1� sin2

q0

.
n2ZnTe

�1=2�
(3)

and

Dg ¼ ð2=pÞsin�1½ðhH � hLÞ=ðhH þ hLÞ� (4)

The lC in Eq. (3) describing the center of the reflectance band as
a function of incident angle is derived from the propagation angles
differing in the high (nZnTe) and low (nZnSe) refractive index layers
according to Snell's law [19,21]. The substituted q0 and l0 are the
angle of incidence in incident medium assumed to be in air with
n0¼1 and the resonant wavelength of reflectance band at normal
incidence, respectively. The equationDg, is modified from its usual
normal-incidence definition to include the dependence on effective
refractive indices (hH or hL) to account for the different polarization
states [19]. The TE and TM effective refractive indices are given by
hTE ¼ ½n2m � sin2

qi�1=2 and hTM ¼ n2m=½n2m � sin2
qi�1=2. Hence, for TE

polarization, we can write hH ¼ ½n2ZnTe � sin2
qi�1=2 and

hL ¼ ½n2ZnSe � sin2
qi�1=2 in Eq. (4). Similarly, hH or hL can also be

derived for TM polarization.
From Eqs. (2)e(4), the theoretical TE- and TM-reflection bands

in terms of wavelength and incident angle for 15- and 20-period
samples are plotted in Figs. 6 and 7, respectively. The solid curves
are the edges of TE-reflectance band and the dashed curves are the
TM-reflectance band. It can be observed that the bandwidth of TE-
reflectance band increases, while that of TM-reflectance band de-
creases as a function of incident angle. The observations are in good
agreement with the experimental curves. From the longer-
wavelength TM-reflection edge at incident angle of 90� and the
shorter-wavelength TE-reflection edge at incident angle of 0�, we
can deduce that the absolute omnidirectional reflectance band for
the 15- and 20 period ZnTe/ZnSe multilayer films is about 15 nm
and shown as the grey area in Figs. 6 and 7. For the experimental
spectra of 15 and 20-period samples, the wavelength range for the
omnidirectional reflectance band can be estimated from the
measured reflectance results as depicted in Figs. (4) and (5). The
overlapped stop band (defined for reflectance values larger than
0.75) for TE and TM polarizations with different incident angles is
from 555 nm to 568 nm (bandwidth of 13 nm) for 15-period DBR
Fig. 6. Long- and short-wavelength reflection band edges of the 15-peorid ZnTe/ZnSe
multilayer films for TE (solid line) and TM (dashed line) polarizations.
stack. The corresponding wavelength range is 564 nme576 nm
(bandwidth of 12 nm) for the 20-period sample. In general, the
experimental results agreed reasonably well with that of the
theoretical prediction.

4. Conclusion

In conclusion, we have investigated the reflectance spectra of
the 15- and 20-period ZnTe/ZnSe multilayer films with incident-
angle and polarization dependence. The transfer matrix method
taken account of wavelength-dependent refractive index and
distributed random thickness has been calculated to clarify the
variations in the incident-angle-dependent reflectance spectra on
TE or TM polarized light. An omnidirectional reflectance band-
width, the high reflectance regime independent with the incident
angle and polarized light, can be obtained as 15 nm for the 15- and
20-peroid ZnTe/ZnSe multilayer films, respectively. The results
evidence that the ZnTe and ZnSe materials could be the favorable
candidates for constructing the omnidirectional reflectors.
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