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We present the incident-angle-dependent reflectance spectra of the 10-period ZnO/MgO multilayer films deposited on
Si by sputtering technique. As increasing the incident angle, the resonant wavelength and bandwidth of the measured
reflectance spectra exhibit redshift and narrower, respectively. The theoretical curves using transfer matrix method
taken account of transverse electric (TE) and transverse magnetic (TM) polarizations are calculated to well describe the
variations in the behavior of the experimental spectra. The simulated TE- and TM-reflection band at different angles
can evaluate the bandwidth of the resonance band and provide valuable parameters to design an omnidirectional-
reflection band in selected multilayer structure. # 2014 The Japan Society of Applied Physics
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1. Introduction

Zinc oxide (ZnO) semiconductor material with a wide
band gap of 3.37 eV and an exciton binding energy of
60meV at room temperature has attracted much attention
for electronics and optoelectronics devices such as sensors,
solar cells, detectors, and light emitting diodes (LEDs).1,2)

Recently, ZnO-based distributed Bragg reflectors (DBRs)
are further applied in increasing the efficiency of LEDs or
vertical cavity surface emitting laser (VCSEL) with an
emission range below the band gap of ZnO material.3,4)

The DBRs constructed from a periodic multi-layered stack
by using two different materials with different refractive
indices are widely used in optoelectronic devices.5) The
thickness of the high- and the low-refractive index (n) layers
are determined by the designed resonant wavelength of
reflection band according to the formula of �=4n. It is also
known that the reflectance band of DBRs depends on the
difference between the refractive indices (�n) of two
alternating materials and the number of repeated pairs (N)
of low/high refractive index material.6)

To clarify the incident-angle-dependent reflectance spec-
trum of DBRs and further extend its applications to be a
multilayer omnidirectional reflector, then an overlapping
reflectance band to all spectra can be taken at any incident
angles.7) In addition, the bandwidth of the omnidirectional
reflectance band would be limited by the reflectance band for
the transverse electric (TE) and transverse magnetic (TM)
waves propagating in the multilayer structure. Therefore, a
detailed analysis for TE and TM polarizations propagating in
the DBRs as a function of incident angle is necessary to
design an absolute omnidirectional band.

In this work, both of wide-band-gap materials of zinc
oxide (ZnO) and magnesium oxide (MgO) materials are

selected to construct a multilayer structure with the
maximum �n of about 0.4 which might be considered for
the DBRs structure in the application of ultraviolet (UV)
optoelectronic devices. We fabricate the 10-period ZnO/
MgO multilayer films on Si substrate by sputtering
technology and measure the incident-angle-dependent re-
flectance spectra of the prepared samples. The experimental
reflectance spectra are further compared with the theoretical
ones by using the transfer matrix method. The variations in
the resonant wavelength and bandwidth of reflectance band
are also investigated by the simulated curves in terms of
incident angle for TE and TM polarizations.

2. Experimental Procedure

To avoid the absorption effect in the performance of
DBRs, the resonant wavelength of ZnO/MgO multilayer
films is designed to be at 550 nm. It has been known that
ZnO with a wurtzite crystal structure is optically uniaxial,
defined by a dielectric function for light polarized parallel to
the c-axis (extraordinary, ne) and by a dielectric function for
light polarized perpendicular to the c-axis (ordinary, no).
Thus, the material has anisotropic optical properties.2,8) By
taking the ordinary index into account with the Sellmeir
equation, the reflective indices for the designed resonant
wavelength can be obtained as 2.013 for ZnO and 1.710 for
MgO.9,10) Furthermore, the estimated thickness in each
individual layer for ZnO was 68.3 nm and for MgO was
80.5 nm.

The 10-period ZnO/MgO multilayer films were grown
on the p-type (100) silicon wafer by reactive magnetron
sputtering system. The direct current (DC) and radio
frequency (RF) power supplies were connected to a ZnO
compound target and a pure Mg target, respectively. The
diameter and thickness of each target were 76.2 and 6.0mm,
respectively. The substrate-to-target distance was kept at
85mm. The base pressure, 6:65� 10�4 Pa was achieved�E-mail address: jacklee@mail.tnu.edu.tw
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before sputtering and the working pressure during sputtering
was 1:73� 10�1 Pa. the flow rate of Ar : O2 at a ratio of
1 : 1 was monitored by individual mass flow controllers. All
substrates were heated to 300 �C and rotated at a speed of
20 rpm during the sputtering process. Before the multilayer
films deposition, monolayers of ZnO and MgO were
fabricated, respectively, to determine the corresponding
deposition rate. Therefore, the thickness control of ZnO and
MgO layers can be achieved through a proper control of
shutters on/off time for ZnO and Mg targets. For the 10-
period ZnO/MgO multilayer films deposition, the 300 nm
thick ZnO buffer layer was deposited on the Si substrate
first, and then the desired thickness MgO layer and ZnO
layer were sequentially deposited to fabricate the 10-period
ZnO/MgO multilayer films. Detailed deposition parameters
are listed in Table 1.11)

The structural properties of the prepared ZnO/MgO
multilayer films were characterized by a glancing angle
X-ray diffractometer (GA-XRD; PANalytical X’pert) with
an incidence angle of 1� and the Cu K� radiation generated
at 30 kV and 20mA from a Cu target was used. The cross-
section morphology was obtained by a field emission
scanning electron microscope (FE-SEM; JEOL JSM-
6701F). The reflectance spectrum of ZnO/MgO multilayer
films was measured at different incidence angles of 0, 30, 45,
and 60�. The Xenon lamp was used as the light source and
the reflected beam was dispersed through a 0.5m spectrom-
eter (Zolix omni-� 500) with a grating of 1200 grooves/mm
and detected by using a photomultiplier tube.

3. Results and Discussion

Figure 1(a) shows the XRD spectrum of the 10-period
ZnO/MgO multilayer films and presents the designed
diffraction peaks for ZnO and MgO materials referred to
JCPDS No. 89-7102 and JCPDS No. 89-7746.12,13) A typical
diffraction peak of (002) for the hexagonal phase of ZnO and
that of (200) for the cubic phase of MgO can significantly
be observed. It also catches the attention that the XRD
signals at about 36 and 62�, respectively, can be attributed
to the (101) and (103) for ZnO or the (111) and (220) for
MgO.12,13) As a result, the 10-period ZnO/MgO multilayer
films were fabricated successfully.

The cross-sectional SEM morphology of the 10-period
ZnO/MgO multilayer films is shown in Fig. 1(b). It can be
observed that the laminated structure illustrates the multi-

layer microstructure consisting of bright ZnO and gray
MgO layers. From the SEM images, the estimated average
thickness is about 69.6 nm for ZnO layers and 72.3 nm for
MgO layers, where are derived from the designed thickness.
Additionally, the SEM image also shows the manifestation
of waviness at the interface between the ZnO and MgO
layer, which has been known as the large lattice mismatch
between ZnO and MgO materials.6) The undesired thickness
and unstable interface mean that there is a challenge to
control the growth rate of a nanolayer by using the sputtering
technology.

The reflectance spectra of the 10-period ZnO/MgO
multilayer films at the incident angle of 0, 30, 45, and 60�

are measured and shown in Fig. 2(a). For the incident angle
of 0�, the reflectance spectrum shows an asymmetric shape
and the stop-band center is about at 561 nm, which is longer
than the designed resonant wavelength of 550 nm. The origin
of the shift has been investigated by taking account of
wavelength-dependent refractive index and the distributed
random thickness in previous report.11) In this work, two
obvious phenomena for the reflectance spectra with increas-
ing incident angle are further investigated. One is the center
of the reflectance band shifting toward shorter wavelengths,
and the other one is the bandwidth of the reflectance band
approaching narrower.14)

According to Snell’s law, the propagation angles differ in
the high (nH) and low (nL) refractive-index layers, the center
of the reflectance band (�C) as a function of incident angle
can be described as15)

Table 1. Detailed deposition parameters for ZnO/MgO
multilayer thin films.

ZnO MgO

Substrate Si
Target ZnO Mg
Sputtering method DC RF
Gas flow (sccm) Ar:25, O2:25
Working pressure (Pa) 1:73� 10�1

Sputtering power (W) 50 150
Substrate temperature (�C) 300

(a)

(b)

Fig. 1. (a) XRD patterns and (b) cross-sectional SEM image of
10-period ZnO/MgO multilayer films.
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�C ¼ �0½ð1� sin2 �i=nL
2Þ1=2 þ ð1� sin2 �i=nH

2Þ1=2�; ð1Þ
where �i is the angle of incidence in the incident medium,
which is assumed to be in the air, ni ¼ 1. The �0 is the center
of the reflectance band at normal incidence. As shown in
Fig. 2(b), the theoretical solid curve calculated from Eq. (1)
and the opened circles obtained from the experimental
reflectance spectra. It presents that the experimental data
are in good agreement with the predicated center of the
reflectance band as a function of incident angle.

The simulated reflectance spectra by using transfer matrix
method are the following considered to understand the
behavior of the resonance band depending on incident angle.
At normal incidence, the fundamental transfer matrix
without taking account of distinction between TE polariza-
tion and TM polarization is described as

M11 M12

M21 M22

� �
¼ D�1

0 ½DH � PH �D�1
H �DL � PL �D�1

L �NDS; ð2Þ
where

P ¼ ei’ 0

0 �ei’

" #
’ ¼ 2�nd

�
; d: thickness

� �

and

D ¼ 1 1

n �n

� �
ðn: refractive indexÞ;

hence D0, DH, DL, and DS are the dynamic matrices for free
space, ZnO, MgO, and Si substrate, respectively; PH and PL

are the propagation matrices for ZnO and MgO, respec-
tively; N is the number of periods.

To consider the theoretical reflectance spectrum at various
incident angles for TE or TM polarized waves, the effective
dynamic matrix used in the transfer matrix is

DTE ¼ 1 1

n cos � �n cos �

� �
for TE polarization and

DTM ¼ cos � � cos �

n �n

� �
for TM polarization.16) The simulated results for TE and TM
polarizations are plotted in Figs. 3(a) and 3(b), respectively.
Both of the two curves exhibiting the increased angle of
incidence shift the resonant frequency to shorter wavelength.
However, the curves present that the TE bandwidth increases
while the TM bandwidth decreases with increasing incident
angle.17) It also shows the significant enhancement and
reduction in sharpness on the short-wavelength side of the
reflectance band edge for TE and TM polarizations,
respectively.

To discuss the variations in the reflection band as a
function of incident angle, the wavelength edge (�E) of the
reflection band can be given by15)

�E ¼ �C½1��g�; ð3Þ

�g ¼ 2

�

� �
sin�1 �H � �L

�H þ �L

� �
; ð4Þ

where �g is modified from its usual normal-incidence
definition to include the dependence on effective refractive-

(a)

(b)

Fig. 2. (a) Incident angle-dependent reflectivity spectra of the
ZnO/MgO multilayer films. (b) Theoretical solid curve calculated
from Eq. (1) and the opened circles obtained from the experimental
reflectance spectra.

(a)

(b)

Fig. 3. Simulated reflectance spectra as a function of incident
angle for (a) TE and (b) TM polarizations.
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index values (�H or �L) to account for the different
polarization states. The TE and TM effective refractive
indices are presented as �TE ¼ ðn2 � sin2 �iÞ1=2 and �TM ¼
n2=ðn2 � sin2 �iÞ1=2, respectively.15) By calculating from
Eqs. (3) and (4), the theoretical TE- and TM-reflection
bands in terms of wavelength and incident angle are shown
in Fig. 4(a). The variations in the bandwidth of the TE- and
TM-reflection bands are also plotted in Fig. 4(b). The results
present clearly the slowly broaden TE-reflection band and
the dramatically narrowed TM-reflection band with increas-
ing incident angle. The bandwidth value from the TM-
reflection band at different incident angles is in good
agreement with that estimated from the measured spectra,
which suggests the actual reflectance band would be
dominated mainly by TM polarization.

Additionally, a typical characterization of omnidirectional
reflector, as mentioned above, cannot be observed in
Fig. 2(a). It has been known that the long- and short-
wavelength edges of omnidirectional-reflection band are
defined by the longer-wavelength TM-reflection band at
incident angle of 90� and the shorter-wavelength reflection
band at 0�, respectively.15,18) Therefore, as shown in
Fig. 4(a), the calculated longer-wavelength TM-reflection
band at incident angle of 90� being lower than the shorter-
wavelength reflection band at 0� predicates no omnidirec-
tional-reflection band in our designed ZnO/MgO multilayer
structure.18) Nevertheless, by theoretical simulation to design
an omnidirectional-reflection band, we can find that the
refractive index of material selected for being a high
refractive index layer has to be larger than about 2.4, which

is suggested to be a valuable parameter to fabricate a
multilayer omnidirectional reflector.

4. Conclusion

In summary, we have investigated the incident-angle-
dependent reflectance spectra of the 10-period ZnO/MgO
multilayer films on Si fabricated by sputtering technique.
The theoretical dispersion curves by using transfer matrix
method taken account of TE and TM polarizations are
calculated to clarify the measured reflectance spectra at
different incident angles. There exists good agreement
between the measured and simulated reflectance spectra as
a function of incident angle. The simulated reflection band
of TE and TM polarization can predicate the variations in
the incident-angle-dependent resonance band, which indi-
cates that the TM-reflection band would dominate signifi-
cantly the performance of measured reflectance spectra.
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