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Abstract

In this paper, we report on surface and optical phonon properties of ZnO/diamond heterostructure. ZnO thin film was deposited via

radio-frequency magnetron sputtering on p-type diamond substrate. Polarized IR reflectance and attenuated total reflection (ATR)

techniques were employed to investigate the optical phonon and surface phonon polariton (SPP) of the ZnO/diamond heterostructure,

respectively. The obtained experimental spectra were fitted by the theoretical spectra simulated using a standard transfer matrix

formulation. Overall, the experimental and theoretical spectra were in good agreement. To verify the origin of the observed ATR dip,

surface polariton dispersion spectrum of the studied structure was generated based on standard multilayer reflection mapping technique.

The result reveals that the detected ATR dip was attributed to the leaky SPP mode of ZnO.

& 2012 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Nowadays, earth-abundance, inexpensive, and non-toxic
zinc oxide (ZnO) is emerging as a promising material for
the development of optoelectronic applications, in parti-
cular solar cells and photodetector [1]. This is mainly due
to its superior physical properties, excellent optical and
electrical characteristics, as well as outstanding chemical
resistance profile [1–3].

However, there is one major technical issue associated
with ZnO based devices. Namely, it is difficult to produce
p-type ZnO semiconductor due to the self-compensating
effect from native defects and/or hydrogen incorporation.
For this reason, n-ZnO on p-type semiconductors hetero-
junction (i.e., n-ZnO/p-Si, n-ZnO/p-diamond, n-ZnO/p-

Cu2O, and n-ZnO/p-NiO) has been proposed [3–10].
Subsequently, the fundamental properties of these hetero-
junction materials have attracted a great deal of interest.
Nevertheless, its surface and optical phonon characteristics
have not yet been fully investigated. For instance, there is
only one paper is devoted to its surface phonon polariton
(SPP) characteristics [11].
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Recently, the SPP characteristics have received consider-
able attention from the research community. This is
attributed to their unique characteristics, which can be
utilized for various important applications such as thermo-
photovoltaic energy conversion system, high density opti-
cal data storage device, and near field surface enhanced
spectroscopy [12–14].
Considering the importance of fundamental physics and

new potential applications of SPP, the surface and optical
phonon characteristics of n-ZnO/p-diamond heterostruc-
ture will be investigated experimentally and theoretically.
2. Material and methods

Unintentional doped n-type ZnO thin film was deposited
on the p-type (boron-doped) diamond substrate using an
A500 Edwards radio frequency (RF) magnetron sputtering
system at ambient temperature. A ZnO sputtering target
with a diameter of 76.2 mm and purity of 99.995% was
used. The ZnO thin film was deposited at an RF power of
200 W for 1 h.
Room temperature IR measurements were performed

using a Fourier Transform IR (FTIR) spectrometer (Spec-
trum GX FT-IR, Perkin-Elmer). A wire grid thallium
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Fig. 1. Experimental and theoretical p-polarized IR ATR spectrum of

ZnO thin film grown on p-diamond substrate. The inset figure is the

magnification of the ATR spectrum in the range of 400–1000 cm�1.
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iodide bromide IR polarizer was used to obtain the
polarized IR radiation.

In this work, polarized IR reflectance measurements
were first carried out to access the vibrational properties of
the studied structure. The IR reflectance measurements
were made with a fixed angle reflectance accessory (Perkin–
Elmer) at an incident angle of 161. The spectra were
recorded from 400 cm�1 to 7800 cm�1 with spectral
resolution of 4 cm�1. An Al-coating mirror was employed
as reference standard. To investigate the SPP character-
istics of the sample, p-polarized IR ATR measurement
with Otto configuration were performed. Here, the p-
polarized IR radiation denotes IR radiation with electric
field in the plane of the incident radiation. For this
measurement, an optional single-reflection diamond ATR
accessory (GladiATR, PIKE Technologies) with an inter-
nal incident angle y of 451 and a refractive index nprism of
2.4 was employed. The ATR spectra were acquired in the
spectral range from 400 cm�1 to 4000 cm�1 with spectral
resolution of 4 cm�1.

3. Theory

Let’s assume that the optical c-axis of the ZnO crystal is
parallel to the surface normal (caxis:z) and perpendicular
to the propagation direction (caxis?x). The wurtzite ZnO is
optically anisotropic; two sets of phonon parameters are
required to model the dielectric tensor components [15].
One set to model exx (eyy)�e? and another to model
ezz�e:. For diamond, it is optically isotropic,
exx¼eyy¼ezz�e?, therefore, only one set of phonon para-
meters is sufficient to model the dielectric tensor. By taking
into account the thin film anisotropy and the contribution
of free carriers, the expression for these dielectric functions
can be expressed by [16]:
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where eN and g are the high-frequency the dielectric
constant and phonon damping, respectively. o is the
angular frequency. The subscript LO(TO) is the
longitudinal-optical (transverse-optical) mode. The sub-
script j represents the parallel (:) and perpendicular (?)
vibrational modes with respect to the optical c-axis.

In this work, theoretical p-polarized ATR spectrum
simulated using the standard transfer matrix formulation
[15] was used to verify the experimental result. Theoretical
surface polariton (SP) dispersion spectrum generated using
the standard multilayer reflection mapping technique was
used to determine the origin of the ATR feature.

4. Results and discussion

Fig. 1 shows the room temperature experimental (dotted
line) and theoretical (solid line) p-polarized IR ATR
spectra for wurtzite ZnO thin film grown on p-diamond
substrate. One pronounced ATR dip at 562 cm�1 can be
clearly observed. The origin of this dip is the leaky SPP
mode of the ZnO thin film (will be verified later). No ATR
dip corresponding to the p-diamond is observed because
the diamond is inactive in IR region. Note that diamond is
a non-polar material like silicon and germanium which
does not display a net dipole moment when interacting
with IR radiation.
The obtained leaky SPP mode is in reasonable agree-

ment with the values obtained for the ZnO/SiC [17] and
the ZnO/GaN/SiC [18] samples. This leaky SPP mode (as
well as the leaky SPP modes of the ZnO/SiC and the ZnO/
GaN/SiC samples) deviated from that obtained from the
ZnO/Si sample [11]. This is mainly due to the thickness of
ZnO thin film grown on Si substrate being much higher as
compared to other samples. In general, the thicker ZnO
thin film will tend to produce more bulk-like result. The
leaky SPP mode for the ZnO/Si is about 532 cm�1 [11]
which is closed to the real SPP mode of the bulk ZnO at
529 cm�1.
In this work, the reststrahlen parameters for the studied

structure were extracted from the polarized IR reflectance
spectra (not shown here). The experimental spectra were
fitted with the theoretical spectra generated using the
standard transfer matrix formulation. Subsequently, these
reststrahlen parameters were used for the simulation of the
theoretical p-polarized ATR spectrum by using the same
formulation, i.e., as shown by the solid line in Fig. 1.
Overall, it was found that the experimental and theore-

tical ATR spectra are in good agreement with each other.
The intensity mismatches at the absorption dip (as shown
in the inset of Fig. 1) is probably due to the experimental
variations in the vacuum gap and incident angle [19].
Fig. 2 shows the theoretical SP dispersion spectrum of

the ZnO thin film on p-diamond substrate simulated based
on a standard three dimensional (3D) multilayer SP



Fig. 2. Theoretical SP dispersion spectrum of wurtzite ZnO thin film

grown on p-diamond substrate. The region with high spectral intensity

corresponds to the SPP resonance of ZnO thin film. (For interpretation of

the references to color in this figure legend, the reader is referred to the

web version of this article.)
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dispersion formulation. Also shown in Fig. 2 are the
vacuum line (kvac), the prism light line (kp), and the
substrate light line (ksub). These lines were calculated based
on kvac¼ (o/c), kp¼ediamond

2 (o/c)siny, and ksub¼ (o/c)
ediamond
1/2 , respectively. The symbol ediamond represents the
dielectric constant of diamond and c is the velocity of light
in a vacuum (3 ms�1� 108 ms�1). Note that the parameters
used to model the 3D-SP dispersion spectrum are obtained
from the model fit of the polarized IR reflectance spectra, as
mentioned earlier.

In comparison to the conventional numerical simulation
of SP dispersion curve [20], the 3D-SP dispersion spectrum
has an important advantage, that is, the SPP resonance can
be illustrated with least loss of information even though
the damping parameters are taken into consideration.
Consequently, the theoretical predictions are more com-
parable to the experiment with smaller discrepancy.

As seen in Fig. 2, the SP dispersion spectrum exhibits a
high contrast region with relative highest spectral intensity
(red–yellow–green) as compared to the background region
(blue). This region corresponds to the SPP resonance of
ZnO thin film, which occupies the frequency range between
the TO and LO phonon frequencies of ZnO (i.e., the
reststrahlen band of ZnO). The propagation of the SPP
resonance strongly depends on the dielectric functions of
the layered system. In general, the existence of a surface
mode requires the real parts of the dielectric functions of
two attached media are in opposite sign. Once the condi-
tion is satisfied then the surface mode would be localized at
the interface of that attached media. In the reststrahlen
band of ZnO, the real part of dielectric function of the
ZnO is negative while the dielectric function of vacuum is
always constant and positive (i.e., evacuum¼1). Therefore,
the condition for the localization of SPP mode is satisfied.
Subsequently, the SPP resonance propagates along the
vacuum/ZnO interface and confined in the frequency range
of reststrahlen band of ZnO.
From Fig. 2, it is found that the SPP resonance

propagated in the wavevector region of kxoksub. Subse-
quently, the SPP mode fell into this region and can be
classified into the leaky SPP branch [18,21]. It is interesting
to mention here that in conventional numerical simulation
of SP dispersion curve, the leaky SPP resonance is usually
inaccessible [21]. However, it can be illustrated in the
3D-SP dispersion spectrum even though the damping
parameters are included.
For the ZnO/diamond interface, the localization condition

of surface mode is satisfied, namely, the dielectric function of
the diamond substrate is positive in the reststrahlen band of
ZnO. Consequently, there should have been an interface
phonon polariton (IPP) resonance propagating along the
ZnO/diamond interface in the reststrahlen band of ZnO with
higher wavevector (kx48000 cm�1). However, no apparent
contrast region due to the IPP resonance is observed in the SP
dispersion spectrum. This phenomenon can be explained by
the fact that spectral strength of this IPP resonance is
relatively weak due to the damping effects of optical phonons.
Namely, it is easily suppressed by phonons damping. Apart
from that, this IPP resonance is also hardly to be detected
practically in the ATR experiment due to the limit of
instrumental capability [11,15].
In practice, the intersection of the SPP resonance in the SP

dispersion spectrum with the kp line corresponds to the ATR
dip. As seen in Figs. 1 and 2, the frequency of the absorption
dip in the ATR spectrum (562 cm�1) is in very good
agreement with the result deduced from the SP dispersion
spectrum (560 cm�1). This leads us to conclude that the
detected ATR dip in Fig. 1 originated from the leaky SPP
mode of the ZnO thin film. The small discrepancy is probably
due to the perturbing effect of the prism during the ATR
measurement, which depends on the vacuum gap between the
prism base and the surface of sample [19].

5. Conclusions

In this work, the surface and optical phonon character-
istics of ZnO thin film grown on p-diamond substrate have
been investigated experimentally and theoretically.
Absorption ATR dip corresponding to the leaky SPP
mode of the ZnO was detected. The obtained experimental
result was in good agreement with the theoretical calcula-
tion as well as the reported results.
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