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ABSTRACT

We report a novel design for the intermediary layer of
surface plasmon resonance (SPR) devices that use high
refractive index and high-transmittance zinc oxide (ZnO)
dielectric layers to enhance the signal quality and improve
the full width at half-maximum (FWHM) of the reflectivity
curve. We optimized the design of ZnO thin films using
different sputtering parameters and performed analytical
comparisons with conventional intermediary layers of
chromium (Cr) as well as indium tin oxide (ITO). The study
is based on application of the Fresnel equation, which
provides an explanation and verification for the observed
SPR narrow-width curve and optical transmittance spectra
displayed by (ZnO/Au)-1, (Cr/Au)-4 and (ITO/Au)-5
devices. On exposure to ethanol, the (ZnO/Au)-1 device
showed a two-fold decrease in FWHM and a 4.5-fold larger
shift in intensity interrogation. The (ZnO/Au)-1 device
exhibits a wider linearity range and much higher sensitivity.
They also exhibit a good linear relationship between angle
and concentration dependence in the tested range. We show
that these advances represent a novel and simple method for
preparing high-sensitivity, high-resolution SPR biosensors
for accurate and specific bio-molecular detection.

Keywords: Intermediary layer, surface plasmon resonance
(SPR), zinc oxide (Zn0O), refractive index unit (RIU), Full
Width at Half-Maximum (FWHM), angular interrogation
mode, intensity interrogation mode, biosensor.

1 INTRODUCTION

Surface plasmon resonance (SPR) is an evanescent
guided electromagnetic wave mode that propagates along a
metal-dielectric interface [1-3]. It is known that high-
density electron gas, when subjected to collective
longitudinal excitations, will exhibit particle behavior. This
phenomenon was first observed in the early 1900s, with
respect to the transfer of light energy (photons) to a group
of electrons (plasmon) on a metal grating surface [4]. Since
then, Kretschmann and Otto prism-coupling devices have
been used extensively to study the optical properties of

metallic thin films, including index of refraction (n),
extinction coefficient (k), thickness (d), and roughness [5,6].
Conventionally, SPR biosensors make it possible to detect
biomaterial concentration, thickness, and specific biological
analytes.

In the traditional attenuated total reflection (ATR)
method, a prism-based SPR sensing chip configuration is
used, generally with gold (Au) deposited on either a
chromium (Cr) or titanium (Ti) adhesion layer (2~5 nm).
These Cr/Au and Ti/Au films both exhibit large full width
at half maximum (FWHM) values of about three degrees
for incident light of 632 or 658 nm wavelength [7-9].
However, this method introduces several problems
involving metal interdiffusion and low optical transmission
to the gold surface [10,11]. Other new SPR devices have
been shown to improve the plasmon efficiency, including
active plasmonic coupled emission [12-14], prism-based
coupler periodic metallic nanostructures [15] and multi-
layer devices [16]. Recently, enhancement of SPR
characterization of germanium (Ge) semiconductor films by
Si prism-based technology [17] and conducting metal
indium tin oxide (ITO) has been reported [18,19]. Therefore,
the development of more ideal materials may be the
innovation required in biosensor substrates to increase
detection sensitivity.

As a semiconductor material, ZnO thin films exhibit
excellent optical and electrical properties including high
refractive index, high transparency, and low resistivity
[20,21]. Many studies have been carried out exploring ZnO
nanostructure with Au nanoparticles [22-25] because of the
ability of ZnO thin films to enhance optical properties in
SPR. In our previous report, we have demonstrated the
high-sensitivity detection of CA15-3 for breast tumor
marker [26]. The results show that an Au/ZnO SPR offers a
potentially powerful assay. Consequently, we consider the
optimal design of the intermediary layer to improve the
SPR efficiency of the narrow-width curve.

2 MATERIALS AND METHODS
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Our SPR reflectivity curve was generated with an
intermediary layer SPR device, such as a glass-dielectric-
metallic-dielectric (test fluid medium) interface. This
process reveals that the different resonance angles observed
were due to different interfaces. A surface plasmon consists
of an evanescent wave field, the resonance of which is
absorbed by free electrons contained in the thin metal film,
as shown in Figure 1(a). In general, the metal films use gold
(Au) because of its excellent chemical resistance and high
extinction coefficient (k). As shown in Figure 1(b), Cr is
highly reflective and has a high extinction coefficient (k)
[27,28]. In this paper, we fabricated five different
intermediary thin film devices, which include three kinds of
zinc oxide/gold (ZnO/Au) devices and one each with
chromium/gold (Cr/Au) and indium tin oxide/gold
(ITO/Au). We consider the optimal design of the ZnO thin
films with respect to increases in transmittance and
refractive index and improvement in the FWHM of the SPR
reflectivity curve. Compared to conventional SPR devices,
these devices yield a considerably narrower SPR feature
through the use of a laser light source on a coupling SF10
prism (refractive index n=1.72,3 x 3 cm’, 60-degree angle,
Edmund Optics, Inc.) with dripped match oil (n)
1.7240.005 at 25°C (R. P. Cargille Laboratories, Inc.).
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Figure 1. (a) Kreschmann configuration of a four-layered
SPR system consisting of prism glass, an intermediary layer,
gold film and test fluid medium. (b) UV-vis-NIR spectra to
determination the effective refractive index of Au with Cr.
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2.1 Fabrication of intermediary layer

In order to find the optimum conditions for coupled
narrower SPR, we fabricated three different ZnO thin films
varying sputter power and substrate temperature control.
The ZnO thin films were grown using a radio frequency
(RF) 13.56 MHz sputtering system (ULVAC Japan Inc.). A
metallic Zn (99.99%) target was used for ZnO deposition.
The films were grown at three different temperatures (200,
150, and 25°C) for (ZnO/Au)-1, (ZnO/Au)-2, and
(ZnO/Au)-3 devices, respectively, with the RF power
control at 200 W for (ZnO/Au)-1 and 150 W for (ZnO/Au)-
2 and (ZnO/Au)-3 devices. A working pressure of 3 mTorr
was employed during the deposition and the working gas
was a mixture of Ar (40%) and O, (30%) gas. In addition,
we tried to demonstrate the effectiveness of crystal
orientation ZnO (002) growth control and made
comparisons of parameters involved in the deposition
process for the optimization of our rf-sputtered ZnO thin
films. We fabricated (Cr/Au)-4 and (ITO/Au)-5 for
comparison. The (Cr/Au)-4 film consists of a 2 nm Cr
(99.5%) layer deposited by electron beam evaporator. For

the (ITO/Au)-5 device, the substrate thickness is 0.7 mm
comprises 200 nm of ITO thin film with a sheet resistance
of 46.6 Q/o0 (Merck & Co., Inc.). The 50 nm Au (99.95%)
films were deposited by an electron beam evaporator at a
vacuum level of about 3x10° Torr, with an evaporation rate
of approximately 0.2 A/s.

3 RESULTS AND DISCUSSION
3.1. Comparisons of the ZnO crystal (002)

orientation and the SPR reflectivity curve

In this work, we consider optimal design problems with
multiple objectives. We used an intermediary layer of ZnO
thin film to improve the sensitivity and detection limit of
surface plasmon resonance. Figure 2 shows X-ray
diffraction (XRD) (Nonius, Kappa CCD Single Crystal
XRD) results obtained with the ZnO/Au thin films prepared
on glass slides by rf-sputtering at different temperatures.
The first thing to notice in the XRD results is the relative
peak intensity of the ZnO orientation (002). The ZnO thin
films growth characterization is kinetic energy of the ions
assisted deposition on glass substrates. The strongly (002)
oriented ZnO film resulted in a higher kinetic energy,
brought about by the higher density of Zn atoms along the
(002) plane. We observed that the crystalline (002)
orientation improved, showing a decrease in the FWHM of
SPR angle. It is because the increase in RF power and
substrate temperature enhances the growth density of the
ZnO thin film.
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Figure 2. XRD patterns exhibited by ZnO thin films
deposited on glass under different conditions. (a)-(c) show
the diffraction angle (20), the FWHM and the peak
intensity of X-ray diffraction of the three sample devices; (d)

shows their SPR reflectivity curves.

We analyzed the three ZnO/Au device configurations
and evaluated their performances. Figures 2(a), (b), and (c)
show XRD patterns which exhibit three peaks
corresponding to the (002) plane of ZnO and (111) and (222)
planes of the Au films. These XRD results show that
(ZnO/Au)-1 is better than (ZnO/Au)-2 and (ZnO/Au)-3 for
SPR biosensor purposes because (ZnO/Au)-1 possesses a
strong (002) orientation diffraction intensity. We can see
that the ratio of the (002) diffraction maximum intensities
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of (ZnO/Au)-1:(ZnO/Au)-2:(ZnO/Au)-3 is 5.4:1.2:1. We
measured and compared the (002) diffraction peak intensity
and the FWHM of the SPR curves of the three sample
devices. Figure 2(d) shows that the SPR reflectivity curve
of (ZnO/Au)-1 is better than that of (ZnO/Au)-2 and
(ZnO/Au)-3; (ZnO/Au)-1 has a narrower SPR curve. The
FWHM of the SPR reflectivity curve of the (ZnO/Au)-1,
(ZnO/Au)-2 and (ZnO/Au)-3 devices are 0.551, 0.779 and
0.898 degrees, respectively. The SPR curve pattern shows
that the parameters of the (ZnO/Au)-1 device are optimal.

3.2. Comparisons of optical properties and

surface morphology

Figure 3(a) shows the transmittance spectra of the
devices. The spectra of the (ZnO/Au)-1, (ZnO/Au)-2,
(ZnO/Au)-3, (Cr/Au)-4, and (ITO/Au)-5 devices show
maximum transmittance peaks at 513, 513, 509, 501, and
506 nm, respectively; all of which fall within the green light
wavelength region. We are interested in the entire
transmittance spectrum (400-600 nm) of visible light
because this represents the SPR range when the incident
light wavelength range is between 780-833 nm. We can use
the dispersion relation of the ZnO/Au and Au/test fluid
medium interface to calculate the surface plasmon
wavelength, as shown by Eq. (1) [29]:

2 Epot €
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where Agp is the wavelength of SPR resonant light, kgp is
the surface plasmon wave vector parallel to the surface, ¢,
emo and gy, are the dielectric constants of the test fluid
medium, ZnO and Au, respectively, and A, is the
wavelength of the excitation light in a vacuum.

The (ZnO/Au)-1, (ZnO/Au)-2 and (ZnO/Au)-3 devices
show high transparent properties relative to the (Cr/Au)-4
and (ITO/Au)-5 devices. The (Cr/Au)-4 and (ITO/Au)-5
devices exhibited lower transparency due to high reflection
and absorption by the intermediary Cr [28] and ITO [30-32]
layers. In the average visible light region, transmittance by
ITO and ZnO thin films is about 80% and 90%,
respectively.

The refractive index and extinction coefficient were
evaluated for the ZnO, Cr and ITO thin films using an EP’
imaging ellipsometer. We used previous [33] studies to
measured and estimated the optical properties of various
densities. The measured data were fit to the best optical
parameters of the samples. The dispersion of the oxide
layer was assumed to follow that of ZnO and ITO films
based on the Cauchy model and the Lorentz oscillator
model, respectively [34]. Figure 3(b) shows the refractive
indices of ZnO, Cr and ITO measured at 833, 643 and 532
nm, respectively. Data on the refractive index of Cr, ZnO
and ITO films from previously published work [28,34,35]
are included for comparison (solid line in the figure). It can
be seen that the refractive index shows dependency on
wavelength. The (ZnO/Au)-1 device has a high refractive
index of 1.96, 1.96 and 1.97 at wavelengths of 833, 643 and

532 nm, respectively. The refractive indices of (ZnO/Au)-1,
(Cr/Au)-4 and (ITO/Au)-5 devices at 833 nm wavelength
are 1.96, 4.4 and 1.53, respectively; values that are close to
those calculated from the technical literature, as shown in
Fig. 3(b). In Table 1, it can be seen that the refractive index
of ZnO films increases from 1.93 to 1.96 with increasing
substrate temperature from 25 to 200°C.
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Figure 3. Measurement of the optical properties and surface
morphology (a) The transmittance spectrum of each sample.
(b) The measured refractive index of samples (symbol)
compared with the data from published literature (solid
line).
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3.3.Chemical detection

SPR reflectivity curves were measured in angular
interrogation mode using an imaging ellipsometric platform
EP? SPR system. In intensity interrogation mode SPR, the
real-time reflectance intensity was measured. The
experimental results shown in Fig. 4(a) illustrate the
performance of SPR devices in ethanol solutions of weight
percentages 0% (deionized water), 1.25%, 2.5%, 5%, 10%
and 20%. Comparison of the real-time monitoring of the
ethanol signals shows that the (ZnO/Au)-1 device (red line)
exhibits a shorter transition time and higher steady-state
response compared to a traditional (Cr/Au)-4 (green line)
and (ITO/Au)-5 (blue line). A comparison of the measured
reflectance intensity shift relationships between the
(ZnO/Au)-1 and (Cr/Au)-4 devices, in 1.25%, 2.5%, 5%,
10% and 20% ethanol yield relative values of 4.5, 3.7, 2.7,
1.9 and 1.7-fold at a signal-to-noise ratio of 9:1. Fig. 4(b)
shows that the experimentally-determined = SPR
characteristics in intensity interrogation mode exhibited a
good agreement with the calibration curve. The (ZnO/Au)-1
device gave a linear plot for the range 0% to 20%, with a
linear regression equation y = 10.74x — 1.1, and correlation
coefficient (R?) of 0.991, where y represents the reflectance
intensity (a.u.) and x the ethanol concentration. In addition,
the linear regressions of the calibration curves were
y=4.36x—1.85, with a correlation coefficient R* = 0.934,
for the (Cr/Au)-4 device and y=6.67x—1.15, with a
correlation coefficient R* = 0.968, for the (ITO/Au)-5
device.

Fig. 4(c) shows that the SPR response measurement
results for the calibration curves obtained for deionized
water (0%), and for 1.25%, 2.5%, 5% 10%, 20%, 30%,
40%, 50%, 60%, 70%, 80%, and 95 % ethanol
concentration (as weight percentage). Fig. 4(d) shows that
the SPR responses to the corresponding average inaccuracy
of SPR angles were £0.018°, £0.021°, and +0.021° (n=3)
for the (ZnO/Au)-1, (Cr/Au)-4 and (ITO/Au)-5 devices,
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respectively. The experimental data gave good agreement
when fitted to the calibration curve. In our sample devices,
the linear regression of the calibration curve was y
=146.62x —146.33 (correlation coefficient, R* = 0.998) for
(ZnO/Au)-1, y=100.73x—84.54 (correlation coefficient, R?
= 0.986) for (Cr/Au)-4, and y=107.11x—92.83 (correlation
coefficient, R? = 0.985) for (ITO/Au)-5, where x is the
refractive index unit (RIU) and y is the SPR angle (0).
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Figure 4. Comparison of the SPR reflectivity curves
obtained at different concentrations of ethanol. (a) Real-
time monitoring of the response of the (ZnO/Au)-1,
(Cr/Au)-4 and (ITO/Au)-5 devices in water (0%) and in
1.25%, 2.5%, 5%, 10% and 20% ethanol solutions. (b)
Linear regression of the sensing experimental data over the
dynamic range of 0% to 20%. (c) Angular interrogation
mode measurement results obtained for the (ZnO/Au)-1
device in water and ethanol solutions. (d) The calibration
curve for the determination of water and ethanol for the
(ZnO/Au)-1, (Cr/Au)-4 and (ITO/Au)-5 devices.

4 CONCLUSIONS

The observation of an SPR effect caused by an
intermediary layer of ZnO thin film extends the application
of plasmons to a new range of biosensors. We varied the
device fabrication parameters to demonstrated that ZnO
(002) crystalline quality can enhance the SPR mechanism.
Crystalline quality is the most important deposition
parameter relating thin film density to the refractive index.
In this study using ATR based on a Prism/Glass/ZnO/Au
configuration coupled with a high refractive index (1.96)
and high transparency (90%) ZnO intermediary layer, we
show an improvement in the FWHM of the SPR reflectivity
curve.
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