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Low-cost, high performance surface plasmon resonance-compatible
films characterized by the surface plasmon resonance technique*
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A new analytical method based on the surface plasmon resonance (SPR) technique is presented, with which SPR
curves for both wavelength and angular modulations can be obtained simultaneously via only a single scan of the incident
angle. Using this method, the SPR responses of TiO,-coated Cu films are characterized in the wavelength range from
600 nm to 900 nm. For the first time, we determine the effective optical constants and the thicknesses of TiO,-coated Cu
films using the SPR curves of wavelength modulation. The sensitivities of prism-based SPR refractive index sensors using
TiO;-coated Cu films are investigated theoretically for both wavelength and angular modulations, the results show that in
the case of sensitivity with wavelength modulation, TiO,-coated Cu films are not as good as the Au film, however, they are
more suitable than the Au film for SPR refractive index sensors with angular modulation because a higher sensitivity can

be achieved.
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1. Introduction

Noble metals such as Au and Ag are the most widely
used metals in surface plasmon resonance (SPR) experiments
due to their advantages: they display SPR bands in both the
visible and the near-infrared (NIR) frequencies, their surface
chemistry is well-characterized, and they are easily function-
alized for biosensing. However, Au and Ag also suffer from
some disadvantages: they are expansive, especially the Au
films; silver films tarnish rapidly in ambient conditions. Be-
cause of these problems, several SPR-compatible films!!~"]
that are chemically and mechanically robust have been pro-
duced. Among the SPR-compatible metals, Al has received
much attention and many investigations gave important in-
formation on the SPR phenomenon of Al films.[!*-18] Re-
cently, AI/TiO, film has been used in SPR optical fiber sen-
sors owing to its response in the NIR region, especially in the
1500 nm region.!"®! Cu film has also been used as an SPR sen-
sor element,'® however, no sufficient investigations on the
SPR sensing properties of the Cu film have been carried out
due to its unstable chemical properties as compared to Au, Ag,
and Al films.

Many previous studies on the optical properties of Cu
have been reported, the optical constants of Cu covering a
wide frequency domain and their dependences of temperature,
crystallographic orientation, surface roughness, and oxidation
have been investigated.?*-3?! It was confirmed that the opti-
cal constants of Cu are related to a threshold for the interband
electronic transitions accounting for the sudden change in the
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imaginary part of optical constants &(A) between 550 nm
and 600 nm, while in the wavelength range from 650 nm to
2500 nm, the dielectric constants can be determined almost
entirely by free electrons without considering the contribution
of any bound electrons.?!! Therefore, the optical properties
of the Cu film, especially in the red and infrared wavelength
range, should be paid more attention to when the Cu film is
used as an active layer for SPR.

Cu is prone to surface oxidation upon exposure to ambient
laboratory atmosphere at room temperature, in this case, the
dominant product is Cu,O and the minor product is CuQ.16-32]
Various protection methods have been implemented to prevent
the oxidation of Cu, for example, embedding Cu nanoparticles
into a transparent matrix to prevent the oxidation and to study
their optical properties, fabricating nanoparticles in a solution;
removing oxides by using glacial acetic acid or heating the Cu
sample in vacuum to a high temperature.!3?! The protection
of Cu from corrosion is also necessary for stable use when
the Cu film is utilized in an SPR experiment. Commonly, an
overlayer deposited on a metal film is employed to protect the
oxidable surface, tune the measureable range of the sensor by
affecting the resonance condition, or improve the performance
of the sensor. One alternative is to use metal. Bimetallic layers
comprised of Ag and Au are used as SPR-compatible layers, in
which the Au film is also an overlayer.>3-3¢! It is well known
that they combine the advantages of both Ag and Au lay-
ers, however, the combination shows significant aging effects
which degrade the intrinsic sensitivity of the sensor chips. ¢!
Another alternative is to use layers of other materials. The
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films of metal and semiconductor oxides are widely used as
overlayers,3”] and they might be more suitable for overlayers
due to their low cost as well as maximum allowable thick-
nesses related to their refractive indexes in the design process
of SPR devices. Among oxides, TiO, has been extensively
studied in the form of thin films for optical applications and
received much attention in sensing applications due to good
sensing properties towards humidity, oxygen, and organic va-
pors, as well as hazardous or toxic gases. 3844

The SPR technique is an accurate and simple method for
the determination of optical constants and thicknesses of SPR-
compatible films.[*~#°1 In calculation process, the one-layer
model is generally used, the metal film is considered to be ho-
mogeneous, and the interfaces are perfectly flat in the model,
the surface roughness is not considered. To describe the in-
fluence of the surface roughness and deduce more reasonable
results, a multilayer model consisting of an intermediate layer
is used, and the intermediate layer is modeled by using the ef-

[50] Nevertheless, the one-layer

fective medium approximation.
model is more convenient and also good enough to character-
ize the SPR-compatible films by providing the effective prop-
erties which are also related to the internal structure.

In SPR sensors, a surface plasmon wave (SPW) is excited
at the interface between SPR-compatible film and dielectric
medium. The changes in the refractive index of the dielectric
medium are then measured. A change in the refractive index
of the dielectric medium produces a change in the propaga-
tion constant of the SPW. Based on which characteristic of the
light wave interacting with the SPW is measured, SPR sensors
can be classified into SPR sensors with angular or wavelength
modulation, and so on.’! In SPR experiments with angular
modulation, the SPR curve R(0) can be generated through
scanning the angle of incidence step by step at a given wave-
length. In the case of wavelength modulation, the SPR curve
R(A) can be obtained by using a light beam from a broadband
source when the angle of incidence is appropriately fixed.

This work aims to study the TiO,-coated Cu film via the
SPR response of the film and the sensitivity of the SPR refrac-
tive index sensor in which the film is employed. For this pur-
pose, SPR curves of wavelength and angular modulations are
obtained simultaneously via only a single scan of the incident
angle. This method is particularly suit for studying the SPR
response of a film due to its distinct advantage of convenience.
Using this method, the SPR responses of an Au film and the
TiO,-coated Cu films are characterized in a wavelength range
from 600 nm to 900 nm at room temperature. Using the al-
gorithm reported previously by us,??! we determine the ef-
fective optical constants and thicknesses of the films by using
SPR curves R(A). To our knowledge, it is the first time that
the effective optical properties of TiO;-coated Cu films have
been determined by using the SPR technique. To study the
sensitivities of the prism-based SPR refractive index sensors

in which the TiO,-coated Cu films are employed, the sensitiv-
ities are investigated theoretically and compared to that of the
Au film both for wavelength and angular modulations. The
results show that even though for sensitivity with wavelength
modulation, the TiO,-coated Cu films are not as good as the
Au film, a higher sensitivity can be achieved for sensors with
angular modulation in which the TiO;-coated Cu films are em-
ployed.

2. Experimental details

BK?7 glass substrates were sourced from Agar Scientific
Ltd, and were cleaned with acetone, ethanol then soaked in a
detergent solution before de-ionized water rinse and nitrogen
dry. Cu and TiO» films could be applied either by sputtering or
e-beam deposition, we chose the e-beam deposition because it
is the most consistent method. The Au film (56 nm) was pre-
pared by evaporating 99.999% pure gold onto the substrates.
The Cu film was deposited on the substrates followed by TiO,
in a vacuum chamber. Three TiO,-coated Cu films were pre-
pared, which had a Cu film of the same thickness (56 nm) and
a TiO; film of different thickness (5 nm, 10 nm, 14.6 nm).
The evaporation rates and the thicknesses were monitored by
an IC/5 thin film deposition controller (INFICON) with a 6
MHz Au-coated crystal. For the purpose of the present work,
four samples have been prepared, and the corresponding films
are denoted as Au0, Cul, Cu2, and Cu3.

A measurement apparatus was built up to investigate the
plasmoinc properties of the SPR-compatible films, as shown
in Fig. 1. A well collimated light beam from a broadband
source (Tungsten halogen light source, AvalLight-Hal) is p-
polarized by a Glan-Taylor polarizer to excite the SPWs.
The p-polarized light is coupled to the surface plasmon via
Kretschmann’s prism configuration. The reflected light from
the SPR-compatible films is monitored by an optic spectrome-
ter (Ocean Optics USB4000), from which we can obtain the
SPR curve R(A).
cal structure is used, 3! in which a rhombohedral BK7 prism

As depicted in Fig. 1, an adaptive opti-

consists of two prisms (isosceles right-angled triangle) af-
fixed each other with index-matching fluid. The fluid is also
used to attach a sample to a face of the hypotenuse side of
the triangle prism. The rhombohedral prism is mounted on
a computer-controlled rotary stage to scan the angle of in-
cidence, and the parallel shift of the incident light beam is
implemented simultaneously utilizing a computer-controlled
translation stage. With this configuration, the light beam is
able to incident upon almost the same region of a film, and
the light output from the prism is always parallel to the inci-
dent light during the scanning, which brings great convenience
for detection. The total internal reflection (TIR) spectrum of
the light from the broadband source reflected from the part of
prism without attached substrate is measured and taken as the
reference spectrum for calibration.
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Fig. 1. Schematic diagram of the measurement apparatus.

3. Results and analyses

A series of SPR curves R(A) are generated through scan-
ning the angle of incidence. The SPR curves R(6) for each
film at corresponding resonant wavelengths are extracted from
the normalized SPR curves R(4). In the extracting process, the
values of incidence angles against the films at each resonant
wavelength are corrected considering the dispersion effect of
the prism.

The normalized SPR curves R(A) for the films are shown
in Figs. 2-5. High-quality SPR curves R(A) are prohibited
in the long-wavelength region due to the degraded signal-to-
noise ratio associated with the response of the spectrometer
and the SPR responses of the films.
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Fig. 2. (color online) Normalized SPR curves R(A) of Au0 in the wave-

length ranges: (a) from 600.04 nm to 726.69 nm, (b) from 734.90 nm

to 896.06 nm.
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Fig. 3. (color online) Normalized SPR curves R(4) of Cul in the wave-
length ranges: (a) from 601.45 nm to 726.69 nm, (b) from 734.90 nm
to 896.06 nm.

The SPR curves R(6) for each film at corresponding res-
onant wavelengths are extracted from the normalized SPR
curves R(A).

dence angles against the films at each resonant wavelength are

In the extracting process, the values of inci-

corrected considering the dispersion effect of the prism. In
addition, to get the width information of SPR curves R(0), we
can only investigate SPR curves R(6) at the wavelengths in
the middle of the wavelength region we studied. However, we
can also obtain SPR curves R(8) at other wavelengths which
are not the resonant wavelengths in the middle range. The
disadvantage is that the information of resonant angle and cor-

responding minimum reflectivity cannot be obtained directly.
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Fig. 4. (color online) Normalized SPR curves R(A) of Cu2 in the wave-
length ranges: (a) from 605.67 nm to 723.63 nm, (b) from 728.03 nm
to 896.94 nm.
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Fig. 5. (color online) Normalized SPR curves R(A) of Cu3 in the wave-
length ranges: (a) from 613.50 nm to 724.59 nm, (b) from 727.45 nm

to 895.3

6 nm.

The SPR curves R(6) are shown in Fig. 6, in which not all
curves are included for clear vision. We choose SPR curves
R(0) at several resonant wavelengths near 700 nm for com-

parison.
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Fig. 6. (color online) Normalized SPR curves R(6).

From all the SPR curves R(6) obtained for the TiOs-
coated Cu films, it is concluded that the FWHM (full width at
half maximum) of SPR curve R(0) at a similar wavelength be-
comes larger as the thickness of TiO; increases, and for each
TiO,-coated Cu film, the FWHM decreases with increasing
incident wavelength, which is consistent with the theoretical
calculation.

To determine the effective optical constants of the films,
the one-layer model is used because the consideration pre-
sented here is restricted to idealized films. The formulas of re-
flectivity R of p-polarization from the three-layer Kretchmann
SPR configuration are employed. Take one film as an exam-
ple, from each normalized SPR curve R(A), we can extract the
resonant wavelength Agpg, the corresponding angle of incident
Bspr, and the minimum reflectivity RS . . The &(4 ), &(A ), and
d are taken as adjustable parameters, and their possible ranges
are set. Here &(A) and d are the real part of the effective
optical constant and the effective thickness of the film, respec-
tively. For a given d within the set range, two sets of &(A)
and &/(A) can be calculated for each Agpr using the criterion
function R}, [€:(A),&(A)] — RS, =0, where R} . represents
the minimum reflectivity of the theoretical SPR curve. Then
we can obtain two different sets of effective optical constants
€(1), each set consists of a set of &(A) and related & (A) for
all Aspr. Assume x to be a set of the parameters €(4) and d.
As d is adjusted with a set step (1 nm), many sets of x are
obtained. To determine the true solution of effective optical
constants and thickness, a best fit is determined by computing
the minimization of the objective function F (x) defined as

N 1/2
F(x) = KZ [Ri(x) —R?‘]2> /N} , (1
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where R}(x) is the theoretical reflectivity, Rf is the experimen-
tal reflectivity, and i is a subscript for each of the N data points.
In calculations, 200 data points near the SPR dip are sampled
for each SPR curve R(A), so here N = 200. Among many sets
of x, the unique solution which minimizes F'(x) can be simply
selected.

Using the algorithm mentioned above, the effective opti-
cal constants of the films are determined, and the results are
shown in Fig. 7. The effective thickness is 55 nm for AuO0;
70 nm, 82 nm, and 94 nm for Cul, Cu2, and Cu3, respec-
tively. As depicted in Fig. 7, both |&:(1)| and &(A) at a given
wavelength decrease as the thickness of TiO, increases. In the
case of Au0, the results agree closely with the ones from our
previous work,3?! the discrepancy might arise from the dif-
ference of surface roughness between the films. The major
contributions to the experimental errors arise from the abso-
lute angle measurement errors, the light source instability, the
optical resolution of the spectrometer, and the light beam di-
vergence. The discussion about the experimental errors has
been given previously,[°?! the errors will not be estimated in
this work because the errors could be smaller if a broadband
source and a spectrometer with higher performance are em-

ployed.
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Fig. 7. (color online) Effective optical constants: (a) real part, (b) imag-
inary part.

To investigate the sensitivities of prism-based SPR sen-
sors in which the films are employed, the ratio between the

resonant angle or wavelength shift and the refractive index
change is defined as the sensitivity versus angle or wavelength,
expressed as Sg or S;. Assuming that the refractive index of
analyte changes from 1.33 to 1.34, we calculate Sg and S of
the four films, and the results are shown in Fig. 8.
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Fig. 8. (color online) (a) Sensitivity for wavelength modulation, (b) sen-
sitivity for angular modulation, where RIU stands for refractive index
unit.

As illustrated in Fig. 8, S, increases with increasing
wavelength for each film until S} maximized, the maximum
Sy of Au0 is larger than that of Cul, Cu2, and Cu3. For
Sg, there is an optimized wavelength which maximizes the Sg
for each film. For the TiO,-coated Cu films, the optimized
wavelength increases with increasing thickness of the TiO;
film, and the maximum Sy is larger than that of Au0. The
phenomenon can be explained by the electromagnetic field
distribution in our multilayer structure. It has been demon-
strated that sensitivity enhancement mechanisms are accompa-
nied with a field enhancement and correlated with the overlap
integral in the analyte region. In brief, the sensitivity is gov-
erned by the ratio between the overlap integral in the analyte
region and the total energy of the propagating mode, further
more, the overlap integral combines the enhanced field am-
plitude in the analyte interface and the penetration depth into
the analyte region.’*! The existence of the TiO, film, which
enhances the field amplitude in the analyte interface, accounts
for the sensitivity enhancement. However, the enhancement of
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sensitivity does not scale linearly with the wavelength as one
might expect from the increase of the interaction volume (in-
tegral volume), because the film becomes more absorptive in
the infrared region. As a result, according to the effective op-
tical properties of the films, there exist maximum sensitivities
for both wavelength and angular modulations. Further calcu-
lations confirm that the maximum Sy is also dependent on the
refractive index of the dielectric medium, therefore, one can
achieve a higher Sg using the TiO;-coated Cu film through
optimizing the incident wavelength and the thickness of the
TiO; film against the refractive index changes of analyte to be
measured.

4. Conclusion

We present a new analytical method based on the surface
plasmon resonance (SPR) technique, with which SPR curves
for both wavelength and angular modulations can be obtained
simultaneously via only a single scan of the incident angle.
This method is particularly suitable for studying the plasmonic
properties of SPR-compatible films due to its distinct advan-
tage of convenience. Using this method, the SPR responses
of an Au film and TiO;-coated Cu films are characterized in
the wavelength range from 600 nm to 900 nm at room tem-
perature. For the first time, we determine the effective optical
constants and the thicknesses of TiO;-coated Cu films using
the SPR curves of wavelength modulation. In addition, from
the theoretical analysis of sensitivity, we can draw the conclu-
sion that in the case of sensitivity with wavelength modulation,
TiO,-coated Cu films are not as good as the Au film, however,
they are more suitable than the Au film for SPR refractive in-
dex sensors with angular modulation because a higher sensi-
tivity can be achieved. Moreover, TiO;-coated Cu films have
the potential use for SPR sensors due to the low cost of Cu and
good sensing properties of TiO,.
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