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ABSTRACT: A water-immersion laser-scanning annealing (WILSA) method was developed for the heat treatment of a deposited
polycrystalline Au film on a glass. The material characterization using X-ray diffraction, field-emission scanning electron microscopy,
and electron backscatter diffraction shows improved crystallinity with a more uniform crystallographic orientation of (111) and the
grain growth of the annealed Au film. Additionally, the optical constants of the Au film before and after annealing were characterized
by spectroscopic ellipsometry in the visible to near-infrared (NIR) regime, and the corresponding optical densities (ODs) were
measured by transmittance spectroscopy. Our results show that the extinction coefficient and the OD of the annealed film are
significantly reduced, particularly in the NIR regime. This is because the grain growth caused by the annealing reduces the density of
grain boundaries, leading to the decrease of the loss of free electrons’ scattering at grain boundaries. Hence, the damping effect of the
surface plasmon is reduced. Additionally, the integrity of the WILSA-treated thin film is kept intact without pinholes, usually
produced by the conventional thermal annealing. Based on the improved optical property of the WILSA-treated Au film, two
performances of an insulator−metal−insulator (IMI) layered structure of biosensors are theoretically analyzed. Numerical results
show that the propagation length of a long-range surface plasmon polariton along an IMI structure with an annealed Au film is
significantly increased, compared to an unannealed film, particular in the NIR region. For the other application of using an IMI
sensor to detect the shift of the surface-plasmon-resonance dip in the total internal reflection spectrum for the measurement of a
change of the medium’s refractive index, the sensitivity is also profoundly improved by the WILSA method. It is worth mentioning
that the optimal heating conditions (laser wavelength, fluence, exposure time, and scanning step) depend on the thickness of the Au
film. Our study provides a postprocess of WILSA to improve the optical properties of a deposited polycrystalline Au film for raising
the sensitivity of the related biosensors.

■ INTRODUCTION
Physical vapor deposition (PVD), for example, thermal or
electron-beam evaporation, is commonly used to produce a
deposited metal thin film, such as Cu, Au, Ag, or Al. The
optoelectronic properties of these polycrystalline films
produced by PVD are critical to the substrate temperature,
the deposition rate, and the pressure in the deposition
chamber.1,2 To improve the optoelectronic properties of
these films, a postprocess of thermal annealing or rapid
thermal annealing is usually required to induce grain growth
and improve crystallinity.3−9 In addition, the material
modification facilitates the fabrication of nanostructures on
the metal film via focused ion beam (FIB) milling.10 Because of

the grain growth induced by the annealing, the density of grain
boundaries is reduced to diminish the loss of free electrons’
scattering from the grain boundaries. This modification is
particularly useful for reducing the loss of surface plasmon
resonance (SPR) of metallic nanostructures. The SPR behavior
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is a strong collection motion of free electrons in metal, driven
by the incident light in a specific frequency regime of
ultraviolet to near-infrared (NIR). The mean free path of
free electrons in Au is about 37.7 nm.11 This implied that as
the area fraction of the grains of a size less than 40 nm
increases, the scattering effect of free electrons interacting with
grain boundaries becomes severe. Consequently, the damping
of the SPR effect, an interaction of photons with free electrons,
is more severe.

Spectroscopic ellipsometry was usually used to characterize
the optical properties of a metal thin film.12−22 For this
measurement, the data of the multiple incidence angles are
required for cross-checking.18 The accuracy of the measure of
dielectric constants (permittivity) is usually related to the
thickness of the metal film and the adhesion layer. In addition,
the Kramers−Kronig (K−K) model is used for the curve-fitting
of optical constants or dielectric constants of the metal film, a
lossy material, to obey a constraint of the linear causality for
the dielectric constants of metal.18,19 In addition, several
material characterization methods were usually used to
measure the grain size and the orientation of (111), such as
field-emission scanning electron microscopy (FE-SEM),
electron backscatter diffraction (EBSD), X-ray diffraction
(XRD), and atomic force microscopy.23−25

Because of the SPR effect, a variety of plasmonic sensors
have been developed in the past decades.25−34 Several
important applications of Au thin films for various biosensors
are based on a typical configuration of the insulator−metal−
insulator (IMI) layered structure. For example, the long-range
surface plasmon polariton (LRSPP) along an IMI layered
structure is commonly applied for the waveguides or
biosensors, particularly in the NIR regime.4 Another
application of an IMI sensor is for the measurement of the
change of the medium’s refractive index by detecting the shift
of the SPR dip in the total internal reflection spectrum.24−26 In
general, a postprocess of annealing for a deposited Au film can
improve the sensitivity of these SPR sensors.24−26 However,
several types of defects induced by the thermal annealing are
usually observed, such as the bulges (blisters), solid state
dewetting, and pinholes (voids).35−40 These induced defects
are also related to the quality of the adhesion layer, the
delamination of film, the local overheating, and Rayleigh
instability.34−40 The preservation of the film integrity after the
annealing is essential for the following fabrication of
nanostructures via FIB milling.

Recently, laser-scanning annealing methods have been
proposed and developed for the annealing of metal films in
air or vacuum.22,41−46 Because of the SPR effect of metal, the
photothermal heating on the metal film is enhanced. The
advantage of laser-scanning annealing is to provide a
temperature gradient in the metal film for the migration of
grain boundaries; this could facilitate the grain growth locally.
According to the simulations of the Monte-Carlo Potts model,
the grain boundary migrations depend on the temperature
gradient in the heat-affected zone.47−49 Using a 2D laser-
scanning path, the entire area of a metal film can be covered.
Although the local laser heating can improve the grain growth,
the local laser heating in air or vacuum is very difficult to
control.44 The overheating could cause the local deformation
or even melting. As a result, the morphology of nanostructures
could be changed, which is not preferred.44

On the other hand, previous research studies have shown
that the optical performance of a single-crystalline waveguide is

superior to that of a polycrystalline plasmonic waveguide or
sensor.50 A variety of approaches for fabricating single-
crystalline metal films were developed, such as the chemically
synthesized single-crystalline microflakes,51−53 the molecule
beam epitaxy method,54−59 and the chemical wet method (e.g.,
epitaxial electrochemical deposition).60−64 However, from the
practical aspect there are certain limitations in applying these
single-crystalline methods in the fabrication of a realistic
plasmonic device.

In this paper, we study the performance of a water-
immersion laser-scanning annealing (WILSA) method devel-
oped for the heat treatment of a polycrystalline Au film
deposited on a glass. This postprocess is conducted in a fluidic
chamber with a room-temperature water supply. The purpose
of this annealing design is to promote the local grain growth
and to improve the crystallinity of the Au film mildly. An
advantage of this method is that the local overheating is
avoided by utilizing the high heat capacity of water to carry
away the excess heat in the Au film. Hence, the solid-state
dewetting and Rayleigh instability can be prevented; the
former is related to the adhesion layer. Typically, the melting
point of a nanostructure is much lower than that of the bulk
material. For example, the melting point of bulk gold is about
1064 °C, whereas that of the Au thin film could be as lower as
520 °C, depending on the thickness. We conjecture that the
temperature range of gold’s Rayleigh instability is about 420−
500 °C. Additionally, because of the low heat capacity of gold
and the high thermal conductivity, it is challenging to control
the temperature inside the Au thin film during the laser
heating. Of interest is that the temperature inside the Au film
might be above 350 °C during the laser heating, whereas the
temperature outside the film is above room temperature a little
without causing the boiling of water. Although the mechanism
is unclear, the nanoscale thermal conduction at the interface
between Au and water could play an important role.65 Another
advantage of the point-scanning laser heating is to provide a
temperature gradient in the Au film to facilitate the migration
of grain boundaries. Consequently, the integrity of the WILSA-
treated thin film could be preserved intact without producing
pinholes, which are easily caused by the thermal annealing.
After the WILSA treatment, the material properties are
characterized by XRD, FE-SEM, and EBSD. According to
the suggestion of previous research studies,2,66 the optical
constants as well as the optical density (OD) of the Au film
will also be measured to investigate whether the optical
property of the WILSA-treated Au film is improved or not; the
former is measured by the variable-angle spectroscopic
ellipsometry and the latter by the transmission spectrometer.
In particular, the reduction of the extinction coefficient of the
Au film in the NIR regime, which is a crucial indication, will be
verified. Additionally, the integrity of the annealed film will be
examined. Moreover, the optical constants of the unannealed
and the annealed Au films will be used to analyze the
performances of two applications of IMI structures for
comparison. Additionally, the optical constants of Johnson
and Christy (J&D) will be compared with ours.67

■ METHOD
Sample Preparation. The polycrystalline Au films were

deposited on a glass (1 mm × 1 mm × 0.3 mm) by an
electron-beam evaporator (PEVA-900, AST) with a deposition
rate of 1−3 Å/s. The nominal thickness of the Au film is 150
nm. Because the adhesion between the Au film and the glass
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substrate is not good, an adhesion layer of Ti with a thickness
of 5 nm between them was used to ensure the adhesion quality
of the multilayered structure, particularly during the annealing.
WILSA System. The schematic of the setup of the WILSA

system, the water chamber, and the scanning path are shown in
Figure 1a. A fiber-couple compact laser source (LuxX diode

lasers series hub with 515, 638, and 830 nm; Omicron Laser,
Germany) was mounted at the upper stand of an upright
microscope (Axio Imager Z2, Carl Zeiss Co. Ltd., Germany)
with motorized x−y stages (Scanning Stage 130 × 85
STEP(D) for Axio Imager, Physik Instrumente, Germany).
The laser beam through the upper stand is reflected by a
dichroic beam-splitter (FF721-SDi01-25 × 36, Semrock, USA)
and then is focused into a specimen in a water cooling channel
by an objective lens (5×, NA: 0.16). Figure 1b shows the
configuration of a specimen treated by a laser beam in a fluidic
chamber. The isometric laser-scanning path is the multiline
zigzag. The pitch between adjacent laser spots along a line is
Δx, and the pitch between adjacent lines is Δy. For a CW laser
of λ = 830 nm through an objective lens (5×, NA: 0.16), the
focal spot size is about 6 μm. The output power of the laser
beam through the objective lens (5×) is 50 mW, tunable by a

software package (Omicron Laser). The scanning path
interlocked with motorized x−y stages is controlled by a
software package (Zen Blue, Carl Zeiss Co. Ltd., Germany) for
setting the displacement, the speed/acceleration of the stage
movement, and the dwelling time of point-scanning. The
scanning step is Δx = 30 μm for x-axis and Δy = 20 μm for y-
axis, and the scanning duration is 0.5 s/position. Two λ/4
plates are inserted in the upper stand and the lower stand to
control the polarization of laser and the white light source,
respectively. Because of the plasmonic photothermal effect, a
polycrystalline Au film is annealed at a high temperature for
the grain growth. The uniqueness of this method is that the
temperature inside the Au film could be 300−400 °C, whereas
the surrounding water temperature for cooling is slightly above
room temperature. The specimen is placed inside a water
channel, made of polydimethylsiloxane (PDMS), on a glass
slide hold by a mounting frame of the motorized x−y stages
properly. The water flow rate is controlled by a peristaltic
pump.

The advantage of the point-scanning laser heating is to
generate a temperature gradient in the heat-affected zone,
which facilitates a local grain growth and drives the migration
of grain boundaries. In principle, the optimal annealing
temperature at the laser-spot area in the Au film is between
300 and 400 °C for the grain growth. Above 420 °C, the local
Rayleigh instability could be easily induced, a transition state of
partial solid and liquid phases as the temperature is near the
melting point. When the Rayleigh instability occurs, the surface
tension of the liquid portion could reshape the morphology of
the nanostructure.43 Therefore, we use room-temperature
water, instead of air, as the surrounding medium to provide a
high-heat-capacity thermal reservoir, which can regulate the
heating to avoid a local solid-state dewetting or Rayleigh
instability in the Au film.35,36 This mild annealing process can
promote the local grain growth and avoid the local Rayleigh
instability. In addition, the bulges (blisters), solid-state
dewetting, or pinholes (voids) in a deposited thin film during
annealing, usually produced in conventional thermal annealing,
must be avoided. Notice that these defects are also related to
the condition of the adhesion layer. The laser heat-treated area
is 5 mm × 5 mm. After the WILSA process, the optical quality
and the integrity of the treated Au film are assessed by this
microscopy. A halogen lamp is the light source for the bright-
field image and the OD measurement. The magnification of
the objective lens is 40× (NA: 0.65).
Material Characterization. The grain size, size distribu-

tion, and uniformity of the Au film’s crystalline structure were
analyzed by EBSD (Nordlys Max3, Oxford Instruments,
Abingdon, UK) equipped with a FE-SEM (JSM-7800F
PRIME, JEOL, Tokyo, Japan), operated at 20 kV. The surface
morphology images were captured at 10 kV by another FE-
SEM (JSM-7610F, JEOL, Tokyo, Japan). The grain-size
distribution of EBSD was analyzed by a software package
(OIM Analysis, EDAX of AMETEK Inc., PA, USA).
Additionally, the crystallinity was measured by XRD at a
sampling interval of 0.01° (D8 ADVANCE ECO, BRUKER,
MA, USA) to quantize the variations of crystal orientations.
Optical Characterization. The optical constants of Au

films before and after laser annealing were measured by
spectroscopy ellipsometry (M-2000, J.A. Woollam Co., NE,
USA). We used an embedded function of K−K mode in the
CompleteEASE software (J.A. Woollam Co., NE, USA) for the
curve-fitting of the dielectric constants of Au to maintain the

Figure 1. (a) Schematic of a WILSA system with a CW laser, installed
in a microscope. (b) Configuration of a specimen treated by a laser
beam in a fluidic chamber. The laser-scanning path is multiline zigzag.
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consistency of the linear causality in the whole spectrum
physically. The data of the multiangle (45°, 55°, 65°, and 75°)
measurements were analyzed. In addition, the transmission
spectra of the Au film before and after laser annealing were
measured using a spectrometer (QE-pro, Ocean Insight, FL,
USA) in the microscope, as shown in Figure 1a. From the
transmission spectrum, the OD of the Au film can be obtained.
In particular, the integrity of the annealed Au film can also be
assessed by the bright-field image acquired by the CCD of this

microscope. The light source for the OD measurement and the
bright-field image is a halogen lamp.

■ RESULTS AND DISCUSSION
First, several specimens of 150 nm Au films deposited on a
glass with a 5 nm Ti adhesion layer were prepared.
Subsequently, they were processed by the WILSA method.
The annealing laser power is 50 mW, and the dwell time at
each spot is 0.5 s. For the point-scanning along a zigzag path,
the pitch between adjacent spots along the x-axis is Δx = 30

Figure 2. (a) FE-SEM images (acceleration voltage: 10 kV) of the unannealed and the WILSA-treated Au films (JSM-7610FPlus, Schottky field-
emission scanning electron microscope, cold field, WD: 10 mm). (b) EBSD orientation maps in Z-direction (acceleration voltage: 20 kV; JSM-
7800F PRIME and Nordlys Max3, JEOL, Japan) and inverse pole figure. The black areas are the amorphous or the nanograin with a size less than
50 nm. The crystallographic orientation of the grains (111) is dominant. (c) Grain-size distributions of both cases. Left: Unannealed Au film. Right:
WILSA-treated Au film.
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μm, and the distance between adjacent lines is Δy = 20 μm. In
addition, the material and optical characterization studies of
these Au films before and after annealing were performed to
evaluate and compare their performances.
Material Characterization. Figure 2a,b shows the grain

images of FE-SEM and EBSD of Au films before and after the
WILSA treatment. The grain-size distributions are shown in
Figure 2c. The resolution of EBSD for measuring the grain size
is about 100 nm. The results show that the WILSA treatment
significantly induces the grain growth in the Au film. The
EBSD orientation maps indicate that (111) is the primary
orientation. Obviously, the area fraction of the micron-sized
grain is increased a lot by the WILSA treatment, in comparison
of the distributions in Figure 2c. Based on this finding, we can
infer that the energy loss of free electrons colliding the grain
boundaries is reduced, which will be exhibited in the following
optical measurement of the extinction coefficient. The density
of the grain boundary is reduced to decrease the plasmonic
damping because of the collision of electrons with the grain
boundary. Figure 3 shows the intensities of XRD at the (111)
and (220) orientations; the former is at 38.2° and the latter at
64.7°. Again, the results illustrate that the WILSA treatment
significantly improves the crystal orientation of (111) of the Au
film. In contrast, the WILSA treatment does not affect the
(220) orientation.

In addition, the WILSA method can keep the integrity of the
Au film without inducing pinholes or the other defects, which
are usually produced by a conventional thermal annealing in a
furnace (Figure S1 in the Supporting Information). The
mechanism of the induced defects (voids or pinholes) by the
conventional thermal annealing could be due to a competitive
growth of multiple grains at the same time caused by a uniform
temperature field. In general, the compactness of a deposited
film by the PVD method is not perfect, depending on the
deposition rate and the substrate temperature. As multiple
grains grow simultaneously and their crystallinity increases
during the thermal annealing, these internal tiny nanovoids
inside the film would be driven to aggregate at the grain
boundaries. Consequently, larger voids or pinholes are formed
during the conventional thermal annealing. Figure 4 shows the
pinholes in the Au film induced by the conventional thermal
annealing at 400 °C for 1 h in a furnace (SJ-OV400, Lindberg/
Blue M, USA); a typical size of pinholes is 353 nm. From the
FE-SEM image of Figure 4b, the grain growth of the Au film,
caused by the thermal annealing, is observed. In contrast, the
WILSA method provides a point-scanning heating to cause a
local grain growth, where the induced temperature gradient
field allows the migration of the grain boundaries. As a result,

these internal nanovoids could be driven to move outside the
film gradually. Additionally, utilizing the high thermal capacity
of water, the mild heating of WILSA can avoid various defects
(Figure S2 in the Supporting Information).
Measurement of Optical Constants of Au Films. The

optical constants (n, k) or the relative dielectric constants (ε1,
ε2) of the Au film before and after annealing were measured by
spectroscopic ellipsometry, as shown in Figure 5a,b, where the
incidence angle is 75°. The data of J&C67 and the database of

Figure 3. Intensities of XRD of the Au film before and after WILSA treatment at the orientations of (a) (111) and (b) (220). The former is at
38.2° and the latter at 64.7°.

Figure 4. FE-SEM images of the Au film treated by the conventional
thermal annealing at 400 °C for 1 h. (a) Several pinholes were
induced during the thermal annealing. (b) Typical pinhole with a size
of 353 nm.
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CompleteEASE are also plotted. The K−K mode of the
CompleteEASE software (J.A. Woollam Co., NE, USA) was
used to maintain the consistency of the real and imaginary
parts of the dielectric constants of a lossy material (Au) for the
curve-fitting. Except the optical constants of the Au film, the
refractive index of glass and the thicknesses of the Au film were
also unknown for the inverse calculation. In addition, the effect
of the adhesion layer of Ti was also assumed to be unknown
for the curve-fitting; the optical properties of Ti in the database
(CompleteEASE) were used. Figure 5b indicates that the
extinction coefficient of the WILSA-treated Au film is
significantly reduced, compared to that of an unannealed
film. The reason, we think, is that the grain growth induced by
the WILSA process decreases the area ratio of the amorphous
or nanograin in the Au film, as shown in Figure 2a,b. As a
result, the energy loss of free electrons’ scattering at the grain
boundaries is reduced to decrease the attenuation of plasmons,
which is an interaction of photons with electrons. The
reduction on the extinction coefficient of the WILSA-treated
Au film is particularly significant in the NIR regime. The
estimated thicknesses of Au films before and after annealing are
151 and 152.4 nm, respectively, calculated by the Comple-
teEASE software. These values are in agreement with the
nominal thickness of 150 nm. For the refractive index n
(Figure 5a), the value of the annealed film is lower than that of
the unannealed one. We also measured the optical constants of
the Au film at the other incidence angles (45°, 55°, and 65°),
as shown in Figures 5c,d and S3 (Supporting Information). We
found that these extinction coefficients k measured by different
incidence angles (45°, 55°, 65°, and 75°) are almost the same.
However, for a smaller incidence angle (e.g., 45°), the effect of
the adhesion layer of Ti and the substrate becomes severer.
Therefore, the measured refractive index n of the Au film is not
accurate at a small incidence angle, particularly for a thinner Au
film. The corresponding dielectric constants are also shown in
Figure S4 (Supporting Information); ε1 + jε2 = n2 − k2 + j2nk.
Note that the optical constants of Au sensitively depend on the
conditions of WILSA, such as the laser power, fluence,
exposure time, and scanning step.
Optical Density. Moreover, we used a homemade

spectroscopic microscope to measure the transmission of a
normal-incident light through a glass coated with an Au film, as
shown in Figure 1a. The ODs of the Au film obtained from the
transmission spectrum were measured by transmittance
spectroscopy.2,66 Figure 6 shows the measured ODs of the
150 nm Au film before and after the WILSA treatment. We
found that the OD of the WILSA-treated Au film is
significantly reduced. In addition, the theoretical attenuation
curves of e2log ( ) kh

10
2 are also plotted with dashed lines in

Figure 6. Here, λ is the wavelength of incident light, h the
thickness of Au film, and k the extinction coefficient of Au. We
can simplify this problem by using an 1D layered IMI model
(glass/Au film/air) to analyze the transmission of a normal-
incident plane wave in terms of the optical constants of the Au
film before and after the WILSA process (Figure 5). According
to the Beer−Lambert law, the OD of the Au film on a glass is

defined as OD = ( )log I
I10 0

, where I0 is the intensity of the

incident light and I is the intensity of the transmission light. In
general, for a thicker Au film, the multiple reflections inside the
Au film can be neglected. Consequently, the intensity of the
transmission light can be approximately expressed as

Figure 5. Optical properties of (a) n and (b) k of the Au film before
and after WILSA treatment, measured at an incidence angle of 75°.
The J&C data67 (blue line) and the database of CompleteEASE are
also plotted. (c) n and (d) k of the Au film before and after WILSA
treatment, measured at different incidence angles (45°, 55°, 65°, and
75°).
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I TT Ie h
1 2

2
0 (1)

where

i
k2

Im( )
2

1 2= + =
(2)

Here, T1 and T2 are the transmission coefficients at the
interfaces of glass/Au and Au/air, respectively. Hence, the
theoretical OD can be approximately expressed by

T T e hOD log ( ) log ( ) 2log ( )10 1 10 2 10[ + ] + (3)

The last term in eq 3 illustrates that the OD of the Au film
depends on the thickness and the extinction coefficient.2,66 We
also used the transfer-matrix method to calculate the
transmittance coefficient of a normal-incident light through
an IMI layered structure (glass−Au−air) with an Au film
before and after the WILSA treatment, as shown in Figure S5
(Supporting Information), where the reflections of light at the
interfaces of Au/glass and Au/air were also taken into account.
Figure S5 shows that the transmission coefficients of T1 and T2
are almost the same for the Au film before and after annealing.
We can conclude that the major contribution to the decrease
of OD of the Au film before and after annealing is made by the
reduction of the extinction coefficient. Comparing the
difference of the measured ODs with the difference of the
theoretical attenuation curves, as shown in Figure 6, we can
find that they are nearly consistent with each other, particularly
in the NIR regime. There is a discrepancy between the
measured ODs and the theoretical attenuation curves. This
could be because our measurement system has an objective
lens of a higher NA (0.65), whereas the theoretical curve is
based on a 1D model for a plane wave transmission.
Applications of the Biosensor. In the following, two

performances of an IMI layered structure with a WILSA-
treated Au film are theoretically studied; one is the propagation
length of a LRSPP and the other is the sensitivity on the
detection of the red-shift of SPR dip for measuring the change
of medium’s refractive index. We used the optical constants of
the unannealed and the WILSA-treated Au films, as shown in
Figure 5, for the following simulations and analysis.
LRSPP. An application of the IMI layered structure for

sensing is to use the attenuation of LRSPP for the detection of
the amount of a specific analyte attached on the surface of the

Au film quantitatively.4 For this purpose, the propagation
length of LRSPP is a crucial factor for this application. If the
common time factor is exp(−jωt), the transcendental equation
of LRSPP in the IMI three-layer structure is expressed as

k k
k k

k k
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where h is the thickness of the metal film, kn is ω/cn, εn is the
relative dielectric constant of the nth medium, and cn is the
light speed (n = 1, 2, and 3). Here, the subscript n (1, 2, 3)
represents the medium; (1) the lower half-space insulator
(glass), (2) metal film (Au), and (3) the upper half-space
insulator (water). The unknown kx of eq 4 is a complex
wavenumber along the horizontal direction. By solving the
transcendental equation numerically to find the complex roots
of kx, we can obtain the propagation length of LRSPP along an
IMI layered structure of glass−Au−water; (2Im(kx))−1. Note
that the complex roots correspond to not only the LRSPP but
also the short-range SPP. Therefore, we need to reconfirm after
the solving. We theoretically analyzed the dispersion relation of
LRSPP along an IMI layered structure of glass−Au−water by
solving a transcendental equation, where the refractive index of
SiO2 glass is 1.45. Figure 7 shows the real part of the

wavenumber and the propagation length of LRSPP for three
kinds of 70 nm Au films (J&C data, before and after
annealing).67 These results indicate that the propagation
length of the WILSA-treated Au film is significantly larger than
those of the other two, particularly in the NIR region. For
example, at a typical wavelength of λ = 1550 nm the
propagation length of the annealed Au film is 163 μm,
whereas that of the unannealed film is 156 μm. This
demonstrates that the performance of LPSPP of the IMI
structure with an WILSA-treated Au film is improved,
compared to that of an unannealed film.
Sensitivity of the SPR Total Internal Reflection

Spectrum. The other application of an IMI structure is to
use the Kretschmann−Raether type configuration for the

Figure 6. OD spectra of the Au film before and after WILSA
treatment were obtained by the measurement of the transmission light
collected by an objective lens (40×, NA: 0.65) with a 2 mm optical
iris diaphragm for the light from a halogen lamp.

Figure 7. Re(neff) (solid lines) and propagation length (dashed lines)
of LRSPP of IMI with 70 nm Au film versus wavelength. The J&C
data67 are also plotted (black). Red: WILSA-treated film. Blue:
unannealed film.
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detection of the change of the medium’s refractive index.33,34

We assume that the light source is broadband with a fixed
incident angle. Because of the SPR dip of the total internal
reflection spectrum sensitively depending on the refractive
index of the surrounding medium, we can detect the change of
the refractive index quantitatively by measuring the shift of the
SPR dip. The red-shift of the SPR dip increases as the
refractive index of aqueous solution increases. Because the
change of medium’s refractive index in the near field of Au film
is relevant to the concentration of a specific analyte, we can
estimate the concentration quantitatively from the red-shift of
the SPR dip according to a calibration line. In principle, the
SPR dip of the total internal reflection spectrum of an IMI
sensor (BK7−Au−water) occurs at a condition for an oblique
incidence of plane wave, for example, θ = 68°. The refractive
index of BK7 glass is 1.5. The corresponding wavelength of the
SPR dip λp satisfies the condition

n Re
n

n
sin( )g

m l
2

m l
2

i

k
jjjjjjj

y

{
zzzzzzz=
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where ng and nl are the refractive indexes of the glass and the
solution, respectively. The relative dielectric constant of metal,
εm = ε1 + jε2, is a function of wavelength. Because the
sensitivity and the figure of merit of this method depend on the
optical quality of the Au film, an annealing process is usually
recommended for the post process after Au film deposition to
improve the sensitivity. Furthermore, we study the perform-
ance of the IMI structure with an unannealed or annealed 50
nm Au film theoretically by using the transfer-matrix method,
where the optical constants of Figure 5 are used. Figure 8

shows the total internal reflection spectra of the IMI structure
with unannealed and WILSA-treated Au films for an upper
medium with refractive index nl of 1.33, 1.34, and 1.35,
respectively, where θ = 68°. According to the wavelength shifts
of SPR dips in these curves, the sensitivity, Δλp/Δnl, of an
annealed Au film is 8450 nm/RIU, whereas that of an
unannealed film is 8050 nm/RIU. In contrast, the sensitivity of
J&C data67 is 7600 nm/RIU. The results calculated by eq 5,
shown in Figure S6 (Supporting Information), are in
agreement with those by the transfer-matrix method. The
detailed analysis is shown in the Supporting Information.

These results indicate that the sensitivity of the IMI sensor
with an annealed Au film is profoundly improved, compared to
the unannealed film.

In summary, the optical performances of the IMI structure
in terms of the optical constants of the WILSA-treated Au film
are significantly improved for the applications of biosensors,
according to our analysis. The main factor in improving the
optical performances is the reduction of the extinction
coefficient of the Au film caused by WILSA to promote the
grain growth, as indicated in Figure 5b. Note that the optimal
heating conditions (laser, power, heating time, and scanning
step) of the WILSA method should be properly chosen to
improve the performance of the Au film with a specific
thickness for realistic applications of biosensors or waveguides.

■ CONCLUSIONS
The improved optical properties of a WILSA-treated
polycrystalline Au film were studied. Because of the grain
growth caused by the laser annealing, the density of grain
boundaries is reduced to diminish the loss of free electrons’
scattering from the grain boundaries. Therefore, the energy
loss of electrons driven by the photons via the plasmon effect is
reduced. In comparison with the unannealed film, the
extinction coefficient of optical constants of the WILSA-
treated Au film, characterized by spectroscopic ellipsometry in
the visible to NIR regime, is significantly reduced. We also
found that the OD of the annealed Au film deposited on a glass
is decreased. In terms of the optical constants of the Au film
before and after annealing, the estimated ODs by using the
theoretical analysis are consistent with the measured ODs by
transmittance spectroscopy. The significant reduction of OD is
mainly correlated with the reduced extinction coefficient (the
imaginary part of the refractive index) of an annealed Au film.
An advantage of the WILSA method is that the local
overheating is avoided by using the high heat capacity of
water to carry away the excess heat in the Au film. Another
advantage of this method is that the point-scanning laser
heating provides a temperature gradient to facilitate the local
migration of grain boundaries. Consequently, the integrity of
the treated thin film is kept intact without producing pinholes.
The material characterization using XRD, FE-SEM, and EBSD
shows the improved crystallinity with a more uniform
crystallographic orientation of (111) and the grain growth of
the WILSA-treated Au film.

Furthermore, through the theoretical analysis, the prop-
agation length of a LRSPP along an IMI structure with the
WILSA-treated Au film is significantly increased, compared to
that with an unannealed film, particularly in the NIR regime. In
addition, the sensitivity of an IMI sensor with an annealed film
for the measurement of the change of the medium’s refractive
index is profoundly improved. Our WILSA method provides a
new postprocess to the quality improvement of a deposited
polycrystalline Au film for the applications of related
biosensors by raising their sensitivity and figure of merit. It
is worth mentioning that the optimal heating conditions (laser
wavelength, fluence, exposure time, and scanning step) need to
be adjusted for different thicknesses. This technology might be
applied to improve the intrinsic optical properties of the other
metal, for example, Cu, Ag, and Al, films deposited on a
substrate for a variety of applications for biosensors and
optoelectronic devices. In addition, the selective area annealing
is a uniqueness of the WILSA method for specific
nanostructures.

Figure 8. SPR total internal reflection spectra of the IMI structure
with an unannealed or WILSA-treated Au film of 50 nm, where θ =
68°. Δnl = 0.0 (red), 0.01 (green), and 0.02 (blue) correspond to nl of
1.33, 1.34, and 1.35, respectively. Solid lines: WILSA-treated. Dashed
lines: unannealed.
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