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Cobalt-based ion selective electrode (ISE) is one of the key methods for phosphate detection. In this paper,
surface plasmon resonance (SPR) enhanced ellipsometric analysis method has been used to monitor
the electrochemical reaction process at Co ISE sensor surface and the mass consumption of sensitive
electrode membranes. An Au-Co bilayer film is designed as optical detection interface. In order to obtain
detectable reflection intensity variation with Co thickness, Au film and Co film thickness are optimized
at TM polarization state. According to the calculation results, 50 nm Au film is formed on glass substrate
by electron beam evaporation. Then cobalt film with thickness of about 20 nm is grown on gold film by
electrochemical deposition method. Ellipsometric measurements were performed at SPR angle 59°. The
consuming process of Co film reacting with dissolved oxygen in deionized water has been obtained by
monitoring the change of reflection intensity.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

Ellipsometry is one of the most important methods to determine
the surface layer state according to the change in the polariza-
tion state of light beam reflected from the sample. Compared to
other methods widely used in the study of surface layer such as
Raman scattering spectroscopy [1] and atomic force microscopy
[2], ellipsometry is a fundamentally non-invasive technique for film
analysis with high sensitivity and real time characteristics [3-9].
Recently, surface plasmon resonance (SPR) enhanced ellipsometry
detection has attracted people’s interests and the detection sensi-
tivity has been greatly increased [8,9]. Surface plasmon polaritons
(SPPs) are electromagnetic surface mode associated with collec-
tive electron oscillation propagating along the interface between a
metal and a dielectric [10]. In light of its localization and amplitude
enhancement [11,12], SPR can be used in ellipsometric method to
enhance the measured light signals. SPR enhanced ellipsometric
method has been recognized as a powerful tool due to its high sen-
sitivity for detection of thin organic layer and reaction kinetics on
solid substrate [8,9]. Moirangthem et al. have adopted SPR ellipso-
metry to study basic properties of bimolecular interaction which
yields very high sensitivity [9].
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The detection of phosphorus concentration levels is important
in many areas, such as environmental monitoring, clinical chem-
istry, and biomedical research. Cobalt-based ion selective electrode
(ISE) is a successful option for phosphate detection [13,14]. Various
microelectrochemical sensors integrated with working electrode,
reference electrode and microfluidics channels are developed
based on microelectromechanical systems technology [14,15]. The
ISE sensor based on cobalt (Co) is a normally used method for phos-
phate detection and has demonstrated a lot of promise. The sensing
mechanism is premised on Co dissolution at electrode surface and
formation of oxide film [15,16]. When phosphate ions are present in
solution, they will react with the cobalt oxide (CoO) film and form
cobalt phosphate. A linear potential response can be expected to
logarithmic phosphate concentration at fixed concentration level
of dissolved oxygen [17]. The main drawback of using thin Co film
as microelectrode membrane includes a limited lifetime due to Co
dissolution. The questions that need to be addressed relate to how
the mass consume of Co sensitive membrane in phosphate solution
or even in water can be monitored. Thus far, there are few research
reports that involve the evaluating of working membrane sensing
duration and stabilities.

In order to monitor the mass consumption of sensitive elec-
trode membranes in reaction with dissolved oxygen, SPR enhanced
ellipsometric analysis has been proposed in this paper. We have
designed an Au-Co bilayer film as optical detection interface. In
order to obtain detectable reflection intensity variation with Co
thickness, we have optimized two factors: Au film and Co film
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Fig.1. (a) The schematic diagram of the SPR enhanced ellipsometric analysis system
and (b) optical detection interface of Au-Co bilayer.

thickness at TM polarization state incidence. Finally, the real-time
reaction process and the mass consumption rate of Co electrode
membrane have been obtained by SPR enhanced ellipsometry.

2. Optical design
2.1. Theoretical model

The SPR enhanced ellipsometric analysis system is shown in
Fig. 1(a). In our model, an Au-Co bilayer film is introduced as optical
detection interface, with glass prism substrate and deionized water
as surrounding medium. A polydimethylsiloxane (PDMS) reaction
cell is tightly attached to the sample to form the micro-channel
for Co and dissolved oxygen reaction in solution. The Co film could
react with water molecules and dissolved oxygen in the form of
following chemical reaction equations:

2Co + 2H,0 & 2C00 + 4H" + 4e- (1)
0, + 4H* + 4e~ & 2H,0 (2)
2Co + 05 < 2Co0 (3)

A polarized TM incident light beam goes through a prism and
reaches the Au layer at a certain angle. SPR will appear when the
momentum mismatch between the wave vector of SPPs and that
of incident light is overcome. SPR is widely employed for label-free
biosensing of analyte molecules that bind on the surface of metallic
thin film [18-20]. This will change the oscillation of surface plas-
mons which in turn affects the modulation of light reflection or
transmission signals. The modulation includes the angular distribu-
tions, wavelength, intensity, phase, and polarization changes [21].
In our model, when the thickness of thin Co film on Au film surface
changes, the oscillation of surface plasmons is affected, and as a
result, the reflected light intensity changes. The intensity modula-
tion depth of SPR on the gold layer surface depends on the angle
of incidence and the thickness of the metals (Au and Co). Our goals
are finding the SPR resonance angle and optimizing the thickness

of Au and Co at TM polarization state to get the detectable intensity
signal varieties and maximized sensitivity.

A stratified structure consisting of a stack of 0,...,n (1<n<3,
integer) parallel layers shown in Fig. 1(b) has been taken for the
theoretical simulation. The number O, 1, 2, 3 represent super-
strate (water), Co layer, Au layer, and substrate (glass), respectively.
According to the Fresnel formula, the reflection and transmission
coefficients (r and t) at p and s polarizations in medium N; on an
adjacent medium with refractive index N;_; can be expressed as:

- _ Nicos i1 —Njqcos g
Mi-1.0p = N cos ¢, 1 + N;_1 €05 ¢;’
- _ Niq cos¢i1—N;cos ¢
it = Ni_y cos ¢i_1 +N;j cos ¢;’

b 2Nj_1 cos ¢ 4
(=1.0p = N cos ¢;_1 + N._; cos ¢;
b 2N;_1 cos ¢i_q
(=1.0s = N, cos ¢;_1 + N; cos ¢;

(1<i<3) (4)

where ¢; is the angle of incidence in the ith layer.

For the water-Co-Au multilayer system, from the calculation of
complex amplitude of multiple beam interference, the total reflec-
tion coefficient of the system r(g 1 2)p s could be iteratively deduced
by the following equations:

M0.1)p.5 + T(1,20p,5€ 21

T(0,1,2)p,s = o 20, (5)

1+ 1(0,1)p,57(1,2)p.5
For the whole system as shown in Fig. 1(b), the final total com-
plex amplitude reflection coefficient of the system r(g 23y iS

M0.1.2)p.5 + T2.3)p.s€ 22 (6)
o128,

T =
(©.1.2.30ps 1+1(0,1,2)p,572,3)p,s

The phase difference between the two interfaces of the ith layer
8; = (2mNyd; cos ¢;)/ X (i=1,2)is determined by the refractive index
N;, the thickness d;, the incident angle ¢;, and the wavelength A. In
the following, we use rp s instead of r(g 1 5 3)p s for simplicity. We set
Rp and Rs as the p and s component reflectivity, which is the ratio
of the reflection intensity to incident light intensity. They are given
by

2
Ry = |Tp , Rs= |rs|2 (7)

From the above derivation, we can see the total reflectivity Ry
and R are determined by the refractive index N; (0<i<3), the
thickness d; (i=1, 2), incident angle ¢ and wavelength A. In the
following calculation and experiment, in order to excite SPPs, the
incident light is set as p-polarized. The wavelength X is set as
633 nm. N; (0 <i<3) is kept constant while the structure materi-
als are fixed. Therefore, the reflectivity is finally determined by the
thickness of Au and Co layers and angle of incidence. Suppose the
reflection intensity of stack of parallel layers with and without Co
film as I(¢,day,dco) and I(p,day,0), respectively. In the experiment,
the recording signal in the experiment is real-time reflection inten-
sity. It helps to improve system sensitivity by increase the contrast
of reflection intensity. So in the optimization calculation, we define
image contrast as contrast of the reflection intensity to optimize the
thickness of metal films. It could be described as [8]

_ (@, day, dco) — (@, day, 0)

Al 7

= R(QO’ dALh dCo) - R((/)’ dAuv 0)
(8)

where [; is the intensity of the input light, R(¢,dpy,dco) and
R(¢,day,0) represent the p-polarized reflectivity while the Co layer
thickness is dc, and 0 respectively at fixed incident angle ¢ and
Au layer thickness da,. The image contrast is determined by the
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Fig. 2. Image contrast vs. (a) incident angle at different thickness of Co film while fixing Au at 50 nm; (b) incident angle at different thickness of Au film while fixing Co at
20 nm; reflectivity vs. the thickness of (c) Au and Co films at SPR angle 59° and (d) Co film at SPR angle 59° when Au is 50 nm thick.

reflection intensity difference. For Co film with a fixed thickness,
the bigger the image contrast is the more sensitive the detection is.

2.2. Configuration optimization of bilayer metal film

Firstly, we fix the thickness of Au film at 50 nm. The relationship
between image contrast and incident angle at different thickness of
Co film, changed from 0 to 20 nm with gradient of 5 nm, is shown in
Fig. 2(a). There exists a minimum image contrast value at about 55°
incident angle and a maximum at about 59° incident angle where
surface plasmon resonance takes place. At 55° incident angle, image
contrast varies non-monotonically with Co film thickness. With the
increase of Co thickness, the image contrast increases first and gets
its maximum when Co film is about 5nm, and then decreases. At
59° incident angle, image contrast increases with the increasing
of Co film thickness monotonically. In Fig. 2(b), we fix the thick-
ness of Co film at 20 nm and obtain the relationship between image
contrast and incident angle at different thickness of Au film which
varies from 0 to 60 nm with gradient of 10nm. The image con-
trast gets its maximum when Au film is 50nm at 59° incident
angle.

Fig. 2(c) shows the relationship between reflectivity and the
thickness of Au and Co bilayer while the incident angle is set at the
SPPs resonance angle 59°. There always exists a maximized extinc-
tion point at proper Au-Co film thickness, which corresponds to
the strongest coupling between SPPs and the evanescent wave of
incident field. In order to monitor the consuming process of Co film,
we chose 50 nm bottom Au seed layer in experiment. As shown in
Fig. 2(d), if the thickness of Au film is fixed, when Co layer thick-
ness is decreased from 50 nm to zero, the reflectivity also decreases
monotonically, which yields the quantitative measurement of Co
layer thickness. We set initial Co layer thickness as 20nm in
experiment.

3. Chip fabrication

Firstly, the Au seed layer was formed on glass substrate by elec-
tron beam evaporation (EBE). Then electrochemical deposition was
taken to form the Co film. Electrocircuit connection diagram of
the electroplating is shown in Fig. 3. The working electrode was
prepared from high purity Co rod, which had been rinsed in 20%
hydrochloric acid (HCl) solution for 15 min to remove the CoO layer
on the surface and the reference electrode was the glass substrate
coated with Au film. The electrolyte was prepared by dissolve 33 g
cobalt sulfate (CoSO,4) and 3 g boric acid (H3BO3) in 100 mL deion-
ized water.

According to Faraday’s law, the mass m of the Co film coated on
the Au film is determined by the molar mass M of Co, the current I
in the circuit, and the electroplating time t, shown in the following
formula:

It

m:MF 9)

E=9.18V

\'Ij

R=200Q

electrolyte

Glass coated Corod

with Au film

Fig. 3. Electrocircuit connection diagram of the electroplating process.
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Fig. 4. SEM graphs of (a) Au film formed by EBE method and (b) Co film produced
by electrodeposition.

Here, F is Faraday constant. Then replace m and I with r-s-t and
D-s respectively where r is density of Co, s and d are the area and
thickness of the Co film electroplated, D is current density, and the
following equation can be obtained:

Dt
d=M F (10)

From the above expression we can see the thickness of Co film
electroplated on Au film is substantially determined by D and t.
So in a fixed electroplating circuit, we could change voltage E and
electroplating time t to get the right thickness of Co film. In this
paper, we fixed E at 9.18 V. After 4.5 s, a thin Co film was obtained.
The thickness of the film was measured by profiler and the average
thickness value was about 27 nm from the data at different points.
The SEM graphs are shown in Fig. 4. Co film (Fig. 4(b)) shows good
uniformity as well as Au seed film (Fig. 4(a)).

4. Results and discussion

Fig. 5(a) shows the experimental setup for real-time ellipso-
metry reflection signal measurement. There are one inlet and one
outlet for the reaction solutions connected with the reaction cell.
The PDMS reaction cell is tightly attached to the chip to form the
micro-channel for Co and dissolved oxygen reaction in solution.
Then a glass prism is attached to the back side of the chip for optical
signal detection. Optical measurements were performed at inci-
dent angle 59°. The real-time ellipsometry reflection signal was
recorded when deionized water was injected into the reaction cell
by a peristaltic pump with the rate of 50 wL/min. The reactions (as
shown in chemical reaction Eqgs. (1)-(3)) between Co film, water
molecules and dissolved oxygen took place rapidly in solution. As
a small amount of cobalt oxide (CoO) could be dissolved in water
(solubility in water: 33 g/L [22]) at room temperature and atmo-
spheric pressure, then what can be observed was that the Co film
became gradually thinner until the film was almost exhausted.
When the deionized water was continuously injected into

Qutlet
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(The chip is located
between the reaction cell
and prism )
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Fig. 5. (a) Experimental setup for real-time ellipsometry reflection signal measure-
ment and (b) the time-evolved ellipsometric reflection intensity in the reaction
process of Co film and dissolved oxygen at microfluidic channels.

micro-channel slowly, the reaction cell was fulfilled with water and
the concentration of dissolved oxygen near the Co film surface was
kept almost fixed, so we can anticipate that the consumption speed
of Co was kept nearly constant with time. With the consumption of
Co film, the reflection intensity at SPPs resonant angle changes cor-
respondingly, shown as the decrease of reflection intensity in the
ellipsometric analysis system. The time-evolved reflection inten-
sity signal is shown in Fig. 5(b). After 430 s, the detected reflectivity
signal became stable which implied that the 27 nm Co film was
mostly depleted.

It should be noted that there is a gap for reflection intensity
between simulation and experiment. In simulation, the reflection
intensity is zero which implies that the coupling efficiency of inci-
dent power to SPPs is near 100%. In experiment, Au film formed
by electron beam evaporation has a rough surface with Au mean
particle size of about 10 nm. The rough surface would affect the
coupling efficiency of incident power to SPPs. Also, the film quality
of Au and Co is not ideal as that taken in calculation. Meanwhile,
this nonuniform metal film could make actual SPR resonance angle
deviating a little from 59°. This is the main reason why there is
still some light reflected as d¢, equals to zero. However, we can
still conclude whether Co is exhausted as the reflection intensity
curve becomes flattened in later reaction stage. Fig. 6(a) and (b)
shows microscopy image of the chip before and after the reaction.
Comparing the two images, the Co film in reaction cell denoted as
region 3 was mostly consumed, which could also be proved by the
energy dispersion X-ray (EDX) spectra shown in Fig. 6(c). In the
reference region, there are characteristic spectral lines of both Au,
Co and substrate elements, while in the reaction cell region there
are only characteristic spectral lines of Au and substrate elements.
The EDX spectrum of the reaction cell is almost the same as that
of Au seed layer coated on glass substrate. The average Co film
mass consumption rate can be evaluated as 6.28 nm/100s based
on expression (8). Our experiment measurement indicate that SPR
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Fig. 6. The images of the chip (a) before and (b) after the chemical reaction of Co film and dissolved oxygen. Point 1 - Au seed film coated on glass substrate; point 2 —
reference region where Co film formed on the surface of Au layer; point 3 - reaction cell region where the chemical reaction took place; point 4 - defect region where existed
an air bubble during the reaction process, so here is some residual Co; point 5 - the edge of reaction cell where there was some leakage of water from reaction cell. The
reversible bonding between PDMS and Au is not so tight that some of Co film was reacted with leaked water and (c) EDX spectra of points 1, 2 and 3 on the chip surface.

enhanced ellipsometric analysis has good sensitivity and real-time
detection capability in electrochemical reaction monitoring.

5. Conclusion

SPR enhanced ellipsometry has been introduced to detect the
reaction between Co film and dissolved oxygen in water solution.
In order to get detectable reflection intensity variation with Co
thickness, the Au-Co bilayer film thickness has been optimized
theoretically. At proper Au layer and Co layer configuration, the
reflection intensity decreases monotonically with the reduction of
Co film mass. The consuming process of Co film in deionized water
has been well monitored by measuring reflection intensity. Our
experiment results show SPR enhanced ellipsometry has good sen-
sitivity in detection of electrochemical reaction on the surface of
thin metal film.
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