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Measurement of the concentration of a solution
with surface plasmon resonance heterodyne
interferometry
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Abstract. A linearly polarized light beam is incident on the boundary
surface between the thin metal film of a surface plasmon resonance
(SPR) apparatus and the tested solution. If the incident angle is very
near to the resonant angle, then the phase difference between p- and
s-polarizations of the reflected light is changed with the concentration of
the solution. The phase difference can be measured accurately by het-
erodyne interferometry. Based on these effects, a method for measuring
the concentration of a solution is presented. Because the reflected light
is measured, only a small quantity of the solution is required. In addition,
the method has the advantages of both common-path interferometry and
heterodyne interferometry. © 2003 Society of Photo-Optical Instrumentation Engi-
neers. [DOI: 10.1117/1.1577115]

Subject terms: surface plasmon resonance; concentration measurement; hetero-
dyne interferometry.
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1 Introduction

Concentration measurements are often operated
chemical,1,2 biochemical,3 and biomedical3 analysis pro-
cesses. To make the processes smooth, it is necessa
develop an easy and simple method for measuring the
centration of a solution in real time. Several optic
methods4–7 have been presented for measuring the conc
tration of a solution. Almost all of them measure the inte
sity variation of the transmitted light. The method using t
surface plasmon resonance effect was also proposed,7 but it
also measures the intensity variation of the reflected lig
However, the stability of light source, the scattering lig
the internal reflection, and other factors influence the ac
racy of the measurement. On the other hand, an op
polarized heterodyne polarimeter3 was proposed by mea
suring the phase variation of the transmitted light. But b
cause it measured the transmitted light, it is necessar
know the optical path length of the solution in advance a
the optical setup becomes more complicated. Moreover,
quantity of the test solution should be more than a thresh
amount to make the measurand detectable.

To overcome these drawbacks, we propose an impro
method for measuring the concentration of a solution
using surface plasmon resonance~SPR! heterodyne inter-
ferometry. A linearly polarized light passes through t
glass material and the thin metal film coated on this gl
material, as shown in Fig. 1. Then, it is incident on t
boundary surface between the thin metal film and a
solution. If the incident angle is very near to the reson
angle, the surface plasmons can be excited.7,8 The surface
plasmons are the longitudinal electron density fluctuati
excited on the boundary surface and are accompanied b
evanescent electromagnetic field at the boundary sur
emitted from the thin metal film to the solution. Cons
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quently, the phase difference between thes-and the
p-polarizations of the light reflected at the boundary surfa
between the thin metal film and the solution is chang
with the refractive index of the solution. Its refractive inde
is related to the concentration. The phase difference ca
accurately measured using heterodyne interferometry. F
the data of the phase difference, the concentration of
test solution can be estimated. Because the light refle
from the test solution is measured, only a small quantity
solution is required. In addition, the method has the adv
tages of both common-path interferometry and heterod
interferometry.

2 Principle

2.1 Phase Difference of Reflected Light

A linearly polarized light beam enters one surface of t
SPR apparatus, as shown in Fig. 1. This apparatus h
Krestschmann configuration9 and is an isosceles right-ang
prism with a thin metal film of thicknessd2 deposited on
the hypotenuse surface. This linearly polarized light be
is incident at an angleu on the hypotenuse surface. Fo
convenience, the numbers 1, 2, and 3 are labeles in Fig.
represent the media of glass~prism!, metal ~film!, and the
test solution. Their refractive indices aren1 , n2 , andn3 ,
respectively. Ifu is very near to the resonant angleusp,
then surface plasmons are excited. Thus, the reflection
efficient can be expressed as7

r q5
r 12

q 1r 23
q exp~ i2kz2d2!

11r 12
q r 23

q exp~ i2kz2d2!
5ur quexp~ ifq!q5p,s, ~1!

wherer ab
p and r ab

s are the Fresnel reflection coefficients
.00 © 2003 Society of Photo-Optical Instrumentation Engineers
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p- and s-polarizations as the light beam propagates fr
mediuma to mediumb, and kza is the component of the
wave vector in mediuma along thez direction. They can be
written as

r ab
p 5

nb
2kza2na

2kzb

nb
2kza1na

2kzb
a, b51, 2, 3, ~2a!

r ab
s 5

kza2kzb

kza1kzb
, ~2b!

and

kza5k0~na
22n1

2 sin2 u!1/2, ~2c!

respectively, wherek0 is the free-space wave vector. The
the phase difference variationsf between p- and
s-polarization components is given as

f5fp2fs . ~3!

It is obvious from Eqs.~1! to ~3! that the phase differencef
is strongly dependent onn3 . In general, the refractive in
dexn3 of a solution relates to its concentration5,7,10c. If the
relation curve of the phase differencef versus the concen
tration c is specified, then the concentrationc can be esti-
mated with the measurement of the phase differencef.

2.2 Phase Difference Measurements with
Heterodyne Interferometry

A schematic diagram of the optical arrangement of o
method, which is based on Chiu et al.’s11 considerations,
was designed and is shown in Fig. 2. A linearly polariz
light passes through a half-wave plate H and its polari
tion plane is ata with respect to the horizontal axis. Then
passes through an electro-optic modulator EO, and is i
dent on the boundary surface between an SPR appa
and a test solution. The incident angleu to the boundary
surface is very near to the resonant angleusp of the SPR
apparatus. The reflected light passes through an ana
AN with the transmission axis at 45 deg to the horizon
axis and it is detected by a photodetecor D. The fast axi
EO is in the horizontal direction, and a sawtooth volta
signal with angular frequencyv and amplitudeVl/2 , the
half-voltage of EO, is applied to EO. Consequently, t
intensity measured by D can be derived as11

Fig. 1 Reflection in an SPR apparatus.
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I t5uEtu25 1
4 @r p

2 cos2 a1r s
2 sin2 a

12r pr s cosa sina cos~vt1f!#, ~4!

and I t is the test signal. On the other hand, the electri
signal generated by the function generator FG is filte
and becomes the reference signal. It has the form as

I r5
1
2@11cos~vt !#. ~5!

Both of these two sinusoidal signals are sent to a ph
meter PM, hencef can be measured accurately. By subs
tuting the data off into the specified relation curve o
phase differencef versus concentrationc, the associated
concentration can be estimated.

3 Experiments and Results

To demonstrate the feasibility of this method, saltwat
glucose solution, acetone, and ethanol were tested at r
temperature, 20°C. An SPR apparatus consisting of a B
prism and a thin gold film of thickness 35 nm was used
He-Ne laser with wavelength 632.8 nm and an electro-op
modulator~Mode 4002, New Focus, Inc.! with a half-wave
voltage of 125 V were used in these tests. The frequenc
the sawtooth signal applied to the EO modulator was
kHz. The refractive indices of a BK7 prism and a thin go
film were measured with an ellipsometer~Model eta, Stag
Inc.! and they are 1.5151 and 0.19731 i3.5631 at wave-
length 632.8 nm, respectively. A high-resolution rotati
stage~Model URM 80, Newport! with angular resolution
0.001 deg was used to mount the SPR apparatus and
test solution. The azimuth anglea of the half-wave plate H
was 10 deg with respect to the horizontal axis. A pha
meter with angular resolution 0.01 deg was used to mea
the phase difference. A personal computer was used
record and analyze the data. First, we estimated the r
nant angle for each solution of concentration 5 mg/ml
measuring the critical minimum reflectance.6,7 They are
71.1, 71.09, 71.04, and 71.03 deg for saltwater, gluc

Fig. 2 Schematic diagram for measuring the phase difference of the
reflected light: H, half-wave plate; EO, electro-optic modulator; FG,
function generator; PM, phase meter; AN, analyzer; D, detector; PC,
personal computer.
1885Optical Engineering, Vol. 42 No. 7, July 2003

erms of Use: http://spiedl.org/terms



t th
fo

ely
an
ere
ea

. In
-
an
es
his
dif-

nt o
n-
the
t to

se
17
the
nd
as
ur
ch

ey

ol,

re-
e-
at

ot
tion

ion
of

the
and
4 to
eri-
gle
9,
and

are
n-

the
-
en
nt
is

er

a
reso-
eri-
ns,
on
nol.

l
In
on-
as

un-

Chen, Hsu, and Su: Measurement of the concentration . . .

Downl
solution, acetone, and ethanol, respectively. Then we se
incident angles to be 71.1, 71.09, 71.04, and 71.03 deg
these four test solutions in our experiments, respectiv
Although they did not exactly equal the associated reson
angles for the concentrations of the test solutions, they w
still very near to the associated resonant angles. The m
sured results and their fitting curves are shown in Fig. 3
this figure, the symbolsj, m, * , andd represent the mea
surement data of saltwater, glucose solution, acetone,
ethanol, respectively. It is seen that the four fitting curv
are nearly straight lines with different slopes. Hence t
method can be realized if the relation curve of phase
ferencef versus concentrationc for another test solution is
specified in advance, then the concentrationc can be esti-
mated from the measurement off.

4 Discussion

Becauseu is very near to the resonance angleusp, the
reflection coefficientr p is very small. A half-wave plate H
is located before the EO so as to increase the compone
p-polarization of the incident light. Consequently, the co
trast of the test signal is enhanced. In our experiments,
angle between its fast axis and the horizontal axis is se
10 deg, the contrast of the test signal is about 0.88.

The slopes of the fitting curves for saltwater, gluco
solution, acetone, and ethanol in Fig. 3 are 1.092, 0.9
0.474, and 0.364 deg ml/mg, respectively. Considering
second-harmonic error, the polarization-mixing errors, a
the angular resolution of the phase meter, the total ph
difference errorsDf can be decreased to 0.03 deg in o
experiments.12 Substituting these data and the slope of ea
fitting curve into the equation

Df5sDc, ~6!

the errorDc of the concentration can be calculated. Th
are 2.7531022, 3.2731022, 6.3331022, and 8.24
31022 mg/ml for saltwater, glucose solution, and ethan
respectively.

Substituting the measured results into Eqs.~1! to ~3!, the
relation curves of the concentration resolution and the
flection coefficientr p for saltwater and ethanol can be d
picted as shown in Fig. 4. From Fig. 4, it is obvious th

Fig. 3 Measurement data and the fitting curves of phase difference
at different concentrations.
1886 Optical Engineering, Vol. 42 No. 7, July 2003
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high resolution may be obtained asd2645 nm, but its as-
sociatedr p is too low and its associated test signal cann
be detected. To comprise these conditions, the condi
d2535 nm is chosen in our experiments.

The resonant angle varies slightly with the concentrat
of a test solution. In our experiments, the concentration
each test solution was varied from 5 to 50 mg/ml. Thus,
resonant angle for saltwater, glucose solution, acetone,
ethanol, changes from 71.1 to 72.08, 71.09 to 71.9, 71.0
71.46, and 71.03 to 71.35 deg, respectively. In the exp
ment, we fixed the incident angle to be the resonant an
of 5 mg/ml solution for convenience, that is, 71.1, 71.0
71.04, and 71.03 deg for saltwater, glucose, acetone,
ethanol, respectively. Hence the fitting curves in Fig. 3
suitable only for these four tested solutions with the co
centration is in the range between 5 and 50 mg/ml. If
relation curve of the phase differencef versus the concen
tration c for another solution is specified in advance, th
its concentrationc can be estimated from the measureme
of f under the specified range. In addition, this method
suitable only for a solution with a refractive index small
than that of the prism.

5 Conclusion

An optical method for measuring the concentration of
solution was presented based on the surface plasmon
nance effect and heterodyne interferometry. It was exp
mentally confirmed that under our experimental conditio
it is convenient to obtain the concentration of a soluti
such as saltwater, glucose solution, acetone, and etha
Their resolutions are about 2.7531022, 3.2731022, 6.33
31022, and 8.2431022 mg/ml, respectively. Only a smal
quantity of solution is required for the measurements.
addition, the method has the advantages of both comm
path interferometry and heterodyne interferometry, such
high stability, high resolution, and easy operation.
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Fig. 4 Relation curves of concentration resolution and reflection co-
efficient rp versus thickness d2 . Note that the reflection curves for
saltwater and ethanol are almost identical and superimpose each
other.
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