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Abstract

A total internal reflection ellipsometer equipped with a photoelastic modulator (PEM) is installed to investigate the chemical activation and
antibody immobilization process on thin gold films. We set up two detection channels in this configuration: one for real-time monitoring with a data
rate of 1 set per second, and the other for post flight analysis with a data rate of 25,000 sets per second. More detailed information has been obtained
through the post flight analysis technique during the chemical activation process. This surface plasmon resonance enhanced PEM ellipsometry
provides higher sensitivity and temporal resolution. It is feasible to resolve a faster reaction such as chemical reaction or protein folding by the

post flight analysis technique.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

In the past decades, there has been a dramatic proliferation
of research concerned with optical biosensors. A large variety
of optical methods have been used in chemical and biological
sensors which include interferometry, ellipsometry and surface
plasmon resonance (SPR) [1]. The trend of these optical sen-
sors is to provide a highly sensitive technique for monitoring
the dynamic property of a biological event in real-time without
any labeling. Ellipsometry is a well-developed optical technique
in solid-state industry for measuring the thickness of thin film
layers. Recently, this non-destructive measuring technique has
been established [2] to monitor the etching/deposition processes
in situ and real-time [3]. In addition to the solid-state industry,
some groups pursued the interfacial investigations through the
internal reflection of this ellipsometric technique to study lig-
uid crystals [4]. They employed the total internal reflection to
study the dynamic and anisotropic properties of liquid crystal
layers [5] by using a prism to avoid the reflection from the glass
substrate. In the bio-sensing technique, this prism-coupled ellip-
sometry has been further developed by introducing a metal film
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to form a SPR-enhanced ellipsometer. Westphal and Bornman
[6] installed a SPR cell in arotating-analyzer ellipsometer (RAE)
to measure the slow process such as antigen—antibody inter-
action and DNA hybridization. But, most biological reactions
monitored by SPR or quartz crystal microbalance (QCM) tech-
niques [7] are in the time regime of seconds. Furthermore, many
biological reactions such as protein folding, enzyme catalysis
and protein isomerization are in the regime between millisec-
onds to microseconds [8]. It is our interest to conquer this slow
mechanical RAE by the SPR-enhanced photoelastic modulation
ellipsometry to measure the dynamics of those biological reac-
tions in the time regime of milliseconds.

Our group has developed a multiple harmonic intensity ratio
(MHIR) technique to calibrate the photoelastic modulator by
discriminating the oscilloscope waveforms of the signals [9].
In this technique, a data acquisition (DAQ) system was used
to obtain the digitized waveform. Its harmonic signals can be
used to determine not only the azimuth position of the analyzer
and polarizer but also the ellipsometric parameters. Based on
this concept, we installed a second channel for post flight anal-
ysis in addition to the one for real-time measurement. Because
the response time of twisted nematic liquid crystals (TN-LC)
is in the millisecond regime, we use the transmitted PEM-DAQ
ellipsometry to analyze the variation of its ellipsometric param-
eters under a square wave. Then, a Kretschmann configuration
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for the attenuated total internal reflection setup is used in this
polarization-modulated ellipsometer, and its incident angle is
set near the resonant angle of SPR to enhance the ellipsometric
signals. In this paper, we will demonstrate the enhancement by
using two incident angles, one is at the resonant incident angle
and the other is an offset from the resonant angle by 2°, to mea-
sure the refractive index changes under various concentrations
of glycerin—water mixtures. Only the change in phase or ampli-
tude is considered in studying the protein-protein interaction by
SPR technique, but not both of them [10,11]. Since multiple
data measurements offer better signal to noise figures, we like
to measure both the ellipsometric parameters (¥ and A) in this
SPR-enhanced PEM-ellipsometer to increase its capability in
biosensing.

2. Theoretical background

The most prevalent technique to measure the refraction
indices or layer thickness may be ellipsometry, which is based
on analyzing changes in polarization state of the light reflected
by the surface. It is usually depicted by the ratio of complex
Fresnel reflection coefficients p, which can be expressed by
the ellipsometric parameters ¥ and A. They are defined as
follows:

p="L2 = tan e 1)
rs

where rp, and rs are the Fresnel reflection coefficients for
the polarized light parallel or perpendicular to the plane
of incidence, respectively. The system configuration is in
a polarizer—compensator—sample—analyzer (PCSA) configura-
tion; however, the compensator is substituted by a photoelastic
modulator (PEM). The final polarization state can be expressed
by the operation of their corresponding Mueller matrices, i.e.

St = Ma(A)Rspr(¥; A)Mpem(Ap)Sp, (2)

where the Stokes vector St is the final polarization state of a
polarized light, and Sp is the initial linear polarized state. Mpgm
(Ap) represents the Mueller matrix of PEM with a modulated
phase Ap when its optical axis is zero with respect to the incident
plane, Rspr (¥, A) represents the Mueller matrix of the sample
with ellipsometric parameters ¥ and A through the SPR sensing
device, and My (A) is the Mueller matrix of an analyzer with
its transmission axis at A. Since the full information about the
polarization changes of the reflected light is described by two
ellipsometric parameters [12], one can substitute the Mueller
matrix of any sample Ry (¥, A) into Eq. (2). If the azimuth
angle of the linear polarized light is set at —45° and the azimuth
angle of the analyzer is positioned at 45°, the intensity of the
reflected light is given by:

tan? 1
1(t) = 0.51 %

—tan ¥ cos(A — Ap) 3)
where [ is the normalized intensity of the system. The DAQ sys-
tem can digitize the analog oscilloscope waveform, which can
be saved for post flight analysis. If a twisted nematic liquid crys-
tal is considered as a sample under a transmitted mode, known

as polarimetry, one can illustrate the time regime of this PEM-
ellipsometry in Eq. (3). Since the TN-LC becomes an isotropic
medium under an external electrical field, then the ellipsometric
parameters ¥ =45° and A =0°. By substituting these into Eq.
(3), one can obtain the temporal response of the intensity as:

1(t) = Ip[1 — cos(§p sin(wt))]. “4)

This waveform can be Fourier expended into multiple har-
monic components. One can either access the components by
lock-in amplifiers in real-time or save the waveform for post
flight analysis, which can reach the time limit of the system, i.e.
40 ps.

The phase retardation of the PEM is modulated as Ap = §g sin
(wt), by substituting the Fourier expansion of the harmonic func-
tions [9] into Eq. (3), and then one can obtain the temporal
intensity distribution as:

tan® ¥ + 1
1(t) = I, {2
—2J1(8p) tan ¥ sin A sin(wt)

+ Jo(8p) tan ¥ cos A

—2J7(8p) tan ¥ cos A cos 2(wt) + - - } (®)]

where Jq is 2.405 radian, Jo(8g) = 0 and Ipc becomes a constant,
i.e.

lic = Iy <tam2 v+ ;) (6)
The other corresponding harmonic components are expressed

as:

Tom—1)f = —Io[Joam—1(8p) tan ¥ sin A]sin(2m — 1)(w?);

Dy = —1o[J2m(80) tan ¥ cos A] cos 2m(wt),

wherem =1,2... (7

For real-time monitoring, two lock-in amplifiers can be used
to obtain the ellipsometric angles ¥ and A through the following
relations:

12
1 I 2 I 2
2 2J1(80)14c 2J2(80)Lac

JR— |:Ilf-]2(80):|
b r J1(80)

®)

3. Experiments

The transmission axis of the polarizer and analyzer (Melles
Groit 03FPGO15 sheet polarizer with an extinction ratio of 10™%)
and the strain axis of PEM (Hinds PEM 90 operated at an oscillat-
ing frequency around 50 kHz) were well aligned and calibrated
according to the references [9,13]. First, we constructed a trans-
mitted ellipsometer to measure the ellipsometric parameters of a
TN-LC cell by applying a 5 Hz square wave with a step voltage
of 5 V. ADAQ system (National instruments PCI-6111, 12-bits,
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Fig. 1. Experimental setup of the SPR-enhanced PEM-ellipsometer. The signal was obtained by two lock-in amplifiers for real-time display and the data acquisition

(DAQ) system for post flight analyses.

5M samples) was used to record the digitized waveform for
post flight analysis, a 40 s of resolution can be achieved by
using two cycles. Because of the memory limit of the DAQ
system, we only recorded the waveform of 1s every 12s for
post flight analysis. The Kretschmann configuration of SPR was
installed into the PEM-ellipsometer for examining its ability in
enhancement and resolving power in time, as shown in Fig. 1. A
He-Ne laser with wavelength 632.8 nm and a broad bandwidth
PIN silicon photodiode served as the light source and detector
(Thorlabs PDA-55), respectively. Two sensor chips were used
in this experiment: a SPR sensor chip from GenTelglod, which
contained a gold film of thickness 47.5 nm and a chromium adhe-
sion layer of 1 nm on the top of a glass slide for examining the
SPR enhancement by glycerin/water mixtures; the other one was
made by Biacore (CM-5), which not only contained a gold film
(~50nm) but also was coated with a self-assembled monolayer
(SAM) and a dextran layer. We used it to study the chemical link-
age of biological molecules. The index-matching oil was used
to couple the prism and sensor chip for avoiding the multiple
reflections between interfaces. A reaction chamber outside the
sensing region with a capacity of 0.3 ml was mounted on a motor-
ized stage (step: 0.01°) to control its incident angle. This design
is feasible to adjust the incident light to be near the resonance
angle to achieve higher sensitivity. The concentration of glycerin
mixed in water was from 0 to 4 wt% in the experiment to measure
the corresponding ellipsometric parameters at an incident angle
of 73° (the resonant angle) and 71°, respectively. According to
the reference [14], the index of refraction changes from 1.333
to 1.338 under various concentrations of glycerin/water mix-
tures. The real-time measurements of ¥ and A were performed
by two lock-in amplifiers. In addition, we added a DAQ system
to form a two-channel sensing system for real-time monitoring
and post flight analysis of the biological affinity interactions.
This experiment was performed in a basic phosphate buffered

saline solution (PBS) under an incident angle of 72.8°. The
antibody immobilization process was operated in the follow-
ing procedures [15]: (1) an N-ethyl-N'-dimethylaminopropyl
carbodiimide/N-hydroxysuccinimide (EDC/NHS) solution was
injected with a flow rate of 0.2 ml/s to activate the sensor sur-
face; (2) a PBS buffer was injected for replacing the EDC/NHS
solution; (3) a the stock anti-mouse IgG solution (1 mg/ml) was
diluted in an immobilization buffer (acetate pH 5.0), and the
final concentration of the ligand solution of 80 pwg/ml was filled
into the reaction chamber and incubated for 10 min. For analyz-
ing the process of the activation of the EDC/NHS solution to
the dextran layer, we reduced the injection rate by half, and then
analyzed the transaction by a new DAQ (National instruments
PCI 6115, 64 M samples) card which had larger memories.

4. Results

The ellipsometric parameters were obtained by using Egs.
(6)—(8) through the intensity measurements of dc, 1f and 2f.
The dynamic responses of the TN-LC cell were analyzed by
the data obtained from the DAQ system; its rising time (7.5 ms)
and fall time (19 ms) were measured. These results are com-
parable to those measured by the conventional transmittance
measurements under the same condition. Its time-dependent
ellipsometric parameters are plotted in Fig. 2 for illustrating the
time resolving ability of this post flight analysis technique. The
saturated value of ¥ and A indicate that the TN-LC becomes
isotropic under the influence of the applied voltage. For studying
the stability of the SPR enhancement in ellipsometry, we illus-
trated the measured ellipsometric parameters at the resonance
angle in real-time, as shown in Fig. 3. Its step values are related
to the increasing concentration of glycerin in water. We started
this experiment by adding 0.1% of glycerin into pure water to
test the minimum sensitivity of the system, and a 12.18° step was
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Fig. 2. Histograms of measured ellipsometric parameters for the twisted nematic
liquid crystal cell (transmission ellipsometry, A =632.8 nm). A square wave of

5 Hz and strength 5V was applied.

obtained in A but very little difference in ¥. Since the precision
of this system is 0.02°, the sensitivity of this system is 2 x 107
RIU (refractive-index unit) at the resonant angle. Fig. 4 shows
the ellipsometric parameters as a function of glycerin concen-
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Fig. 3. Histograms of measured ellipsometric parameters: various weight ratios

of glycerin—water mixtures mixtures at an incident angle of 73°.

tration in the glycerin/water mixtures. One can observe that the
variation of A is drastically reduced outside the resonant angle,
but the variation of ¥ is almost linear at both incident angles.
It is our interest to explore the application of both ellipsometric

12 o
| & .0
10 .10 50 -
= T 40
: o 2 o
8" ' = 30+ N
o s o y N
2 w0 2 '.
T | o : _ Q
5 : 5§
) o ) |
- 73
‘] o 10 ° )
o ] 71
N o
N 080. 04 A00- -0 Qeerrerrtt o -
1 T T T T T T I T . ’ . : . I I |
0 1 2 3 4 5 1 T ; ;
@) Glycerin concentration (%) (b) Glycerin concentration (%)

Fig. 4. Ellipsometric parameters, (a) ¥ and (b) A, as a function of glycerin weight percent of glycerin—water mixtures mixtures at incident angles of 71° and 73°.
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Fig. 5. Histograms of ellipsometric parameters under the activation process and immobilization of antibody IgG: (right) monitored by two lock-in amplifiers in

real-time; (left) enlargement of the recorded data from 561 to 562 s.



494 Y.-F. Chao, C.-Y. Han / Sensors and Actuators B 121 (2007) 490—495

128

124

120

18 T T T T T T T T T T T T T %116-
9700000000000000000000000000000300A00000. 135
4 1124

16 130

141 o L 125 %

12 i E L 120 00 05 10 15 20 25 30
5 104 4 / F115 @ Tme(®
3 4] 2 oo 110 B
> / 105 €

/ - -
6 i
L 100 .

4] 1 95 o]

21 ¥ 1[5 L 90 .

0 L e S e B S B O I R 85 = 4]

0 10 20 30 40 50 60 70 80 90 100 g
Time (s) >3
2]
14
0.0 0.5 1.0 15 20 25 30
(b) Time (s)

Fig. 6. Histograms of ellipsometric parameters during the activation at the surface of the SAM by injecting the EDC/NHS solution at a flow rate 0.1 ml/s, which is

half of the flow rate in Fig. 5.

parameters for measuring the refractive index in a wider dynamic
range. In the study of biological affinity interactions, we split the
measurements into two channels: (1) real-time measurements
by two lock-in amplifiers, shown on the right side of Fig. 5,
and (2) the post flight measurements of the activation process
of EDC/NHS at the 561st second enlarged on the left side of
Fig. 5. Since there was a fluctuation observed in the activation
process, we reduced the speed of injection by half and obtained
a smooth result, as shown in Fig. 6. This gives us a bright future
for analyzing the immobilization process.

5. Discussion and conclusion

In contrast to a conventional ellipsometer, which is usually
operated an external reflection mode, the precision limitation in
measuring the refractive index is about 0.002; the sensitivity of
this SPR-enhanced ellipsometry in phase measurement is highly
enhanced and a 0.00012 precision is achievable. Compared with
the rotating element ellipsometer [6], this PEM-ellipsometer
contains no mechanical moving parts, and thus the error caused
by the beam deviation can be completely avoided. Furthermore,
the phase retardation of PEM is electronically modulated in a fre-
quency of 50 kHz, so that its time resolution can be improved to
the order of 40 ws. The PEM-ellipsometer has already been used
to monitor the plasma etching process by 10 pairs of ellipsomet-
ric parameters per second [16]. The ellipsometric parameters of
this PEM ellipsometry are measured by the intensity ratio of its
corresponding harmonics (such as I/l or I1//14c); under these
circumstances the intensity stability of laser has no influence on
the experiment. Although the temporal resolution of this PEM
ellipsometry can reach 40 ws, the duration of measurement is

limited by the sampling rate and the memory of the RAM in
DAQ the card. The real-time monitoring system can be used to
locate the interesting event in the biological system; the DAQ
system can be used to analyze this event afterward. Recently, we
were able to construct an imaging ellipsometer [17] by analyz-
ing the digitized waveform, which could provide fast imaging
ellipsometry.

Ellipsometry known as a standard technique for thin film
measurement in semiconductor industry has been developed
as spectrometry for analyzing all kinds of materials which
includes anisotropic materials, such as liquid crystals, organic
light-emitting diode (OLED), etc. The traditional SPR tech-
nique only measures the amplitude or phase changes near the
resonant angle of incidence, while the ellipsometry can measure
the polarization state changes, i.e. amplitude and phase, at any
incident angle. Although A of this SPR PEM ellipsometry can
provide a highly sensitive signal for resolving the glycerin/water
mixture near the resonant angle of incidence (Fig. 4b), the
linear property of ¥ (Fig. 4a), at which the incident angle
is off the resonance, can be used to extend the measurement
to higher concentrations. The advantage in time resolution
of this technique can be observed in the biological affinity
interactions, as shown in Fig. 5. After the surface-active solution
(EDC/NHS) was substituted by a PBS solution, ¥ went back to
zero but not A. The dextran layer was still in the active mode for
immobilizing the anti mouse IgG protein. In the total internal
reflection mode, the maximum of surface plasmon is located at
the interface of its resonant angle of incidence. Thus, the field
can be enhanced by two orders of magnitude in comparison with
that of the conventional ellipsometry [10]. It is our interest to
exploit the exact enhancement factor, and then it can be used to
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analyze the structure of biological event, such as protein folding,
surface chemical modification and immobilization rate with
respect to the injection speed of the solution. The multilayer
buildup process can be investigated more thoroughly by adding
a quartz crystal microbalance with dissipation monitoring
(QCM-D) system in this SPR-enhanced PEM ellipsometry.

Acknowledgement

This work was supported by the National Science Council of
Taiwan under Grant No. 93-2215-E-009-056.

References

[1] J. Homola, S.S. Yee, G. Gauglitz, Surface plasmon resonance sensors:
review, Sens. Actuators B 54 (1999) 3-15.

[2] HM. Park, D.S. Grimard, J.W. Grizzle, FEL. Terry Jr., Etch profile con-
trol of high-aspect ratio deep submicrometer a-Si gate etch, IEEE Trans
Semicond. Manuf. 14 (2001) 242-254.

[3] H.L. Maynard, N. Layadi, J.T.C. Lee, Plasma etching of submicron devices:
in situ monitoring and control by multi-wavelength ellipsometry, Thin Solid
Films 313-314 (1998) 398-405.

[4] T. Tadokoro, T. Fukazawa, H. Toriumi, Real time analysis of liquid crystal
surface orientation dynamics using polarization modulated spectroellip-
sometry, Jpn. J. Appl. Phys. 36 (1997) L1207-L1210.

[5] T. Tadokoro, H. Toriumi, S. Okutani, M. Kimura, T. Akahane, Quan-
titative analysis of nematic director reorientation dynamics studied by
time-resolved spectroscopic ellipsometry, Jpn. J. Appl. Phys. 42 (2003)
4552-4563.

[6] P. Westphal, A. Bornmann, Biomolecular detection by surface plasmon
enhanced ellipsometry, Sens. Actuators B 84 (2002) 278-282.

[7] C. Steinem, A. Janshoff, No label required: protein binding at membrane
interfaces visualized through colloid phase transitions, Chem. Phys. Chem.
5(2004) 1121-1124.

[8] B. Nolting, R. Golbik, J.L.. Neira, A.S. Soler-Gonzalez, G. Schreiber,
AR. Fersht, The folding pathway of a protein at high resolution

from microseconds to seconds, Proc. Natl. Acad. Sci. 94 (1997) 826—
830.

[9] M.W. Wang, FH. Tsai, Y.F. Chao, In situ calibration technique for pho-
toelastic modulator in ellipsometry, Thin Solid Films 455-456 (2004) 78—
83.

[10] PI. Nikitin, A.A. Beloglazov, V.E. Kochergin, M.V. Valeiko, T.I.
Ksenevich, Surface plasmon resonance interferometry for biological and
chemical sensing, Sens. Actuators B 54 (1999) 43-50.

[11] H.P. Ho, W.W. Lam, Application of differential phase measurement tech-
nique to surface plasmon resonance sensors, Sens. Actuators B 96 (2003)
554-559.

[12] H. Arwin, M. Poksinski, K. Johansen, Total internal reflection ellipsometry:
principles and applications, Appl. Opt. 43 (2004) 3028-3036.

[13] M.W. Wang, Y.F. Chao, Azimuth alignment in photoelastic modulation
ellipsometry at a fixed incident angle, Jpn. J. Appl. Phys. 41 (2002)
3981-3986.

[14] S.Y. Wu, H.P. Ho, W.C. Law, C.L. Lin, Highly sensitive differential phase-
sensitive surface plasmon resonance biosensor based on the Mach-Zehnder
configuration, Opt. Lett. 29 (2004) 2378-2380.

[15] Biacore application note. http://www.biacore.com.

[16] Y.F. Chao, The intensity ratio alignment technique in photoelastic mod-
ulation ellipsometry and polarimetry, Proc. SPIE 4833 (2002) 317-
320.

[17] C.Y.Han, Y.F. Chao, Photoelastic modulated imaging ellipsoemtry by stro-
boscopic illumination technique, Rev. Sci. Instrum. 77 (2006) (available on
line in February).

Biographies

Yu-Faye Chao received her PhD in physics from Wesleyan University, Con-
necticut, USA, in 1978. She is a professor of the Department of Pho-
tonics, National Chiao Tung university. Her research is in ellipsometry
metrology.

Chien-Yuan Han received his MS degree from Institute of biotechnology in
medicine from National Yang Ming University, Taiwan, in 1999. He is cur-
rently pursuing his PhD degree in the Institute of Electro-optical Engineering of
National Chiao Tung University, researching on bio-sensing and ellipsometry.



	Post flight analysis of the surface plasmon resonance enhanced photoelastic modulated ellipsometry
	Introduction
	Theoretical background
	Experiments
	Results
	Discussion and conclusion
	Acknowledgement
	References


