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Abstract- The optimization of off-null ellipsometry is 
described with emphasis on the improvement of resolution for 
visualizing biomolecule layers. For optical biosensor with layer 
thickness below 6.5 nm, a numerical simulation for the 
dependence of resolution on the azimuth settings of polarizer 
and analyzer is presented first. For comparison, three different 
resolutions are given at three azimuth settings which are near 
null and far away from null condition, respectively. 
Furthermore, the square or linear approximation relationship 
between the intensity and the layer thickness are also given at 
these settings. The difference among their accuracy is up to 100 
times or so. Experimental results of the biosensor sample verify 
the optimization.  
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I.  INTRODUCTION

The biosensor based on imaging ellipsometry for 
visualization of biomolecular interactions was reported in 
1995 [1, 2]. The basic principle is that each reactant as a 
ligand is immobilized to a surface to form a monolayer as a 
bioprobe with its bioactivity. The other reactant as the 
analyte (or receptor) exists in a solution. The bioprobe is 
exposed to the solution containing analyte. When the 
analyte in the solution interacts with its corresponding 
ligand on the bioprobe and assembles into complex upon 
their affinity. The molecule surface concentration on the 
surface where the interaction takes place becomes higher 
than before exposure to the analyte solution. A significant 
increase of the layer thickness (surface concentration) 
indicates that the solution contained receptor against the 
ligand on the surface. The biosensor has become an 
automatic analysis technique for protein detection with 
merits of label-free, multi-protein analysis, and real-time 
analysis for protein interaction process, etc [3]. As the 
visualization method for biosensor, the imaging 
ellipsometry performing sampling technique with off-null 
ellipsometry may visualize the spatial variations in protein 
layers with distinct graph and explain results with 
qualitative and quantitative analysis. Its intensity 
measurement provides a faster sampling speed and a 
measurement for a large field of view of a sample surface at 
the same time. Hence, multiple analytes could be detected 
simultaneously. The high stability and the high sensitivity to 
reflection make it suitable to measure thin transparent 
organic layers. However, for such layers on a solid substrate, 
the relative amplitude and phase changes between incident 

Fig. 1. Schematic diagram of an off-null PCSA ellipsometer. 

and reflection rely on accurate intensity measurement. In 
order to perform the biosensor technique with the highest 
resolution, the optimization of off-null ellipsometry must be 
taken into account. 

II.  THEORETICAL AND EXPERIMENTAL ANALYSIS

A.  Theoretical Analysis 
Fig.1 shows the schematic diagram of the basic 

experimental set-up, which is based on a PCSA 
configuration [4] that consists of a polarizer, a compensator, 
a sample, and an analyzer (P, C and A denote their azimuth 
angles, respectively).  

By applying a Jones vector and matrix approach using the 
notation convention of R.M.A. Azzam and N.M. Bashara, a 
theoretical expression for the detected intensity (denoted by 
I) related to P, C, and A as well as the sample properties can 
be expressed as [4] 
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where K is a constant. The amplitude tan and phase are 
the basic measurement parameters in ellipsometry, and are 
defined by the complex-valued ratio 

             tan i
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where Rp and Rs are the complex reflection coefficients of 
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light polarized parallel (p direction) and perpendicular (s
direction), respectively, to the plane of incidence. 

Eq. (1) is based on the assumption that the compensator is 
ideal with the slow-to-fast relative complex-amplitude 
transmittance             . When the compensator is 
fixed at 45º, the intensity I0 is a function of the properties of 
the sample and the azimuth angles of the polarizer and the 
analyzer. Here, the thickness of a biomolecule layer is of 
main interest. The resolution for layer thickness denoted by 
r is defined as r= I0/ d, where I0 indicates the intensity 
changes relative to thickness difference d between layers. 
For two known thin layers, their difference in intensity I0

depending on P and A can be obtained by Eq.(1). In this way, 
proper settings can be chosen for high resolution. 

Usually the refractive index of saturated protein layers in 
visible light region is in the range of 1.4-1.5 [5], and the 
relative variation of layer thickness is interested, but not the 
absolute value of the thickness, so it’s simplified that the 
refractive indices of protein layers are supposed the same. In 
addition, the optical properties of SiO2 and protein are so 
similar that they are supposed the same. Therefore, the 
sample under investigation is air/SiO2/silicon substrate with 
the layer thickness d in the range of 1.8-6.5nm. N0=1.0, 
N1=1.457, and N2=3.858-i0.018 are the refractive indices of 
ambient, layer and substrate, respectively, at the wavelength 
of 630nm. For the numerical simulation, two SiO2 layers 
with thickness 2nm and 3nm, respectively, on silicon 
substrate as a sample is considered at the angle of incidence 
73.8º. The simulated intensity change I0 depending on P
and A is represented by a contour map in Fig.2.  

Obviously, the proper azimuth settings with which to 
obtain different resolution r can be chosen by this contour 
map. Once the azimuth angles are fixed, the relationship 
between I0 and d in the thickness range of sample is fixed, 
which may be simplified by a first order approximation, or a 
high order approximation with a higher precision. The 
simplified relationship is important to establish calibration 
curve for the quantitative measurement of the biosensor. 

For comparison, three settings are given to show different 
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Fig. 2. Simulated contour map of I0, related to P and A varied from 0 
to180º, respectively, with the following parameters: |Rs|2=0.741; =3.70º, 

=160.35º, which are corresponding to a SiO2 layer with d=2 nm; and 
=3.89º, =152.58º, which are corresponding to another SiO2 layer with 

d=3 nm. 
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Fig. 3. The intensity versus the thicknesses of samples in the range of 
1.8-6.5nm at three different settings, which correspond to (a) a null settings 
at where A=3.83º, P=54.10º, the curve is fitted to I0a=3.4×10-5d2-1.29×10-4d
+1.25×10-4, (b) the better settings at where A=62.82º, P=28.86º, the curve is 
fitted to I0b=1.71×10-3d+0.28 and (c) the optimal settings at where A=44.67º, 
P=0.19º, the curve is fitted to I0c=3.63×10-3d+0.18. 

resolutions and their approximate relationships between I0

and d by Eq.(1). The azimuth angles that reduced the 
detected light flux to minimal at somewhere on a sample or 
the bare substrate under investigation are defined as null 
settings, and off-null settings otherwise. Now that the 
azimuth angles in most works [1-3,7-9] are fixed at or close 
to the null settings, it is necessary to consider the null 
condition in this work. The null settings chosen correspond 
to the azimuth angles that fulfill the null conditions on the 
SiO2 layer with d=1.8nm. The better settings and the 
optimal settings chosen are all off-null settings. Fig.3 shows 
how the intensity depends on the thickness of samples in the 
range of 1.8-6.5nm at three settings. These curves 
demonstrate clearly the different resolution at three settings. 
In Table 1, the detailed settings and the resolutions are given, 
as well as the relationship between I0 and d determined by 
simulating these curves numerically according to 
approximation analysis within reasonable relative error 
levels. Curve (a) is also considered by a first order 
approximation, which cause the corresponding relative error 
> 10%, and not to be accepted. Then, second order 
approximation is considered and the square relationship 
with relative error >1% is obtained.  

Clearly, it can be seen that the lowest resolution ra is 
obtained near the null settings, as well as the nonlinear 
relationship between I0 and d with the largest error. On the 
contrary, curve (c) at optimal settings is corresponding to a 
simple linear relationship with the least error and the highest 
resolution rc. The resolution is also found to increase more 
than 20 times and the relative error is reduced to about 
1/100 for the optimal settings compared with the null 
settings. The error level and relationship are almost the same, 
but resolution is decreased 50% for the better settings 

Table 1. Azimuth settings, relationship, error and resolution of three different settings are shown
corresponding to Fig.3. 
 Azimuth Angle Setting(°)    
Type P A relationship error r(×10-3)
a 54.10 3.83 square >1% 0.15 

b 28.86 62.82 linear 0.02% 1.71 
c 0.19 44.67 linear 0.03% 3.63 

1c i
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compared with the optimized settings.  

B.  Experimental Analysis 
For verifying above theoretical analysis, some 

experiments on samples of SiO2 layers/Si substrate are 
performed with a PCSA experimental system, in which a 
charge-coupled-device (CCD) camera is used as a detector 
and a 75W xenon arc lamp and a collimating system are 
used as a light source to provide an expanded parallel probe 
beam, which make intensity fit to the linear dynamic range 
of the detector. The polarizer and the analyzer are dichroic 
sheet polarizer with extinction ratio 10-4, and a mica 
retardation of quarter-wave plate is used as the compensator. 
Finally, the results are stored as the images in grayscale 
format (8 bit, 256 gray scales) for further evaluation by an 
image processing program. CCD camera is a Sony 
XC-ST30 CCD B/W video camera, and it has been proved 
the dynamic range of the detector is linear when the gray 
scale is among 15-230 in the off-null ellipsometry.  

Fig.5 shows the experimental results which are obtained 
at the azimuth angle settings mentioned above. The 
difference in gray scales between 6.5 nm and 1.8 nm SiO2
layers is below 0.5 at the null settings, which is so difficult 
to recognize different layers in samples that the 
experimental result does not shown in Fig.5. Curve (b) and 
(c) are obtained at the other two settings, and 
Ib=1.16d+216.51 and Ic=2.34d+135.99 are obtained by 
fitting two curves, respectively, with the relative errors all 
within ± 0.2%. Note that the resolutions which are different 
from those in Table 1, the reason is K in Eq.(1) is not 
discussed in simulation analysis but included in 
experimental results. However, rb=1.16/K is about a half 
rc=2.34/K, which also proves the consistency of theory and 
experiment.  
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Fig. 5. Gray scales with respect to the thickness of SiO2 layer in experiment. 
The dotted line is the experimental results; and the solid line is the fitting 
curve.

III.  FURTHER OPTIMIZATION AND DISCUSSION 

The thickness resolution can be improved by the 
adjustment of azimuth angles P and A. All of these are 
discussed without considering K in Eq.(1). For an 
experimental system, the resolution can be improved further 
by increasing the probe light intensity and considering the 
dynamic range of the detector since K is related to these [4]. 
Therefore, the final resolution for an experimental 

 (a) 

 (b) 

 (c) 

Fig. 6. Gray scales distribution on a silicon surface with a SiO2 layer (left), 
h-IgG layer (middle), and h-IgG/anti-h-IgG complex layer (right) at (a) 
A=2.10º, P=8.70º, (b) A=0.10º, P=8.70º, and (c) A=3.83º, P=54.10º, 
respectively. 

system is the product of K and r, which is limited by the 
dynamic range of detector in case of the intensity out of the 
range. The final resolution in Fig.5 (c) can be improved by 
increasing the probe light intensity to make the maximal 
gray scale up to 230. However, Fig.5 (b) is out of the 
dynamic range under the probe light intensity. Further 
increasing the probe light intensity, Fig.5 (c) is also out of 
the range and r must be decreased to make measurement in 
the dynamic range of the detector. Therefore, for a fixed 
high probe light intensity in our experimental system, the 
optimal resolution for biosensor system with thickness 
below 6.5nm is obtained at A=2.10º, P=8.70º. Fig.6 (a) 
shows the gray scale distribution of a stepped SiO2 layer, 
human Immunoglobulin G (h-IgG) layer, and 
h-IgG/anti-h-IgG complex layer on the silicon substrate 
measured at the optimal settings. The thicknesses of three 
layers are 2.2 nm, 4.0 nm, and 5.9 nm, respectively, 
measured with conventional ellipsometer. The 
measurements are also performed at the other two settings to 
show different resolutions. Only changing the azimuth angle 
of analyzer to 0.1º on the experimental conditions as above, 
the result shown in Fig.6 (b) indicates the thickness 
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resolution is lower. Fig.6 (c) is gotten near the null settings 
(A=3.83º, P=54.10º) with the lowest resolution.  

IV.  CONCLUSION

An optimization of off-null ellipsometry for the biosensor 
sampling has been presented. The thickness resolution has 
been remarkably improved at the optimal setting. Moreover, 
the simplified approximation relationship between the 
intensity and layer thickness is the basis for the quantitative 
measurement of the biosensor system. All of these are 
helpful for applications of the biosensor. 
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