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ABSTRACT 

Total internal reflection imaging ellipsometry (TIRIE) is widely used in the field of the biological detection due to its high 

sensitivity and multi-detection capability. Traditionally, the ellipsometric measurement works under the null-off null 

condition which is insensitive to the small interface variations such as the electron density disturbance at the sensing 

surface. Thus, we analyze the response of the detected signals under the different working conditions to the ellipsometric 

parameter variations and optimize the polarization settings to further enhance the TIRIE response to the subtle interface 

variation in this paper. Furthermore, the relationship between the detected signal and the electron density disturbance is 

obtained, and the result shows that the detection sensitivity for the subtle interface changes is improved by one hundred 

times under the optimized working condition. 
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1. INTRODUCTION  

Total internal reflection imaging ellipsometry (TIRIE) is a phase sensitive surface plasmon resonance imaging (SPRi) 

biosensor which combines SPR with imaging ellipsometry (IE) technology. It is a real-time multi-detection approach to 

visualize the biomolecule interactions at the interface. Compared with SPR biosensors which measure the intensity 

variation of the reflection, IE provides an extra ellipsometric phase sensitivity. Traditionally, an ellipsometry-based 

biosensor prefers to work under the null-off null condition1, which requires the light extinction by adjusting the azimuths 

of the polarizer and the analyzer at the initial, so called the null condition and then, when the optical thickness of the 

interface changes, some reflection will pass through the fixed analyzer, arousing the detected light intensity increasing in 

detector. This preference comes from the fact that the null condition is taken as the zero point of the ellipsometry system 

at which the system error is well depressed and the ellipsometric parameters of the surface can be determined2. Further, 

the null condition is easy to calibrate: finding a minimal in the signal of the detector by rotating the polarizer and the 

analyzer. However, this null-off null condition might not suitable for the small interface variations at the sensing surface 

in the neighborhood of the null condition, as is pointed by Hans Arwin1, the detected signal responds to the variations of 

the ellipsometric parameters quadratically. Further, for the sensing applications interested in the relative change in the 

interface rather than the absolute ellipsometric parameters, a linear response is favorable, especially for small interface 

variations. 

A popular strategy to amplify the response of the optical biosensor is to introduce nanomaterials for the large specific 

surface area and the local surface plasmon resonance enjoyed by the precious metal nanoparticles. The strategy 
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significantly improving the sensitivity of the sensors in the detection of the small molecules3,4,5. However, the repeatability 

of the experimental conditions is not ideal due to the poor uniformity and reproductivity caused by the preparation of the 

nanomaterials. 

To further increase the sensitivity of a polarizer–compensator–sample–analyzer (PCSA) ellipsometer biosensor, the 

optimal azimuth angle settings are studied6,7 corresponding to the interface change. For example, Yanyan Chen established 

a linear relationship between the detected signal and the thickness of SiO2 layer on a silicon chip instead of the traditional 

nonlinear one8. However, no optimization for TIRIE biosensor is discussed, especially for the small interface variations 

such as the electron density disturbance at the sensing surface.  

In this paper, we will briefly review the null-off null working condition and then discuss the optimized off-null working 

condition for TIRIE biosensor. Finally, a comparation between the two conditions is discussed for the subtle surface 

electron disturbance. 

 

2. OPTIMIZATION OF WORKING CONDITIONS  

The structure of TIRIE biosensor based on a PCSA configuration is shown in Figure 1, which consists of an xenon light 

source, a polarizer, a compensator (quarter wave plate), a sensing surface, an analyzer and a CCD, where the sensing 

surface is a 48 nm gold film deposited on SF 10 glass. The light beam transforms into the elliptically polarized light after 

passing through the polarizer and the compensator, perpendicularly falls to the prism and finally is reflected by the sensing 

surface. As the incident angle is larger than the critical angle of the sensing surface, the incident light is totally reflected 

after it reaches the sensing surface, along with the evanescent wave the amplitude of which decays exponentially. Due to 

the existence of the evanescent wave, the polarization state of the reflected light contains the sample information on the 

sensing surface. After passing through the analyzer, the reflected light becomes the linearly polarized and captured by the 

CCD imaging system, and the image of the sensing surface is saved in the computer. 

 

Figure 1. Schematic diagram of the TIRIE based on a PCSA configuration 

By applying a Jones vector and matrix approach using the notation convention of R.M.A. Azzam and N.M. Bashara9 the 

expression for the detected intensity in a typical PCSA system is given by 

𝐼 = 𝐺𝐿𝐿∗ (1)

where * denotes a complex conjugation, 𝐺 = |𝐾𝑝|
2

|𝐾𝐶|2|𝐾𝐴|2𝐾𝐷 . 𝐾𝑃  and 𝐾𝐴  contain information on the intensity and 

absolute phase of the wave emergent from the polarizer and the analyzer, respectively. 𝐾𝐶  accounts for the equal 

attenuation and phase shift along the fast and the slow axes of the compensator, and 𝐾𝐷 is the real factor that depends on 

the intensity profile of the light beam and the nature of the detector.  

𝐿 = 𝑅𝑝 cos 𝐴 [cos 𝐶 cos(𝑃 − 𝐶) − 𝜌𝐶 sin 𝐶 sin(𝑃 − 𝐶)] 

   +𝑅𝑠 sin 𝐴 [sin 𝐶 cos(𝑃 − 𝐶) + 𝜌𝐶 cos 𝐶 sin(𝑃 − 𝐶)] (2) 
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Here 𝜌𝐶  is the slow-to-fast relative complex-amplitude transmittance of the compensator, and 𝑅𝑝 and 𝑅𝑠 are the complex 

reflectance of the sample for light polarized parallel and perpendicular to the plane of incidence, respectively. For an ideal 

compensator, 𝜌𝐶 = −𝑗 = −√−1 and its azimuth is fixed at 𝐶 =
𝜋

4
. Thus, eq. (2) yields 

𝐼 = 𝐺
|𝑅𝑠|2

4 cos2 Ψ
[1 − cos 2Ψ cos 2𝐴 + sin 2Ψ sin(2𝑃 + Δ) sin 2𝐴] (3) 

Or2  

𝐼 = 𝐺
|𝑅𝑠|2

2 cos2 Ψ
[sin2(𝐴 − Ψ) + sin 2𝐴 sin 2Ψ sin2 (𝑃 +

Δ

2
−

3

4
𝜋)] (4) 

where Ψ and Δ are the ellipsometric parameters, defined as the complex reflectance ratio 

𝜌 =
𝑅𝑝

𝑅𝑠

= tan Ψ 𝑒𝑗Δ (5) 

In order to get the explicit relationship between the detected light intensity and the ellipsometric parameters, theoretical 

analysis has been specifically deduced. 

2.1 The null-off null working condition 

As is seen in eq. (4), the null condition is fulfilled by 𝐴 = Ψ and 𝑃 =
3

4
𝜋 −

Δ

2
，where Ψ̅ and Δ̅ are the unperturbed 

ellipsometric parameters. At the null condition, we have 𝐼𝑛𝑢𝑙𝑙 = 0. 

Under the assumption that 𝑅𝑠 is insensitive to the interface variation, |𝑅s|2 can be taken as a constant. This assumption 

holds for TIRIE biosensor. For TIRIE biosensor, the adsorption of 1 nm protein at the gold sensing surface will also cause 

|𝑅s|2 vary 0.002% around SPR angle.  

Thus, when the optical thickness varies at the interface, the ellipsometric parameters change and the detected signal is 

given by1 

𝛿𝐼 =  𝐺
|𝑅𝑠|2

2 cos2 Ψ
[(𝛿Ψ)2 +

1

4
sin2 2Ψ (𝛿Δ)2 ] (6) 

where 𝛿Ψ and 𝛿Δ are the ellipsometric parameter variations. 

2.2 The linear off null working condition 

For our sensing applications, our IE biosensor often focuses on the relative change at the interface instead of the exact 

ellipsometric parameters, which implies the largest imaging contrast variation after the adsorption at the optimal azimuths 

of the polarizer and the analyzer. Further, a linear response is expected for the small variations. Thus, the Taylor expansion 

of eq. (3) is given by   

𝛿𝐼 = 𝐺
|𝑅𝑠|2

2 cos2 Ψ
[tan Ψ + cos 2𝐴 tan Ψ + sin 2𝐴 sin(2𝑃 + Δ)]𝛿Ψ

+𝐺
|𝑅𝑠|2

4 cos2 Ψ
sin 2𝐴 sin 2Ψ cos(2𝑃 + Δ) 𝛿Δ (7)

 

In general, it is tedious to get the extremum of 𝛿𝐼 at the optimal azimuths of the polarizer (𝑃) and the analyze (𝐴) 

analytically.  Here, we would only focus on the situation that the angle of incidence fulfills 𝛿Ψ ≈ 0, for as a phase-sensitive 

measurement, Δ plays a key role in certain circumstances. When 𝛿Ψ ≈ 0,eq. (7) can be simplified as 

𝛿𝐼 = 𝐺
|𝑅𝑠|2

4 cos2 Ψ 
sin 2𝐴 sin 2Ψ cos(2𝑃 + Δ) 𝛿Δ (8) 

Obviously, the maximum δ𝐼 =
𝐺

2
|𝑅𝑠|2 tan Ψ ̅̅ ̅  𝛿Δ  can be achieved at A =

π

4
, 𝑃 = 𝜋 −

Δ

2

̅
 or A =

3

4
𝜋, 𝑃 =

𝜋

2
−

Δ

2

̅
 and the 

minimum δ𝐼 = −
𝐺

2
|𝑅𝑠|2 tan Ψ ̅̅ ̅  𝛿Δ at A =

π

4
, 𝑃 =

𝜋

2
−

Δ

2

̅
 or A =

3

4
𝜋, 𝑃 = 𝜋 −

Δ

2

̅
.  
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Eq. (8) implies that at the angle of incidence fulfilling 𝛿Ψ ≈ 0, the azimuth of the analyzer can be fixed at π/4 or 3π/4. 

The azimuth of the polarizer can be optimized for the bare substrate experimentally. At this condition, the detected signal 

will respond to the small interface variation linearly.  

According to eq. (8), the detected signal variation, 𝛿𝐼, is dependent on the device parameter G, and the light source intensity 

which influences |𝑅𝑠|2, it is difficult to make a comparison for real application. Thus, a normalized indicator is needed. 

At the linear off-null working condition, where 𝐼0 =  𝐺
|𝑅𝑠|2

4 cos2 Ψ̅
, which is far from the null condition, at which 𝐼𝑛𝑢𝑙𝑙 = 0, 

we have  

𝛿𝐼

𝐼0

= sin 2Ψ̅ sin 𝛿Δ (9a) 

For small variation, we have sin 𝛿Δ ≈ 𝛿Δ, thus 

𝛿𝐼

𝐼0

= sin 2Ψ̅ 𝛿Δ (9b) 

Eqs. (9a) and (9b) suggest 𝛿𝐼/𝐼0  can be used as the normalized indicator for it is independent from the device and the light 

source and only determined by the angle of the incidence at which the variation of parameter Ψ  can be neglected.  

2.3 The comparation of two working conditions for TIRIE 

According to eqs. (6) and (9b), it is apparent that the relationship between the variations of the light intensity and the 

ellipsometric parameters is a quadratic function under the null-off null working position, while a linear relationship under 

the linear off null working condition. Since the transformation of the surface characterization is caused by the change of 

the dielectric constant, we use the variation of the metal surface electron density to compare the response under the two 

working conditions.  

Since TIRIE takes a gold-covered substrate, the SPR angle can be estimated as10  

sin 𝜙𝑟 = √
𝜀1𝜀2

(𝜀1 + 𝜀2)𝜀0

(10) 

where 𝜀𝑖 = 𝑛𝑖
2 (𝑖 = 0, 1, 2) is the dielectric constant of each medium.  

Now we will analyze the ellipsometric response at the SPR angle. For a typical glass/gold/solution model, the ellipsometric 

response owing to the dielectric constant variations of the gold δ𝜀1 and the solution, 𝛿𝜀2, can be given by11 

𝛿𝜓 = (
1

2
𝑠𝑖𝑛 2𝜓) 𝑅𝑒(𝜅1𝛿𝜀1 + 𝜅2𝛿𝜀2) = (

1

2
𝑠𝑖𝑛 2𝜓) [𝑅𝑒(𝜅1(𝜀1 − 1))𝛿𝜏 + 𝑅𝑒(𝜅2)𝛿𝜀2]                   (11a) 

𝛿Δ = Im(𝜅1𝛿𝜀1 + 𝜅2𝛿𝜀2) = Im(𝜅1(𝜀1 − 1))𝛿𝜏 + Im(𝜅2)𝛿𝜀2 (11b) 

in which 𝛿𝜏 is the electron density change of the gold film. 𝜅1  and 𝜅2  demonstrates the extent of modulation of the 

reflection polarization by the tiny variation in the dielectric constant of the metal and the electrolyte respectively11. 
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Based on results above, it is not hard to obtain the connection between the detected light intensity and the charge density 

disturbances. As is seen in Figure 2, three working conditions are compared when the surface electron density 𝜏 disturbs. 

The response to the disturbance is parabolic under the traditional null-off null condition and the maximum response for 

𝜏 = 10−3𝜇𝑚−2 is around 10−5, barely detectable (Figure 2b). On the other hand, the responses under the linear off null 

condition are around 10−3, 100 times larger than that under the null-off null condition. Under the optimal azimuth of the 

analyzer, 42.6°, the maximum response is twice than that of A=45° (Figure 2a). However, the latter is convenient to 

calibrate. Thus, the azimuth of the analyzer is fixed at A=45° for our applications.  

(a)                                                                                        (b) 

Figure 2. Working condition comparation for TIRIE biosensor when the surface electron density disturbs. (2a) Three working conditions 

for TIRIE biosensor: the null-off null working condition, the linear off-null working condition where the azimuth of analyzer is fixed at 

45° and the optimal linear off null condition where the azimuths of polarizer and analyzer are optimized to make the detected signal 

variation maximum. (2b) The enlarged null-off null working condition. 

 

3. CONCLUSION 

In this paper, we propose a linear off null working condition for TIRIE biosensor to detect small interface variation.  At 

the expense of insensitivity to the ellipsometric amplitude, 𝜓, the detected signal gains extra phase sensitivity to the subtle 

surface change when the angle of incidence is fixed at the SPR angle. Further, the optimal azimuth angle of the analyzer 

is fixed at π/4 or 3π/4 will also simplify the optimization process. As a result, the detected  the detected signal of TIRIE 

biosensor for subtle surface electron density variation is amplified 100 times under the linear off null working condition 

compared with the traditional null-off null working condition.   

In general, the noise can also affect the sensitivity of TIRIE biosensor. At present, the dominant noise of the system is the 

power fluctuation of the light source. Meanwhile, the noise from the temperature fluctuation, the air disturbance and the 

ground vibration also have a non-negligible impact on the sensitivity of TIRIE. We will quantify the noise level and give 

the noise suppression plans in the future work, which are instructive for the applications of TIRIE. 
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