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Abstract: The development of nanotechnology and nanomaterials has put forward higher
requirements and challenges for precision measurement or nanometer measurement technology.
In order to cope with this situation, a new type of imaging Mueller matrix ellipsometer (IMME)
has been developed. A back focal plane scanning method is designed to make the IMME have the
ability to measure multiple incident angles. A two-step calibration method is proposed to ensure
the measurement accuracy of IMME. After calibration, the IMME can achieve measurement with
wavelengths from 410 nm to 700 nm and incident angles from 0° to 65°. The lateral resolution
of the IMME is demonstrated to be 0.8 µm over the entire measurement wavelength range. In
addition, a Hadamard imaging mode is proposed to significantly improve the imaging contrast
compared with the Mueller matrix imaging mode. Subsequently, the IMME is applied for the
measurement of isotropic and anisotropic samples. Experimental results have demonstrated that
the proposed IMME has the ability to characterize materials with complex features of lateral
micron-distribution, vertical nano-thickness, optical anisotropy, etc., by virtue of its advantages
of high lateral resolution and high precision ellipsometric measurement.

© 2021 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

In recent years, with the development of modern science and technology, the application range of
optoelectronics is rapidly extending. Following this, higher requirements are put forward for
the performance of optoelectronic devices that are basically made of micro- or nano-scale thin
films or structures [1]. In order to deal with the ensuing challenges, optoelectronic devices are
gradually developing in the direction of miniaturization, complexity, and efficiency. However,
without matching metrology, it is difficult to ensure that these devices can be manufactured in
accordance with the design standards. Therefore, developing precise measurement technology is
of broad prospects and important significance.

According to practical needs, measurement techniques for micro- or nano-scale thin films and
structures can be mainly divided into two categories. One is for geometric shapes and sizes of
the thin films and structures, such as atomic force microscopy (AFM) and scanning electron
microscopy [2], and the other is for optical properties, such as Raman spectroscopy and X-ray
scattering techniques [3,4]. All the means are either destructive or slow in measurement, which
makes them cannot meet measurement requirements. Different from the above conventional
measurement methods, the ellipsometry has obvious advantages in non-destructive, fast measure-
ment, and simultaneous characterization of the morphology and optical properties simultaneously
[5–7]. However, since the ellipsometry detects information of the sample covered by the spot, the
measurement results are the average results within the spot when the lateral distribution of the
sample is smaller than the detection spot size.
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To solve the limitation in lateral resolution in traditional ellipsometry, the imaging ellipsometry
(IE) comes into being. The IE combines the ellipsometry with imaging optics, whose detector
is changed from a spectrometer to a camera. Each pixel on the camera can be employed as an
independent detector for detection and analysis of different areas of the sample. Traditional
IE applies oblique mode [8,9], referring from the optical path configuration of the traditional
ellipsometer, and inserts the required imaging elements at the incident end and the detection
end. The incident end and the detection end do not share the optical path and always have an
inclined angle with the sample stage. Recently, there are many researches on IE in oblique mode.
K. Joo et al. [10] developed a spectroscopic IE for large area measurements. They used a low
numerical aperture objective lens to achieve detection of a large field of view, but at the expense
of lateral resolution. A. Komiya et al. [11] developed a three-step phase-shifting IE to measure
nanofilm thickness profiles. The achievable spatial resolutions are 1.58 µm and 4.62 µm in the
horizontal and vertical directions, respectively. In general, limited by the mechanical interference
and the working distance of the objective lens, the lateral resolution of this kind of IE is difficult
to exceed 1 µm.

Another form of IE is based on the vertical mode [12,13], referring from the optical path
configuration of the optical microscope, and inserts the required polarization elements at the
incident end and the detection end. The incident end and the detection end partly or completely
share the optical path, and the part of the common optical path is kept perpendicular to the sample
stage. By maximizing the use of the numerical aperture of the objective lens, the achievable
lateral resolution can be close to the Abbe diffraction limit. Thus, the IE in vertical mode is
more capable of measuring samples below the micron level. There are some researches on IE
in vertical mode recently. K. Fukuzawa et al. developed a vertical-objective-type ellipsometric
microscopy (VEM) [14,15]. The VEM measures the ellipsometric angles with configuration
of polarizer-compensator-sample-analyzer. The illumination light is focused and fixed onto an
off-axis point on the back focal plane (BFP) of the objective lens before measurement in order to
provide a sufficient sensitive ellipsometric signal. O. Arteaga et al. developed a BFP Mueller
matrix microscopy [16]. This observation mode provides a flat projection of all light rays passing
through the specimen in a three-dimensional space. C. Hu et al. developed an azimuth-dependent
reflectance difference microscopy [17]. Due to the appearance of the isotropic layer, the azimuth-
dependent reflectance difference microscopy can be used to observe the distribution of small
anisotropic patches in the visualized optical image without any interference. S. Y. Lee et al.
developed a coaxial spectroscopic snapshot ellipsometry and a coaxial spectroscopic IE [18–20].
They adopted convergent light illumination and parallel light illumination to measure optical
properties of isotropic samples.

Each of the above work has its own advantages. However, they cannot fully meet the existing
measurement needs. For the measurement of micro-area samples, the system is required to
have sufficient lateral resolution and magnification. For ellipsometric measurement, the system
is required to be operated at different incident angles, since different samples have different
polarization sensitivity angles (namely Brewster angles). For the measurement of samples
with anisotropic or depolarization characteristics, the system is required to have the ability to
measure the complete Mueller matrix. In order to characterize the sample more comprehensively
and accurately, we developed an imaging Mueller matrix ellipsometer (IMME) with sub-micro
resolution based on BFP scanning. This paper proceeds with the following content. In Section 2,
the hardware configuration and principle of the IMME are explained. In Section 3, the detailed
calibration method is described. The verification results of the proposed IMME are presented in
Section 4, and several applications of the IMME are given in Section 5. The paper is concluded
in Section 6.
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2. Operation principle

Figure 1 presents the schematic of the proposed IMME. A beam of broad-spectrum light emitted
from a supercontinuum laser source (WhiteLase SC-400, NKT Photonics, Inc., Denmark) passes
through the monochromator (LLTF, NKT Photonics, Inc., Denmark) and is collected by the
collimating lens. This collimated light passes successively through the anti-speckle module,
mirror, polarization state generator (PSG), beam splitter, imaging lens, and objective lens (OL,
EC Epiplan - Apochromat 50 ×/ 0.95 HD DIC, Zeiss, Inc., Germany). Then, the light is reflected
by the sample, and enters the objective lens, imaging lens, beam splitter, polarization state
analyzer (PSA), relay lens pair, and the detector (Andor Zyla 5.5, Oxford Instruments, Inc., UK)
in turn. To be clear, both PSG and PSA are composed of a polarizer (called analyzer in PSA) and
a self-designed superachromatic composite waveplate (used as the rotating compensator) [21].
The incidence plane is a plane jointly determined by the PSG and the PSA, which is perpendicular
to the rotation axis of the mirror M. The anti-speckle module is composed of rotating ground
glass and vibrating optical fiber, and the corresponding rotation speed and vibration speed are
optimized for the best anti-speckle effect.

Fig. 1. Schematic of the proposed imaging Mueller matrix ellipsometer. L: light source, MO:
monochromator, CL: collimating lens, AM: anti-speckle module, M: mirror, P: polarizer, C1:
the 1st compensator, BS: beam splitter, IL: imaging lens, OL: objective lens, S: sample stage,
C2: the 2nd compensator, A: analyzer, RLP: relay lens pair, D: detector, CO: controller,
PSG: polarization state generator, PSA: polarization state analyzer.

The IMME can be divided into three fundamental building blocks: illumination elements,
polarization elements and imaging elements. Illumination elements provide homogeneous
monochromatic light for sample lighting and detecting. Polarization elements are responsible
for modulating and demodulating the polarization state of the beam in the system to achieve
ellipsometric measurement. The imaging elements adopt appropriate imaging resolution and
magnification, so that each pixel of the detector can independently measure different areas of the
sample.

The available spectrum of the IMME covers from 410 nm to 700 nm depending on elements
efficiency (such as lenses, beam splitter, detector). The measurement wavelength range of IMME
can cover a wider band, when the appropriate elements are selected. A high numerical aperture
objective lens is selected to acquire a large range of incident angles and high spatial resolution.
The apochromatic relay lens pair is used to ensure that the imaging position will not change
due to chromatic aberration issues, and the objective lens is used to set the focus of a ray on the
sample surface. The detector is a sCMOS camera with 2560× 2160 pixels and 6.5 µm× 6.5 µm
pixel size.
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The ellipsometric measurement is based upon the modulation of the polarization state for both
in coming and out coming light beams. The modulated signal is collected in the form of light
intensity changed over time t by the detector, which can be written as [22,23]:

Iout(t) = [ 1 0 0 0 ] · MPSA[Ap, C2(t), δ2] · Ms · MPSG[Pp, C1(t), δ1] · Sin, (1)

where MPSA and MPSG represent the Mueller matrices of PSA and PSG respectively, Ms
represents the Mueller matrix of the sample, and Pp and Ap are the azimuth angles of the polarizer
and the analyzer, respectively. We set the two compensators in PSG and PSA synchronously
rotating with the speed ratio 5:3 to generate a periodic signal. Thus, real-time azimuth angle of
the first and second compensators are C1 (t) =5ωt-C0

1 and C2 (t)= 3ωt-C0
2 respectively, where

ω is fundamental frequency of the rotating compensators and C0
1 and C0

2 are initial azimuth
angles of the two compensators, respectively. δ1 and δ2 are the retardance of the first and second
compensators, respectively. Sin, which is proportional to [1 0 0 0]T, represents the Stokes vector
of incident light. Then, Fourier analysis is adopted to calculate the Fourier coefficients of the
signal, and Iout is organized into the following form:

Iout(t) = I0

[︄
1 +

16∑︂
n=1

(α2n cos 2nωt + β2n sin 2nωt)

]︄
, (2)

where I0, (α2n, β2n), n=1, 2, . . . , 16 are the dc and ac Fourier coefficients. It is noted that since
the detector has a certain integration time when collecting the light, the signal actually obtained
in the system is an integral of all the light intensity entering the detector within a certain period
of time, written as:

Hj =

∫ jπ/Nω

(j−1)π/Nω
Iout(t)dt (j = 1, 2, . . . , N), (3)

where π/ω is the basic optical period of the system, which is evenly divided into N parts, and
here Hj is called the j-th Hadamard component. In IMME, the integration time of per Hadamard
component is set to be ∼ 20 ms, and 50 times integrals are performed per optical period. Thus,
the imaging Mueller matrix measurement at a single wavelength will take ∼1 s. Through Fourier
analysis of the Hadamard components, the measured Fourier coefficients can be obtained. By
matching the measured and theoretical Fourier coefficients pixel by pixel, a set of theoretical
Fourier coefficients that are most consistent with the measured Fourier coefficients can be
obtained. Then by solving linear functions of these theoretical Fourier coefficients, the Mueller
matrix of the sample can be calculated.

We here propose a BFP scanning method to realize different incident angles in the system.
As seen in Fig. 2, different points on the BFP correspond to different incident angles. Thus,
we change angle of the mirror in Fig. 1 to transform the angle of parallel light entering the
imaging lens. Afterwards, the imaging lens would be a relay station to focus the parallel light
into different points on the BFP to achieve different incident angles. Theoretically, when the
spherical aberration and coma of the imaging lens and objective lens are well corrected, the
incident angle θ can be expressed by the following formula:

θ = sin−1(
fIL
fOL

sin(2η)). (4)

Among them, f IL and f OL represent the focal length of the imaging lens and objective lens, η
represents the rotation angle of the mirror relative to the initial position (set the position that
makes the light propagate along the optical axis as the initial position). The maximum incident
angle that can be realized ideally is sin−1(NA), where NA stands for the numerical aperture of
the objective lens. It should be pointed out that the incident angle calculated according to Eq. (4)
may deviate from the actual, due to factors such as the clearance of the mirror rotatable stage gear.
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Fig. 2. Schematic diagram of back focal plane scanning

3. System calibration

3.1. First step calibration

The first step calibration aims at calibrating the polarization elements and beam splitter in the
IMME. Although the non-polarized beam splitter is designed with the polarization amplitude
taken into consideration, there will still be some linear delay and attenuation remaining. The
parameters considered in this step of calibration are the initial azimuth angles of the transmission
axes of the polarizer and analyzer, the initial azimuth angles of the fast axes and the wavelength-
dependent phase retardance of the first and second compensators, and the wavelength-dependent
reflection and transmission polarization effects of the beam splitter.

The specific calibration procedures are as follows. Remove the imaging part in the system.
Assemble a 1/4 standard waveplate and a flat mirror as the calibration sample, making optical
axes of the 1/4 standard waveplate and the flat mirror coincide, and place the calibration sample
in the optical path perpendicular to the incident light, as shown in Fig. 3. As in previous study,
the beam splitter shows isotropic properties, and can be described with amplitude ratio and phase
difference (Ψbt, ∆bt) in transmission light path and (Ψbr, ∆br) in reflection light path, respectively.
Another thing to be noted is that under the condition of normal incidence, Mueller matrix of the
flat mirror is always a diagonal matrix, namely diag (1, 1, -1, -1) [6], thus the Mueller matrix of
the calibration sample is only related to the azimuth angle Ccs and the retardance δcs of the 1/4
waveplate. Then, the Mueller matrix Ms in Eq. (1) can be rewritten here as:

Ms =Mbt(Ψbt, ∆bt)Mcs(Ccs, δcs)Mbr(Ψbr, ∆br), (5)

where Mbt and Mbr represent the Mueller matrices of reflection and transmission polarization
effects of the beam splitter, respectively, and Mcs represents the Mueller matrix of the calibration
sample.

After obtaining the light intensity at the initial angle of the calibration sample, change the
azimuth angle of the calibration sample at equal intervals by the electric rotating table, and
measurement data of multiple periods are continued to be collected to obtain several groups of
light intensity information under the azimuth angle of the calibration sample. The number of
calibration groups should be more than two. As the number of measurement groups increases,
the final fitting result tends to stabilize.

The Fourier analysis can be adopted to calculate the Fourier coefficients of the signal. Then a
model with the parameters to be calibrated as the input variables Ω1 = [Ap, Pp, C0

1, C0
2, Ccs, δ1,

δ2, δcs, Ψbt, ∆br, Ψbt, ∆br]T and the Fourier coefficients of the signal as the output parameters is
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Fig. 3. Setup of the first step calibration

established. The model contains 12 unknowns, and 24 non-zero harmonic Fourier coefficients.
By solving the following nonlinear least squares optimization problem, the parameter values to
be calibrated can be obtained, and the solution process can be optimized by the nonlinear fitting
algorithm:

arg min
Ω1

J1∑︂
i=1

| |Fci(Ω1) − MFci | |2. (6)

Among them, J1 is the number of rotations of the calibration sample, which needs to satisfy
J1 ≥ 2. Fc and MFc are J1×24-dimensional vectors, and represent the Fourier coefficient obtained
by the fitting model and measurement, respectively. | |·| |2 represents the two-norm of the matrix.
Detailed calibration results are given in Appendix A.

3.2. Second step calibration

The second step calibration aims at calibrating the polarization effect of the high NA objective
lens and determining the relationship between the incident angle and the rotation angle of the
mirror (M). Since the numerical aperture of other lenses in the system is too low, it will not affect
the polarization state of the light in the system basically, so it is not considered. In this work,
to achieve a high lateral resolution and a large range of incident angle, we adopt an objective
lens, whose NA= 0.95. Thus, the polarization effect of the objective lens must be considered.
Though the objective lens could be characterized offline, an online calibration method would be
more accurate since the offline calibration cannot compensate the installation error which will be
magnified several times by a high NA objective lens.

For an objective lens, its optical pupil is a rotational symmetric cycle. Each element of Mueller
matrix of the objective lens is a cycle similar to the optical pupil. Through simulation, it is found
that the polarization effect of the objective lens has a distribution similar to that of certain items of
Zernike’s circle. Therefore, we can try to represent the Mueller matrix of the objective lens using
the Zernike polynomials [24] by taking each element of the Mueller matrix as a pseudo optical
pupil. Based on the circular symmetry characteristics of the polarization effect of the objective
lens found in the previous research and the ease of calibration, when calibrating the objective
lens, we actually calibrate a diameter of the objective lens, and then expand the polarization
effect of the entire objective lens through the form of rotational symmetry. As a reminder, the
Zernike polynomials are used as a set of orthogonal basis functions from the point of view of a
pure mathematical operation, and there is no physical meaning.
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The constituent materials of the objective lens are assumed to be reciprocal and isotropic. The
objective lens selected in the system is stress-free. The off-line measurement shows that the
polarization effect mainly comes from the beam redirection, and the birefringence effect is small
and can be ignored. Therefore, the Mueller matrix of the objective lens can be represented by
two independent parameters the amplitude ratio ΨOL and phase difference ∆OL:

ΨOL(ρ, ξ) =
L∑︂

l=1
fl(ρk, ξk)Zl,Ψ + εk,Ψ (k = 1, 2, . . . , K), (7a)

∆OL(ρ, ξ) =
L∑︂

l=1
fl(ρk, ξk)Zl,∆ + εk,∆ (k = 1, 2, . . . , K), (7b)

where K is the number of sampling points, Zl, Ψ and Zl, ∆ are the coefficients of the l-th order
Zernike polynomial of the corresponding parameter, and εk , Ψ and εk , ∆ are the fitting error of the
corresponding parameter. (ρ, ξ) corresponds to the polar diameter and polar angle in the polar
coordinate, and has the following relationship with the incident angle θ and azimuth angle φ in
the system:

θ = sin−1(
ρ

ρmax
NA), φ = ξ. (8)

Among them, ρmax=2f OLNA is the radius of optical pupil determined by the NA and focal
length of the objective lens.

To find out Zernike coefficients that are sensitive to the polarization effect of the objective lens,
we decompose the results measured by the offline method [25] and learn that only a few Zernike
coefficients are sensitive to the objective lens among the first 49 of them. These coefficients are
consistent with the rotationally symmetrical distribution of aberrations, which can be considered
as the polarization effect of the objective lens is related to the incident angle. The polynomials
corresponding to the Zernike coefficients with a coefficient value greater than 1% (the 1st, 4th, 9th,
16th, 25th, 36th, 42nd, 49th order Zernike coefficients) are selected to describe the polarization
effect of the objective lens, and the decomposed data is used as the initial value of the subsequent
fitting.

The relationship between the incident angle of illumination and the rotation angle of the
mirror need to be calibrated at the same time. According to Abbe’s law of sine, the relationship
theoretically is a proportional relationship as shown in Eq. (4). However, due to the defect of the
instrument optical path and the errors of the hardware, the actual relationship is a linear equation,
which can be expressed as:

sin θ = C sin 2η + D, (9)

where C is the slope and D is the intercept. The measurement Mueller matrix Ms in Eq. (1)
under the incident angle θ and the azimuth angle φ can be expressed as:

Ms =Mbt(Ψbt, ∆bt) · MOL(θ, φ) · MSiO2(θ) · MOL(θ, φ) · Mbr(Ψbr, ∆br), (10)

where MOL(θ, φ) is the Mueller matrix of the high NA objective lens at the incident angle
θ and the azimuth angle φ, and MSiO2(θ) is the Mueller matrix of the standard SiO2 sample
with a known nominal thickness at the incident angle θ, which can be calculated from the thin
film transmission matrix. Therefore, the formula contains 11 unknowns namely: 8 Zernike
coefficients (the 1st, 4th, 9th, 16th, 25th, 36th, 42nd, 49th order Zernike coefficients), the slope
C, the intercept D, and the thickness d of the standard film sample. Note that Mbt (Ψbt, ∆bt) and
Mbr (Ψbr, ∆br) have been calibrated in the first step calibration.

The second step calibration adopts a uniform standard SiO2/Si film with known optical
constants and nominal thickness as the calibration sample. The calibration setup is the same
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as the measurement system in Fig. 1. The specific steps are: place the standard sample on the
sample stage, control motorized rotating stage to drive the mirror to a certain angle, and then
perform the measurement under the condition. Repeat the above steps to obtain a series set
of data at different incident angles. The whole optical pupil of the objective lens should be
calibrated. A principle for sampling is that when the incident angle is small (the converging
point of the imaging lens on the BFP is with the circle corresponding to NA= 0.6), the sampling
points can be sparse, otherwise the sampling points should be dense. After all measurements, the
nonlinear fitting method is still used to calibrate the above 11 unknowns:

arg min
Ω2

J2∑︂
i=1

| |Ms,i(Ω2) − Mcs,i | |2. (11)

Among them, J2 is the number of rotations of the mirror M, and the larger the J2 is, the more
accurate the measurement is. Mcs represents the Mueller matrix obtained by the fitting model.
Both Ms and Mcs are functions of the above 11 unknowns. Detailed calibration results are given
in Appendix B.

4. System performances

4.1. Sub-micro lateral resolution

Figure 4 presents the test results for the lateral resolution of the IMME. The measurement
on the 1951 high-resolution test target (#55-622, Edmund Optics, Inc., USA) shows that the
IMME can distinguish the second smallest line pair at wavelength of 700 nm, suggesting that the
corresponding lateral resolution is better than 0.87 µm. The IMME can distinguish the smallest
line pair at wavelength of 690 nm, as illustrated in Fig. 4(a), indicating the corresponding lateral
resolution is better than 0.78 µm. Figure 4(b) shows imaging resolution results measured by
modulation transfer function (MTF) test target. It is generally believed that when the modulation
factor is less than 5%, the corresponding line pair is the smallest one that the system can
distinguish. From Fig. 4(b), when modulation factor is 5%, the line pair is 1250 lp/mm at
wavelength of 700 nm, which again suggests the resolution of the IMME reaches to 0.8 µm.

Fig. 4. Test results for the lateral resolution of the IMME: (a) image of the 1951USAF
high-resolution test target at wavelength of 690 nm; (b) modulation factor measured with
the MTF test target at wavelength of 700 nm; (c) extracted profile result of 1 µm and 3 µm
etched trenches.

To further evaluate the lateral resolution of the developed IMME, we designed and fabricated
test samples of SiO2 etched trenches with different widths on the silicon substrate (single crystal
silicon). There are 10 SiO2 trench structures uniformly etched on the silicon substrate. The
lines whose nominal widths are 1 µm and 3 µm are measured to evaluate the instrument. The
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measurement was performed at wavelength of 410 nm to 700nm, and from Fig. 4(c), it can be
seen that for the two grooves, the measurement results include data in multiple pixels, so the
instrument can achieve a lateral resolution of better than 1 µm. Due to the large collection angle
of the IMME, the scattered light at the edge of the groove will be collected. This is the reason
why the height of the edge may not change vertically.

4.2. Hadamard mode imaging

In order to quickly and accurately identify the difference between samples, it is neces-
sary to use the contrast mode for observation. In general, the information of sample con-
trast can be obtained by the imaging Mueller matrix. The contrast is defined as Con-
trast= (Mij,sub−Mij,sample)/(Mij,sub+Mij,sample). Here, Mij,sub and Mij,sample are values of Mueller
matrix elements in row i and column j (i, j= 1, 2, 3, 4) of substrate and sample respectively.
However, in some cases, due to the insufficient contrast of the elements of the Mueller matrix, it is
difficult to identify all the characteristic differences of the sample. Here, we propose an intensity
mode, referred to as Hadamard mode imaging mode, to identify the micro-area of the materials
and to find the area to be measured with IMME. In Hadamard mode imaging, an intensity
image of the sample is recorded for a specific polarization state with maximum contrast between
sample and substrate. The contrast is defined as Contrast= (Hj,sub −Hj,sample)/(Hj,sub+Hj,sample).
Here, Hj,sub and Hj,sample are values of the j-th Hadamard components of substrate and sample,
respectively.

Next, we will use an example to compare the contrast between Hadamard component and
Mueller matrix in a specific situation. A monocrystalline MoS2/glass sample was measured
and the results are shown in Fig. 5. The experiment was performed at wavelength of 633 nm
and incident angle of 60°. In one optical period, we collected 50 Hadamard components. The
Hadamard component (H13) and the Mueller matrix element (M34) with best contrast were
chosen by examining all components. The image of the sample is presented as insert in Fig. 5.
The data of the pixels on the red dotted line are used to calculate the contrast. It can be seen
that under the same systematic condition, the Hadamard component shows a contrast about 4
times higher than the Mueller matrix element. The images obtained under different polarization
states have different contrasts [26]. In an optical period, different Hadamard components actually
correspond to different polarization states. In the process of calculating the Mueller matrix, all
Hadamard components are used, so the contrast displayed in the Mueller matrix image is actually
a homogenization effect of the contrast in the Hadamard component, and some specific sample
information may be invisible. Therefore, by appropriately selecting the Hadamard component, it
is possible to show a higher contrast than the Mueller matrix.

Fig. 5. Contrast (corresponding to the red dotted line in the insert) comparison of imaging
Mueller matrix element (M34) and Hadamard component (the 13th).
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4.3. Film thickness measurement

Thin film thickness measurement is often used as a validation tool for the performance of
ellipsometry. In order to verify the measurement accuracy of the proposed IMME, a series of
SiO2/Si thin films with different thicknesses were measured. The measurement results of the
proposed method are compared with reference thickness values obtained from a commercial
spectroscopic ellipsometer (ME-L, Wuhan Eoptics, Co., Ltd, China).

Figure 6 shows the fitting results between the measured curves and fitting curves calculated
by the theoretical model of the SiO2/Si thin film sample with a nominal thickness of 25 nm
at wavelength of 410 nm – 700 nm and at incident angle of 60°. The measured curves and
fitting curves match well, which means that through the proposed method, the parameters and
polarization effects of each component in the system have been accurately calibrated. Table 1
summarizes thickness measurement results including 95% confidence limits of five SiO2/Si
films by the IMME and the commercial Mueller matrix ellipsometer. The deviations in the
thicknesses measured by the IMME are within 2.5% compared with results of the commercial
Mueller matrix ellipsometer. To evaluate the match performance, the root mean square error
(RMSE) between the Mueller matrix measurement spectrum and the theoretical Mueller matrix
spectrum corresponding to the measured parameter [27] is calculated.

Fig. 6. Measured and fitting results of the SiO2/Si thin film sample with thickness of 25 nm
at wavelength of 410 nm – 700 nm and incident angle of 60 °

Table 1. Thickness measurement results of the five SiO2/Si samples (95% confidence limits)

Nominal thickness [nm] IMME [nm] Commercial MME [nm] Deviation RMSE

2 1.80 ± 0.145 1.76 ± 0.126 2.3% 3.3

25 23.45 ± 0.231 22.96 ± 0.153 2.1% 4.1

64 65.46 ± 0.458 64.70 ± 0.243 1.2% 3.0

129 127.32 ± 0.891 128.12 ± 0.306 0.6% 3.2

342 343.27 ± 0.879 341.39 ± 0.405 0.5% 4.5
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5. Applications

5.1. Isotropic material: WS2 on glass

Two-dimensional (2D) WS2 is an in-plane isotropic layered material and has attracted widespread
attention and research in the industry due to its superior electrochemical properties [28–30]. The
sample measured in this experiment was a CVD monocrystalline WS2 flake on the glass substrate
from Shenzhen Six Carbon Technology Co., Ltd. The sample was measured by the IMME with
an incident angle of 60° and wavelength of 410 nm – 700 nm with an interval of 10 nm.

The results calculated from one pixel are presented. The pixel close to the center of the
sample while avoiding contaminants is selected, and the data of surrounding pixels of the selected
pixel are calculated to ensure the correctness and consistency of results. Figure 7(b) shows the
Hadamard component H13. The size of the measured flake is about 6 µm. Figure 7(a) shows
the measured Mueller matrix of the WS2/glass sample and the best fitting result. It can be seen
that the measured and fitted curves are basically in agreement. The approximate zero of the
off-diagonal elements also proves the measurement accuracy of the IMME on the other hand.
Through fitting, the measured data can be matched with the theoretical model, and the thickness
and optical constants of the 2D WS2 can be obtained. Figure 7(c) shows the optical constants
(the refractive index n and the extinction coefficient k) extracted from the measured data over
the wavelength range of 410 nm -700 nm. In the concerned wavelength range, three featured
peaks can be observed, which indicates the positions of optical transitions of the 2D WS2. The
results are consistent with those reported in the literature [31]. The fitted thickness including

Fig. 7. Results of WS2/glass sample measured by the IMME: (a) Measured and fitting
results; (b) Hadamard mode image and AFM measurement result (the scale bar is 5µm); (c)
optical constants
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Fig. 8. Results of the GeS2/glass sample measured by the IMME: (a) Measured and fitting
results; (b) Hadamard mode image and AFM measurement result (the scale bar is 5µm); (c)
optical constants

95% confidence limits is 1.92± 0.686 nm. We use the AFM to conduct a comparative test on the
measured area, and the thickness obtained is 1.8± 0.45 nm. The measurement results of the two
techniques basically agree with each other.

5.2. Anisotropic material: GeS2 on glass

2D GeS2 is a typically in-plane anisotropic layered material with excellent optical and electrical
properties [32–33]. The sample measured in this experiment was a GeS2 flake on the glass
substrate from Shenzhen Six Carbon Technology Co., Ltd. The sample was measured by IMME
with incident angle of 60°, wavelength of 410 nm – 700 nm at interval of 10 nm and azimuth
angles of 0°, 30°, and 60°. Using the data measured under multi-azimuth angles, the information
of anisotropic samples can be fitted more accurately.

The results calculated from one pixel are presented. The Hadamard component with the highest
contrast are selected as H28, as shown in Fig. 8(b). The size of the measured flake is about 1.5
µm. Figure 8(a) shows the measured and fitting results of the Mueller matrix of the GeS2/glass
sample. It can be seen from the off-diagonal elements of the Mueller matrix that the GeS2
film exhibits obviously optical anisotropy. The results of the measurement and the theoretical
model are also approximately in agreement. Among them, the fitting of the two elements M32
and M23 at 580 nm – 700 nm has partial deviations caused by measurement errors. Figure 8(c)
shows the measured optical constants of GeS2. The GeS2 is a biaxial crystal, and the optical
constants of the three directions are different. The refractive indices in the x and z directions are
relatively close in the 410 nm – 700 nm wavelength range, while the refractive index in the y
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direction is obviously smaller than those in the other two directions. The refractive indices in
all three directions gradually increase as the wavelength increases. The extinction coefficients
in the y and z directions are relatively consistent with each other in the wavelength range of
410–500 nm, but the difference gradually increases in the wavelength range of 510–700 nm. The
extinction coefficient in the x direction is quite different from those in the y and z directions over
the entire measurement wavelength range. The dispersive characteristics of the optical constants
of GeS2 were modeled with Tauc-Lorentz oscillators. The thickness of the sample including
95% confidence limits is 18.60± 1.325 nm. The thickness of the sample measured by AFM is
17.5± 0.78 nm, basically agreeing with the result of the IMME.

6. Conclusion

A new type of imaging Mueller matrix ellipsometry with sub-micron resolution is proposed and
developed based on back focal scanning on a high NA (0.95) objective lens. The IMME combines
the Mueller matrix ellipsometry with a microscopy, and achieves high-precision ellipsometric
measurement under the premise of ensuring high lateral resolution. The key performance indices
of IMME are as follows:

(1) Applicable spectral range: 410 nm -700 nm;

(2) Range of incident angle: 0° - 65°;

(3) Range of azimuth angle: 0° - 360°;

(4) Lateral resolution: better than 0.8 microns (at wavelength of 410 nm – 700 nm).

In order to solve the possible influence of systematic errors on the measurement of the
IMME, a two-step calibration method is proposed. Applying the proposed method, the initial
azimuth angles of the polarizer and analyzer, the initial azimuth angles and retardance of the
two waveplates, the polarization effects of the beam splitter and the high NA objective lens, and
the relationship between the incident angle and the rotation angle of the plane mirror have been
accurately calibrated.

The proposed IMME has the ability to simultaneously measure the surface topography and
optical properties of the sample. The measurement and analysis of a WS2 sample and a GeS2
sample were carried out using the developed instrument. Experimental results demonstrate that
the proposed IMME has great potential in characterizing samples containing complex features,
especially micron-distribution, nano-thickness, optical anisotropy, etc., through high-precision
spectroscopic Mueller matrix ellipsometric measurement with sub-micron lateral resolution,
multi-incident and multi-azimuth angles.

Appendix A: Detailed results of the first step calibration method

The results of the first step calibration at wavelength of 410 nm – 700 nm are given here. In the
whole range of the light spot, the polarization characteristics are relatively uniform. Therefore, in
order to reduce the random noise, the average values of all pixels are taken as the final calibration
results. During the fitting process, the measured and fitting Fourier coefficients match well
with the root mean square error of 0.52, indicating that the calibration is reliable. Figure 9(a)
shows the fitting results of calibrated systematic parameters. The azimuth angles (Pp, Ap, C1,
C2) of the polarizing elements are close to the preset values and the results of all wavelengths
are consistent. The retardation curves of the waveplate are basically in line with the design
value. Figure 9(b) shows the calibration results of the Mueller matrics of the beam splitter in
transmission and reflection modes. It can be seen that the reflection mode of the beam splitter
has a greater influence on the system measurement results than the transmission mode of the
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Fig. 9. Calibration results of (a) systematic parameters (Pp, Ap, C0
1 , C0

2 , δ1, δ2) and (b)
beam splitter at wavelength of 410 nm – 700 nm by using the first step calibration method;
(c) fitting results of the Fourier coefficients in the first step calibration.

beam splitter. In the wavelength range of 410 nm to 540 nm, the polarization characteristics of
the beam splitter are more sensitive to the wavelength, while in the wavelength range of 550
nm to 700 nm, it is less sensitive. It is related to the material selection of the beam splitter and
the design of the coating films. Figure 9(c) shows the fitting result of the Fourier coefficients
in the first step calibration. In order to clearly show the results, the 5° and 10° measurement
fitting curves are shifted upward by 1 and 2 unit lengths, respectively. It can be observed that the
measured Fourier coefficients fit well with calculated ones using system model, indicating the
rationality of the proposed first step calibration method.

Appendix B: Detailed results of the second step calibration method

The polarization aberration of the high NA objective lens is illustrated in Fig. 10(a). As seen
from the figure, with the NA increasing, the variation range of Mueller matrix increases. This is
because closer to the edge of the objective lens, the deflection of light increases, and the influence
on the polarized light increases. Figure 10(b) shows the relationship between the incident angle
of illumination and the rotation angle of the mirror. The distribution of measuring points is
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approximately a linear function curve. When the measurement needs to be carried out at a certain
incident angle, the deflection angle of the mirror can be set through the calibrated relationship.
Figure 10(c) shows the fitting result of the Mueller matrix in the second step calibration. It can
be seen that the measured Mueller matrix fit well with the calculated one using theoretical model,
indicating the rationality of the proposed second step calibration method.

Fig. 10. Calibration results of (a) objective lens at wavelength of 630 nm and (b) incident
angle by using the second step calibration method; (c) fitting results of the Mueller matrix in
the second step calibration.
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