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Abstract: In order to meet the requirements of dynamic monitoring from a bird’s eye view for
typical rapidly changing processes such as mechanical rotation and photoresist exposure reaction,
we propose a vertical high-speed Mueller matrix ellipsometer that consists of a polarization state
generator (PSG) based on the time-domain polarization modulation and a polarization state analyzer
(PSA) based on division-of-amplitude polarization demodulation. The PSG is realized using two
cascaded photoelastic modulators, while the PSA is realized using a six-channel Stokes polarimeter.
On this basis, the polarization effect introduced by switching the optical-path layout of the instrument
from the horizontal transmission to the vertical transmission is fully considered, which is caused by
changing the incidence plane. An in situ calibration method based on the correct definition of the
polarization modulation and demodulation reference plane has been proposed, enabling the precise
calibration of the instrument by combining it with a time-domain light intensity fitting algorithm.
The measurement experiments of SiO, films and an air medium prove the accuracy and feasibility of
the proposed calibration method. After the precise calibration, the instrument can exhibit excellent
measurement performance in the range of incident angles from 45° to 90°, in which the measurement
time resolution is maintained at the order of 10 ps, the measurement accuracy of Mueller matrix
elements is better than 0.007, and the measurement precision is better than 0.005.

Keywords: vertical optical layout; polarization effect calibration; polarization modulation and
demodulation reference plane; incidence plane switching; high-speed Mueller matrix ellipsometer

1. Introduction

High-speed dynamic processes, such as liquid-interface reactions [1], high-temperature
loading [2—4], fast two-phase coupling reactions [5-7], directed self-assembly [8,9], mechan-
ical rotation [10,11], directional displacement [12,13], etc., often involve rich physical and
chemical properties related to temporal resolution, which have a significant impact on
human production and life. It is of great significance to accurately and effectively charac-
terize and monitor such dynamic processes. Since the above dynamic processes usually
have the characteristics of short duration [14], orientation dependence [15], sample mor-
phology diversity, and susceptibility to interference from external factors [16], extremely
high requirements are being placed on the measurement instruments regarding temporal
resolution, wide sample adaptability, and non-destructive measurement.

Currently, the measurement methods that can characterize the modification of samples
by external loading conditions mainly include in situ scanning electron microscopy [17],
thermos—gravimetric analysis [18], and in situ X-ray diffraction [19], which are widely
used in their respective fields. However, these methods make it challenging to obtain
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the sample’s transient and dynamic optical properties and morphological parameters in a
non-invasive manner. The Mueller matrix ellipsometer (MME) can measure the Mueller
matrix of the sample in a non-invasive way and then extract its optical characteristics and
morphological parameters via an inversion reconstruction algorithm [20,21]. However, the
polarization modulation and demodulation based on dual rotating compensators usually
utilized in the instrument will limit the measurement temporal resolution to the order of
seconds in principle [22], which makes it challenging to meet the real-time monitoring
requirements of various high-speed dynamic processes. With the birth of high-frequency
polarization, phase modulation devices such as the photoelastic modulator (PEM) [23],
liquid—crystal phase variable retarder (LCVR) [24], and spatial light modulators [25], the
measurement time resolution of Muller matrix ellipsometers has been improved accordingly.
Zhang et al. proposed a high-speed MME with a horizontal light-path layout [26], which
enables the measurement of the Mueller matrix with an 11 ps temporal resolution. The
instrument was used to realize the precise measurement of the dynamic phase retardation of
anematic LCVR and the transient attitude angle of a birefringent waveplate [26,27], which
has produced crucial academic influence. However, its horizontal optical-path layout leads
to the vertical arrangement of the stage, which leads to the vertical clamping of samples,
which significantly limits the types of samples to be tested and the application scenarios. In
particular, this vertical clamping of samples cannot be compatible with currently interesting
samples such as micro-domain two-dimensional materials, photoresists, liquids, etc.

In this work, we propose a vertical high-speed MME, in which the polarization
modulation and demodulation of the probe light refer to the scheme adopted by the original
horizontal MME. The polarization effect introduced by the vertical optical-path layout is
fully considered and accurately corrected by the proposed in situ calibration method based
on the definition of a reference plane for polarization modulation and demodulation. Then,
the measurement experiments of SiO, films and an air medium prove the accuracy and
feasibility of the proposed calibration method.

2. Instrument Prototype

Still following the traditional double-rotating compensator ellipsometer architec-
ture [22], the vertical instrument uses a polarizer and two cascaded PEMs with different
modulation frequencies as the PSG, and a six-channel Stokes polarimeter based on division-
of-amplitude (DOA) as the PSA [27,28], which enables the avoidance of the mechanical
rotation modulation of the compensator. The corresponding principle optical path is shown
in Figure 1a. The whole-system settings of the instrument in order of light propagation
are L-PSG-S-PSA-D, where L, S, and D stand for the laser source, the sample, and six
photomultiplier tubes, respectively. By using a 5 mW He-Ne Laser (HNLO50LB, Thorlabs,
NJ, USA) with a central wavelength of 632.8 nm, a pre-polarized beam is projected into the
PSG module, in which the fixed-azimuth linear polarizer (LPVIS100-MP2, Thorlabs, NJ,
USA) and two PEMs (II/FS47 and II/FS50LR, Hinds, OR, USA) with phase modulation
frequencies of 47.112 kHz and 50.006 kHz can jointly generate probe light with time-varying
polarization. Using the period division method proposed by Zhang et al. [26], the probe
light whose polarization state changes with time at a period of 11 ps can be generated by
the PSG module, which is the key to realizing the high measurement time resolution. It
should be noted that, with the longitudinal mode spacing of the He-Ne laser less than
435 MHz, the bandwidth of the probe beam is less than 0.0004 nm, which ensures the
monochromaticity of the instrument’s measurement results.

Then, the PSA module collects the reflection or transmission light from the sample
and splits it into three branches equally using two non-polarizing beam splitters (BS019
and BS013, Thorlabs, NJ, USA) with splitting ratios of 70:30 and 50:50, respectively. With
three branches for polarization demodulation, the three Stokes parameters of the reflection
or transmission light can be determined according to the DOA principle. Each polarization—
demodulation branch consisted of a polarizing beam splitter (CCM1-PBS25-633 /M, Thor-
labs, NJ, USA) and two photomultiplier tubes (H10721 Series, Hamamatsu, Shizuoka Pref.,
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Japan). Notably, a half-wave plate (WPMHO05M-633, Thorlabs, NJ, USA) with a fast-axis
azimuthal angle of —45°, and a quarter-wave plate (WPMQO5M-633, Thorlabs, NJ, USA)
with a fast-axis azimuthal angle of 22.5° are used in the second and third polarization—
demodulation branches, respectively. Since the photomultiplier tubes with a response time
of 0.57 ns and two oscilloscopes (WaveSurfer-3000, Teledyne Lecroy, Chestnut Ridge, NY,
USA) with bandwidth of 200 MHz are used as the signal detection module, it is possible to
capture all the Stokes parameters of the reflection beam simultaneously in several nanosec-
onds. Thus, the Mueller matrix measurement with a period of 11 pus can be achieved. In
order to ensure the synchronization of the signals collected by the six detection channels, a
synchronous triggering and acquisition method based on the phase reference signal output
by the PEM controller was utilized [26].

Computer
@ Signal \‘
Controller ‘\\PMT7
oono
T Oscilloscope \

Sample >
_ Polarizer Stage

Figure 1. Vertical high-speed Mueller matrix ellipsometer. (a) Principle-optical-path schematic
diagram; (b) 3D-modeling schematic diagram; and (c) self-developed MME prototype. P, polarizer;
PEM; and PEM),, photoelastic modulators; NPBS; and NPBS;, non-polarization beam splitters with
splitting ratios of 70:30 and 50:50, respectively; PBS;, PBS;, and PBS;, polarization beam splitters
with the same specifications; QWP, quart-wave plate; HWP, half-wave plate; PMT1, PMT2, PMTS3,
PMT4, PMT5, and PMT6, photomultiplier tubes with the same specifications; PSG, polarization state
generator; PSA: polarization state analyzer. The left inset in (b) shows the varying angle mechanism
based on the ball screw assembly, while the right inset in (b) exhibits the actual PSA module.

In the vertical optical path layout shown in Figure 1b, the ball screw assembly was
used to alter the incident angle, which can realize an variable angle range of 45°~90° and
an angular resolution of 0.1°. As shown in the left inset in Figure 1b, the slider driven by
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the motor makes a reciprocating linear motion on the guide rail, causing the rotation of the
rotating arms via the four-bar linkage, which finally realizes the smooth adjustment of the
incidence angle. Figure 1b shows the 3D structural model for the vertical high-speed MME,
and the right inset presents the arrangement of the PSA module in detail. Correspondingly,
Figure 1c exhibits the prototype of vertical high-speed MME.

3. Calibration Method

Compared with the previous self-developed horizontal high-speed MME [26], the
incidence plane of the vertical high-speed MME is in the vertical plane under the con-
figuration of oblique incidence, which means that the reference plane for defining the
polarization state has rotated 90°, as shown in Figure 2. Meanwhile, the incidence plane
for the straight-through measurement mode of the vertical instrument has uncertainty and
multi-solution, which is attributed to the parallel relationship between the probe light’s
wave vector and the normal vector of the sample surface in this measurement mode. That
is why the systematic model of the horizontal instrument can be applied to the system
calibration of the vertical instrument in the direct-through measurement mode rather than
in the oblique measurement mode. Based on the above considerations, an updated sys-
tematic model was proposed, especially for the vertical instrument. Supposing the light
source’s Stokes vector is Si, =[1, 1, 0, 0]T and the PEM can be considered as a retarder with
time-varying retardance [29], the Stokes vector Spsg of the probe beam can be expressed as
the following formula:

Spsc = R(—0pem2) MRET (dpEM2) R (OpEM2 ) R(—OpEM1 ) MRET (dPEM1 )R (OPEMI ) )
'R(—9O°)R(—QP)MPR(QP)Sm !

where Mp and Mggt are the Mueller matrices of the polarizer and the retarder, respectively.
The detail expression of Mp and Mggt can be found in the literature [26,30]. R represents
the rotation matrix. The angles 6p, Oppmi, and Opgvp are the azimuthal angles of the
polarizer, and the first and second PEMs, respectively. The parameters dpgy1 and dppwve
symbolize the time-varying phase retardance of the first and second PEMs, respectively,
which can be expressed as the following formula:

o = 5peak, i Sin(ZNfit + (Pl) + Ostatic, it = PEM1, PEM2, 2)

where Jpeq i is the peak retardance of the ith PEM driven by a certain voltage. The pa-
rameter Jgpatic, ; Symbolizes the static retardance of the ith PEM, related to the birefringence
properties of crystal in the PEM. The parameters f; and ¢; are the modulation frequency
and the initial phase of the ith PEM, respectively, in which the nominal values of f1 and f;
are 42 kHz and 59 kHz, respectively. And f is the time variable.

Incidence plane for vertical optical-path layout
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Figure 2. Reference planes for defining the polarization state basis vectors in the vertical and
horizontal instrument.
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In the six-channel PSA module, each detection channel can be represented by an
ordered cascade of Mueller matrices for each optical element used in the channel. Since
each channel only captures the light intensity, only the first row in the ordered cascade of
Mueller matrices is required to represent polarization demodulation and sensing for each
channel, as shown in the following formula:

a;=ki[1 0 0 0] {R(_% )MPBSR(%O)} 'MlT\IPBS55M§PBs73r ®3)

a=k[1 0 0 0] {R(*% )MppsR(90° )} - M{ppsssMNpBs73, 4

a3=ky[1 0 0 0] [R(~90°)MRzR(90°)] )
[R(—Brwp)MuwpR (0rwp)| - MR ppsssMNpps7s
a4:k4[ 100 0]'[R( 90 )MIIBSR(goo)] (6)
[R(—=6rwp)MuwpR (6awr)] - MR ppsssMRpps7s
as=ks[1 0 0 0]'[ (— 90°)MPBSR(90°)] - [R(—6qwp)MawpR (6qwp)] - M{pps73, @)
as = ks[1 0 0 0] [R(~90°)MPpsR(90°)] - [R(~6owr)MawrR (6awe)] - Mipes7s, ®)

where the coefficient k; with i = 1~6 represents the gain factor of each intensity detection
channel in the PSA module. MIEBS and MIT>BS are the Mueller matrices of the polarizing
beam splitter in the reflection and transmission mode, respectively. MR ppgss and Mippass
symbolize the Mueller matrices of the non-polarizing beam splitter, with a splitting ratio of
50:50 in the reflection and transmission mode, respectively. Similarly, MR ppe-s and Mippsys
are the Mueller matrices of the non-polarizing beam splitter, with a splitting ratio of 70:30
in the reflection and transmission mode, respectively. Mpwp and Mqwp are the Mueller
matrices of the half-wave plate and the quarter-wave plate, respectively. Parameters 0wp
and Oqwp are the azimuthal angles of the half-wave plate and the quarter-wave plate,
respectively. The detailed expressions of these above Mueller matrices can be found in
the literature [28,30,31]. Compared with the horizontal system reported in ref. [26], the
essential difference is reflected in the spatial topological relationship between the reference
plane for the amplitude division realized by the PSA module and the incidence plane
of the measured sample. As for the horizontal optical-path layout design, the reference
plane for the amplitude division is parallel with the incidence plane of the measured
sample, while the orthogonal relationship between the two planes can be found in the
current vertical optical-path layout design. Correspondingly, the reference planes for the
polarization definition of the two optical-path layouts are completely different, so the
measurement models of the two measurement systems are entirely different. That is to say,
the Formulas (1) and (3)—(8) in the manuscript are different from Formulas (13) and (15) in
ref. [26].

By combining these six vectors in order, an instrument matrix characterizing the PSA
module can be generated, as shown in the following formula:

A= [al A a3 ag as aé]T, (9)

Then, the systematic model for the vertical high-speed MME can be established as the
following formula:

B = AMsW = AMs - [Spsg(t1) Spsc(t2) --- Sesg(t) -+  Sesg(tn)],  (10)

where SPSG(t]-) is the Stokes vector of the probe beam generated by the PSG module at the
moment ¢;. Ms represents the Mueller matrix of the sample to be tested. B =[I, I, - - -,
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I, - -+, IN] is the intensity matrix, in which I; symbols the intensity vector consisted of six
intensity values detected by the vertical high-speed MME at the moment ¢;.

The systematic model shown in Equation (10) can be used not only for calibrating
the instrument’s system parameters, but also for extracting the samples’ measurands. By
turning off the dual PEMs in the vertical high-speed MME under the straight-through
measurement mode, the instrument matrix or the systematic parameters of the PSA module
can be obtained by utilizing the air as the sample and fitting the light intensity matrix
collected by the six detection channels. Then, with the first and second PEMs turning on,
respectively, the systematic parameters of the two PEMs and the polarizer can be obtained
by measuring the air again under the straight-through mode. The above calibration process
will be shown as a flow chart in Figure 3. Correspondingly, a x> function was introduced to
estimate the goodness-of-fit for the nonlinear least-squares regression analysis adopted in
the calibration process.

XZ(P) = [Bm — Bc(p, t)]TZB [Bm — Be(p, £)], (11)

where p is the systematic parameter set of the PSG or PSA module. By, and B, are the
measured and calculated intensity matrices, respectively, which have been normalized via
the gain factors of the six detection channels. Xp represents the Moore-Penrose inverse of
the covariance matrix of the measured intensity matrix By,. The initial values of parameter
set p used for the regression iteration come from the offline calibration of corresponding
optical devices using the commercial MME (RC2, J. A. Woollam Inc., Lincoln, NE, USA).
It is worth emphasizing that the in situ calibration results of the PSA module will be
displayed in terms of the instrument matrix rather than the system parameters of the
optical components involved, while the in situ calibration results of the PSA module will
be displayed in terms of the system parameter values of the PEMs. It should be noted
that the in situ calibration of the PSA module means the determination of 31 systematic
parameters via the regression analysis, which includes all elements of the 6 x 4 instrument
matrix, the gain factors of the six detection channels, and the azimuth angle of the polarizer.
Regression analysis to achieve this goal requires offline calibration of each component to
provide fitting initial values of the instrument matrix. Regression analysis to achieve this
goal requires the offline calibration of each component to provide iteration initial values of
the instrument matrix in the fitting process.

System
model for
the vertical
instrument

Commercial Offline calibration
MME of optical devices

Vertical high-speed
MME

Initial
values

_________
- -

~

: § Calculatmg the 1nf(fzn51ty |
Straight-through e, matrix of Air S )
measurement mode / T TTTmmee e Nonlinear
I regression
. . iteration

....................

0y
’

N |
\ /\ /\ﬁ YA N\ //\ //\. T
. . LV VpMTY |V VY Pmt2
Turn off dual | 4 H g
PEMSs e Measuring :—» AN AR /\ A /,\ Calibrate PSA
i the intensity | [\ I_/ \ VQ\T \| |\ \/ \ \/I\M 31/!
Turnon PEM i i matrix of Air iV V 3 EMT Calibrate PSG
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Figure 3. Flow chart of the calibration process for the vertical instrument.
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4. Results and Discussion
4.1. Calibration of PSA and PSG Module

Figure 4 shows the air’s Muller matrices, which are reported by the instrument without
dual PEMs in the straight-through measurement mode, and reported by the theoretical cal-
culation, respectively. According to the comparison results shown in Figure 4, it can be seen
that the measured Mueller matrix generated by the calibration process of the PSA module
is very close to the theoretical Mueller matrix of air, in which the absolute deviation of each
element is about 0.005. Correspondingly, the instrument matrix characterizing the PSA
module can be extracted from the calibration process, as shown in the following equation:

0.287 —0.268 —0.035 0.006

0.320 0.294 0.040 —0.006
0.284 —0.120 —0.087 0.225
A= 0.233 0.096 0.074 —0.184 |’ (12)
0.276 —0.119 0.148 0.179
0.264 0.104 —0.147 —-0.179

Measured = = = Calculated

1.01 0.01 0.01 0.01
1 0 ' " w' |'| “| o Al o W
0.99 -0.01 -0.01 -0.01
0 50 0 50 0 50 0 50
0.01 1.01 0.01 0.01
-0.01 0.99 -0.01 -0.01
0 50 0 50 0 50 0 50
0.01 0.0(1) 1.01 0.01
-0.01 -0.03 0.99 m -0.02
0 50 0 50 0 50 0 50
0.01 0.02 0.01 1.01
L] oot ) o B
-0.01 -0.01 -0.02 0.99
0 50 0 50 0 50 0 50

Number of measurements

Figure 4. Mueller matrices of the air reported by the vertical instrument without the PEMs work-
ing under the straight-through mode. The results were obtained from 50 repeated-measurement
experiments.

Subsequently, each PEM driven by different voltages was considered the sample to
be tested, which was measured by the vertical instrument under the straight-through
measurement mode. It is highly convenient for the in situ calibration of the PSG module by
setting the azimuth angles of the polarizer, PEM1, and PEM2 to 45°, 0°, and 45°, respectively.
Four systematic parameters can be determined from the calibration process, in which the
analysis method has been previously reported [26]. Taking a PEM with a retardance
modulation frequency of 42 kHz as an example, with the driving voltage changing from
0V to 4.8V, the PEM in the entire operating range can be in situ calibrated by repeating
the above calibration process. Figure 5a,b shows the peak and static-phase retardance
of the PEM under different driving voltages, respectively. Through performing linear
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fitting on the peak-phase retardance dp,eqx under different driving voltages Uqyiy, it can
be found that the peak retardance dpeax had a strong linear dependence on the driving
voltage, in which the linear factor and the truncation value were 218.34°/V and 17.00°,
respectively. As the driving voltage gradually increased, the static phase retardance dgatic
fluctuated around the average value of 0.043°, indicating no significant correlation between
the two. Meanwhile, the static-phase retardance dgt,tic Was close to 0, consistent with the
PEM manufacturer’s setting.

Meas. (a) 0.10 [ [-o- meas. DD (b)
300 | [—Fitting 0.08 [Laver o \|:|
> > I - /g
e T2 0.06 [ 5\ f
L 3 i A s
«400 |- <’ 0.04 L E DE( \/
= . i |
Ben=218.34- Uy, +17.00 002 [ Dlj/ / V
oL R2=0.999 Lo \/
I R S I ooo L1, 1 O PR
00 12 24 36 438 0 1 2 3 4 5
udriv (V) Udriv (V)

Figure 5. Peak- (a) and static (b)-phase retardance of the PEM with retardance modulation frequency
of 42 kHz under different driving voltages.

The detailed parameters of dual PEMs used in the vertical high-speed MME, reported
from the calibration process, are shown in Table 1. The retardance modulation frequencies
of the two PEMs were very close to the nominal frequency, with both relative deviations
less than 0.6%. The static retardance g, of the first and second PEMs were 0.041° and
0.036°, respectively, which are in accordance with the theoretical static retardance of 0°. The
azimuthal angles of —0.34° and 44.82° for the PEMs are consistent with the pre-set values.
The consistency observed above proves the accuracy and effectiveness of the constructed
calibration method.

Table 1. Systematic parameters of the dual PEMs obtained from the in situ calibration process.

Specification JIpeak () f (kHz) ¢ (°) Istatic () Opem (°)
II/FS42LR 1056.7 42.05 260.9 0.043 —0.34
II/FS60LR 1078.8 59.64 129.9 0.036 44.82

4.2. Measurement Performance of the Vertical Instrument

After implementing the above calibration process in the transmission mode, a standard
5i0; film with a nominal thickness of 20 nm was used as the sample under the incident angle
of 45°, which allows for validating the above instrument matrix. The maximum deviation
for all the elements in these two instrument matrices was less than 0.045, which indicates
the high consistency between the results reported by the two calibration modes. Then, other
standard SiO, films with thicknesses of 1.7, 18, 25, and 31 nm were characterized by the
vertical high-speed MME at the incident angle of 45°. The corresponding measured results
were compared with those reported by the commercial MME to judge the measurement
accuracy of the built instrument. In fact, the exceptionally high measurement accuracy of
the RC2 Mueller matrix ellipsometer in the thickness measurement of standard SiO, films
has been widely demonstrated [32,33], which inspired us to use the results measured by
the commercial ellipsometer as the reference values. Taking the 18nm thick SiO; film as
an example, the Mueller matrices reported by five repeated measurement experiments are
shown in Figure 6, in which the results measured by a commercial ellipsometer are used as
a reference to facilitate comparative analysis.
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Figure 6. Mueller matrices of 18 nm thick SiO, film reported by the self-built MME and the commer-
cial MME.

It can be easily noticed that the maximum deviation of most elements in the main
diagonal block of the measured Mueller matrix from that reported by commercial MME
was less than 0.004, and the maximum deviation of all elements in the off-diagonal block
from that reported by commercial MME was less than 0.003. Only 15, and m33 in the
main diagonal block of the measured Mueller matrix deviated from that reported by
the commercial MME, with the deviations reaching 0.007 and 0.004, respectively, which
might be attributed to the cumulative depolarization effect of each optical component in
the instrument. Although there was a certain amount of deviation between individual
elements and the reference value, the consistency of the above comparison results still
fully illustrates the validity of the above calibration method and the measurement accuracy
of the instrument. Correspondingly, the comparison between the thicknesses of the SiO,
films measured by the instrument and that reported by commercial MME is shown in
Table 2. It should be noted that the measurement and reference values in Table 2 are
the average thickness of five repeated film-thickness metrology experiments, while the
standard deviation of the five thickness measurement results was used to evaluate the
uncertainty of the measured thickness. As for the SiO; films with thicknesses larger than
18.00nm, the measured thicknesses were very close to the reference values reported by the
commercial MME, with relative deviations of less than 2.3%, which reflects the reliability
and accuracy of measurement results. Although the relative thickness deviation for the
1.70 nm thick SiO; film from the reference result is about 8.15%, their absolute deviation of
less than 0.15nm still indicates the measurement accuracy.

Table 2. Comparison between the SiO, films’ thicknesses determined by the two instruments.

Nominal Value  Measured Value Reference Value Deviation Relative
(nm) (nm) (nm) (nm) Deviation
1.70 1.84 £0.62 1.69 + 0.01 0.15 8.15%
18.00 17.86 4+ 0.23 18.10 4 0.02 —0.24 1.34%
25.00 25.13 +0.13 25.31 +0.02 —-0.18 0.72%
31.00 31.42 +£0.32 30.72 + 0.04 0.72 2.29%
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Furthermore, the measurement temporal resolution of the instrument can be quantita-
tively evaluated by carrying out 50 repeated measurements of the air under the straight-
through measurement mode in tandem with setting the sampling rate of the oscilloscope
at 2 GHz. In each temporal-resolution test experiment, the instrument’s measurement
configuration can be set as the optimal configuration under each corresponding measure-
ment period, which can be obtained using an optimization algorithm satisfying specific
constraints, such as the multi-objective genetic algorithm optimizing the Pareto optimal
frontier [34]. The light-intensity signal sampling rate for each preset period is as optimal as
possible. During the temporal-resolution test, the instrument performance was evaluated
using each element’s average deviation and standard deviation for the 50 Mueller matrices
of the air. The corresponding analysis results are shown in Figure 7. With a temporal
resolution less than or equal to 5 us, the average deviation for most Mueller matrix ele-
ments is on the order of 0.01, indicating that achieving the high temporal resolution in the
measurement experiments often sacrifices the measurement precision. When the temporal
resolution increased to 10 us and above, the average deviation and standard deviation of
each Mueller matrix element improved to less than 0.005, indicating that the instrument’s
reliable temporal resolution in the measurement was about 10 ps.

Figure 7. Mueller matrix elements’ average deviation and standard deviation generated by 50 re-
peated measurements of the air under different temporal resolutions. From (a) to (e), the results
correspond to the preset temporal resolutions of 2 us, 4 ps, 5 us, 10 ps, and 50 ps, respectively.

5. Conclusions

In this work, we proposed a vertical high-speed MME that consists of a PSG based
on the time-domain polarization modulation and a PSA based on division-of-amplitude
polarization demodulation. The PSG was realized using a polarizer and two cascaded
PEMSs, while the PSA was realized using a six-channel Stokes polarimeter. On this basis,
an in situ dual-step calibration method based on the correct definition of the polariza-
tion modulation and demodulation reference plane was proposed, enabling the precise
calibration of the instrument by combining it with a time-domain light-intensity fitting
algorithm. The measurement experiments of SiO, films and an air medium prove the
accuracy and feasibility of the proposed calibration method. After the precise calibration,
the instrument can exhibit excellent measurement performance in the range of incident
angles from 45° to 90°, in which the measurement time resolution is maintained at the
order of 10 ps, the measurement accuracy of Mueller matrix elements is better than 0.007,
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and the measurement precision is better than 0.005. The above analysis fully demonstrates
the potential application value of the proposed instrument.
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