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Abstract

Atomic thickness thin films are critical functional materials and structures in atomic and close-to-atomic scale manufacturing.
However, fast, facile, and highly sensitive precision measurement of atomic film thickness remains challenging. The reflected
light has a dramatic phase change and extreme reflectivity considering the Brewster angle, indicating the high sensitivity
of the optical signal to film thickness near this angle. Hence, the precision polarization measurement method focusing on
Brewster angle is vital for the ultrahigh precision characterization of thin films. A precision polarization measurement method
based on a liquid crystal variable retarder (LCVR) is proposed in this paper, and a measurement system with a high angular
resolution is established. A comprehensive measurement system calibration scheme is also introduced to accommodate
ultrahigh precision film thickness measurement. Repeatable measurement accuracy to the subnanometer level is achieved.
Standard silicon oxide film samples of different thicknesses were measured around Brewster angle using the self-developed
system and compared with a commercial ellipsometer to verify the measurement accuracy. The consistency of the thickness
measurement results demonstrates the feasibility and robustness of the measurement method and calibration scheme. This
study also demonstrates the remarkable potential of the LCVR-based polarization method for atomic film thickness measure-
ment in ultraprecision manufacturing.
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1 Introduction

Thin films play an important role in the fields of semicon-
ductors [1, 2], new energy [3, 4], and biomedicine [5, 6], and
new demands and challenges for high-precision manufactur-
ing of thin films are continuously raised. As the process-
ing scale approaches from the micron and nanometer to the
atomic level, modern manufacturing technology will move
toward atomic and close-to-atomic scale manufacturing
(ACSM) [7, 8]. Atomic thickness films are the crucial basic
materials and structures that connect microscopic functional
modules to macroscopic systems. Atomic thickness varia-
tions can induce remarkable changes in material properties
or processing when the film thickness is below sub-hundred
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nanometers. Hence, accurate measurement of atomic film
thickness not only benefits the determination of the appar-
ent physicochemical properties of the material but also is a
critical parameter indicator and production benchmark for
ultraprecision manufacturing. Precision measurement meth-
ods for the ultrathin film thickness of nanomaterials cur-
rently include scanning probe microscopy (atomic force and
scanning tunneling microscopy), electron beam microscopy
(scanning/transmission electron microscopy and low-energy
electron diffractometer), and optical measurement methods
(spectroscopic ellipsometry, reflectance spectroscopy, and
Raman spectroscopy). The first two categories are surface
characterization methods commonly used in surface phys-
ics and nanoscience. Measuring the internal or subsurface
conditions of the film layer using scanning probe micros-
copy, which focuses on surface topography, is difficult; the
scanning speed is slow, and the measuring area is small [9,
10]. Electron beam microscopy has high surface sensitiv-
ity, but the sample preparation procedure is sophisticated
and requires a high-vacuum atmosphere for measurement,
which is expensive and time-consuming [11-13]. The
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optical method provides lateral submicron and longitudinal
subnanometer measurement resolutions and benefits from
noncontact, nondestructive, and low environmental require-
ments, making it ideal for measuring atomic thickness thin-
film samples [14-17].

Among optical methods, spectroscopic ellipsometry is
the classical, highly accurate, and widespread technique for
thin-film thickness measurement. Moreover, LCVR has been
widely utilized in phase modulation ellipsometry due to the
advantages of mechanical motion absence, fast response
speed, compact structure, and low cost [18, 19]. Conven-
tional variable angle spectroscopic ellipsometry (VASE) is
performed over a large range of incidence angles and at rela-
tively low incidence angle resolution. The effective thickness
of atomic films is typically below sub-hundred nanometers,
and the ultrashort optical range causes weak changes in light
intensity and phase. A thin thickness weakens the amount
of light intensity signal change and rapidly declines signal-
to-noise ratio and film thickness measurement sensitivity.
Consequently, the VASE must be optimized to enhance the
accuracy and sensitivity for atomic-level thickness films.
Notably, the contrast ratio of single-layer graphene imaging
has been boosted over 300 times based on the developed
Brewster angle oblique incidence optical microscopy tech-
nique [20]. Quality assessment of the machined surface is
accomplished by detecting the change in the phase differ-
ence of the reflected light adjacent to the Brewster angle for
polished hard and brittle crystals [21]. The above approaches
adequately reveal the high sensitivity of the optical signal
to film thickness near the Brewster angle. Compared with
conventional ellipsometry, polarization signal measure-
ment is performed by selecting the Brewster angle region,
which is sensitive to thickness. The method is essentially
an optimized measurement scheme for atomic film thick-
ness based on spectroscopic ellipsometry. The method
aims to increase the proportion of reflected film informa-
tion in the overall reflected light intensity while restraining
the substrate reflected signal, thus improving the thickness
measurement sensitivity. Thus, the method is a prospective
optical measurement technique that can satisfy the future
demand for high-precision measurement in ultraprecision
manufacturing.

A precision polarization measurement method for atomic
film thickness in the vicinity of Brewster angle is chosen in
this paper based on liquid crystal variable retarder (LCVR).
A film thickness measurement system with high angular res-
olution in the narrow range of incidence angles near Brew-
ster angle is developed. Systematic calibration schemes are
also designed for the core polarization optics to satisfy high
accuracy measurement requirements. Multiple silicon oxide
thin-film samples of different thicknesses were measured
with repeatable measurement accuracy to the subnanometer
level for demonstration. The consistency with the thickness
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measurement results of the commercial ellipsometer verifies
the feasibility and robustness of the measurement method
and calibration scheme. Overall, an atomic film thickness
measurement scheme with high sensitivity and accuracy,
which provides a powerful approach for thin-film charac-
terization in ACSM, is proposed.

2 Instrumentation and Measurement
Principle

Figure 1 shows the proposed LCVR-based precision polariza-
tion measurement scheme for atomic thin-film thickness with
PLSA configuration of ellipsometry structure. The incident
angle adjustment is realized by synchronous rotation of the
incident and reflective optical path arms driven by the motor-
ized rotary mechanism. The range of the incident angle is
30°-90°, and the angular resolution is 0.02°. The nominal
wavelength of the diode laser source (Coherent, OBIS 640 nm
LX40) is 640 nm, and the output power is 40 mW. The laser
passes through a linear polarizer (Thorlabs, GTH10M-A) and
an LCVR (Thorlabs, LCC1223T-A) successively and then
strikes the surface of the sample. The incident light is reflected
by the sample and converted from linearly polarized light with
a known polarization state to elliptically polarized light car-
rying information regarding the sample. The reflected light is
captured by the detector (Thorlabs, PDA100A?2) after crossing
the analyzer (Thorlabs, GTH10M-A). The electrical signal is
then collected by the data acquisition card and transmitted to
the computer. The polarizer, LCVR, and analyzer are mounted
on computer-controlled continuously rotatable motors for
calibration procedures and azimuth-dependent polarization
measurement. The fixed output power laser can be used with a
variable neutral density filter to achieve tunable incident laser
power, thus ensuring a high signal-to-noise ratio when meas-
uring smooth and rough surface samples. The adopted LCVR
is temperature-controlled to avoid the phase modulation error
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Fig.1 LCVR-based precision polarization measurement scheme for
atomic film thickness



Nanomanufacturing and Metrology (2022) 5:159-166

161

due to temperature fluctuation [22]. A self-developed software
system implements the hardware control of the instrument and
the data analysis and processing functions.

Ellipsometry is an indirect measurement method. The
optical constants and thicknesses are derived from the math-
ematical inversion of the ellipsometry parameters (i, A) by
establishing an optical model corresponding to the thin-film
sample. The expression for the received light intensity of the
detector shown in Fig. 1 based on the Mueller matrix is as
follows [23]:

Iy =R(-a,)-A-R(ay)-S-R(-a;) - L-R(ap)- |
R(—ap) - P-R(ap) - I, M
where I, is the Stokes vector of the incident light, and R
is the Mueller rotation matrix. P, L, S, and A are the Muel-
ler matrices of the polarizer, LCVR, sample, and analyzer,
respectively, assuming the absence of depolarization effect
and the sample is isotropic. ap, a;, and a, are the azimuth
angles of the polarizer, LCVR, and analyzer, correspond-
ingly. The Stokes vector and the Mueller matrices are given
in reference [23].

ap, a;, and a, are 45°, 0°, and 45°, respectively, dur-
ing measurement, and Eq. (1) is simplified to the following
expression:

I, =Ip[1 4 cos (6 + A) - sin 2y)], )

where [, is the incident light intensity, which is considered
constant during the measurement; § is the phase retarda-
tion of LCVR, which is modulated by the control voltage. y
and A are the ellipsometry parameters of the sample. Equa-
tion (2) reveals the existence of three unknowns, namely
1y, v, and A, when the LCVR phase retardation § is known.
Therefore, the ellipsometry parameters (i, A4) of the sample
can be derived when the light intensity values correspond-
ing to the three-phase retardations are acquired separately.
w and A are calculated in accordance with the light intensity
Is _ 60> Is = 90- and I5 _ 1, corresponding to the phase retarda-
tion ¢ of 60°, 90°, and 120°, respectively, and the equation
is as follows:

Is_go + 15— 100 — 215
X = Lo=60 T 15=120 §=90 _ (2 _ \/§> tan (4)
T5-60 + L5=120

Is—60 = I5=120
Is—60 + I52120 = \/315=90
¢
A = arctan ((2 + \/§)X>

w = 0.5 arcsin <<2 - \@) cos A>

Y=

= <2 + \/5) cos (4) sin Q)

3

The thickness of the film can be determined by Fresnel’s
formula based on the measured ellipsometry parameters (y,
A) through data inversion when the optical constants of the
ambient medium, the film, and the substrate are known [23].

3 Calibration Method

A systematic calibration scheme is indispensable to guar-
antee the accuracy and repeatability of thin-film thickness
measurements. The polarization optics in the measurement
system must be fixed at a specific azimuth angle during the
measurement; thus, the azimuth must be precisely aligned.
The phase retardation 6 of the LCVR is determined by the
incident wavelength and control voltage. Therefore, the cali-
bration of the LCVR retardation versus control voltage is
required. Overall, a systematic scheme is proposed for the
above calibration demands.

3.1 Polarizer Azimuth Angle Calibration

The reference for the azimuth angle of all optics is the inci-
dent plane. Hence, the polarization transmission direction of
the linear polarizer should be first calibrated corresponding
to the incident plane. The azimuth angle of the LCVR and
the analyzer is referenced to the transmission direction of
the polarizer, thus ensuring the consistency of the reference.
Herein, only the light source, the polarizer, the sample, and
the detector are in the optical measurement path, and the
incident angle is adjacent to the Brewster angle of the sam-
ple. Therefore, the light intensity received by the detector is
shown in Eq. (4).

Iy =S-R(=ap) - P-R(ap) - I, = I,(1 — cos (2a,) cos 2y)).
“
The p-polarized light in the reflected light disappears
when the incident angle is Brewster angle, and then y is
zero. The light intensity is minimum and maximum at this
time when the polarization transmission direction of the
polarizer is parallel to the incident plane (ap=0°/180°) and
perpendicular to the incident plane (ap= +90°), respec-
tively. Therefore, the 0°/90° azimuth angle of the polarizer
considering the incident plane can be determined by search-
ing for the extremes of the light intensity. A high-precision
rotating motor can then be used to position the polarizer
at any azimuth angle precisely. However, the above cali-
bration methodology is “infeasible” because it is virtually
impossible to align the incident angle to the Brewster angle
rigorously due to the positioning accuracy of the instrument
hardware. Nevertheless, combined with Eq. (4), the above
conclusion of light intensity change remains valid when
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y is in the range of 0-45° (the angle of incidence is near
Brewster angle). Therefore, the variation of light intensity
in the vicinity of the Brewster angle is simulated with the
azimuth angle of the polarizer, as shown in Fig. 2. The inci-
dent intensity is the normalized natural light source, and y
varies from 0 to 45° in steps of 1°. The azimuth angle of the
polarizer varies from — 180° to 180° in steps of 5°. Figure 2a
shows that the amplitude of the reflected light intensity curve
is larger when  is less than 35° and small in the range of
35-45°. This result guides the incident angle selection dur-
ing calibration. Meanwhile, the azimuth angle of the polar-
izer can be calibrated in the vicinity of the Brewster angle
(the incident angle does not need to be rigorously Brew-
ster angle), demonstrating the robustness of the calibration
method. Fitting the sine curve of the polarizer azimuth angle
and the light intensity near the light intensity maximum is
necessary to obtain the 90° azimuth angle of the polarizer
accurately.

3.2 Analyzer and LCVR Azimuth Angle Calibration

The polarizer is rotated to 45° as a reference for the subse-
quent azimuth alignment of the analyzer and LCVR based
on its azimuth calibration. The VASE system is then rotated
to the straight-through mode with an incidence angle of 90°.
The analyzer is inserted into the optical path, and the light
intensity is shown in Eq. (5).

Iy =R(-ay) -A-R(ay) - R(—ap) -A-R(ap)

I, = 21, cos® (a, — ap) )
Equation (5) reveals that the light intensity is maximum
and minimum when the analyzer is respectively parallel and
perpendicular to the polarizer. Afterward, the polarizer and
analyzer are rotated perpendicular, and the LCVR is added
to the optical path. The light intensity is shown in Eq. (6).

Iy =R(—a,)-A-R(ay)-R(—a;)-L-R(a)-

R(—ap) - P-R(ap) - I ©

Fig.2 a Reflected light inten-
sity considering different y and 45
the azimuth angle of the polar-
izer; b Reflected light intensity
curve with the azimuth angle of
the polarizer at y=7.5°

¢ sy
o
=
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Reflected light intensity (a.u) (b)
2.0

a,—ap=90° is substituted into Eq. (6) and simplified to
obtain Eq. (7).

Ly = 0.51)[(1 = 2cos 8) - sin® (2ap — 2at, ). (7

Equation (7) shows that the minimum of light intensity
is achieved when the LCVR is parallel or perpendicular to
the azimuth angle of the polarizer and the control voltage is
fixed. Herein, the two cases are distinguished by observing
the polarization transmission direction marker on the LCVR
housing.

3.3 LCVR Retardation Calibration

The azimuth angles of the polarizer and LCVR in the
straight-through mode are fixed at 45° and 0°, respectively.
Assuming the light intensity of the source is constant during
the measurement, the detected light intensities /, _ys, I, —_4s
at the azimuth angle of the analyzer of +45° are measured
as shown in Eq. (8).

IaA:45 = 10(1 + cos (S), IaA=_45 = 10(1 — COS 5) (8)
Therefore, the retardation of the LCVR, 4, is then given
by Eq. (9).

I, —us5—1, __
O = arccos (M) (9)

[P o P

The above procedure indicates that the calibration of
the LCVR phase retardation § corresponding to the control
voltage is accomplished by altering the control voltage. The
calibration of 6 within 4-20 V for the LCVR control voltage
used in this paper is shown in Fig. 3.
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Fig.4 Incident angle resolution measurement results

4 Results and Discussion

The high angular resolution of the variable incidence angle
mechanism must be guaranteed to obtain dramatic changes
in y and A in narrow angular ranges accurately. Therefore,
the phase difference A curve of a silicon oxide thin-film sam-
ple with a nominal thickness of 60 nm was measured with
the self-developed system, as shown in Fig. 4. The incident
angle range is 65-65.5° in 0.02° steps, the measurement is
repeated ten times, and the average value is taken as the final
result. The distinct difference in the A at 0.02° intervals dem-
onstrates that the incident angle resolution reaches 0.02°,
fulfilling the need for polarization measurements with high
incident angle resolution dependence near Brewster angle.
The system is calibrated using the above calibration pro-
cedures to ensure accuracy before measurement. Three sam-
ples with a nominal thickness of 2, 10, and 60 nm for silicon
oxide film on a silicon substrate were measured, as shown in

Fig. 5a. Figure 5b, ¢ show the curves of ellipsometry param-
eters (y and A) with the incident angle for the three samples,
respectively. The incidence angle varies from 72° to 78° in
steps of 0.1°. The y and A curves of different samples have
significant variations. The trend of y and A around Brewster
angle is smooth when the film is thick. The result reveals that
the y, A near the Brewster angle have superior sensitivity
to the atomic film thickness compared with other incidence
angle ranges. The comparison of Fig. 5b, ¢ shows that the
sensitivity of the phase difference A is considerably higher
than that of the amplitude ratio y, which is appropriate for
detecting changes in the thickness of atomic thin films. The
sensitivity of the measured signal near the Brewster angle is
high when the film thickness is less than 60 nm. Moreover,
the sensitivity is high when the thickness is small, which is
determined by the nature of the phase jump at the Brewster
angle. Importantly, this thickness value is not fixed and is
dependent on the material type and the film layer structure.

A three-phase model of “air/silicon oxide film/silicon sub-
strate” is built, and the film thickness is derived by fitting
the measurement data. The Levenberg—Marquardt method is
exploited for measurement data fitting [24]. The laser output is
centered at 640 nm and calibrated by a precision spectrometer
(Ocean Optics, QE65Pro). The optical constants of silicon
oxide film and substrate are from [25, 26]. The film thick-
ness repeatability measurement results are shown in Fig. 6 for
each sample repeated ten times. Repeatability measurements
were performed at a temperature of 26 +0.5 °C, and the single
measurement time was approximately 2 min. Samples were
fixed to ensure the consistency of the measurement region.
The repeatability of the film thickness measurement reaches
the subnanometer level, indicating the feasibility and robust-
ness of the measurement principle and calibration method.
The difference in the film thickness may be attributed to the
fluctuation of the light source power, the instability of the
LCVR control voltage, and the detector noise.

The samples were individually measured using a com-
mercial ellipsometer (J.A. Woollam, RC2) to further illus-
trate the accuracy of the measurement results, and the results
were compared with the self-developed system measure-
ments as shown in Table 1. The measurement accuracy of
the commercial ellipsometer is 0.01 nm (standard devia-
tion of 30 measurements of a 2-nm naturally oxidized SiO,
layer), and the film thickness measurement range is 1-10 pm
(SiO, film on Si substrate). The measurement results are
consistent, and differences in thickness may be related to
changes in the measurement regions of the samples. The
accuracy and robustness of the measurement system are
guaranteed due to the proposed system calibration proce-
dure. Meanwhile, the high-precision measurement capabil-
ity of the LCVR-based precision polarization measurement
method near Brewster angle for atomic thin-film thickness
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Fig.5 a Photograph of the (a)
standard samples. b, ¢ Curves of

the sample ellipsometry param-

eters y and A with the incident
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Fig.6 Repeatability measurement results for film thickness

Table 1 Comparison with commercial ellipsometer film thickness
measurement results

Nominal value Commercial ellip-  Self-developed Error (%)
(nm) someter (nm) system (nm)

2 1.85 1.80 2.78

10 10.60 10.79 -1.79
60 58.60 59.77 -1.99
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Incident angle (degree)

is verified. Therefore, this study further expands the appli-
cation potential of LCVR and breaks the perception that
LCVR generally fails to achieve high-precision quantitative
polarization optical measurements and can only be utilized
for qualitative applications [27]. This study demonstrates
the high sensitivity of film thickness measurements near
the Brewster angle of the single-layer model. Moreover, the
study has important potential for film thickness measure-
ments in multilayer structures, and the applicability of the
method must be further investigated.

5 Conclusions

The LCVR-based precision polarization measurement
method for atomic film thickness near Brewster angle
is proposed, and a prototype with a high angular resolu-
tion is built. A systematic calibration scheme is designed
for the measurement system structure to ensure accuracy
and robustness. Three silicon oxide thin-film samples with
nominal thicknesses of 2, 10, and 60 nm were measured for
demonstration. Repeatable measurement accuracy reaches
subnanometer levels for different samples, indicating the
capability for high-precision measurement of atomic thin-
film sample thickness. Simultaneously, the measured thick-
ness is consistent with the nominal value and verified by a
commercial ellipsometer, indicating that the film thickness
measurement capability of the LCVR-based polarization
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measurement system is comparable to a commercial ellip-
someter. Overall, a high-precision measurement method
and a measurement system construction guide for atomic
thin-film thickness, which provide a powerful approach to
satisfy the urgent needs for high-precision characterization
of ultrathin films in ACSM, are proposed.
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