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Abstract

The residual stress information of the precision surface optical device with a metal coating plays an important role in preci-
sion optical manufacturing. However, the conventional optical-based non-contact approaches fail to measure the stress less
than MPa for such devices, which is required for high precision gravitational waves detection. To solve this problem, we use
ellipsometry to detect the stress of a gold coating reflection mirrors as the first trial. Under the pseudo-Brewster angle of
the gold, the stress sensitivity for the ellipsometry amplitude y reaches 35 kPa. The results suggest the traditional reflection
ellipsometry responses at two specific orthogonal directions can be used to measure the strain-induced dielectric function
tensor variations under a uniaxial stress situation. A preliminary microscopic model based on Drude model is proposed to
derive the relationship between the dielectric function tensor variation of the coating and the uniaxial tensile strain s. Thus,
the reflection ellipsometry can be used as an alternative method for the residual stress detection for the high precision planar

optical devices with metal coatings under a uniaxial stress condition.
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Introduction

The gravitational waves (GWs) detection has become a hot
topic since the successful discovery of GWs by the LIGO
collaboration in 2015, and the space-based GWs detection
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has emerged as the next exciting goal for the future gravi-
tational universe research for the space-based GWs detec-
tion would be able to detect a larger spectrum of the gravi-
tational radiation sources than the ground-based GWs
detection (Abbott et al. 2016a, b, 2017; Dubert et al. 2019;
Brown et al. 2021). The Taiji program, one of the space-
based GWs detection scheme, is designed to detect GWs
with frequencies ranging from 0.1 mHz to 1.0 Hz, with a
sensitivity of 1 pm/\/ﬁz (Hu and Wu 2017; Liu et al. 2018;
Luo et al. 2021). Various important technologies must be
rigorously verified in order to reach such a high range of
accuracy, especially the telescope system and the stability
of the optical platform in the satellite both of which greatly
affect the ranging precision (Luo et al. 2020). To ensure
that the scientific goals are achieved smoothly, it is neces-
sary to detect and evaluate the stress of the precision optical
coating devices such as the telescopes under the aerospace
loads (Shen et al. 2022), and the residual stress which has
considerable practical value and governs the device design
and the subsequent processing. Therefore, how to obtain the
residual stress information of the surface optical coating
device accurately and more precisely has become an urgent
problem to be solved.
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The traditional residual stress measurement schemes con-
sist of contact schemes and non-contact ones. Current typical
contact measurement schemes, mainly including mechani-
cal and electrical sensors such as piezoelectric acceleration
sensors, piezoelectric films, and resistance strain gauges,
are limited by the need for non-destructive surface meas-
urement with high precision, wide frequency range, and
simple installation (Roos et al. 1996). For example, contact
schemes are not appropriate to the test of optical devices
with high-precision requirements such as telescopes. There-
fore, the optical-based non-contact approach has become
the preferred choice to achieve the goal, including X-ray
diffraction (Labat et al. 2000), Stoney curvature (Janssen
et al. 2009; Pureza et al. 2009), and micro-Raman spectros-
copy (Nakashima et al. 2006; Groth et al. 2016; Li et al.
2017). These approaches are widely used for the metallic
glass surface stress measurement with the accuracy of tens
of MPa to GPa (Zhang et al. 2006). A second approach is
the method based on the stress-induced birefringence of the
transparent materials, such as digital photoelastic (Ramesh
and Ramakrishnan 2016), photoelastic modulator, and polar-
ized cavity ring-down spectroscopy (van der Sneppen et al.
2006). Although the stress accuracy of the second approach
has been further improved to kPa (Guo et al. 2018; Xiao
et al. 2018), the scheme can hardly be applied to the metal
film coating device because of the absorption of the metal.
As a result, a stress detection method for the metal film coat-
ing device is needed with a high accuracy, better than MPa.
Therefore, how to obtain the residual stress information of
the surface optical device with a metal coating accurately
has become an urgent problem to be solved.

As a phase-sensitive optical technique, ellipsometry is
traditionally used to measure the changes of optical proper-
ties of thin films effectively. Due to its high sensitivity, fast
measurement speed, and undamaged nature of examination,
it has been fully concerned with and applied in the biological
(Sun and Zhu 2014; Jin and Niu 2017; Niu and Jin 2017)
and semiconductor industry (Pflitsch et al. 2006; Gu et al.
2019). As a consequence, this paper proposes to develop
a set of stress sensing technology for a gold film coated
device based on the ellipsometric measurement system and
the stress on the sample surface's optical characteristics is
elucidated under the basic stress condition.

Ellipsometry for a Uniaxial Compressed Film

The reflection ellipsometry measures the polarization state
of the reflections from the interactions between a planar
sample surface and the incident light. Since the thickness
and the dielectric functions of the interfaces exert a great
influence on the light the electric field of which is parallel
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to the plane of incidence (p-polarized light) while give little
influence on the light the electric field of which is perpen-
dicular to the incident plane (s-polarized light), we take the
s-polarized light as the reference to measure the polarization
sate of the p-polarized light. For an isotropic film, the ellip-
sometric parameter p can be obtained from a diagonal Jones

. R
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where R, and R are the complex reflection coefficients of
p-polarized light and s-polarized light, y is the ellipsometry
amplitude and A the ellipsometry phase.

For an anisotropic interface, the p-polarized light and
s-polarized light are related. Thus, the Jones matrix is not
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The traditional reflection-based ellipsometry fails because
it cannot measure all the ellipsometric parameters to obtain
the information of the anisotropic medium. However, for the
cases where p-polarized light and s-polarized light can be
reflected independently, which gives R,, =R, =0, the con-
ventional ellipsometric parameter p can be used to deduce
the sample interface information (Azzam and Bashara 1977).

For a uniaxial compressed film, the optic axis is paral-
lel to the compression direction according to the geometric
symmetry. Thus, two cases are considered: the optic axis is
parallel to the y-direction which is normal to the plane of
incidence. and the optic axis parallel to the x-direction which
lies in the plane of the incidence.

On the one hand, for the optic axis parallel to the y-direction,
the electric field of the s-polarized light is parallel to the optic
axis and converts fully to the extraordinary mode (with refrac-
tive index n,) while that of the p-polarized light is perpendicu-
lar to the optic axis and converts to the ordinary mode (with
refractive index n,). Thus, Rsp =Rp5 =0 (Lekner 1994) and the
exact expressions for R, and R can be seen in supplementary
materials.

Since the ellipsometric signal mainly provide the infor-
mation of the p-polarized light, we can focus on R, to ana-
lyze the film information under the situation. According to
eq. (52), R, is mainly influenced by the ordinary refractive
index of the film n,. Thus, when the optic axis is normal to
the plane of incidence, the ellipsometric signal is sensitive
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to the ordinary refractive index of the uniaxial compressed
film.

On the other hand, for the optic axis parallel to the
x-direction, the s-polarization is perpendicular to the optic
axis and converts completely to the ordinary mode, which
gives R, =R, =0. The exact expression for the exact expres-
sions for R, and R can be seen in supplementary materials.
According to eq. (S10), R,,, is not only influenced by the
extraordinary refractive index of the film n, but the cosine of
the ordinary refractive angle cos¢,, or the ordinary refractive
index of the film n, since

3

cos ¢, =

Howeyver, for the film under the uniaxial stress, the ordi-
nary refractive index n, and the extraordinary refractive index
n, are not independent, or n, can be interpreted as a function
of n, (detailed discussion can been seen in "Results and Anal-
ysis"). Thus, when the optic axis parallel to the x-direction,
the ellipsometric signal can be used to measure the extraordi-
nary refractive index of the uniaxial compressed film.

Experiment Details

The experimental system is constructed by a set of ellip-
someter and a stress-loading device as shown in Fig. 1. The
ellipsometer based on the conventional polarizer-compensa-
tor-sample-analyzer (PCSA) configuration is used to obtain
the optical variation of the sample film (Aspnes 2014). A
633 nm laser emitted by the light source falls through a
polarizer P and a rotating compensator C vertically. Then
the laser is reflected by the sample and vertically passes

Light source Photodetector

l,"":["lle plane of inri(len‘c‘é\\

Polarizer /The incident light The reflected light",

Analyzer i
kompensator H

Fig. 1 The structure schematic diagram of stress measurement using
a PCSA ellipsometry: (a) the ellipsometer based on the conventional
configuration and the schematic diagram of optical axes at different
locations; (b) the stress-loading device

analyzer A which is used to demodulate the polarization
state of the reflection, the intensity of the light is measured
by the photodetector. The single wavelength ellipsometry
we used in this paper has a high sensitivity with sy = 0.01°.

A gold-coating reflection mirror, a 29 mm X 17 mm SF10
glass slide with the thickness 1.5 mm is used as the sample,
at the top of which a 48 nm gold film is coated for this
experiment. In order to avoid the stress concentration around
the boundary, the probe light is reflected by the central area
of the gold coating.

In order to establish the corresponding relationship
between the ellipsometry signal and the stress of the sample,
a manual stress-loading device is introduced in this paper.
The three-dimensional structural design drawing and physi-
cal image of the stress-loading device as shown in Fig. 1(b).
The device is composed of a spring mechanism, a sample
slot and an aluminum alloy pressure plate. By adjusting the
nut on the outside of the spring, the six parallel springs in
the spring mechanism are deformed. At this time, the pres-
sure plate close to the sample groove will generate com-
pression ¢ on the sample. The magnitude of the compres-
sion is determined by the displacement of the nut and the
stiffness coefficient of the spring. In this experiment, the
stiffness coefficient of the spring is calibrated as 274 N /m,
and the displacement Ax of the nut can be obtained through
the scales on both sides of the spring mechanism. Since the
thickness of the glass substrate is much larger than that of
the coating (the thickness ratio of the glass to the gold film
is of the order of 10%), the compression is mainly loaded
into the glass substrate. With the deformation of the sub-
strate, the strains at its top face would get transferred to the
coated gold film which is the cause for stress in the film. At
the same time, the gold coating is under the stress which
changes the ellipsometric signal. The relationship between
the ellipsometry signal at two orthogonal directions and the
stress can be acquired by rotating the sample stage around
the normal of the sample surface by 90°.

Results and Analysis

Prior to the measurement, it is vital to adjust the measure-
ment settings for the sample in order to improve the sensi-
tivity of the measurement. In a common case, a sensitive
measurement signal can be achieved by choosing an inci-
dent angle close to the pseudo-Brewster angle position. In
Fig. 2, the ellipsometric parameter variation in which the
optic axis of the sample is normal to the plane of incidence
vs. angle of incidence is illustrated before and after a 35 kPa
stress is applied in different colors. It can be seen that the
pseudo-Brewster angle of the sample is achieved close to the
incident angle of 74°, which is the typical pseudo-Brewster
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Fig.2 The ellipsometric parameter variation with the angle of inci-
dence is illustrated before and after a 35 kPa stress is applied

angle for gold. The maximum value of amplitude variation
is about 0.01° achieved at this angle as the dots marked in
the figure. Thus, the following stress measurements are per-
formed at the incidence angle 74°.

Although the SF10 glass substrate under the uniaxial
stress should exhibit anisotropic optical properties. However,
the refractive index variation under the stress is negligible
(see supplementary materials). Thus, we take the substrate
as an isotropic support and the uniaxial optical properties
mainly comes from the gold coating. As an absorbing film,
the dielectric functions of the coating mainly influence the
ellipsometry amplitude y while the phase A is influenced
not only by the coating but the substrate (Yang and Abelson
1995). Thus, we focus on the ellipsometry amplitude y to
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analyze the dielectric functions variation of the gold coating
under the uniaxial stress.

Figure 3(a) shows the changes of the ellipsometry
amplitude y with the stress along two orthogonal direc-
tions, x-direction and y-direction. It can be seen that
trends of the amplitude parameter y can be divided into
two parts for both directions: under the stress range of
0~70 kPa, the parameter has a linear change trend, and
when the stress increases from 70 to 175 kPa, the param-
eter fluctuates. Since the sensitivity of y is around 0.01°,
the stress sensitivity is around 35 kPa. As the first trial, we
use the ellipsometry to measure the signal variation under
a uniaxial stress condition. We would further to improve
the sensitivity of the ellipsometry and thus more force
steps would be applied to the sample. The trends of the
amplitude parameter y indicate the deformation of the
coating from the strain of the substrate. Thus, the linear
change suggests the elastic deformation of the glass sub-
strate while the fluctuation implies the yield process of
the glass. A second characteristic is the opposite change
trend for the two directions. Before the stress is applied,
the coating is isotropic while under the uniaxial compres-
sive stress condition, the coating shows the anisotropic
uniaxial optical characteristic and we can use the ellipso-
metric amplitudes y,, at the two orthogonal directions as
a strain/stress indicator.

In general, the ellipsometry parameter is sensitive to the
thickness and the dielectric functions of the coating film.
By our estimation, the thickness variation of the film can
be ignored under 100 kPa stress (see the supplementary
materials). Thus, the dielectric functions variation of the
coating plays a key role in the y-strain relationship. We

/ *
o= 100kPa

Fig.3 (a) The ellipsometric amplitude variation under the compression stress from 0 to 175 kPa; (b) the preliminary microscopic model of lat-
tices change in the central region in different directions under the compression strain
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could use Drude model to unveil the physics behind the
y-strain relationship,

The dielectric functions of the metal film e(w) can be
described by the Drude model by

.2
(@) =1- ———— “
o(w + iy)

in which ®,? = Ne?/eym g, , is the Drude plasma fre-
quency, e, the electric charge, N the electron density, m.4 the
effective mass, and y and the collision frequency, which is
related to electron scattering processes (Ben and Park 2013).

The free electron density N for FCC metals such as
gold is given by N=4/a03, where a, is the bulk lattice
constant for gold. Thus, the Drude plasmon frequency w,
for gold is given by

2
2 4e
@, (@) = 3
gomeffao

&)

In general, a)p2 should be replaced by a second-rank
tensor, Drude tensor D (Mendoza and Mochan 2021)
and thus, the dielectric functions of the metal are also a
second-rank tensor. It can be seen from Eq. (5), a strain
will induce a lattice constant variation, which will disturb
the electron density N, and further the Drude plasma fre-
quency or the Drude tensor D.

For example, for an uniaxial compressive strain s where
the stretching of the two other orthogonal directions can be
negligible (Ben and Park 2013), an increase in the lattice
constant decreases the free electron density N, and thus
the plasmon frequency w, for FCC metals such as gold by

42

0 (@,5) = —————
L4 €95y (1 +5)

(6)

where a,) is the bulk lattice constant for gold.

When the stretching of the two other orthogonal direc-
tions comes into the picture, the original FCC unit cell
shrinking along the y direction a,=(1+ s)a, while
stretching along the other two directions a,=a,=a;=a,
(1+5)"2. Thus, an FCC lattice is converted into a BCT
lattice and the Drude tensor D would be appropriate to
estimate the dielectric function tensor in which a)ﬁ” =D,
and a);l =D, . The detailed discussion has been studied
(Mendoza and Mochan 2021).

For the ordinary refractive index n, = \/e_” , where the
lattice constant stretching along the electric field of the
ordinary light and the extraordinary refractive index
\/Z where the lattice constant shrinking along the
electric field of the extraordinary light, the opposite strain
conditions along x, y directions indicates the opposite
change trends of ellipsometry amplitude y, and y, in
Fig. 3(b) since y, indicates the variation of n, while y,

n,=

implies the variation of n, as is discussed in "Ellipsom-
etry for a Uniaxial Compressed Film".

Conclusions

Aiming to provide a noncontact residual stress measure-
ment method for the precision optical coating devices such
as the telescopes in Taiji program, as the first trial, we use
ellipsometry to detect the uniaxial stress of a gold coating
reflection mirrors. Under the pseudo-Brewster angle of the
gold, the stress sensitivity for the ellipsometry amplitude
y reaches 35 kPa. The results suggest the ellipsometry
response along two orthogonal directions comes from the
strain-induced dielectric function tensor variations. Our pre-
liminary microscopic model implies that the strain-induced
lattice constant variation will disturb Drude tensor and the
ordinary refractive index and the extraordinary refractive
index under the uniaxial stress. The ellipsometry response
measures the ordinary refractive index n, when the applied
force is normal to the plane incidence and measures the
extraordinary refractive index n, when the force in the plane
of incidence. Thus, the ellipsometry can be used as an alter-
native method for the residual stress detection for the high
precision optical devices with metal coatings. Further, com-
bined with the imaging ellipsometry technique, the stress
distribution can be obtained.
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