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Abstract: Mercury bromide (Hg2Br2) has been used to develop acousto-optic tunable filters (AOTFs)
because it has several advantages, including a high refractive index, a broad optical bandwidth, and
a relatively high figure of merit. Therefore, the measurement of its birefringence is a highly important
factor for ensuring AOTF quality. However, for single crystals, it is difficult (at the millimeter scale)
to quantify the birefringence using an ellipsometer, as this equipment is only designed to conduct
measurements on thin films. In this study, a simple birefringence measurement system for Hg2Br2

was developed based on Brewster’s angle at the millimeter scale. The planar distributions of the
Hg2Br2 crystal along the (100), (010), and (001) planes were used in the experiments. The developed
measurement system can measure the reflected light intensity of the Hg2Br2 crystal depending on
the incidence angles (rotations at 0.01125◦ steps) and can calculate the ordinary and extraordinary
refractive indices and birefringence. The calculated birefringence of the Hg2Br2 crystal was 0.8548;
this value exhibits an error of 0.64% compared with a value of 0.86 reported in the literature. The
developed measurement system demonstrates the ability to be used to evaluate the quality of
birefringent single crystals.

Keywords: AOTF; Hg2Br2 crystal; birefringence measurement; Brewster’s angle

1. Introduction

An acousto-optic tunable filter (AOTF) is a highly integrated device that combines
optical and acoustic components to achieve wavelength-dependent filtering and tunability.
AOTFs work by producing a traveling acoustic wave in a crystal, which in turn creates a
spatially varying birefringence in the crystal [1]. This birefringence allows the crystal to act
as a wavelength-dependent diffraction grating, deflecting the light of a specific wavelength
in a particular direction. The deflection angle is dependent on the wavelength of the input
light and the frequency of the acoustic wave. By changing the frequency of the acoustic
wave, the wavelength of the diffracted light can be tuned [2].

Accordingly, it has also been used to develop hyperspectral imaging (HSI) systems to
selectively filter out specific wavelengths of light [3]. An HSI system can generate a sample
image by utilizing an AOTF to produce light of specific wavelengths. Furthermore, the
integration of AOTFs into HSI systems offers several benefits, such as compactness, high
resolution, and faster imaging speeds, all without the need for mechanical moving parts [4].
By selectively filtering out unwanted wavelengths, the resultant HSI images can provide
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detailed spectral information about the sample, which can be helpful for a wide range
of applications, such as agricultural applications [5], remote sensing [6], environmental
monitoring [7], and medical imaging [6,8].

The main components of an AOTF include a crystal, an ultrasonic transducer, and an
input/output optical system. As noted above, the crystal is typically made of a birefringent
material, such as tellurium dioxide (TeO2) or quartz [2,7]. The crystal is designed to have
a specific orientation and thickness to optimize the interaction between the acoustic and
optical waves. It facilitates the wavelength-dependent diffraction of light, which is the
basis of AOTF operations [4]. Then, the amount of birefringence in the crystal determines
the frequency range over which the AOTF can operate and the resolution of the HSI device.
The birefringence also affects the efficiency of the AOTFs and the amount of power that
can be transmitted through the crystal [9,10]. Therefore, the accurate measurement of the
crystal birefringence is critical in the design and optimization of AOTFs.

Among the various crystals for AOTF applications, mercury bromide (Hg2Br2) has
been widely used because of its high refractive index and high acousto-optic figure of
merit, which is a measure of how efficiently a material can convert an acoustic wave into
an optical wave [2,11]. Another advantage of mercury bromide is that it has a relatively
wide acoustic bandwidth (0.4 to 30 µm), that allows for a wide tuning range in AOTFs. It
also allows for the filtering of a wide range of wavelengths in the optical signal [12,13].

In recent times, ellipsometers have been widely used to measure birefringence, that
quantifies the differences in the light phase using 45◦ polarization and the retardation of
the light phase using the quarter-waveplate. The ellipsometer measures the amplitude
ratio (ψ) and phase difference (∆) between p- and s-polarized light waves [14]. Once these
values have been measured, it is possible to calculate the refractive index based on the
ellipsometric ratio (ρ). Hence, the refractive index can be calculated by measuring the
amplitude ratio and phase difference between p- and s-polarized light waves [15].

However, ellipsometers encounter problems in the quality tests of birefringent crystals.
The ellipsometer was designed to conduct birefringence measurements in thin films [16–18].
It is thus unsuitable for the measurement of birefringent crystals at the millimeter scale—in
conjunction with the use of the AOTF—as opposed to the intended nanometer-scale of
thin-film measurements [18]. Moreover, the accurate interpretation of ellipsometric data
requires a good understanding of the sample’s crystal structure, orientation, and other
properties that can affect the polarization of light passing through the sample [19–21].
Therefore, careful experimental design and data analysis are required to accurately measure
the birefringence of mercury bromide using ellipsometry.

Herein, to overcome the above limitations, a simple birefringence measurement system
for a single crystal was investigated using the Brewster angle. As noted above, birefringence
can be measured by analyzing the change in polarization of the reflected or transmitted light.
The light is typically polarized in a specific direction, such as in p-polarization (parallel
to the plane of incidence) or s-polarization (perpendicular to the plane of incidence). As
the polarized light passes through the AOTF and interacts with the two orthogonally
polarized components, the polarization state of the light changes, resulting in a change
in the phase difference between the two components. The features of the Brewster angle
are twofold: (a) the angle between the reflected and refracted light is 90◦ and (b) the
incidence of p-polarized light yields reflected light that is not p-polarized. Therefore, we
demonstrated that it was possible to identify the Brewster angle, such that the intensity of
p-polarized light is zero by measuring the p-polarized light intensity and deriving each
refractive index of the Hg2Br2 crystal.

2. Materials and Methods
2.1. TeO2 Single Crystal

Prior to measuring the birefringence of a Hg2Br2 crystal using the Brewster angle, the
birefringence of a tellurium dioxide (TeO2) crystal (CryLink, Nanjing, China), which is
commonly used in AOTFs [22], was measured for validation of the developed measurement
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system. TeO2 crystals used in the current study are transparent from visible- to mid-wave
infrared regions (0.33~5.0 µm). It was cut into cubic structures that included the (100), (010),
and (001) planes to facilitate birefringence measurements. The TeO2 crystal length in [100],
[010], and [001] directions was 10 mm, and the surface of the [100] plane was polished for
measuring the reflected light intensity (Figure 1).
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2.2. Hg2Br2 Single Crystal

Hg2Br2 crystals are transparent in the range between the visible and long wave infrared
region. The Hg2Br2 crystal used in this study (Green Optics, Cheongju, Republic of Korea),
was fabricated using the physical vapor transport method (PVT), and its birefringence was
measured. It is necessary to investigate the complete process in a cautious and organized
manner, as the formation of atomic and bulk defects in PVT-based Hg2Br2 crystals is
significantly influenced by the material’s purity and the crystal growth conditions. To
achieve this goal, three primary procedures were carried out: purification, growth of
crystals, and assessment of quality.

Prior to crystal growth, the Hg2Br2 powders were purified through the PVT process.
The purification involved cleaning the quartz ampoule with a series of wet chemicals,
including high-purity acetone, isopropyl alcohol, and ultrapure water, to remove impurities.
The ampoule was then dried at 150 ◦C for an hour at a pressure of 10−3 torr to eliminate any
remaining moisture inside. Next, 4–9 grade (99.99%) Hg2Br2 powder was placed into the
ampoule and dried again at 100 ◦C for an hour at 10−6 torr to evaporate any unintentional
residual moisture. Finally, the Hg2Br2 raw powder underwent purification at 300 ◦C for
10 h under high vacuum conditions of 10−6 torr, with the chamber slowly cooled at a rate
of 1 ◦C/min to prevent the nucleation of Hg atoms and related secondary phases. As a
result of this process, a highly purified Hg2Br2 powder was acquired.

Following the purification process, the Hg2Br2 powder was placed in a quartz ampoule
and a high vacuum of 10−6 torr was established. A temperature gradient profile was set
up between two (lower and upper) heaters to allow the Hg2Br2 raw powder to sublimate,
and the sublimated sources were transferred to the growth zone. The sublimated powder
was condensed in the growth zone, and a Hg2Br2 crystal seed was produced in the growth
zone on the ampoule bottom. The crystals then grew from the seed at a rate of 0.35 mm a
day, with the temperature gradient of the ampoule optimized for growth. Then, the crystal
was slowly cooled to prevent cracks caused by shrinking.

The quality of the fabricated Hg2Br2 crystal was evaluated using Raman spectroscopy
and transmission electron microscopy (TEM), and its atomic vibration mode, crystallinity,
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and structure were identified. In our previous study, the X-ray diffraction (XRD) result of
Hg2Br2 powder was shown, and the raw and standard data of (110) and (220) planes were
also investigated [23]. Others peaks of (101), (004), and (204) were also clearly discovered.
Following the growth of the Hg2Br2 crystal, major XRD peaks on (110) and (220) planes
were defined. In addition, significant Raman peaks of Hg2Br2 were observed at 35.5, 91,
136, and 221 cm−1 [23]. Following the characterization of the Hg2Br2 crystal, it was cut
into cuboidal structures that included the (100), (010), and (001) planes to facilitate the
birefringence measurements (Figure 2a). The Hg2Br2 crystal lengths along the [100], [010],
and [001] directions were measured as 13.21 mm, 8.82 mm, and 17.44 mm, as shown in
Figure 2b. Following the cutting process, the plane (100) was made transparent by polishing
it to measure the birefringence.
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2.3. TeO2 and Hg2Br2 Crystal Index Ellipsoid

The refractive index derivation based on the Brewster angle measures the reflected
light intensity of p-polarized light to derive the refractive index; thus, only one refractive
index can be derived for each direction on each surface [21]. Therefore, for a single bire-
fringent crystal with multiple refractive indices, it is necessary to determine the refractive
index distribution along the plane direction of the single crystal to measure the Brewster
angle and calculate each refractive index. The index ellipsoid represents the distribution
of the refractive index according to the polarization direction of light [14]. The refractive
index can be changed according to the polarization direction of the incident light and
the direction of the incident surface. The refractive index was measured considering the
index ellipsoid.

The Hg2Br2 and TeO2 crystals are uniaxial with two refractive indices; they have an
ellipsoidal shape in which the extraordinary refractive index (ne) is larger than the ordinary
refractive index (no) [14,24,25]. In the single uniaxial crystal, only one refractive index
appears when light impinges on a specific surface that has the same optical axis direction.
The Hg2Br2 and TeO2 crystal has an optical axis of (001) and the birefringence does not
occur according to the direction of the s- and p-polarized light [24,26]. Therefore, to measure
the two refractive indices of Hg2Br2 and TeO2 crystals considering the index ellipsoid, the
(100) plane is irradiated for obtaining the different refractive indices. The location directions
of Hg2Br2 and TeO2 crystals are shown in Figure 3 for irradiating p-polarized light on
the perpendicular (100) plane. The refractive index of the polarized light following laser
irradiation on the (100) plane is shown in Figure 3. Figure 3a shows that, when light is
irradiated on the (100) plane, p-polarized light has a refractive index denoted by no, and
s-polarized light has a refractive index denoted by ne. Additionally, when rotated 90◦
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based on the (100) plane in Figure 3b, p-polarized light has a refractive index of ne, and
s-polarized light has a refractive index of no. Therefore, it is essential to fix the irradiating
plane and rotate the crystal 90◦ to derive the birefringence using the Brewster angle.
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2.4. Measurement of the Brewster Angle
2.4.1. Brewster Angle

The Brewster angle’s features are twofold in Figure 4: (a) the angle between the
reflected and refracted light is 90◦ and (b) the incidence of p-polarized light yields reflected
light that is not p-polarized. Moreover, the Brewster angle is related to the refractive index
according to Equation (1). It is possible to identify the Brewster angle, such that the intensity
of p-polarized light is zero by measuring the p-polarized light intensity and deriving each
refractive index of the Hg2Br2 and TeO2 crystals.

The Brewster angle is determined by measuring the intensity of reflected light when
p-polarized light reaches zero intensity; it was accomplished by rotating the crystals.
Therefore, the measurement system can control the incidence angle of the light irradiated
on the Hg2Br2 and TeO2 crystals and can derive the refractive index by Equation (1).
The control method for measuring reflected light is the rotation of each crystal and
detector of intensity.

n2 = n1 tan θB, (1)

where n1, n2, and θB are the refractive indices of media 1 and media 2, and the Brewster
angle, respectively.
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2.4.2. Configuration of the Measurement System

To measure the precise birefringence of the Hg2Br2 and TeO2 crystals, a high-resolution
system was developed. The developed system included a laser source, light intensity
detector, rotational parts of the Hg2Br2 crystal and detector, and data acquisition parts
of the light intensity module. The laser source used was a 5 mW, 632.8 nm, He-Ne laser
(HNL050LB, Thorlabs Inc., Newtown, NJ, USA) with linear polarization at a 500:1 ratio.
The He-Ne laser was attached to a height lab jack (L490/M, Thorlabs Inc., Newtown, NJ,
USA) with a base plate for the appropriate irradiation of light to the crystal. The detector
(S120C, Thorlabs Inc., Newtown, NJ, USA) used in the system could collect light in the
wavelength range of 400–1100 nm and light intensities in the range of 50 nW–50 mW. The
rotational parts comprised of two motors (EzM-60 Series, Fastech, Bucheon, Republic of
Korea) and a motor drive (EzS-NDR-60L, Fastech, Bucheon, Republic of Korea) that had a
resolution of 32,000 pulses per rotation (ppr). The drive provides a connection to a personal
computer (PC) that controls the resolution of the rotation, as well as the rotational direction
and range. The rotational parts are supported by a frame used to fix the motor and drive.
The motors are combined with the sample stage (used for the rotation of the crystals) and
the arm to achieve the detection of the reflected light.

The developed system was set up (sequence of He-Ne laser and rotational parts with
the detector), as shown in Figure 5. First, the base plate was fixed on the optical table and
the He-Ne laser was mounted on the lab jack using an optical post (TR75/M, Thorlabs
Inc., Newtown, NJ, USA) and post cage (HCM2/M, Thorlabs Inc., Newtown, NJ, USA).
The frame was designed for combining the motor, drive, and arm. The frame parts of the
coupled arm had sufficient space to be able to rotate over 180◦. Additionally, the frame
parts of the coupled motor accounted for the height to prevent vibration in case the motor
contacted the frame. Furthermore, the rear part of the frame had an adjustable square space
to fix the drive that connected the motor. The arm had an oval-shaped hole to reduce its
weight and allow for the attachment of the detector’s rod. The detector was connected to
the optical power meter (PM100D, Thorlabs Inc., Newtown, NJ, USA) for light intensity
measurements. An RS-485 communication was used to control the motor. The light source
element had a basic frame and a laser holder to fix the He-Ne laser. It was thus possible to
match the center of the target crystal using the lab jack, which controlled the height (at the
mm range) of the frame combined with the He-Ne laser.
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2.4.3. Birefringence Measurements of TeO2 and Hg2Br2 Crystals

To measure the birefringence TeO2 and Hg2Br2 crystals, which is defined as the
difference between no and ne, the reflected light intensity was measured to derive the
no and ne. First, the He-Ne laser was warmed up for 15 min to attain a constant light
intensity, as assessed by the detector. Subsequently, the p-polarization of the He-Ne laser
was confirmed by the intensity of the linear polarizer, which was measured by the detector.
Hg2Br2 was then aligned between the plane (100) of the Hg2Br2 crystal and the motor’s
rotational axis. The motor’s resolution was then set to 0.01125◦/pulse. The arm for handling
the detector’s angle was also aligned with the 0◦ based on the line of the laser using the lab
jack, and the first position was saved using a software program (Ezi-Plus R V6, Fastech,
Bucheon, Republic of Korea). Regarding the reflective light intensity, when the TeO2 and
Hg2Br2 crystals and rotation stage were rotated 0.01125◦, the detector with the arm was
rotated 0.0225◦, as shown in Figure 5. The limited measurement range was precluded
between the detector and the laser beam because the installed rear diameter of the detector
was covered by the laser beam. Additionally, the measurement system prevented the
angle range from reducing the measurement time; accordingly, the measurements were
performed by specifying the range. Datasets of the TeO2 crystal were 51.3◦ to 78.9075◦ for
the rapidly measured refractive index. Upon measuring the TeO2 crystal, datasets of Hg2Br2
crystal 5376 were obtained by measuring the reflected p-polarized light intensity from
24.6375◦ to 85.1175◦ in order to reduce the error rate of the refractive index. The intensity
of the reflected light for the obtained angle of incidence was recorded 10 times, and the
average value was used to reduce the intensity error of the He-Ne laser. P-polarized light
can be measured when the reflected light is equal to zero along the direction of the index
ellipsoid. Therefore, to obtain the Brewster angle in a different direction, each crystal was
rotated 90◦ with respect to the (100) plane based on considerations of the index ellipsoid;
this process was repeated to obtain the reflected light data.

Using the measured data, a regression graph was created in MATLAB (version 9.70
2019b, MathWorks, Natick, MA, USA) and the Brewster angle was derived by extracting
the minimum point of the reflected light intensity in the graph obtained through regression.
To obtain the point at which the intensity of reflected light is minimized owing to the
surrounding environment, the environment light intensity was measured when the He-Ne
laser was turned off. Following the elimination of noise intensity, the refractive index using
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Equation (1) related to the Brewster’s angle and the birefringence of the TeO2 and Hg2Br2
crystals were calculated.

3. Results

The reflected light intensity decreased as the angle changed from its first value to the
Brewster angle on the crystals. Moreover, the reflected light intensity was increased when
the angle changed from the Brewster angle to the final value. The reflected light intensity
plot was consistent with the features of typical reflected light intensities. Moreover, when
the crystals were rotated 90◦ based on the (100) plane, the reflected light intensity was
minimized at a different location, and the reflective light intensity of the first point was
compared with the rotating crystal.

Once the intensity data for the p-polarized reflected light were obtained using the
fabricated birefringence measurement system, the no and ne values of the crystals were
derived using Equation (1) [27]. To derive the refractive index of the crystals, the refractive
index of the air medium was assumed to be one, as it was slightly different than that of
air (depending on temperature and pressure) [28]. Regression of the data was conducted
in MATLAB to determine the Brewster angle and calculate the refractive index. The
polynomial and Fourier curve regression fittings were compared. First, we used the Fourier
curve fitting and compared the result according to the number of terms used in the Fourier
curve fitting.

With regard to the TeO2 crystal, the Fourier curve fitting was executed with one, two,
and three terms. The results of the Fourier curve fitting with one, two, three, and eight
terms yielded no = 1.9883, ne = 2.2148, no = 2.2566, and ne = 2.4213, respectively. The result
of the curve fitting based on a ninth-order polynomial was no = 2.0965 and ne = 2.3445, as
shown in Figure 6. It was shown that the Fourier curve fitting was converged at no = 2.2566
and ne = 2.4213, as shown in Figure 6c–f by increasing the number of terms, and it was
more accurate as the polynomial curve fitting, see Figure 6g,h. The results of the Brewster
angle, refractive index, and birefringence are shown in Table 1. Each Brewster angle error
rate is 0.04 and 0.11%. The result of each refractive index error rate is 0.14% and 0.38%,
respectively, resulting in an 8.21% error rate in the birefringence.

Table 1. Brewster angle and birefringence results for the TeO2 crystal.

Brewster Angle (◦) Ordinary Ray
Refractive Index (no)

Extraordinary Ray
Refractive Index (ne)

Birefringence
(∆n)Ordinary Ray Extraordinary Ray

Reference 66.1289 67.4806 2.2597 2.4119 0.1522
Measurement 66.1 67.56 2.2566 2.4213 0.1647

Error (%) 0.04 0.11 0.14 0.38 8.21

For the Hg2Br2 crystal, the result of the Fourier curve fitting with one, two, and three
terms yielded no = 1.1007, ne = 1.3008, no = 1.7572, ne = 2.4647, no = 1.9741, and ne = 2.9491,
respectively. It was confirmed that the Fourier curve fitting was more accurate as the
number of terms increased compared with the reference (where the no of the Hg2Br2 crystal
was 2.12 and the ne was 2.98) [24]. Therefore, the Fourier curve fitting with eight terms
is executed and shown in Figure 7g, and the result of the curve fitting based on a ninth-
order polynomial are shown in Figure 7h. The ninth-order polynomial curve fitting yielded
no = 1.9560 and ne = 2.9434 and the Fourier curve fitting with eight terms yielded no = 2.1273
and ne = 2.9818. These results of the Hg2Br2 crystal show that the eight-term Fourier curve
fitting has a smaller error rate of refractive indices than the polynomial curve fitting. The
errors of all of the factors pertaining to the eight-term Fourier curve fitting are listed in
Table 1; as indicated, the error rate was 0.12 and 0.014% for the Brewster angle, 0.14 and
0.38% for the refractive index, and 0.64% for the birefringence, respectively.
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Figure 6. Results of the TeO2 crystal light intensity measurements using the developed measurement
system. (a) Reflected light intensity related to no and the Fourier curve fitting with one term.
(b) Reflected light intensity related to ne and the Fourier curve fitting with one term. (c) Reflected
light intensity related to no and the Fourier curve fitting with two terms. (d) Reflected light intensity
related to ne and the Fourier curve fitting with two terms. (e) Reflected light intensity related to
no and the Fourier curve fitting with three terms. (f) Reflected light intensity related to ne and the
Fourier curve fitting with three terms. (g) Reflected light intensity related no and the polynomial
curve fitting based on a 9th order. (h) Reflected light intensity related ne and the polynomial curve
fitting based on a 9th order.
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with eight terms. (j) Reflected light intensity related to ne based on the Fourier curve fitting with
eight terms.

4. Discussion

In this study, the polynomial and Fourier curve fittings were investigated to estimate
the Brewster angle using reflected light intensity data. The reflective coefficient derived by
reflected light intensity can be defined as the Fresnel equation’s (including the refractive
indices) combined sine and cosine functions [29,30]. Therefore, reflected light intensity
is a periodical function because the incidence angle is not over 90◦. For this reason, the
Fourier curve fitting was adaptable in the regression of the reflective intensity. Additionally,
the developed measurement system showed that it was possible to measure the Brewster
angle, which is related to the refractive index. Consequently, the Brewster angles of the
Hg2Br2 crystal were acquired using Equation (1) and the birefringence index of the crystal.
Furthermore, their error rates could be calculated and compared using the reference data
in Table 2 [31].

Table 2. Brewster angle and birefringence results for the Hg2Br2 crystal.

Brewster Angle (◦) Ordinary Ray
Refractive Index (no)

Extraordinary Ray
Refractive Index (ne)

Birefringence
(∆n)Ordinary Ray Extraordinary Ray

Reference 64.76 71.4498 2.12 2.98 0.86
Measurement 64.8225 71.46 2.1273 2.9818 0.8548

Error (%) 0.09 0.014 0.34 0.06 0.64

Additionally, the motor resolution was 10−5 (which is equivalent to a rotation of
0.01125◦ for a single-pulse rotation), which can be attributed to the refractive indices and
birefringence resolution compared with the Hg2Br2 crystal reference data. A refractive
index difference of ~0.001 occurs when the Brewster angle has an error of 0.01◦. Addi-
tionally, the possibility of error was considered to have occurred during the measurement,
and could be due to the change in the intensity of the laser, or the imperfect rotation angle
through the motor, and the error almost perfectly matched each axis when the single crystal
was cut. The errors rate of the refractive indices and birefringence in the measured Hg2Br2
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crystal were less than that of LiNbO3 using the THz-TDS method [22]. The traditional
ellipsometers use a birefringence measurement method for thin films at the millimeter scale
under 10 mm; however, the developed system could measure the birefringence of single
crystals at the millimeter scale over 10 mm. Furthermore, the system used is composed of
low-cost mechanical devices with an optical component (He-Ne laser) for crystal irradiation.
It can conduct rapid measurements using the RS-485 communication between the PC and
detector module.

Recently, the systems developed for birefringence measurement have focused on liq-
uid crystal, thin films, and the state of residual stress [32,33]. However, AOTF requires a
solid-state bulk single crystal of high quality for precise wavelengths, whereby solid-state
crystals can commercialize the developed growth system. For this reason, the developed
system focuses on a solid-state single crystal; accordingly, it was not possible to measure
the birefringence of liquid crystal. The developed system contained an adjustable uniaxial
crystal, rather than a thin film that had two refractive indices. The developed system cur-
rently has the limitation that the optic axis of a single crystal is not cut to be perpendicular.
For example, the biaxial crystal requires the measurement of the three refractive indices
to measure the birefringence. Nevertheless, the rotation stage used for the crystal cannot
rotate about the z-axis in the developed measurement system. Biaxial crystals require z-axis
rotation to match the index ellipsoid and find the optic axis. Therefore, it is difficult to
measure the birefringence in biaxial crystals using the developed system. Additionally, if
the single crystal has an unknown optic axis and index ellipsoid, the developed system can-
not measure the birefringence. However, commercialized single crystals have well-known
optic axes and index ellipsoids. Therefore, the developed system can simply be used for
measuring the birefringence of well-known single crystals.

5. Conclusions

In measuring the birefringence, the experiment with the TeO2 crystal shows the range
of the data collection for preventing the convergence of the results. For the Hg2Br2 crys-
tal, the developed measurement system demonstrated a low Brewster angle (0.09% and
0.014%), refractive index (0.34% and 0.06%), and birefringence (0.64%) errors for single
Hg2Br2 crystals. These results can be attributed to the rotational resolution of the motor
and synchronization between the Hg2Br2 crystal incidence angle and the rotational angle
of the detector. It was also demonstrated that it is possible to measure the birefringence
of the single Hg2Br2 crystal when there is information about the index ellipsoid, includ-
ing information related to the optical axis and cutting planes. Therefore, the developed
birefringence measurement system can be used to measure uniaxial crystals in a manner
similar to the measurement of the Hg2Br2 crystal. However, when a biaxial birefringent
crystal that has three refractive indices is measured, the developed birefringence measure-
ment system can consider all of the refractive indices of the biaxial crystal. Owing to the
complex index ellipsoid, the developed system cannot rotate with respect to the z-axis of
the motor. Furthermore, a single Hg2Br2 crystal that has a different planar distribution,
such as (110), (001), or (−110), can be considered when the sample stage can rotate with
respect to the z-axis. For all of the anisotropic crystal types, the developed birefringence
measurement crystal should consider the rotation sample stage and the adjustable holder
of the anisotropic crystal.

Author Contributions: Conceptualization: G.K., O.-T.K. and B.-K.C.; Methodology: G.K., O.-T.K.,
J.R. and B.-K.C.; Formal analysis: O.-T.K.; Investigation: O.-T.K., H.B. and B.-K.C.; Resources: J.R.
and S.W.; Data curation: O.-T.K.; Writing—original draft preparation: O.-T.K.; Writing—review and
editing: G.K. and B.-K.C.; Funding acquisition: B.-K.C.; Supervision: B.-K.C.; Project administration:
B.-K.C. All authors have read and agreed to the published version of the manuscript.

Funding: This research was supported by the Institute of Civil & Military Technology Cooperation
funded by the Defense Acquisition Program Administration and Ministry of Trade, Industry and
Energy, Republic of Korea (project No. 17-CM-DP-02).



Sensors 2023, 23, 4208 13 of 14

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Data sharing is not applicable to this article.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Machikhin, A.; Batshev, V.; Pozhar, V. Aberration Analysis of AOTF-Based Spectral Imaging Systems. J. Opt. Soc. Am. A 2017,

34, 1109. [CrossRef]
2. Goutzoulis, A.P. Design and Fabrication of Acousto-Optic Devices; Goutzoulis, A.P., Pape, D.R., Kulakov, S.V., Eds.; CRC Press: Boca

Raton, FL, USA, 2021; ISBN 9781003210221.
3. Katrašnik, J.; Bürmen, M.; Pernuš, F.; Likar, B. Spectral Characterization and Calibration of AOTF Spectrometers and Hyper-

Spectral Imaging Systems. Chemom. Intell. Lab. Syst. 2010, 101, 23–29. [CrossRef]
4. Gat, N. Imaging Spectroscopy Using Tunable Filters: A Review. In Proceedings of the Wavelet Applications VII, Orlando, FL,

USA, 24–8 April 2000; Szu, H.H., Vetterli, M., Campbell, W.J., Buss, J.R., Eds.; Society of Photo-Optical Instrumentation Engineers:
Bellingham, WA, USA, 2000; pp. 50–64.

5. Inoue, Y.; Peñuelas, J. An AOTF-Based Hyperspectral Imaging System for Field Use in Ecophysiological and Agricultural
Applications. Int. J. Remote Sens. 2001, 22, 3883–3888. [CrossRef]

6. Abdlaty, R.; Orepoulos, J.; Sinclair, P.; Berman, R.; Fang, Q. High Throughput AOTF Hyperspectral Imager for Randomly
Polarized Light. Photonics 2018, 5, 3. [CrossRef]

7. Ji, Z.; He, Z.; Gui, Y.; Li, J.; Tan, Y.; Wu, B.; Xu, R.; Wang, J. Research and Application Validation of a Feature Wavelength Selection
Method Based on Acousto-Optic Tunable Filter (AOTF) and Automatic Machine Learning (AutoML). Materials 2022, 15, 2826.
[CrossRef]

8. Batshev, V.; Machikhin, A.; Martynov, G.; Pozhar, V.; Boritko, S.; Sharikova, M.; Lomonov, V.; Vinogradov, A. Polarizer-Free
AOTF-Based SWIR Hyperspectral Imaging for Biomedical Applications. Sensors 2020, 20, 4439. [CrossRef]

9. Knuteson, D.J.; Singh, N.B.; Gupta, N.; Gottlieb, M.; Suhre, D.; Berghmans, A.; Thomson, D.; Kahler, D.; Wagner, B.;
Hawkins, J.; et al. Design and Fabrication of Mercurous Bromide Acousto-Optic Tunable Filters. Infrared Photoelectron. Imagers
Detect. Devices 2005, 5881, 98–105. [CrossRef]

10. Martynov, G.N.; Gorevoy, A.V.; Machikhin, A.S.; Pozhar, V.E. On Inherent Spatio-Spectral Image Distortion in AOTF-Based
Imagers. In Optical Measurement Systems for Industrial Inspection XII.; Lehmann, P., Osten, W., Albertazzi Gonçalves, A., Eds.; SPIE:
Bellingham, WA, USA, 2021; p. 45.

11. Berg, N.J.; Lee, J.N. Acousto-Optic Signal Processing: Theory and Implementation, 1st ed.; Marcel Dekker Inc.: New York, NY,
USA, 1983.

12. Bei, L.; Dennis, G.I.; Miller, H.M.; Spaine, T.W.; Carnahan, J.W. Acousto-Optic Tunable Filters: Fundamentals and Applications as
Applied to Chemical Analysis Techniques. Prog. Quantum Electron. 2004, 28, 67–87. [CrossRef]

13. Amarasinghe, P.M.; Kim, J.S.; Trivedi, S.; Jin, F.; Soos, J.; Diestler, M.; Qadri, S.B.; Jensen, J.L.; Jensen, J.; Gupta, N. Mercurous
Bromide (Hg2Br2) Acousto-Optic Tunable Filters (AOTFs) for the Long Wavelength Infrared (LWIR) Region. J. Electron. Mater.
2021, 50, 5774–5779. [CrossRef]

14. Fujiwara, H. Spectroscopic Ellipsometry; Wiley: Chichester, UK, 2007; ISBN 9780470016084.
15. Zhang, Z.; Caulfield, H.J. Reflection and Refraction by Interfaces of Uniaxial Crystals. Opt. Laser Technol. 1996, 28, 549–553.

[CrossRef]
16. Schmidt, D.; Booso, B.; Hofmann, T.; Schubert, E.; Sarangan, A.; Schubert, M. Monoclinic Optical Constants, Birefringence,

and Dichroism of Slanted Titanium Nanocolumns Determined by Generalized Ellipsometry. Appl. Phys. Lett. 2009, 94, 011914.
[CrossRef]

17. Nabok, A.; Tsargorodskaya, A. The Method of Total Internal Reflection Ellipsometry for Thin Film Characterisation and Sensing.
Thin Solid Films 2008, 516, 8993–9001. [CrossRef]

18. Collins, R.W.; Kim, Y.-T. Ellipsometry for Thin-Film and Surface Analysis. Anal. Chem. 1990, 62, 887A–900A. [CrossRef]
19. Mazaheri, Z.; Koral, C.; Andreone, A. Accurate THz Ellipsometry Using Calibration in Time Domain. Sci. Rep. 2022, 12, 7342.

[CrossRef]
20. Gong, Y.; Zhang, Z.; Li, K.; Ren, W. Review on Polarimetric Terahertz Spectroscopy. Microw. Opt. Technol. Lett. 2021, 63, 1605–1611.

[CrossRef]
21. Kim, Y.; Yi, M.; Kim, B.G.; Ahn, J. Investigation of THz Birefringence Measurement and Calculation in Al2O3 and LiNbO3. Appl.

Opt. 2011, 50, 2906–2910. [CrossRef]
22. Chanover, N.J.; Voelz, D.G.; Glenar, D.A.; Young, E.F. AOTF-based spectral imaging for balloon-borne platforms. J. Astron.

Instrum. 2014, 3, 1440005. [CrossRef]
23. Kwon, O.; Song, Y.; Woo, S.G.; Park, W.; Cho, B. Physical Vapor Transport Process for Highly Purified Hg2Br2 Crystal: From

Powder Purification to Crystal Growth. Korean J. Met. Mater. 2022, 60, 551–556. [CrossRef]

https://doi.org/10.1364/JOSAA.34.001109
https://doi.org/10.1016/j.chemolab.2009.11.012
https://doi.org/10.1080/01431160110069863
https://doi.org/10.3390/photonics5010003
https://doi.org/10.3390/ma15082826
https://doi.org/10.3390/s20164439
https://doi.org/10.1117/12.620115
https://doi.org/10.1016/S0079-6727(03)00083-1
https://doi.org/10.1007/s11664-021-09127-9
https://doi.org/10.1016/S0030-3992(96)00022-9
https://doi.org/10.1063/1.3062996
https://doi.org/10.1016/j.tsf.2007.11.077
https://doi.org/10.1021/ac00216a001
https://doi.org/10.1038/s41598-022-10804-w
https://doi.org/10.1002/mop.32809
https://doi.org/10.1364/AO.50.002906
https://doi.org/10.1142/S2251171714400054
https://doi.org/10.3365/KJMM.2022.60.7.551


Sensors 2023, 23, 4208 14 of 14

24. Jin, F.; Kim, J.S.; Kutcher, S.; Haskovic, E.; Meyers, D.; Soos, J.; Trivedi, S.; Gupta, N. Polarization Imaging for Crystallographic
Orientation of Large Mercurous Halide Crystals. In Proceedings of the 2012 IEEE Applied Imagery Pattern Recognition Workshop
(AIPR), Washington, DC, USA, 9–11 October 2012. [CrossRef]

25. Elshazly-Zaghloul, M.; Azzam, R.M.A. Brewster and Pseudo-Brewster Angles of Uniaxial Crystal Surfaces and Their Use for
Determination of Optical Properties: Errata. J. Opt. Soc. Am. A 1989, 6, 607. [CrossRef]

26. Pilgun, Y.V.; Smirnov, Y.M. Broadband acoustooptic diffraction of two-wavelength light in paratellurite. Ukr. J. Phys. Opt. 2010,
11, 1. [CrossRef]

27. Bennett, J.M. Polarization. In Handbook of Optics; Bass, M., Ed.; McGraw-Hill: New York, NY, USA, 2009; ISBN 9780071498890.
28. Ciddor, P.E.; Hill, R.J. Refractive Index of Air 2 Group Index. Appl. Opt. 1999, 38, 1663. [CrossRef] [PubMed]
29. Doyle, W.T. Scattering approach to Fresnel’s equations and Brewster’s law. Am. J. Phys. 1985, 53, 463–468. [CrossRef]
30. Tabe, Y.; Yokoyama, H. Fresnel formula for optically anisotropic Langmuir monolayers: An application to Brewster angle

microscopy. Langmuir 1995, 11, 699–704. [CrossRef]
31. Barta, C.; Trnka, J. New types of polarizers made from crystals of the calomel group. Cryst. Res. Technol. 1982, 17, 431–438.

[CrossRef]
32. Hanen, S.; Iteb, L.; Mohamed, G. Optical Retardation and Birefringence Measurement in Phasmidic Columnar Liquid Crystals

(PCLC). Mol. Cryst. Liq. Cryst. 2019, 680, 1–9. [CrossRef]
33. Waddie, A.J.; Schemmel, P.J.; Chalk, C.; Isern, L.; Nicholls, J.R.; Moore, A.J. Terahertz Optical Thickness and Birefringence

Measurement for Thermal Barrier Coating Defect Location. Opt. Express 2020, 28, 31535. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1109/AIPR.2012.6528206
https://doi.org/10.1364/JOSAA.6.000607
https://doi.org/10.3116/16091833/11/1/28/2010
https://doi.org/10.1364/AO.38.001663
https://www.ncbi.nlm.nih.gov/pubmed/18305787
https://doi.org/10.1119/1.14201
https://doi.org/10.1021/la00003a004
https://doi.org/10.1002/crat.2170170407
https://doi.org/10.1080/15421406.2019.1624028
https://doi.org/10.1364/OE.398532
https://www.ncbi.nlm.nih.gov/pubmed/33115125

	Introduction 
	Materials and Methods 
	TeO2 Single Crystal 
	Hg2Br2 Single Crystal 
	TeO2 and Hg2Br2 Crystal Index Ellipsoid 
	Measurement of the Brewster Angle 
	Brewster Angle 
	Configuration of the Measurement System 
	Birefringence Measurements of TeO2 and Hg2Br2 Crystals 


	Results 
	Discussion 
	Conclusions 
	References

