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ABSTRACT: Birefringence is an inherent optical property of anisotropic materials introduced by the anisotropic confinement
in their crystal structures. It enables manipulation of light propagation properties (e.g., phase velocity, reflection, and refrac-
tion) for various photonic and optoelectronic applications, including waveplates and liquid crystal displays. Two-dimensional
(2D) layered materials with high anisotropy are currently gaining an increasing interest for polarization-integrated nano-
device applications, which advances the research on birefringent materials. In this article, we investigate the optical birefrin-
gence of three anisotropic 2D layered materials (black phosphorus (BP), rhenium disulfide (ReSz), and rhenium diselenide
(ReSez2)). We demonstrate that the birefringence in BP (~0.245) is ~ 6 times larger than that of ReSz (~0.037) and ReSe:z
(~0.047) at 520 nm and is comparable to the current state of the art bulk materials (e.g., CaCO3). We use these 2D materials
to fabricate atomically-thin optical waveplates and investigate their performance. In particular, for BP, we observe a
polarization-plane rotation of ~0.05° per atomic layer at 520 nm. Our results show that the relatively large birefringence of
anisotropic 2D layered materials can enable accurate manipulation of light polarization with atomically controlled device
thickness for various applications where integrated, nanoscale polarization-controllers are required.

KEY WORDS: anisotropic two-dimensional layered materials, black phosphorus, rhenium disulfide, rhenium diselenide, ani-
sotropic, birefringence, waveplates

possibilities for integrated, polarization-dependent, novel

Recently, anisotropic two-dimensional (2D) layered materi-
als are gaining an increasing amount of interest to fabricate
anisotropic nano-devices for various applications. For

example, black phosphorus (BP),1-¢ the most widely studied
anisotropic 2D material, has a puckered hexagonal crystal
structure with two non-equivalent in-plane crystal direc-
tions (armchair (AC) and zigzag (ZZ)7; Figure 1a), different
from graphene®1° and typical transitional metal dichalco-
genides (e.g., MoSz and WSe2).11-20 As with the crystal struc-
ture, the physical properties of BP (e.g., electrical,?2 mechan-
ical,* thermal,2!) are also anisotropic. ReSz and ReSe: are
two examples of other anisotropic 2D material. They also
demonstrate anisotropic responses arising from their in-
plane anisotropic structure.?228 These 2D materials also
have been demonstrated to have a strong anisotropic opti-
cal conductivity. For example, BP exhibits anisotropic linear
(e.g., absorption,?® photoluminescence,”. 3% 31 optical con-
trast,2? and optical phase32) and nonlinear optical responses
(e.g., Raman scattering,33-38 saturable absorption,?® and har-
monic generation*?). These anisotropic responses open up

optical devices, including polarization-sensitive broadband
photodetectors,3> 41 and linearly-polarized ultrafast
lasers.3%42 However, such devices have not yet been realised.

In this article, we demonstrate atomically-thin optical
waveplates based on the optical birefringence of three typ-
ical anisotropic 2D materials (BP, ReS; and ReSez) in the vis-
ible spectral range. Among the three materials investigated,
the waveplate performance (i.e., phase retardance,
polarization-plane rotation angle) from BP is superior to
that of ReSz and ReSez. Our experiments show that the bire-
fringence in BP (~0.245) is ~ 6 times larger than that in
ReS2 (~0.037) and ReSez (~0.047) at 520 nm wavelength.
We also demonstrate a polarization-plane rotation of
~0.05° 0.02° and 0.011° per atomic layer (AL) at the same
wavelength when linearly polarized light propagates
through BP, ReSz and ReSez: flakes, respectively. Our results
show that the performance on polarization control from BP
is comparable to that of the current state of the art bulk ma-
terials (e.g. CaCO3) and could be very attractive for inte-
grated polarization-controllers (e.g. waveplates, phase



compensator), where the light polarization state requires
precise adjustments at the nanometer scale.

RESULTS AND DISCUSSION

Crystal orientation determination. All the samples studied
in this work are fabricated using the micromechanical exfo-
liation method*3 44 and then transferred onto transparent
quartz substrates. The thickness of the flakes is measured
by Atomic Force Microscopy, with detailed measured re-
sults shown in Supporting Information (SI).

Like other anisotropic 2D materials, the highly asymmet-
ric crystal structure in BP enables its strong in-plane aniso-
tropic optical response. For example, the Raman spectra of
BP show strong polarization dependence, similar to one-di-
mensional nanomaterials (e.g. carbon nanotubes*>47). This
can be used to determine the crystal orientation of BP and
other anisotropic crystals.33-35 Typical Raman spectrum
(Figure S1 in SI) of a BP flake shows three Raman modes at
363 cm!, 440 cm!, and 468 cm, corresponding to the AL
B4, and A; vibration modes, respectively.*®¢ The atomic
motion associated with the A; mode occurs primarily along
the AC direction. Thus the associated Raman scattering in-
tensity is the strongest when the excitation laser polariza-
tion is aligned with the AC direction.?3 The intensity of the
A; mode can therefore be used to determine the crystal ori-
entations of the BP flakes. In our polarization-resolved Ra-
man experiment, the excitation light is linearly polarized
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and the polarization analyser is kept parallel to the polari-
zation direction of the excitation light. The crystal orienta-
tions are then determined by rotating the BP flakes and
measuring the angular dependence of Raman scattering in-
tensity of the in-plane Af] mode. As measured, the angular
dependence of the A; mode intensity of the selected BP
flake is shown in Figure 1b. This demonstrates that the AC
direction of this BP sample is parallel with the direction of
the excitation laser polarization when the BP flake is rotated
by 90° (or 270°). Using a similar strategy, we also use Ra-
man to determine the crystal orientation of ReSz and ReSe:.
Details on the polarization-depended Raman measure-
ments of the three crystals are presented in SI.
Polarization-resolved optical microscopy (PROM) is an al-
ternative tool to determine the crystal orientation of
anisotropic crystals.3* Figure 1c shows the transmitted
PROM images of a BP flake as a function of the flake rotation
angle under crossed-polarized light illumination. In this
case, the polarizer and the analyser in the PROM are set per-
pendicular to each other. The flake image is recorded by a
CCD camera with 15° rotation steps. The flake brightness
appears the highest when the crystal axis direction is 45°
(and 135°) with respect to the incident polarization direc-
tion, while no contrast from the BP flake is observed when
one of the crystal axes is parallel to the polarizer direction
(i.e,, 0° and 90°). This phenomenon originates from the bi-
refringence of BP crystals. It could be explained as follows:
when the polarized direction of the incident light is along
the AC (or ZZ) direction, the output polarization is un-
changed, still perpendicular to the polarization direction of
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Figure 1 Anisotropic optical properties of BP. (a) Schematic structure of BP; (b) Af, mode intensity with different input polariza-
tion angles. Both polarization directions of the excitation laser and the analyser are horizontal in the polarized Raman measure-
ment. (c) Transmitted polarization-resolved optical images under crossed-polarized light illumination in the PROM (i.e., the po-
larization direction of the incident light and the polarization analyser is perpendicular to each other) with the BP flake rotation
angle from 0° to 180°. The step of rotation angle is 15°. The thickness of the flake area marked with the green, purple and yellow
boxes is ~45, 35 and 220 nm, respectively. (d) The transmitted light intensity as a function of BP rotation angle (corresponding
to Figure 1c) under crossed polarization illumination. The red line depicts the fitting result.
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Figure 2 Schematic diagram of the birefringence measure-
ment. A nearly linearly polarized input light has an incident
angle 6 (with measurement error of +1°) with respect to the
BP’s ZZ axis. After propagating through the BP flake, the in-
cident polarization state typically changes to be elliptical,
and the output polarization-plane rotates by an angle of ¢
(with measurement error of +1°). I,,,, and I,,;;;, correspond
to the maximum and minimum transmitted intensity that is
experimentally measured by rotating a polarization ana-
lyzer.

the analyser. Therefore, the image is dark. However, when
the incident polarization direction has an angle of 45° (or
135°) to the BP crystal axis, the light intensity experiences
the maximum phase retardance. This changes the incident
polarization state into the elliptical. Thus the light intensity
along the polarization direction of the analyser increases to
the maximum, corresponding to the brightest flake image.
Similarly, for the case of reflection mode, the brightness of
the images also changes with the rotation angle of the flake
(see Figure S3 in SI). Note that the flake colors at different
flake thicknesses are different under the same measure-
ment conditions. For example, Figure 1c¢ mainly presents
three colors - green, yellow and purple (marked with differ-
ent dotted boxes), originating from the interference effect
on the flake with different thicknesses.*? Using these colors,
it is possible to estimate the sample thickness.50.51

For ReSz and ReSe2, similar measurements on their PROM
images (Figure S5 for ReSz, Figure S7 for ReSez) are also car-
ried out (details in SI). The optical contrast from ReSz and
ReSe; is weaker than that from BP when the PROM images
are compared. This suggests that the birefringence of ReS:
and ReSez is smaller than that of BP.

To quantitatively describe the birefringence-induced
transmitted light intensity change, we use a custom-build
PROM to measure the maximum transmitted light intensity
as a function of the flake rotation angle (see Figure 1d). The
diameter of the beam spot on the flakes is ~10 um, much
smaller than the 2D flakes we use in the experiments. As
shown in Figure 1d, the transmitted intensity changes peri-
odically with the flake rotation angle with a period of 90°.
Further, the transmitted intensity is the lowest when the BP
flake is rotated by 0 and 90°. When the flake is rotated by
45° with respect to the incident light polarization, the trans-
mitted light intensity through the BP flake is the highest, as
illustrated in Figure 1c. These results suggest strong bire-

fringence of the BP flakes. This is consistent with the discus-
sion above and can be used for the determination of the
crystal axis orientation. The red line in Figure 1d is the fit-
ting of the transmitted light intensity following the equa-
tion T = «a sin?(20), where the coefficient « is the total
transmittance along the AC and ZZ axes. The fit gives a =
~0.97 for our ~45 nm BP flake, consistent with previous ab-
sorption measurement results.32 We also measure other an-
isotropic (i.e. ReSz and ReSez) and isotropic (e.g., MoSz) 2D
materials. Similar intensity modulation property (as shown
in Figure 1d) is also observed with ReS: and ReSez, but not
with MoS.. This highlights the intrinsic optical birefringence
of the anisotropic 2D materials we study here. Nevertheless,
we note that the crystal orientation of BP, ReS; and ReSe2
can be determined by the PROM approach. The results from
the PROM method also match well with the Raman meas-
urements (Table S1 in SI). However, compared with the Ra-
man method, the PROM approach is more cost-effective as
it doesn’t need a specific laser source and a spectrum ana-
lyser which are typically needed in Raman spectroscopy.

Birefringence of anisotropic 2D materials. To quantita-
tively characterize the birefringence of the anisotropic 2D
materials we study, we measure the phase shift (i.e., the
phase retardance) between two polarization components
projected along two different crystallographic orientations
when a linearly-polarized beam is passed through the ma-
terials; see the schematic diagram in Figure 2. The polariza-
tion of the transmitted light is examined through a polariza-
tion analyser. By rotating the analyser (Figure S8 in SI), the
maximum (I,4,) and minimum ([,,;,) transmitted light
power is recorded by a power detector to analyze the polar-
ization state of the output light. In this case, I,,,,, stands for
the intensity along the long-axis (i.e., ZZ direction), while
L,.in, for the short-axis (i.e., AC direction). Therefore, the po-
larization ellipticity (e) of the light after passing through the
flake can be calculated by the intensity ratio between the
long and short axes (i.e., € = L,,qx/Imin) for birefringence
characterization.

Figure 3a presents the ellipticity change as a function of the
flake rotation angle (0) after the light passes through a ~45
nm thick BP flake at three different wavelengths. It can be
seen that the ellipticity is the highest when the flake rota-
tion angle (0) is either 0° or 90°. This is expected as no phase
retardance occurs. In this case, when the incident light is lin-
early polarized along the ZZ (or AC) direction, no light is
projected along the AC (or ZZ) direction. Thus I,,,;,, is nearly
zero when rotating the analyser. However, the ellipticity
values at 8 = 0° and 90° are different. For instance, the el-
lipticity is ~1522 at 8 = 0°, and ~850 at8 = 90° at 520 nm
wavelength (Figure 3a). This is because of the dichroic ab-
sorption (the absorption difference along two crystal axes)
of BP. Comparing the ellipticity values at these two angles
(i.e., & = 0° and 90°), the magnitude of the dichroic absorp-
tion can be extracted. From this, we find that the transmit-
tance ratios between AC and ZZ axes are ~88.7%, ~93.0%,
and ~95.9% for 520 nm, 642 nm, and 730 nm, respectively.
This agrees well with the previous measurement.?® On the
other hand, when 6 is in between 0° and 90°, the ellipticity
value decreases rapidly due to the birefringence. Note that
we also measure the ellipticity change of two isotropic MoS:
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Figure 3 Birefringence of anisotropic 2D materials. (a) The measured light ellipticity (dots) and its fitting (lines, following eq 1)
as a function of rotation angle after the light propagates through a ~45 nm BP flake at different wavelengths. (b) Phase retardance
as a function of BP flake thickness. (c) Birefringence (An) of BP at different wavelengths (Experimental results: Dots; Theoretical
results: lines). The phase retardance and their fittings as a function of ReSz (d) and ReSez (e) flake thickness at three wavelengths
in the visible range. (f) Experimental results of the birefringence of ReSz and ReSez.

flakes (Figure S9 in SI), showing that the ellipticity value re-
mains constant with the rotation of the flake. This confirms
that only anisotropic 2D materials have birefringence.

To accurately obtain the value of the birefringence, we use
BP as an example to fit the ellipticity change (Figure 3a), us-
ing the following equation:

A%, 4%
1+s 1—4sin2§2227‘;w2
(Azz+Aac)
Ve = (1)

2 2
AZ A
1-s [1-4sin26—2£-4C
(AZz+tAac)

where s = 1 for A2,—A%,20 and s = -1 for AZ,—A3.<0. A,
and A4,, are the amplitude of the transmitted light projected
along the AC and ZZ directions, respectively, with the con-
sideration of 6 and the transmission coefficient along the
AC and ZZ crystal axes separately. § is the phase retardance
between the AC and ZZ axes after light propagates through
BP flakes. In our model, the incident light is normal to the
flake surface, and the dichroic absorption is also considered
in the fit. Detailed discussion on the model and eq 1 is
presented in SI.

The ellipticity fitting of the ~45 nm thick BP flake is pre-
sented in Figure 3a by solid lines, matching well with the
measured ellipticity values. The fitted phase retardance &
with eq 1 at three wavelengths is plotted in Figure 3b,
where the error bars are from the deviation of the fitting. In
addition, BP flakes with other different thicknesses (i.e., 70
nm, 100 nm, and 220 nm) are also characterized and shown
for comparison (see Figure S10 in SI). As seen in Figure 3b,
the phase retardance increases linearly with the flake thick-
ness, following the equation:

2mxXAn

§(d)="=Td+6,  (2)

Table 1. Comparison of AN from different materials

520 nm 642 nm 730 nm Reference

BP 0.245+0.04 0.196+0.055 0.202+0.05 This work

ReS:2 0.037+0.009 0.051+0.002 0.060£0.006 This work

ReSez 0.047+0.007 0.082+0.004 0.061+£0.007 This work
BP 0.23 0.12 Ref. 29
CaCOs 0.172 (590 nm) Ref. 56
LiNbO3 0.085 (590 nm) Ref. 56
SiO2 0.009 (590 nm) Ref. 56

where §(d) is the fitted phase retardance, §, is the phase
retardance of the incident polarized light before the BP
flake, An is the birefringence, characterized by the refractive
index difference between two perpendicular crystal axes, d
is the flake thickness and 4 is the wavelength of the incident
light. As such, the slope (i.e., (2nxAn)/A) reveals the magni-
tude of the birefringence. We note that this equation as-
sumes that the material birefringence is independent of the
material thickness. This is a reasonable assumption as the
thicknesses of our studied flakes are >40 nm.52 By subtract-
ing §, (i.e., d = 0), the phase retardance resulting from BP’s
birefringence is extracted in Figure S11 (see SI). A maxi-
mum retardance of 38° is obtained at 520 nm wavelength
with a 220 nm thick BP flake. Given that the monolayer
thickness of BP is 0.53 nm,3% we estimate a phase retardance
of ~0.1° (corresponding to ~A/3600) per atomic layer (AL).
The refractive index difference between the AC and ZZ crys-
tal directions (i.e., An, the birefringence) in BP is calculated
from the experimental phase retardance results with eq 2
and presented in Figure 3c as a function of the wavelength.
We find that An is similar (~0.20) at 642 and 730 nm wave-
lengths, but is larger (~0.24) at 520 nm. This is comparable
to the previously reported results on BP2? (a detailed com
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Figure 4 Anisotropic 2D materials based waveplates. Dependence of the polarization-plane rotation angles (¢) for different BP
thickness flakes at (a) 520 nm (b) 642 nm and (c) 730 nm separately. The dots are experimental data, while the curves are plotted
here to guide the eye. (d), (¢) and (f) illustrate the maximum polarization-plane rotation angles (¢) as a function of BP, ReSz and

ReSez: flake thickness in the visible range, respectively.

parison in Table 1). We also present the theoretically calcu-
lated An of BP from the dielectric functions within the inde-
pendent particle approximation on top of the electronic
structure that is obtained using hybrid density functions
(details in SI).>3 As shown in Figure 3c, the experimentally
measured and the theoretically calculated birefringence are
in good agreement.

The same birefringence measurement method is also em-
ployed for ReSz and ReSez. The experimental results and the
ellipticity fits are shown in Figures S13 (for ReSz) and S14
(for ReSez) in SI. The fitted phase retardance as a function
of the flake thickness at three wavelengths is presented in
Figure 3d (for ReSz) and Figure 3e (for ReSez). As expected,
the two figures illustrate that the phase retardance in-
creases linearly with the flake thickness. By subtracting §,
from the incident light with eq 2, we obtain the birefrin-
gence induced phase retardance (Figure S13 for ReSz and
S14 for ReSe: in SI). The results give the maximum retard-
ance of ~0.021°/AL (at the wavelength of 730 nm) for ReS:
and ~0.032°/AL for ReSe: (at the wavelength of 642 nm),
respectively, considering that the atomic layer thickness of
both ReS:z and ReSe; is ~0.7 nm.>* The birefringence of ReS:
and ReSez is then calculated from the experimental phase
retardance results with eq 2, and plotted in Figure 3f. This
shows that An is depended on the wavelength but the dif-
ference between ReSz and ReSe: is small (<0.03). We pro-
pose that this is because the atomic structures and proper-
ties of ReSz and ReSe: are similar.55 Note that we are unable
to use the density functional theory calculation method (de-
tails in SI) used for BP for the case of ReSz and ReSez. This is
due to their large unit cell and distorted structures. Such
theoretical birefringence calculation of ReSz and ReSe:z re-
quires further study.

For comparison, we list An of BP, ReSz,and ReSez, in Table
1. By comparing An of these three anisotropic 2D materials,
we find that the birefringence of BP is ~ 6 times larger than
that of ReSz and ReSezat 520 nm. This is consistent with our
previous PROM results (Figure S3 for BP, Figure S5 for ReS,
Figure S7 for ReSez), which reveal that the highest contrast
(i.e., the largest birefringence) observed among the studied
2D materials in this work comes from BP. Birefringence val-
ues of three anisotropic bulk optical materials are also listed
in Table 1. This also shows that An of BP is comparable to
that of the bulk commercial anisotropic materials (e.g.,
CaCO03).56

Waveplates based on anisotropic 2D materials. Birefrin-
gence is widely used to make optical waveplates for polari-
zation related applications (e.g., manipulating the polariza-
tion state of light57). Here, we utilize the birefringence of an-
isotropic 2D materials for waveplate applications. To meas-
ure the rotation of polarization-plane, a key parameter of
optical waveplates, we characterize the polarization rota-
tion angle ¢ of the transmitted light induced by the birefrin-
gence (as shown in Figure 2).

Figures 4a-c illustrate the polarization-plane rotation an-
gle of the incident light as a function of the BP flake rotation
angle (0) at three different wavelengths. As illustrated, ¢
increases with the flake thickness, as the optical path length
is longer in the thicker flakes. To clarify the wavelength de-
pendence of ¢, the experimentally measured maximum ¢
values at 520 nm, 642 nm, and 730 nm are presented in Fig-
ure 5d. As observed from the flakes with different thick-
nesses, ¢ at 520 nm wavelength is larger than that at 642
nm, and is the smallest at 730 nm. The maximum polariza-
tion rotation angle at 520 nm wavelength is 21° for the 220



nm thick flake, corresponding to a polarization rotation an-
gle of ~0.05° /AL. In addition, An is wavelength dependent
(Figure 3a), indicating chromatic dispersion of BP. This ex-
plains the wavelength dependence of ¢ in Figure 4d. Our re-
sults show that the polarization parameters such as phase
retardance and polarization-plane rotation can be adjusted
with BP flakes, opening its potential for various applica-
tions, including optical waveplates as demonstrated here.

The rotation angle of the polarization-plane as a function
of the flake thickness of ReS: and ReSe: at three wave-
lengths is presented in Figures 4e-f, respectively. Similar to
what is observed in BP, ¢ increases with the flake thickness.
However, the small difference in ¢ between ReSz and ReSe:
indicates that the birefringence of ReSe: is slightly larger
than that of ReSz. This agrees well with the previous bire-
fringence measurement (as listed in Table 1). By comparing
Figure 4d to Figures 4e-f, ¢ of ReS: and ReSe: is much
smaller than that from BP. This confirms that BP has a larger
birefringence than ReSz and ReSe:. Therefore, BP offers
better polarization control performance over these two
anisotropic 2D crystals. We note that there are many other
anisotropic 2D layered materials (e.g., GeS,5” GaTe,>® SnS,5°
and SnSe®9), which have been studied to show anisotropic
physical responses due to their anisotropic -crystal
structures. The intrinsic optical birefringence properties of
these 2D layered materials also deserve further
investigation.

CONCLUSIONS

We demonstrate atomically-thin optical waveplates based
on the birefringence of three anisotropic 2D layered mate-
rials (BP, ReSz, and ReSez). With BP, we observe a
polarization-plane rotation of up to ~0.05° per atomic layer
at 520 nm. We find that the birefringence of BP is compara-
ble to that of commercially used bulk birefringent materials
such as CaCOs and is ~ 6 times larger than that of ReSz and
ReSez. Our results highlight that the relatively large birefrin-
gence of anisotropic 2D layered materials such as BP can fa-
cilitate accurate manipulation of light polarization with
atomically controlled device thickness for various applica-
tions where integrated polarization-controllers at the na-
noscale are required.

METHODS

Sample preparation and characterization. All flakes (BP,
ReSz, ReSez) are produced from their bulk crystals by me-
chanical exfoliation and then transferred onto transparent
quartz substrates. The transferred flakes are first character-
ized by polarized Raman microscopy (WITec Alpha 300 RA)
to determine the crystal orientation. Then, a PROM (Leica
DM4500) is used to analyse the crystal orientation and cap-
ture the optical images under reflection and transmission
modes. The custom-built PROM is equipped with fiber cou-
pled visible lasers (Thorlabs, MCLS1) for measurement. A
20X, NA=0.4 objective is used to focus the beam on the flake
with ~ 10 pm diameter. During the experiments, all 2D flake
samples are characterized immediately after preparation
and then kept in the nitrogen box to avoid degradation
and/or contamination.

Birefringence measurement process. Three monochromatic
continuous wave (CW) lasers at 520 nm, 642 nm, and 730
nm are used as the light sources to test the birefringence of
the 2D materials. A polarizer is inserted between the laser
source and the flakes to obtain an approximately linearly
(with extinction ratio > 30 dB) polarized beam incident on
the sample. The exfoliated samples are placed on a rotation
stage to change the sample orientation. 8 describes the ro-
tation angle between the polarization direction of the inci-
dent light and crystal orientation of the flake. After passing
through the BP flake, the polarization of the light is exam-
ined through a polarization analyser. The schematic dia-
gram of the detection process is illustrated in Figure S8 (see
SI). By rotating the analyser, the maximum (I,,4,) and min-
imum (I,,;,) transmitted light power is recorded with a
power detector to examine the ellipticity of the transmitted
light. The angle measurement error is +1°.
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