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ABSTRACT: Achromatic quarter waveplates (A-QWPs), tradi-
tionally constructed from multiple birefringent crystals, can
modulate light polarization and retardation across a broad range
of wavelengths. This mechanism is inherently related to phase
retardation controlled by the fast and slow axis of stacked multi-
birefringent crystals. However, the conventional design of A-QWPs
requires the incorporation of multiple birefringent crystals, which
complicates the manufacturing process and raises costs. Here, we
report the discovery of a broadband (540—1060 nm) A-QWP
based on a two-dimensional (2D) layered hybrid copper halide
(HCH) perovskite single crystal. The 2D copper chloride (CuCl,)

Optical Retardation in 2D Hybrid Copper Halides

Thin HCH Single Crystal Thick HCH Single Crystal

layers of the HCH crystal undergo Jahn—Teller distortion and subsequently trigger the in-plane optical birefringence. Its broad range
of the wavelength response as an A-QWP is a consequence of the out-of-plane mosaicity formed among the stacked inorganic layers
during the single-crystal self-assembly process in the solution phase. Given the versatility of 2D hybridhalide perovskites, the 2D
HCH crystal offers a promising approach for designing cost-effective A-QWPs and the ability to integrate other optical devices.

B INTRODUCTION

Birefringence is a well-known phenomenon in which an
anisotropic crystal exhibits different refractive indices depend-
ing on the polarization and propagation direction of the light
that can split an incident light beam into a slow ray and a fast
ray." Birefringent crystals serve as the basis for constructing
various types of waveplates, including half-waveplates (HWPs)
and quarter waveplates (QWPs). The degree of phase
retardation in waveplates is dependent on several factors
including the incident beam wavelength, crystal birefringence
value (An), and crystal thickness, which can be precisely
controlled.” Waveplates made from a single-crystal component
face limitations in achieving the desired phase retardation at a
specific wavelength, since the amount of phase retardation is
directly proportional to the wavelength. The incorporation of
multiple birefringent crystals enables the waveplate to
effectively operate over a wide range of wavelengths, providing
broadband phase retardation, resulting in an Achromatic-QWP
(A-QWP).” ™ However, the traditional approach for fabricat-
ing A-QWPs involves a complex and high-cost multistep
process with high commercial costs, which requires selecting
and incorporating birefringent crystals with optimized
thicknesses and birefringence values.

The recent emergence of 2D materials, such as transition
metal dichalcogenides and halide perovskites, presents new
opportunities for creating birefringent crystals.””'> The
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incorporation of organic components in 2D halide perovskites
provides a high degree of tunability and pro;rammability in
both crystal structure and optical anisotropy. > Furthermore,
single crystals of 2D halide perovskites can be synthesized in
the solution phase, near room temperature, and at atmospheric
pressure, and a large crystal flake can be obtained, which is
favorable for fabricating optical waveplates. This facile wet-
chemistry synthesis motivates the production of new-
generation optical materials with reduced costs, high
throughput manufacturing, and improved reproducibility.
Here, we report that the single crystalline 2D hybrid copper
halide (HCH) perovskites show in-plane optical anisotropy
due to the Jahn—Teller (JT) distortion in copper halide
octahedral layers. This JT distortion leads to an in-plane
birefringence factor of approximately 0.026 across a range from
visible light to near-infrared light (NIR), based on the first-
principles density functional theory (DFT) calculations. First,
we demonstrate that the relatively thin (~34 ym) birefringent
HCH crystal (PEA,CuCl,, PEA = phenylethylammonium) can
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Figure 1. (a) Crystal structure of HCH crystals with a schematic illustration of birefringence with gray arrows. (b) Transmission spectrum of the
HCH crystal from ultraviolet (UV) to NIR wavelengths with the inset showing the photograph of an HCH crystal. (c) In-plane refractive indexes
from spectroscopic ellipsometry. (d) Birefringence An(n, — n) factor from spectroscopic ellipsometry measurement and theoretical calculation.
(e) Schematic diagram of the configuration of a polarized optical microscopy setup. (f) Polarized optical microscope image of the HCH crystal
(164 pm in thickness) as a function of different analyzer angles; the scale bar in the image is S ym.

be utilized as a QWP, which converts linearly polarized light to
circularly polarized light or vice versa at 4 = 920 nm.
Subsequently, we show that the thick (~164 ym) HCH single
crystal can function as an A-QWP that effectively modulates
the light polarization across a broad range of wavelengths from
visible light to NIR (4 = 540—650, 805—820, and 1000—1060
nm) without necessitating intricate designs. In addition, HCH
crystals possess exceptional air stability and forbidden optically
induced luminescence properties, thereby minimizing artifacts
that typically arise from band gap photoluminescence (PL)
emission that is frequently encountered in the lead (Pb)-based
2D halide perovskites.'*'> By employing a combination of
grazing-incidence wide-angle X-ray scattering (GI-WAXS) and
single-crystal X-ray diffraction (SCXRD) analysis, we have
found that the A-QWP property of the HCH crystal is
attributed to the out-of-plane mosaicity of the stacked
inorganic layers. The weak interlayer van der Waals forces
between the 2D layered HCH crystal encourages the naturally
forming interlayer dislocations and twists. The out-of-plane
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mosaicity in the inorganic layers of an individual thick HCH
crystal makes it behave similarly to an amalgamation of
numerous birefringent crystals with different fast-axis orienta-
tions for each of them. As a result, an individual HCH crystal
can directly be utilized as an A-QWP, obviating the
requirement for multiple crystals. Our findings indicate that
these 2D HCH crystals have the potential to enable the
development of cost-effective, single-component A-QWPs for
multispectral photonic components and optical device
applications.

B RESULTS AND DISCUSSION

A high-quality, centimeter-sized flake of HCH (PEA,CuCl;
PEA = phenylethylammonium) single crystal was prepared
using a standard slow-cooling crystallization method from an
aqueous solution. The crystal image is shown in the inset
image of Figure 1b. An orthorhombic unit cell of PEA,CuCl,
was determined from SCXRD, which showed a layered
structure composed of inorganic octahedra and organic cation
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Figure 2. (a) Schematic diagram of the laser polarization modulation measurement setup. (b) Transmitted laser intensity changes with the laser
modulation setup without a sample at the wavelength of 600—650 nm. (c) Transmitted laser intensity change with commercial quartz/MgF, QWP
at the wavelength of 600—650 nm; (d) transmitted laser intensity changes with the HCH crystal in between HWP and an analyzer (at the
wavelength of 540—600, 600—650, 805—820, 1000—1060 nm from left to right).

layers, as illustrated in Figure 1a.' The 3d’ electronic
conﬁg7uration of Cu® gives rise to significant JT distor-
tion."” ™' As shown in Figure 1b, the weak absorption feature
induced by the d—d transition of the copper chloride
octahedra can be observed in the NIR (800—1000 nm)
region.””*" The JT distortion plays a crucial role in reducing
the energy and results in elongated copper halide octahedra,
enabling anisotropic lattice distortions in both out-of-plane and
in-plane directions.'” The presence of in-plane structural
anisotropy is essential for generating in-plane optical
birefringence which is still challenging for common 2D hybrid
halide perovskites. To quantitatively study the optical
birefringence, we performed spectroscopic ellipsometry to
confirm the refractive indices at both in-plane and out-of-plane
directions, as depicted in Figure lc,d. Notably, the HCH
crystal shows an in-plane birefringence factor with the An(n, —
n,) value about 0.028—0.029 from visible to the NIR region
based on the ellipsometry measurement. Then, we further
confirmed the in-plane birefringence of the HCH crystal via
the first-principles calculations (Figures 1d and S1). The
birefringence value from calculation agrees well with the
experimental result, which is comparable to the birefringence
factor from standard QWP materials (Table S1).

Then, cross-polarized optical microscopy (CPOM) was
employed to visualize the optical anisotropy and further
identify birefringence by monitoring the crystal interference
color. Figure le illustrates the CPOM setup, where a polarizer
and an analyzer were positioned before and after the sample in
the perpendicular direction, respectively. The birefringent
crystal split the incident beam into fast and slow rays that are
vectorially recombined after passing through the analyzer. The
phase retardation between two rays results in destructive
interference for lights at certain wavelengths, which leads to
interference colors in the CPOM. Therefore, the interference
color is controlled by the phase retardation, which is
determined by the crystal thickness and birefringence, as
described in the equation: R (radian) = 2z X An X T/A (R is
phase retardation, T is the thickness, 4 is the wavelength).1
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The HCH crystal with uniform thickness and a smooth surface
(Figure S2) showed a uniform bright green color under
CPOM (Figure 1f). By rotating the analyzer from 0° to 90°,
the crystal color changed substantially due to the retardance
change, leading to the interference color change from yellow to
green to red. To quantify the interference color change, the
RGB values of the CPOM microscopy color at different
analyzer angles were extracted (Table S2). As the angle
difference between the polarizer and analyzer increased from
0° to 180°, both R and G values changed periodically (Figure
$3), which further confirmed the in-plane birefringence of the
HCH crystal.

To further prove that the origin of the in-plane birefringence
of 2D HCH crystal is due to JT effects in copper halide layers,
we studied the in-plane birefringence of hybrid metal halide
crystals via chemical structure engineering with various organic
ligands, metal cations, and halide anions. On the one hand,
when the organic ligands were varied while keeping the same
copper halide building blocks, the HCH crystal retained the
desirable in-plane birefringence, as shown in the CPOM
images (Figure S4). This indicated that the in-plane anisotropy
of HCH crystal is not significantly affected by the organic
spacer layer in the case of copper chloride-based system. On
the other hand, we engineered both metal cation and halide
ions to further study the effect of JT distortion. After replacing
the copper Cu®" with lead Pb** cations in the inorganic layer,
while maintaining the same PEA organic spacer, we did not
observe evidence of in-plane birefringence from the PEA,PbBr,
crystal with a thickness of approximately 88 ym (Figure SS).
Since it is known that the lead halide system does not retain JT
distortion,”® the nonexistence of in-plane birefringence further
indicated the crucial role of JT distortion to in-plane
birefringence in HCH crystals. We then alloyed 50% of Br
into the pure chloride-based HCH crystal as PEA,CuCl,Br,,
and the Br-alloyed HCH again showed the in-plane
birefringence (Figure S6). However, the interference color
showed limited changes when the analyzer angle was rotated,
due to a reduced in-plane birefringence and enhanced
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Figure 3. (a) Thickness diagram of the HCH crystal with a thickness of 34 ym. (b—f) Transmitted laser intensity changes from the HCH crystal as
a wave plate with a thickness of 34 ym, measured from the wavelength of 600—650, 700—750, 800—850, 900—950, and 1000—1060 nm.
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images generated from the (100) and (001) crystallographic axes of (b) thin HCH crystal, (c) middle-thick HCH crystal, and (d) thick HCH
crystal. GI-'WAXS measurements for the HCH crystals with varied thicknesses (e), 3 um, (f) S ym, and (g) 164 um.

absorption of the crystal in the visible range. We thought the
weakening of in-plane birefringence could be correlated with
changes in the degree of JT distortion. Therefore, the crystal
structure engineering provides compelling evidence that the in-
plane birefringence is mainly impacted by JT distortion in
copper halide octahedra layers.
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The in-plane birefringence is crucial for their applications in
fabricating waveplates, indicating that the HCH crystal is a
promising candidate for waveplate materials. To evaluate the
potential of HCH crystals as waveplates, we conducted laser
modulation measurements.”” The laser modulation measure-
ment setup is depicted in Figure 2a, and a detailed explanation

https://doi.org/10.1021/jacs.3c05705
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of the setup is in the Methods section. We used a wavelength-
tunable femtosecond laser as an incident light source and
linearly polarized laser light was directed perpendicular to the
in-plane direction of a 2D HCH single crystal. As shown in
Figure 2b,c, when the crystal was absent from the beam path,
the laser was fully linearly polarized and showed parallel stripes
in the 2D colormap graph. When adding a commercial QWP
(made from quartz andMgF,) to the beam path, the colormap
showed clear circles indicative of waveplate behavior.

Initially, we measured the HCH crystal with a thickness of
34 pm, and the clear circles are observed in the color map from
900—940 nm, similar to the commercially available multiorder
QWP as illustrated in Figures 3 and S7 (as demonstrated by
the original laser spectrum in Figure S8), indicating that the
HCH crystal can function as single wavelength QWP.
Subsequently, a thicker HCH crystal with a thickness of 164
um was measured (Figure S9), and the thicker HCH crystal
showed unexpected A-QWP properties over a broad range of
wavelengths from visible to NIR, including 4 = 540—650, 800—
820, and 1000—1060 nm (Figure 2d). We then analyzed
another HCH crystal with a thickness of 237 ym (Figure S10),
which displayed a slightly distinct but again a broad wavelength
response at A = 550—650, 700—750, and 800—850 nm. These
results indicate that the wavelength response range of A-QWP
HCH crystal is dependent on crystal thickness. Furthermore,
in addition to testing the laser modulation properties with
pulsed lasers, we also conducted experiments using a
continuous wavelength laser, which demonstrated similar
effects (Figure S11). In addition, we utilized a different laser
modulation setup to further confirm the QWP properties
(Figure S12). A commercialized QWP was placed after the
HCH crystal, and the laser became circularly polarized light
after passing through HCH crystal, then after passing through
the commercialized QWP, the laser became linearly polarized
light again. This measurement provides further evidence of the
QWP property of the HCH crystal. The manifestation of such
an A-QWP property within a monostructured single crystal
underscores the uniqueness and potential of HCH crystals for
future photonic applications.

Typically, conventional A-QWPs are fabricated by combin-
ing multiple birefringent crystals. This is often interpreted by
calculating the combined retardation of N birefringent crystals
with a thickness of d; and a birefringence value of , as follows:

N m 5 3 .
R ombined = Zi:l %di.g > In contrast, our A-QWP is based on

an individual HCH single crystal without any heterostructure
or multicomponent design. The HCH’s broadband retardation
is possibly due to dislocation and distortion between the
stacked inorganic layers, so-called out-of-plane mosaicity.”***
The HCH crystals used in the laser modulation measurement
had a thickness of approximately 164 ym (Figure S9), and the
distance between two copper chloride inorganic layers is
estimated to be around 1.9 nm based on the lattice parameter
determined from SCXRD. Out-of-plane dislocations and twists
are anticipated to appear among the hundreds of copper
chloride inorganic layers within the thick bulk HCH crystal
with weak interlayer van der Waals interactions, leading to
disordered stacked inorganic layers, as illustrated in Figure 4a.
As a result, we did not observe the A-QWP property in thinner
HCH crystals (34 um) due to the relatively ordered stacking of
the crystals in the out-of-plane direction. Thus, the thick HCH
single-crystal possesses disordered stacking of inorganic layers,
which can be seen as a combination of multiple birefringent

HCH thin layers. This combination is responsible for the
broadband retardation observed in the material.

To substantiate the presence of out-of-plane mosaicity, we
performed SCXRD measurements on three bulk HCH crystals
of different thicknesses: thin, middle-thick, and thick samples
(crystal images are shown in Figure S13a—c). The utilization of
unwarped images, constructed from the raw diffraction frames,
facilitated the examination of diffraction features arising from
misalignment along the c-axis.”> Notably, our findings
demonstrate that thicker crystals exhibit not only much
stronger diffractions but also exhibit significant smearing
effects along the (010) axis in the unwarped images generated
from the (100) and (001) crystallographic axes (Figure 4b—d).
Interestingly, this phenomenon is also observable in the (0KL)
unwarped image, albeit absent in the (HKO) counterpart (see
Figures 4b—d and S13d—f). This observation provides
compelling evidence that increased crystal thickness correlates
with a higher degree of misalignment within the inorganic
layers. These measurements provide direct evidence for the
existence of out-of-plane mosaicity in the thick HCH crystals.

To further investigate the interlayer packing of the HCH
crystal with different thicknesses, we performed GI-WAXS
experiments on crystals with thicknesses ranging from 3 ym to
164 ym (Figure S14) and monitored the diffraction peak of the
(0 0 2) plane and the (0 0 4) plane. The diffraction peaks of
the thinnest HCH crystal with a thickness of 3 um (Figure 4e)
are more elaborate, sharper, and showed less out-of-plane
order than the thickest crystal (Figure 4fg), which showed
significant streaking of the (0 0 2) reflection along g,,. A
broader range of GI-WAXS diffraction peaks with varied crystal
thicknesses is shown in Figure S15. This provides direct
evidence of the less ordered layer stacking arrangement of the
thicker HCH crystal,”**” indicating that broadband retardation
is attributed to the out-of-plane mosaicity. It is known that the
A-QWPs can be fabricated with the combination of two or
more different birefringent crystals, and the broad wavelength
laser modulation range could be controlled by the angle
between crystal fast axes.”™*® Thus, the HCH A-QWPs
wavelength range can be affected by the twisted angle between
copper halide octahedra (CuCls*") layers along the c-axis.
Therefore, multiple copper chloride inorganic layers with
different twisted angles can lead to a broader achromatic
wavelength range.

B CONCLUSIONS

The high-quality large-area anisotropic 2D HCH layered
crystal exhibited a desirable birefringence with an in-plane An
about 0.026 from visible to NIR wavelengths. The anisotropy
is proven to originate from the distortion of copper halide
octahedra layers with JT distortion. The birefringent HCH
crystal flake is able to function as a QWP that can modulate
linearly polarized light to circularly polarized light or vice versa.
In addition, the thick HCH crystal QWP covers a broad
wavelength range from visible to NIR, indicating that HCH
crystals can be used as A-QWP. Based on the GI-WAXS
measurement and SCXRD data analysis from the HCHs with
different thicknesses, the disordered stacked inorganic layers
are responsible for the A-QWP property in a thick HCH single
crystal. This work indicates that the 2D HCH perovskite is a
promising candidate for fabricating economical A-QWPs and
other optical devices.
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B EXPERIMENTAL SECTION

Crystal Synthesis. PEA,CuCl,: phenethylammonium chloride
(PEACI) (473.9 mg) and 256.5 mg copper(1l) chloride dihydrate
were dissolved with 9 mL of methanol under 75 °C in an oil bath.
Upon slow cooling down of the solution at 4 °C/h to 25 °C, a yellow
PEA,CuCl, crystal flake is obtained. The crystal is then washed with
chloroform three times. PEA,CuCl,Br,: using the same methods as
PEA,CuCl,, the PEA,CuCl,Br, crystal is prepared by replacing 473.9
mg of PEACI with 404.18 mg of phenethylammonium bromide
(PEABY).

Thin-Layer PEA,CuCl, Crystal Preparation with the Space-
Confinement Method. PEA,CuCl, crystal solutions were prepared
by directly dissolving washed crystals. The solution concentration is
200 mg/mL dissolving with dimethyl sulfoxide/y-butyrolactone mixed
solvent (7:3 volume ratio). Glass slides were cleaned for 15 min in an
ultrasonic cleaner with water, 2-propanol, and then acetone,
respectively. Petri dishes, glass slides, spacers (microscope slide
covers), and PEA,CuCl, crystal solutions were preheated on a
hotplate for 10 min at 70 °C. Spacers were placed on both edges of
the glass slide, and 10 uL crystal solution (preheated for 10 mins) is
dropped in the middle of the glass slide. Then, another preheated
glass slide is placed on the top. Another small Petri dish is placed on
top of the glass slide(s) filled with S mL of chloroform. The Petri dish
(containing the glass and small Petri dish) is closed and wrapped in
foil for about 3 days to afford the thin crystal on the glass.

Characterizations. UV—Vis—NIR Absorption. The measurement
is performed by a Hitachi U4100 from UV—Vis—NIR spectroscopy
from Hitachi High Technologies.

Grazing-Incidence Wide-Angle X-Ray Scattering (GI-WAXS). The
experiments were performed on a Xenocs Xeuss 3.0 SAXS/WAXS
equipped with a GeniX 3D Cu HFVLF microfocus X-ray source
utilizing Cu Ka radiation (4 = 0.154 nm). The sample-to-detector
distance is 370 mm and calibrated using a silver behenate standard,
and the incident angle was 0.2°. Two-dimensional scattering patterns
were obtained using a Dectris EIGER 4 M detector and processed
using the XSACT software package.

Single-Crystal XRD. Crystals with different thicknesses were cut
into an irregular shape and centered on the goniometer of a Rigaku
Oxford Diffraction Synergy-S diffractometer equipped with a
HyPix6000HE detector and operating with Mo Ka radiation.
CrysAlisPro” was used for data collection and data processing,
including a multiscan absorption correction applied using the
SCALE3 ABSPACK scaling algorithm. Using Olexz,?’0 the structures
were solved with the SHELXT®' structure solution program using
Intrinsic Phasing and refined with the SHELXL®” refinement package
using Least Squares minimization. Unwraped images built on
integrative layers were also generated with the “Unwrap” functions
in the CrysAlisPro software. The unwrap images were integrated with
7 units from —0.3 to 0.3.

Broadband Spectroscopic Ellipsometry Measurement. The
measurement is performed using a single rotating compensator
multichannel ellipsometer (M-2000XI, J.A. Woollam Co., Inc,
Lincoln, NE, USA) on an anisotropic (001)-oriented HCH thin-
layer single crystal on glass supporting substrate.*>** The light source
wavelength range is 245—1598 nm. Generalized ellipsometric spectra
are collected at angles of incidence of 45°, 55°, and 65° as a function
of azimuthal rotations. Optical responses in the form of complex
dielectric function (& = &, + ie, = N* = (n + ik)?) spectra for electric
field oscillating parallel to the a-, b-, and c-crystallographic axes
directions are modeled using a parametric model consisting of
Sellmeier expressions,”*® a constant additive term to &, denoted as
€4 and Tauc—Lorentz®” or Gaussian oscillators.”*’ The fit between
experiment and model generated data is quantified with a mean
square error (MSE) of 3.1 x 1072

First-Principles DFT Calculations. The simulation was performed
using the Vienna Ab Initio Simulation Package (VASP) code***! with
projector augmented-wave potentials.* An energy cut-off value of 400
eV is adopted to expand the wavefunctions and the Gamma-centered
2 X 2 X 1 k mesh is considered when sampling the Brillouin zone. We

used the experimental lattice parameters and relaxed the atomic
coordinates using the Perdew—Burke—Ernzerhof* functional with a
force tolerance of 0.01 eV/A. The DET+U scheme™** with an effective
U value of 7.28 eV for Cu was employed.

Laser Modulation Measurement. The laser modulation measure-
ment setup is shown in Figure 2a. The laser is generated from the
Astrella-F-1K one-box femtosecond amplifier of Coherent company
with an optical parametric amplifier system. The polarizer, half
waveplate, and QWP were purchased from Thorlabs, and the thin film
polarizer works as an analyzer is purchased from Newport. The HRS-
300 spectrometer with a PyLoN camera system from Princeton
Instruments is used to detect the transmitted laser intensity. At first,
the femtosecond pulsed laser passes through a linear polarizer,
followed by a half waveplate that can tune the polarization direction.
Then, the highly polarized light with tunable direction will pass
through the PEA,CuCl, crystal. If the PEA,CuCl, crystal can function
as a QWP, the light can be modulated to be circularly or elliptically
polarized light when the angle difference between the laser fast axes
and crystal fast axes is 45° or between 45° and 0°. Here, the half
waveplate has rotated a total of 90°, which means the laser fast axes
angle changed 180°. As the laser fast axes angle changes, the
transmitted light will change from linear to elliptical and circularly
polarized light if the PEA,CuCl, crystal can function as a QWP,
followed by an analyzer to detect the laser polarization direction. The
transmitted light intensity is monitored when rotating the analyzer.
When rotating the analyzer, the circularly polarized light intensity will
show negligible change, the elliptical light intensity will show small
change, and the linearly polarized laser will show tremendous change.
A two-dimensional color map is obtained by recording the
transmitted laser intensity upon half waveplate and the analyzer
angle change. As shown in Figure 2b,c, the laser is fully linearly
polarized without the crystal on the beam path, which exhibits parallel
stripes in the 2D colormap graph. While with a commercial A-QWP
in the beam path, the colormap shows clear circles.
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