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Anomalous Refractive Index Modulation and Giant
Birefringence in 2D Ferrielectric CulnP,S

Houssam El Mrabet Haje,* Roald J.H. van der Kolk, Trent M. Kyrk, Sergii Grytsiuk,

Malte Résner, and Mazhar N. Ali*

1. Introduction

2D ferroelectric (FE) materials have opened new opportunities in

non-volatile memories, computation and non-linear optics due to their robust
polarization in the ultra-thin limit and inherent flexibility in device integration.
Recently, interest has grown in the use of 2D FEs in electro-optics, demanding
the exploration of their electronic and optical properties. In this work,

the discovery of an unprecedented anomalous thickness-dependent change

in refractive index, as large as 6n ~ 23.2%, is reported in the 2D ferrielectric
CulnP,S,, far above the ultra-thin limit, and at room temperature. It is also
shown that the anomalous behavior in CulnP,S, may be generalizable to other
ferroelectric materials such as LiNbO;. Furthermore, CulnP,S, exhibits a giant
birefringence in the blue-ultraviolet regime, with a maximum |ngop — njp| ~
1.24 att ~ 22 nm and A = 339.5 nm, which is, to the best of our knowledge, the
largest of any known material in this wavelength regime. Changes in the optical
constants of CulnP,S, are related to changes in the Cu(l) FE polarization
contribution, inducing changes in its ionic mobility, and opening the door to
electronic control of its optical response for use in photonics and electro-optics.
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As a result of the increasing need for
highly efficient, tunable, and high-speed
electro-optic  devices in modern-day
telecommunications,['?l  sensing?®l and
quantum technologies,!* there has been
a surge of interest in 2D FEs. They have
shown non-linear and tunable optical and
electronic properties®”! with the potential
to surpass contemporary 3D ferroelectric
electro-optic  platforms like LiNbO;.[2!
For instance, materials with large bire-
fringence, particularly within the visible-
ultraviolet range, are essential for light
polarization manipulation,®% ultraviolet
communications,'!l and lithography,[1213]
making them highly desired in the fields
of photonics and integrated electro-optics.
Typical platforms either suffer from low
optical anisotropy,[**¢! high losses!'’! or
integration and stability concerns.['%° 2D
FEs, due to their crystalline anisotropy and
non-linear behaviors, present themselves as attractive new plat-
forms in these fields.

Amongst the 2D FEs that have garnered significant attention,
CulnP,S, (CIPS) stands out due to its moderate band gap E,
~ 2.8 eV,[2922] robust ferrielectricity at room temperature (T, ~
315 K) even to the ultra-thin limit,[2*2% and remarkable ionic
conductivity.?”-8) This has led to observations of pyroelectricity
down to the thin limit,?%! giant negative piezoelectricity,[*! en-
hanced bulk photovoltaic effect,?") and more.3'*] Hence, CIPS
is actively being investigated for its potential in varying fields,
including nanoelectronics,**! photonics,¢! electro-optics,*”) and
others.[38-#]

The driving force behind the technologically relevant behav-
iors of CIPS are its Cu(I) cations, which contribute significantly to
both its ferrielectricity and ionic conductivity.[2>#>*] The crystal
structure of CIPS (Figure 1a) is built from planar layers of filled
sulfur octahedra, where the central voids are occupied by either
P-P dimers, In(IlI) cations, or Cu(I) cations. At T > T, the Cu(I)
ions are spatially disordered, giving rise to a paraelectric ionic
conducting state. At room temperature, CIPS exists in a ferrielec-
tric ionic conductive state due to a second-order Jahn-Teller dis-
tortion, where the Cu(I) cations partially occupy three positions:
within the sulfur framework at a quasi-trigonal site, at an octahe-
dral site, and within the van der Waals gap in a quasi-tetrahedral
site. Consequently, In(III) cations displace in the opposite

© 2025 The Author(s). Advanced Optical Materials published by Wiley-VCH GmbH
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Figure 1. Experimental methodology cycle. a) Side-view of the thickness-induced structural transition in CIPS from monoclinic Ccl#° to trigonal P3,c.14%]
Here, t is the thickness of the CIPS flake and t, is the critical thickness at which the phase transformation occurs. The orange arrows indicate the in-plane

(Pyp) and out-of-plane (T’OOP) polarizations. For t > t,, the total polarization is Py = P;p + ﬁoop- Fort<t, Py = T’OOP. b) Schematic of the spectroscopic
ellipsometry measurements performed on CIPS, where 6y is the incident angle, 8, is the refracted angle of light in CIPS, and 6, is the refracted angle
of light in the substrate. The refractive index of light in air, CIPS, and SiO, is denoted as ng, ny, and n,, respectively. c) Collection of all the normalized
Raman spectra of CIPS from bulk to t ~ 22 nm. Black lines indicate peak positions of relevant vibrational modes. d) Side-view schematic of the low-angle
argon beam etching procedure used to reduce the thickness of the CIPS flake. ) Optical microscope images of the CIPS flake at different thicknesses,
with the area studied by ellipsometry and Raman spectroscopy outlined in red.

direction with respect to Cu(I) cations, generating a spontaneous
and non-compensated out-of-plane (OOP) polarization.[2*#]
The Cu(l) cations in CIPS also displace within the plane,
generating a thickness-dependent in-plane (IP) polarization./*>4¢]
Below critical thickness t, (reported to be at t ~ 90 nm(*)), a
structural phase transition occurs, where the molecular layers of
CIPS slide along the @ direction, changing the crystal symme-
try from monoclinic Cc to trigonal P3¢ (Figure 1a), and caus-
ing the IP polarization to disappear while preserving the OOP
polarization.[**’] Other thickness-dependent behaviors in CIPS
have been observed, including an increase of the electrocaloric ef-

Adv. Optical Mater. 2025, 13, 02291 e02291 (2 0f11)

fectat t ~ 169 nm,** an abrupt decrease of the piezoelectric coef-
ficient dy; at £ < 40 nm,3°] and an enhancement of the bulk photo-
voltaic effect at t < 80 nm,**) among others.[3233384748] However,
as yet, the optical properties of CIPS and their anisotropies have
not been thoroughly investigated as a function of thickness. Of
particular interest are its refractive index n, extinction coefficient
k, and dielectric function € = €, + i¢,, as well as its birefringence
An and dichroism Ax.

Here we investigate the thickness and wavelength dependen-
cies of the in-plane and out-of-plane optical constants of CIPS,
as well as its optical anisotropy, from the bulk to the thin limit
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using Variable Angle Spectroscopic Ellipsometry (VASE). We also
characterize the vibrational modes of CIPS using Raman spec-
troscopy. We observe an anomalous change in optical constants
as a function of thickness as large as 6n ~ 23.2% and within t €
[22, 170) nm, which we attribute to changes in the polarization
of CIPS stemming from the Cu(I) component and, potentially,
its ion mobility. Moreover, we also show that CIPS exhibits giant
intrinsic birefringence |An| = |noop — nyp| for the entire range
of wavelengths studied 4 € [210.6, 1688.3] nm, with a maximum
|An| ~ 1.24 at t ~ 22 nm and A = 339.5 nm, which is, to the best
of our knowledge, the largest of any known material in the blue-
ultraviolet regime. Both discoveries, the anomalous change of re-
fractive index with thickness and the giant birefringence in CIPS,
reveal thickness as a new tuning parameter and lay the ground-
work for 2D ferroelectrics to be used as non-linear and tunable
platforms for electro-optical control, even far from the ultra-thin
limit and in a broad spectral range.

2. Results

To investigate the thickness and wavelength-dependent optical
properties of CIPS, a bulk flake was exfoliated onto a SiO,/Si
substrate (see Section 5 for details). The thickness and optical
constants were extracted for wavelengths A € [210.6, 1688.3] nm
using VASE, as illustrated in Figures 1b and Sla. Subsequently,
Raman spectroscopy was performed to measure the vibrational
modes of CIPS (Figure 1c), followed by a thinning of the CIPS
flake by approximately 10 nm using low-angle argon beam etch-
ing to minimize damage to the crystal structure of the flake
(Figures 1d and S1b). With this new thickness (Figure 1le), the
flake was again measured using VASE and Raman and the cycle
was repeated until reaching a thickness of t ~ 14 nm. Following
this sequence, we were able to study the effects of thickness and
wavelength on the optical constants and the vibrational spectrum
of CIPS.

Additional ferroelectric, surface, and chemical characteriza-
tion of CIPS was performed to confirm its ferroelectricity and
to validate the appropriateness of the novel etching technique
we used, by means of piezoresponse force microscopy (PFM),
atomic force microscopy (AFM), and energy dispersive X-ray
spectroscopy (EDS), respectively. In Figures S2b,c we show the
PFM amplitude and the PFM phase of a CIPS flake, proving
the existence of FE domains with opposite direction and simi-
lar amplitude, in contrast to the results for an hBN flake used as
anon-ferroelectric control experiment. Moreover, the presence in
Figure S2d of both a hysteretic loop for the PFM phase and the
butterfly-like shape loop in the PFM amplitude of CIPS, absent
in hBN, further confirms its ferroelectric nature. On the other
hand, Figure S1c presents

the AFM topography of the CIPS plateau used in this work
after hours of etching, where surface cracks denoting damage
to the plateau are absent. Similar behavior can be observed
in Figure S1d for a different CIPS flake. To further confirm
the structural integrity of CIPS after etching, Figure S3 shows
the chemical composition characterization of a CIPS flake, as-
exfoliated, after 15 min of etching, and after 60 min of etching.
Considering the reliability of EDS to measure thin flakes, no ma-
jor changes in the stoichiometry of CIPS can be observed.
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2.1. Effect of thickness on optical constants

Figures 2 and S4 present the IP and OOP refractive indices and
extinction coefficients of CIPS at different thicknesses as a func-
tion of wavelength. The IP refractive index of CIPS (Figure 2a)
peaks at 4 ~ 350 nm. As thickness decreases, the maximum re-
fractive index shifts to longer wavelengths but decreases in mag-
nitude, fromn ~ 3.6att~ 615nmand A = 345.8 nm, ton ~ 3.5 at
t~22nmand A = 353.8 nm. However, there is a crossing point at
A ~ 1320 nm (Figure S4a), where for longer wavelengths the re-
fractive index increases with decreasing thickness. Similarly, the
maximum IP extinction coefficient (Figure 2b) shifts to longer
wavelengths as thickness decreases, but displays a crossing point
at A ~ 274 nm, where the thickness dependence trend inverts. At
t ~ 615 nm and A ~ 456 nm, a kink is visible that continuously
shifts to 4 ~ 441 nm at t ~ 22 nm as thickness decreases, which
aligns well with the band gap previously reported for CIPS of E,
~ 2.8 eV (4 ~ 443 nm).[20-22]

In contrast, the OOP refractive index (Figure 2c) and extinction
coefficient (Figure 2d) exhibit completely different dependencies.
For the OOP refractive index, the local maximum of n ~ 2.8 att ~
615 nm and A = 280.5 nm continuously decreases in magnitude
as the thickness decreases. Att € [60, 83) nm the feature becomes
undetectable, and by t ~ 22 nm it has merged with the mini-
mum at shorter wavelengths already present in the bulk, with
n~2.1ati=282.1nm. Hence, around A ~ 280 nm, wavelength
at which CIPS has been reported to be a high-performance ul-
traviolet photodetector,*®! we obtain the largest change in refrac-
tive index with thickness. Simultaneously, a second peak emerges
when t € (161, 170] nm, becoming a new local maximum with a
refractive index of n ~ 2.4 at t ~ 22 nm and 4 = 383.9 nm. Re-
garding the OOP extinction coefficient, there is a maximum in
the extinction coefficient, with k¥ ~ 0.50 at t ~ 615 nm and 4 =
269.5 nm, that decreases with thickness, flattening at ¢t € [60, 83)
nm. Concomitantly, a second peak emerges at t € (161, 170] nm,
with a maximum in the OOP extinction coefficient of k¥ ~ 0.38
att ~ 22 nm and A = 352.2 nm. The change in maxima in the
OOP extinction coefficient results in a crossing point similar to
that observed in the IP, but in this case at A = 295.0 nm.

When comparing the IP and OOP optical constants, CIPS un-
equivocally exhibits giant birefringence |An| = |nypp — nyp| > 0.3
and dichroism |Ak| = |k 50p — kjp| > 0.3, both in the bulk regime,
as previously demonstrated,®'3 and most strongly in the few-
nanometer regime (Figure S5). The dichroism is locally maxi-
mized at t ~ 22 nm and A = 253.5 nm, with |Ax| ~ 1.55, while
the birefringence is maximized at t ~ 22 nm and A = 339.5 nm,
with |An| ~ 1.24. An changes sign as we decrease the wavelength
from negative to positive at A ~ 244 nm, and remains giant for
all measured thicknesses.

Figures 3 and S7 show the thickness-dependent IP and OOP
refractive index and extinction coefficients of CIPS for t € (14,
600] nm at three significant wavelengths: A = 280.0 nm (the wave-
length at which the change of refractive index with thickness in
CIPS is the largest, see Figure 2¢), A = 632.8 nm (commonly used
wavelength in optics), and 4 = 1550.0 nm (commonly used wave-
length in telecommunications). For ¢ > 170 nm, the optical con-
stants of CIPS remain constant with thickness as expected (al-
beit with an offset occurring at t ~ 390 nm). Within the thickness
range t € [22, 170) nm, an anomalous thickness dependence is

© 2025 The Author(s). Advanced Optical Materials published by Wiley-VCH GmbH
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Figure 2. Optical constants wavelength dependence of CIPS. The wavelength-dependent a) in-plane and c) out-of-plane refractive indices and b) in-plane
and d) out-of-plane extinction coefficients of CIPS at different thicknesses. The dashed lines correspond to the reported band gap value of CIPS E, ~

2.8 eV (A ~ 443 nm).[20-22]

a , b
32 T T T T T 70 2.84 Tr T T T T 0
p i i ~
ONPOPP000000 0000000000000 00000000 | 0 9
30F ! 2000 ooasese oo 280 Rt
g ) R :
2.8 | %1 - 276 | !
: ! S S \ ! <— Anomalous Regime
3 ! 040G Fom2f* !
26 1 = 1
k] A g T
£ b 5c @ £ J
1 . o 1
.g 24| q'o <«— Anomalous Regime 3 .GE) 2300 i &MW%WWW
g oo A=280.0nm s 38 4o : '
§ [ EE S
(4 R Q& Noop s 'V’A%o‘:' 1
20 1 O Kp 0.20 ﬁ 224 [
| » O
18| 1 O koo 1015 L 1
. ! P 0.15 2200, R,
-16 ! 1 1 1 1 1 0.10 216 ! 1 1 1 il ol .
0 100 200 300 400 500 600 0 100 200 300 400 500 600
Thickness (nm) Thickness (nm)
c .,
3 -
268 ——r . ; : 0.2¢
U
266 "N Nenay,
1
2.26 i < 1016 2
e “ H SEOLS LOO0OXEOSR | é
3 2241 L R
° o P
£ 20| ?ooo <«— Anomalous Regime u.12 §
[ 010 ©
2 d 40.10
§220p & 2= 1550.0 nm 8
& 218—00&0: e %
o t <& Noop U.Uo .E
216 F 1 Kip s
1
214l | O Koop 000
> y 0.02
212 & o e ReTeeRe. —— 0.00
0 100 200 300 400 500 600

Figure 3. Optical constants thickness dependence of CIPS. In-plane and out-of-plane thickness dependence refractive index and extinction coefficient of

Thickness (nm)

0.02

0.00

Extinction coefficient x

CIPS at three significant wavelengths: a) 4 =280.0 nm, b) A =632.8 nm, and c) 4 = 1550.0 nm. The orange shaded area corresponds to the anomalous
thickness regime t € [22, 170) nm. The dashed line at t, ~ 90 nm corresponds to the thickness of CIPS below which the IP polarizations disappears

according to ref. [45].

Adv. Optical Mater. 2025, 13, 02291

02291 (4 of 11)

© 2025 The Author(s). Advanced Optical Materials published by Wiley-VCH GmbH

85U80|7 SUOWIWOD 8A1Ie81D 3|cedldde aup Aq peusenob ae ssjoiie YO ‘8sn Jo se|nu oy AriqiT8uljuO A8]IM U (SUOTPUOD-pUe-SLLIBYLI0D A8 1M A1 1 BUI|UO//:SANY) SUOTIPUOD pue Swie | 81 88S *[620z/2T/cz] Uo Ariqiauliuo A(1m ‘Bed niL Aq T6220G202 WOPe/Z00T OT/10p/u0d A8 1w Arelq Ul U0 peoueApe; /Sy WOy papeojumod ‘SE ‘SZ0Z ‘TL0TS6TZ


http://www.advancedsciencenews.com
http://www.advopticalmat.de

ADVANCED
SCIENCE NEWS

ADVANCED
OPTICAL
MATERIALS

www.advancedsciencenews.com

observed for both the IP and OOP optical constants, together with
alarge change in refractive index with thickness. Lastly, below t ~
22 nm we encounter the thin limit, where finite size effects play a
pivotal role in the material’s properties and immense changes in
the optical constants of CIPS are observed, a phenomenon also
reported for various 2D and 3D materials.>% Considering that
the electro-optic coefficient of bulk CIPSI®! is comparable to typi-
cal 3D materials like LiNDO, 23] CIPS flakes within the anoma-
lous thickness regime are a promising platform for large electro-
optic modulation.

For the range of wavelengths studied and within the anoma-
lous regime, CIPS exhibits a thickness-dependent change in the
OOP refractive as large as 23.2% at 4 = 280.0 nm (Table S1).
However, in the thickness range t € [22, 50] nm, the optical con-
stants of CIPS show a different trend compared to the rest of the
anomalous regime. This change in habit could signify either a
gradual leveling-off of the thickness-dependent effect or a change
in mechanism for the behavior. Another sudden change is also
observed for all optical constants, regardless of wavelength or di-
rection, around t ~ 90 nm, coinciding with the critical thickness
t. reported in ref. [45], below which the IP polarization ceases
to exist. Considering that the refractive index of a FE is coupled
to its polarization,!%%] the rapid change in optical constants ob-
served at t ~ 90 nm may be explained by the IP polarization loss
in CIPS. Nevertheless, the anomalous behavior above and below
t ~ 90 nm cannot be explained by this. To attempt to better un-
derstand the relationship between the crystal structure of CIPS
and its anomalous optical regime, we also carried out thickness-
dependent Raman measurements.

2.2. Thickness-dependent Raman spectroscopy

The Raman-active vibrational modes of CIPS were investigated
between [100, 400] cm™! using Raman spectroscopy for thick-
nesses t € [22, 202] nm. Figure 4a shows the normalized Ra-
man spectrum of bulk CIPS, in good agreement with previous
reports.[6166-691 Ag seen in Figure 1c, the absence of extra peaks
as the CIPS flake is thinned from bulk to the few nanometer
regime confirms that argon beam etching does not cause signif-
icant damage to the crystal structure of CIPS.”"l Furthermore,
there are no signatures to indicate the formation of In,;P,S,
through Cu(l) deficiencies, which would lead to a different Ra-
man fingerprint than observed for CIPS.[%]

Figures 4b-e present the thickness-dependent peak positions
of four vibrational modes: Cu*, S-P-P, S-P-S, and P-P. More peak
positions are included in Figure S9. Despite the presence of a
few outliers, a clear shift in peak position is observed at t €
[60, 71] nm for the P-P, S-P-S and S-P-P, while the shift for the
Cu* peak can be found at ¢t € [71, 83] nm. In both cases, the
shift is sharp, distinctive of a first-order phase transition.”%! For
the case of the Cu* peak (Figure 4b), the shift in peak position
with thickness agrees reasonably well with the shift reported in
ref. [32].

The shift in position of the P-P, S-P-P and S-P-S vibrational
modes at ¢t € [60, 71] nm might relate to the thickness-induced
structural transition of CIPS. In Figures 2c-d, we observed shifts
in the trends below t ~ 60 nm, which may have been induced
by this transition, potentially in parallel with other phenomena.
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Furthermore, the shift in position of the Cu™ peak at t € [71, 83]
nm may relate to changes in Cu(I) occupancy within its possi-
ble three positions. In ref. [71] it was shown that the broad peak
at T = 300 K evolves into three peaks at T = 78 K. Analogously,
we observed that while maintaining room-temperature condi-
tions but decreasing thickness, the Cut peak’s width increases
(Figure S9a), implying an increase in Cu(l) disorder!”"! linked to
a change in Cu(I) occupancies, hence a change in Cu(I) polariza-
tion. Therefore, from the Raman data we believe that a change in
the polarization of CIPS takes place prior to its thickness-induced
structural transition, which may explain the anomaly CIPS ex-
hibits in the thickness-dependent optical constants at £ ~ 90 nm.
We have corroborated the thickness-induced phase transfor-
mation in CIPS, and we have demonstrated that changes in the
polarization of CIPS may already occur above its critical thickness
t. € [60, 71] nm, impacting its optical constants (sudden change
in refractive index and extinction coefficient at t ~ 90 nm). In or-
der to determine the origin of the anomalous thickness regime
in CIPS, we now proceed to compare the thickness-dependent
refractive index of CIPS to commonly used dielectrics and FEs.

2.3. Comparison of thickness-dependent effects

To better understand the uniqueness of the anomalous thickness-
dependent optical constants in CIPS, and as control experiments,
we performed thickness-dependent VASE studies on two widely
used materials, LINbO; and SiO, (Figure S10). Figures 5a and
S11 show the ratio between the refractive index at a certain
thickness n, and the refractive index at the maximum thick-
ness value ng,;, for different materials as a function of thick-
ness. The refractive index of dielectric materials (e.g. SiO,, Ta, O;)
remains constant as thickness decreases (n,/ng,; ~ 1) until
the few-nanometer limit, where abrupt changes are expected
and observed due to finite size effects. However, materials with
ferroelectric nature, like 2D ferrielectric CIPS (this work), as
well as 3D ferroelectric LiINbO; (this work) and 3D multiferroic
Bi,FeCrO,,*! show modulation of its refractive index as a func-
tion of thickness, indicating that the anomalous behavior ob-
served in CIPS may be generalizable to other ferroelectrics, but to
alesser extent. To the best of our knowledge, both the anomalous
refractive index thickness dependence of CIPS, and its extension
to other ferroelectrics have not been reported prior to this work,
presenting a new tuning parameter for control.

Figure 5b shows the intrinsic birefringence |An| = [nop — 1p|
of CIPS att ~ 22 nm as a function of wavelength compared to var-
ious contemporary birefringent materials. Notably, the birefrin-
gence of CIPS, particularly in the blue-ultraviolet range, outper-
forms typically used 3D materials (quartz, calcite,['>72] rutile, ']
and others!”374) as well as other low-dimension materials (2D:
hBN,[”! transition metal dichalcogenides,”*””] and others;!73-8]
quasi-1D: BaTiS;;®! and 0D: [(p-CsHsNO),ZnCL]#%), intrinsi-
cally, without the benefit of metasurface engineering.®*!

3. Discussion

To address the origin of the observed anomalous thickness-
dependent change in the optical constants of CIPS for t € [22,
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Figure 4. Raman spectrum thickness dependence of CIPS. a) Bulk normalized Raman spectrum of CIPS in the range of Raman shifts w € [100, 400]
cm™~", with the vibrational modes of CIPS ascribed to their respective peaks: @ ~ 102.5 cm™!, @ ~ 114.5 cm™! — PZSE“, w~162cm™! = S-P-P, w ~
216 cm™!, 0 ~ 2385 cm™!, 0 ~ 264 cm™' - S-P-S, @ ~ 311 cm~! — Cu*, and @ ~ 375 cm™! = P-P. In bold, the Raman shifts (vibrational modes)
emphasized in this thickness-dependence study: b) @(t) ~311cm~! = Cu™, ¢) w(t) ~ 375 cm™' — P-P, d) w(t) ~ 162 cm~! — S-P-P, and e) w(t) ~ 264
cm™! — S-P-S. The shaded area corresponds to the anomalous thickness regime of CIPS ¢ € [22, 170) nm. The dashed line at t ~ 90 nm corresponds to
the thickness below which the IP polarizations of CIPS disappears according to ref. [45]. The red lines correspond to data fitting using the error function.

170] nm, we briefly discuss five possible extrinsic and intrin-
sic mechanisms: substrate-induced strain, laser-induced heating,
resonance between FE domain size and flake thickness, depolar-
ization, and finally ferro-ionic effects.

Selhorst et al.[”] observed an increase in Raman peak frequen-
cies for t < 50 nm CIPS flakes, which they attribute to substrate-
induced strain. If the origin of our observed Raman shifts is
substrate-induced strain, as the thickness of the flake decreases,
the strain suffered by the flake would increase,!®*) necessitating a
continuous change of the Raman peak frequencies with thick-
ness, similar to what Selhorst et al. observe in the ultra-thin

Adv. Optical Mater. 2025, 13, 02291 e02291 (6 Of11)

regime. Yet, we do not observe such behavior and given the lack of
additional strain sources, substrate-induced effects appear to be
insufficient to account for the observed trends, in agreement with
the thickness-dependence Raman results reported in ref. [32].
Another possible origin for the observed shifts in the vibra-
tional modes of CIPS could be laser-induced heating during Ra-
man measurements. In the work from Dey,/*®! non-negligible
shifts in Raman peaks were observed using a laser power of 20
mW. Anticipating this issue, we used a much lower power of
0.5 mW. Additionally, if our irradiation power was too large, we
would expect the shift of the different vibrational modes to move

© 2025 The Author(s). Advanced Optical Materials published by Wiley-VCH GmbH
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Figure 5. Optical properties for various materials. a) Refractive index thickness dependence comparison between this work’s materials (IP and OOP
CIPS, LiNbO; and SiO,) and other materials in the literature (SiO,,1°%] Ta,Og,[58] and Bi, FeCrO4[>%)). n, /ng, represents the ratio between the refractive
index at a certain thickness (n,) and the refractive index at the maximum thickness (ng,). The shaded area corresponds to the anomalous thickness
regime of CIPS t € [22, 170) nm. The dashed and the dotted lines show linear fittings of the CIPS and LiNbO; data, respectively. The inset shows the
raw refractive index thickness dependencies. b) Birefringence |An| = [ngop — njp| comparison between CIPS at t ~ 22 nm and other materials in the
literature: hBN,[7%] BaTiS;,181] MoS,,[76] MoTe,, MoSe,, WS,, WSe,,[’”] quartz, calcite,[’®] rutile,l*] LiNbO,,[73] and KNbO;.I74] The dashed line sets
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ranges, respectively.

to lower frequencies continuously with thickness, rather than the
sudden step-like shift observed in Figures 4b-e, making it un-
likely for laser heating to account for our observations.

Beyond extrinsic mechanisms and regarding the thickness-
dependent optical results of this work, we do not attribute the
anomalous regime at ¢t € [22, 170) nm to arise from FE domain
formation of size similar to the thickness of the CIPS flake. In ref.
[85] it was shown that the FE domains in CIPS follow a Landau-
Lifshitz-Kittel law within the thickness range ¢ € (10, 130) nm,
where W ~ t", with W being the characteristic size of the FE do-
mains, t the thickness of the flake, and m = 0.65, meaning that
the FE domains in CIPS would be much smaller than the thick-
ness of the crystal.

Finally, as we think the CIPS flake, we consider the
depolarization field as a continuous source of polarization
change with thickness,®%#] which would lead to continu-
ous changes in the optical constants. However, the anoma-
lous optical response observed in this work starts at a thick-
ness t ~ 170 nm; atypically high to be related to depo-
larization effects.!®] Moreover, if depolarization was respon-
sible for such an effect, we would expect 3D FE materi-
als to show a more pronounced change in optical constants

Adv. Optical Mater. 2025, 13, €02291 e02291 (7 0f11)

than 2D FE, as van der Waals FEs are more robust against
depolarization.[®! Therefore, it is unlikely that depolarization
fields explain the magnitude or the onset of the optical anomaly
in CIPS, motivating us to explore alternative intrinsic mecha-
nisms.

Our work points towards a more compelling explanation, in-
volving the interplay between light and ferroelectric polarization.
We suggest that the anomalous light-matter interaction may be
influenced, or even mediated, by itinerant ionic charge carriers
within the crystal structure, an effect largely enhanced in the
case of CIPS, compared to LiNbO, and Bi,FeCrO;, due to its
distinct crystal structure. Ionic mobility is widely known within
CIPS,12342518] 1iNDO,!*l and Bi,FeCrO,.°!! The ionic conduc-
tivity activation energy in bulk CIPS is reported to be 1.16 eV per-
pendicular to the layers and 0.55 eV parallel to the layers in the
ferrielectric phase.>!l On the other hand, the activation energy
in bulk LiNbO, and Bi,FeCrOy is reported to be 1.350°%] and 0.77
eV, respectively. The values for these two 3D systems are lower
than the activation energy for CIPS, especially for the ionic con-
duction parallel to the layers, which would explain the differences
in the magnitude of the change in refractive index with thickness
observed in Figure 5a.
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Furthermore, such anomalous interplay would be especially
significant in CIPS, known to be a ferro-ionic material, where
both ferroelectric polarization and ionic conduction are intrin-
sically coupled through the Cu(l) spatial instability.[?**>*4] Due
to the strong electrostatic interaction between ferroelectric and
ionic defect dipoles in CIPS, its polarization switching kinetics is
known to be ionic-conduction-limited,**! and when driven by an
in-plane electric field, the movement of Cu(I) cations can induce
out-of-plane polarization switching.[*}! Moreover, in sister com-
pound CuCrP, S, it was recently shown that Cu(I) cation motion
(via external field) can tune the refractive index.’" Thus, a change
in the ion mobility of CIPS while decreasing thickness, through
a change in the Cu(I) occupancy, could lead to a change in the
Cu(I) FE polarization contribution, resulting in a change in opti-
cal constants.

It has been reported that the Cu(I) population in CIPS, hence
the ion mobility, differs between the monoclinic Cc and trigonal
P3¢ phases.[*’] Consequently, below £, € [60, 71] nm, the change
in ion mobility with thickness may be caused by its structural
transition. At t € (71, 170) nm, the cause of a change in ion mo-
bility with thickness remains elusive. In Figure S12c, we com-
puted the out-of-plane refractive index wavelength dependence
of CIPS via DFT-based calculations (see Subsection 5) for two
extreme situations, a full occupancy of Cu(I) cations of the octa-
hedral site within the sulfur framework (Cu?*), and a full occu-
pancy of Cu(I) cations of the quasi-tetrahedral site within the van
der Waals gap (Cu’*), as illustrated in Figure S12a. If we qual-
itatively compare the DFT-based results with the experimental
results, and despite the bandgap underestimation of the DFT-
based calculations (Figure S12b), we observe a relative agreement
between the optical behavior within the thick regime (¢t > 170
nm)and the behavior for full occupancy of the Cu®* position.
Analogously, both the refractive index for the full occupancy of
the Cu?* location and the refractive index curves for t € (71, 170)
nm agree reasonably well. The DFT-based calculations show a re-
duction in magnitude of the out-of-plane refractive index as the
Cu(I) localizes out of the van der Waals gap, increasing the occu-
pancy of the Cu?* location, in line with the results reported in ref.
[47], supporting our proposition of a change of Cu(I) occupation
and, consequently, a change in ionic mobility, while decreasing
the thickness of CIPS. Yet, more investigation, both experimental
and computational, is still needed to fully understand the mecha-
nism behind the anomalous refractive index modulation in CIPS,
but the potential that CIPS holds for electro-optical and photonic
applications is now unequivocal.

4. Conclusion

We investigated the optical properties of the 2D ferrielectric
CulnP, S, over a wide range of thicknesses and wavelengths, and
discovered a giant birefringence, maximized at |An| ~ 1.24 at
t ~ 22 nm and 4 = 339.5 nm, and the presence of an anoma-
lous change in the refractive index of CIPS with thickness in the
range t € [22, 170) nm, as large as én ~ 23.2%. To the best of
our knowledge, this is the largest intrinsic birefringence |10
— nyp| in the blue-ultraviolet regime of any known material, and
the anomalous refractive index behavior reveals a new parame-
ter to control optical response over a wide range of wavelengths
and thicknesses, making CIPS an attractive system for electro-
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optic applications. This effect is shown to be the largest in CIPS,
where both its polarization and ionic conductivity are intrinsi-
cally coupled; we ascribe changes in the optical response with
thickness to changes in the Cu(I) polarization component. How-
ever, a complete explanation of the entire anomalous thickness
regime is yet to be determined. Backed by DFT-based calcula-
tions, we propose a complex and strong thickness-dependent in-
terplay between polarization, light and ion mobility as an expla-
nation for the anomalous nature of CIPS with thickness that
we show may be extendable to other ferroelectrics, like LiNbO,,
or multiferroics, like Bi,FeCrO,, though to a lesser extent com-
pared to CIPS. Further investigation is needed to elucidate such
complex interactions, yet our work paves the way for a paradigm
shift in electro-optics and photonics based on the CIPS family of
materials.

5. Experimental Methods

Sample preparation:  The CIPS flake used in this work was mechanically
exfoliated directly from a bulk CIPS single crystal (HQ graphene) onto a Si
substrate with a thermally grown SiO, layer ~#300 nm thick (see Figure e
top left microscope image). After exfoliation, spectroscopic ellipsometry
and Raman spectroscopy measurements were performed.

Spectroscopic ellipsometry—Measurement: The optical constants and
thicknesses of the CIPS sample were measured at room temperature
using a Woollam M2000XI-210 Variable Angle Spectroscopic Ellipsome-
ter with a spectral range between 210.6 and 1688.3 nm (see Figure 1b).
Before starting each of the actual measurements, a mapping scan of
the whole flake was performed with a step size of 4.67 um to select
the cleanest and least noisy regions of the CIPS flake plateau. The ac-
tual measurements were performed at three different angles of inci-
dence: 65, 70 and 75 degrees. Focus probes were used to reduce the
beam spot size to ~300 um at 70 degrees. During the measurement,
due to the presence of a rotating compensator before the sample and
a rotating polarizer and analyzer in the ellipsometer, all elements of the
Mueller matrix with the exception of the bottom row (M41 to M44) were
measured.

Spectroscopic ellipsometry—Modelling: The ellipsometry data was
analysied using the CompleteEase software. An example of the raw ellip-
sometric spectrum and the corresponding fitting is shown in Figure S1a.
The main model is split up into two submodels, a bulk and a thin regime
model, and uses a Bruggeman effective medium approximation (EMA) be-
tween them. Both the bulk and thin regime models were established using
a multi-sample analysis, which enabled simultaneous fitting of different
measurements. In this way, the quality of the model increases, as it needs
to fit more varied data. Both models start off with a Cauchy-Urbach model
to explain the dispersive regions of the spectrum. The Cauchy-Urbach is
subsequently fed into a basis spline function with a node distance of 0.5 eV.
To make this raw mathematical model physical, a combination of a Cody—
Lorentz oscillator and a Gaussian oscillator was built. The same process
was followed for the in-plane and out-of-plane axes. Finally, the thin and
bulk models were combined with the Bruggeman EMA model. Note that
both Maxwell-Garnet and Bruggeman approaches yielded nearly identical
outcomes between thickness and refractive index. Considering the prop-
erties of CIPS, the most appropriate choice was chosen to be the Brugge-
man approximation.

Besides the main model, certain imperfections were also taken into ac-
count. A roughness model (consisting of a Bruggeman EMA of 50% air
and 50% the current model), a thickness non-uniformity depolarization
fit and bandwidth error of the two spectrum analyzers (using a Gaussian
overlap function between the 5 nm bandwidth visible-UV and 10 nm band-
width IR spectrum analyzers) were used.

Other models were also tested as a part of the investigation. How-
ever, the most obvious other options (such as graded models) did not
yield better fitting results. Therefore, it implies that, in fact, the optical
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properties of CIPS actually change with thickness. It should also be noted
that the mean square error between fit and model (MSE) was best mini-
mized using anisotropic models and showed improvement in MSE in all
cases tested, as expected with van der Waals materials.!”’]

Lastly, it has been reported that CIPS also exhibits a small but non-
negligible in-plane optical anisotropy An = n, — n, = 0.0149.16] Neverthe-
less, including trirefringence instead of birefringence did not considerably
improve the model, as it is less sensitive to in-plane birefringence. Thus,
in-plane optical anisotropy was not considered in this work.

Raman spectroscopy—Measurement:  For the bulk flake and the last 20
etches (t € [22, 202] nm), Raman spectroscopy measurements were in-
cluded in the measurement cycle, as shown in Figure 1c. A Renishaw Invia
Reflex Raman microscope was used at room temperature. Before every
measurement, a Si reference substrate was measured to calibrate the in-
strument. Each spectrum was obtained with an excitation wavelength of
488 nm, a grating of 3000 lines per mm, a power of 0.50 mW, 10 accu-
mulations, 10 s acquisition time, and a 50x objective. The spot size of the
Raman microscope used is 1.5 um. For each thickness, a Raman line scan
with a step size of 1 um was performed across the same homogeneous
region of the CIPS flake, obtaining >10 Raman spectra respectively.

Raman spectroscopy—Data analysis:  The >10 spectra were averaged
and normalized to the ~#375 cm™! peak (most intense peak). Peaks were
found using OriginPRO 2024 Find Peaks tool. First, we set a user defined
baseline using 8 anchor points. Then, the baseline was fitted using a linear
function (an exponential decay fitted baseline was also tried but results
did not change significantly). Finally, peaks were found via local maximum
method, using 2—4 local points and a peak filtering by height from 2 to
10%, depending on the noisiness of the data.

Argon beam etching:  Once the CIPS flake was characterized via ellip-
sometric and Raman spectroscopies, the sample was dry-etched under a
4 degree sheering angle and a 10 rpm stage rotation with a SCIA Mill150
argon beam etcher, using a beam voltage of 200 V and an acceleration
beam voltage of 100 V, as illustrated in Figure 1d. In this etcher, the ac-
celerated Ar ions are neutralized before hitting the sample using electrons
produced by a filament under vacuum, with a filament current of 250 mA.
All the parameters of the argon beam etcher were not changed during the
entirety of this work, independently of the material etched (CIPS, LiNbO,
and SiO,) except for the etching time, obtaining a constant etch rate, as
shown in Figure S1b for the the etching of CIPS.

Atomic Force Microscopy: The topography of the CIPS flake used in this
work was measured at room temperature and in a controlled environment
inside a glovebox with O, and H, O concentrations below 0.5 ppm using a
FlexAFM (Nanosurf). The measurement was performed in tapping mode
using a HQ:NSC15/Al BS (MikroMasch) tip.

Atomic Force Microscopy—Piezoresponse force microscopy: The ferro-
electric properties of both CIPS and hBN were studied in contact mode
using a 12Pt300B (Rocky Mountain Nanotechnology) tip. The measure-
ments for the CIPS flakes were performed in single-frequency mode, with
a frequency of 14 kHz (off-resonance) and 6 kHz bandwidth, with an ex-
citation amplitude of 500 mV, 0 V tip voltage, and 300 mV setpoint. The
measurements for the hBN flakes were also performed in single-frequency
mode, but with a frequency of 10 kHz (off-resonance) and 6 kHz band-
width, with an excitation amplitude of 1000 mV, 0 V tip voltage, and 50 mV
setpoint. Both the CIPS and hBN flakes were previously exfoliated onto a
50 nm Au| 300 nm SiO,| Si substrate.

Energy dispersive X-ray spectroscopy: The elemental analysis character-
ization of CIPS before and after argon beam etching was performed in a
Nova NanoSEM 450 (FEI) equipped with an EDAX Ametek detector, with
an acceleration voltage of 10 kV and an angle of 30°. The flakes were pre-
viously exfoliated onto a 50 nm Cr| 300 nm SiO,| Si substrate.

DFT-based calculations of the refractive index: The refractive index
n(A) was obtained from the random phase approximation (RPA) dielec-
tric function as implemented in the Vienna Ab initio Simulation Pack-
age (VASP).I%97] We employed the projector augmented-wave (PAW)
basisl®®] together with the Perdew—Burke-Ernzerhof (PBE) exchange—
correlation functional.[®] Calculations were performed for the experimen-
tal crystal structure of CulnP,Sg (CIPS) in its minimal bulk unit cell con-
taining 20 atoms. To model different local environments, the Cu position
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was adjusted manually while keeping the lattice constants fixed at a =
6.09560, b = 10.56450, ¢ = 13.62300, « = 90.0000, # = 107.1010, and y
=90.0000. Two configurations were considered, corresponding to the Cu
atom being displaced either further inside or further outside the van der
Waals gap. The Brillouin zone was sampled using 5 X 5 X 6 k- and q-point
meshes, with a total of 128 bands included in the calculation. Gaussian
smearing of 50 meV was applied. The retarded dielectric function was eval-
uated on a frequency grid ranging from 0 to 10 eV in steps of 0.1 eV, using
a complex broadening parameter of 50 meV. The RPA formalism in VASP
was employed as described in ref. [100].
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Supporting Information is available from the Wiley Online Library or from
the author.
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