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The bulk photovoltaic effect (BPVE) in ferroelectric materials has attracted much attention due to its
above-band-gap photovoltage and switchable photoresponse. However, the exact correlation between the
photocurrent and spontaneous polarization remains unclear. Here, we report an anomalous reversal of the
photocurrent, even for the same polarization direction, in van der Waals (vdW) ferroelectric CulnP,Se
(CIPS). Careful analysis reveals that the relocation of Cu ions into the vdW gap upon thickness reduction
causes the current reversal, even though it does not change the polarization direction. By combining the-
oretical and experimental studies, we show clearly the decoupling of the BPVE photocurrent and electric
polarization. This discovery significantly improves our understanding of the BPVE and demonstrates yet
another example of the lattice dimensionality effect in vdW ferroelectrics.
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I. INTRODUCTION

The bulk photovoltaic effect (BPVE) is a second-order
nonlinear optical effect that appears in crystals with bro-
ken inversion symmetry [1]. It was discovered more than
half a century ago [2,3] and gained renewed interest in the
past decade because of its above-band-gap photovoltage
and potential to break the Shockley-Queisser limit [4,5].
Though not a necessary condition for the BPVE, the large
reversable spontaneous polarizations of ferroelectric mate-
rials render them ideal platforms for investigating the fun-
damental physics and potential applications of the BPVE
[6,7]. Advances in bandgap engineering and the discov-
ery of other related phenomena, e.g., the flexophotovoltaic
effect, further enrich the field [8—13].

It is now generally agreed that the BPVE arises due
to the asymmetric shift of electron wave packets in real
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space upon interband excitation by photons [14—17]. The
shift vector, which describes the direction and magnitude
of electron movement, is determined by the difference
in the Berry connection of the Bloch wave functions of
the two corresponding bands and only has a nonzero
value in noncentrosymmetric systems. Since the polar
axis represents the most asymmetric direction in a ferro-
electric material, one may expect the photocurrent to be
the largest along the polar axis and to follow a univer-
sal direction with respect to polarization. This, however,
is not the case experimentally. For example, Nadupalli
et al. reported that the bulk photocurrent was opposite
to polarization in Fe-doped LiNbOj; [18], while Abdel-
samie et al. observed a photocurrent in the same direc-
tion as the polarization in BiFeOs [19]. Furthermore, the
shift vector may not even be along the polar axis [20].
Wang et al. predicted that the shift current could be
reversed due to ion displacement within a uniform polar
state in the perovskite ferroelectrics [21], but there has
been no experimental confirmation. Deciphering the cor-
relation between the electron shift vector upon photon
excitation and spontaneous polarization is essential for
the design of ferroelectric-based optoelectronic devices.
But the limited options for ion displacements in con-
ventional ferroelectrics make the study very challenging,
even though much effort has been devoted to the topic
[21,22].
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Recent developments in two-dimensional (2D) van der
Waals (vdW) ferroelectrics [23] have sparked another
wave of interest in the BPVE for multiple reasons. First
of all, since the shift vector is related to the Berry curva-
ture of Bloch bands, it is suggested that the BPVE can be
enhanced in vdW Weyl semimetals (WSMs). For example,
a large circularly polarized photogalvanic effect (CPGE)
was observed in TalrTe4 recently; this is a type-II WSM
[24]. Furthermore, it was predicted that the topological
quantum Berry curvature of WSMs could host a quan-
tized CPGE signal [25,26]. Second, from an engineering
point of view, the high flexibility of vdW materials sup-
ports the flexophotovoltaic effect [12,13], an opportunity to
be explored in future flexible electronic devices. Recently,
a significant enhancement of the photocurrent by 2 orders
of magnitude was reported in CulnP,S¢ (CIPS) [27], pre-
senting a promising route to surpass the Shockley-Queisser
limit.

Here, we explore another unique feature of CIPS, i.e.,
the multiple stable locations of Cu ions within and out-
side of the vdW layer [28], to investigate the correlation
between the shift current and spontaneous polarization.
Surprisingly, besides a 6 times increase in the photocur-
rent amplitude, an anomalous photocurrent reversal occurs
even for the same polarization direction when the CIPS
thickness is reduced. Detailed analysis reveals that the spa-
tial instability and relocation of Cu ions in CIPS due to its
layered structure are responsible for this anomalous behav-
ior, in agreement with first-principles calculations based on
density functional theory (DFT). This is the first experi-
mental evidence of the decoupling of electric polarization
from the photocurrent direction in a uniform system, which
significantly improves our understanding of the BPVE.

II. RESULT

A. Ferroelectric property of CIPS and the
thickness-dependent phase transition

Bulk CIPS is a vdW ferroelectric material (7. ~ 315 K)
with a monoclinic structure (space group Cc). Each layer
consists of an S framework with Cu, In, and P-P pairs
filling the S octahedra alternatingly [Fig. 1(a)]. Due to
the second-order Jahn-Teller effect, monovalent Cu ions
tend to move away from the centers of the octahedra [28],
leading to spontaneous polarization below about 315 K.
Furthermore, it has been shown that Cu ions exist in mul-
tiple stable positions in the ferroelectric phase, which is
related to the coupling between the Cu 4s and S sp orbitals
across the vdW gap [29,30]. The four possible Cu sites are
labeled Cul, Cu2, Cu3, and Cu4, as shown in Fig. 1(a).
Among them, Cu2 and Cu3 are located within the layer,
while Cul and Cu4 are located on the vdW gap side of the
S plane. The different locations of Cu ions (inside versus
outside of the layer) lead to multiple spontaneous polariza-
tions (low and high polarization states) [31] and different

longitudinal piezoelectric coefficients (ds3) [31,32]. Thus,
the question naturally arises of how the shift current of
CIPS would be affected by the different site occupancy of
Cu ions.

To investigate the BPVE of CIPS, single crystals were
grown using the chemical vapor transport method. X-ray
diffraction (XRD) and Raman spectroscopy confirm the
high quality of the crystals [Figs. S1(a)-S1(c) within
the Supplemental Material [37]]. The UV-vis spectrum
reveals a bandgap of 2.68 eV (~463 nm) at room temper-
ature [Fig. S1(d) within the Supplemental Material [37]],
consistent with a previous report [33]. As-grown CIPS
crystals of 10—15 pum thick were sandwiched between bot-
tom (20-nm Au) and top electrodes (20-nm Au) for elec-
trical and optoelectrical measurements. The spontaneous
polarization of CIPS is about 4 uC/cm? [Figs. 1(b) and
S2(a) within the Supplemental Material [37]]. The reten-
tion test shows that the polarization is stable for at least 1 h
[Fig. S2(b) within the Supplemental Material [37] ], which
is much longer than the photovoltaic measurement time.

Furthermore, to investigate the effect of multiple loca-
tions of Cu ions in CIPS due to its vdW structure, we take
advantage of a recently reported structural phase transi-
tion from Cc to P31c when its thickness is reduced [34].
We also verified the phase transition through transmission
electron microscopy (TEM) [Figs. 1(c)-1(e)]. The TEM
samples were prepared by dry transfer. Diffraction pat-
terns along the [001] zone axis were obtained for samples
of different thickness. The diffraction patterns of the thick
and thin films match the simulated patterns for the Cc and
P31c space groups [Figs. 1(c)-1(e) and Fig. S3 within the
Supplemental Material [37]], respectively, confirming a
phase transition between 150 and 200 nm [Figs. 1(c)-1(e)].
Accompanying the phase transition, there is a relative in-
plane shift of neighboring layers, and the Cu occupancy
among the possible locations is affected; this is discussed
in detail in Sec. II C.

B. Anomalous photocurrent reversal for the same
polarization direction in CIPS

For photovoltaic measurements, symmetric Au elec-
trodes were used to minimize contributions from the
interface Schottky barriers and depolarization field. The
samples were also poled into a single domain state
before measurements to eliminate effects from ferro-
electric domain walls [7]. We used a 445-nm laser as
the excitation source for all photovoltaic measurements.
If not particularly emphasized, the power density of
light was 170 mW/cm?. A detailed experimental setup
is shown in the inset of Fig. 2(e). The laser passes
through a series of optics to obtain linearly polarized
light with a continuously adjustable polarization direc-
tion and forms an angle ¢ with respect to the [010]
axis in the b-c* plane. 6 =90° corresponds to the angle
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FIG. 1. (a) Crystal structure of CIPS in the Cc space group with the four Cu sites indicated. (b) Typical polarization-electric field
hysteresis loop of a CIPS crystal (~15 pum thick) at room temperature. (c) Bright-field TEM images of CIPS films of different thick-
nesses. Red circle highlights the regions for SAED measurements. (d) Low-loss EELS spectra to estimate the thickness of the selected
regions. From left to right, 45.25, 147.05, 195.77, and 288.00 nm. (¢) SAED patterns of the selected areas.

between the electric field vector of light and the ¢  in Fig. S5 within the Supplemental Material [37]. When
axis of the sample [Fig. S4(b) within the Supplemen- the ferroelectric polarization is switched, the photocurrent
tal Material [37]]. Representative results obtained from  also reverses. By changing the angle between the light
a Au(20 nm)/CIPS(15 um)/Au(20 nm) device are shown  polarization and the spontaneous polarization of CIPS,
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FIG. 2. Anomalous thickness dependence of the photovoltaic effect of CIPS. Photovoltaic response of two representative (a),(b)
Au(20 nm)/CIPS(400 nm)/Au(20 nm) and (c),(d) Au(20 nm)/CIPS(87 nm)/Au(20 nm) devices. (€) J = (Jaown — Jup)/2 as a function
of the CIPS thickness, showing the sharp transition at around 200 nm. J gown and J, refer to the average values of photocurrents under
different light polarization when the ferroelectric polarization is downward and upward, respectively. Inset, schematic illustration of
the experimental setup used for the photovoltaic measurements. POL, Polarizer; QWP, Quarter-wave plate.
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FIG. 3.

Computed electronic structures of CIPS in Cc and P31c¢ phases. (a),(b) Crystal structures in these two phases for the down-

ward polarization state. Cu-S tetrahedron and trigonal-planar ligands are highlighted. (c),(d) Band structures, with the contributions
projected to the Cu dy, (green), Cu d,» (orange), and In s (blue) orbitals. (e),(f) Charge density differences between the VBM and
CBM. Arrows denote different excitation pathways in the two phases.

we observe sinusoidal behavior [Fig. S5(b) within the
Supplemental Material [37] ], which is the signature of the
BPVE. By changing the angle ¢ and fitting the photocur-
rent curves following the BPVE model, we can obtain the

BPVE coefficients (831, B32, B33, B3s) of CIPS (Fig. S6

within the Supplemental Material [37]), which are given
in the Methods section within the Supplemental Material
[37].

The photovoltaic behaviors of thin-film devices with
CIPS thicknesses ranging between 20 and 400 nm were
subsequently tested with ¢ kept at 30°. Interestingly,
when the thickness of CIPS is greater than 200 nm, the
BPVE is essentially the same as that of the bulk material
[Figs. 2(a) and 2(b)]. However, when the thickness of CIPS
drops below 200 nm, the direction of the photocurrent
for the same polarization direction reverses completely
[Figs. 2(c) and 2(d)]. In other words, the direction of the
photocurrent changes from being opposite to the ferroelec-
tric polarization direction to being in the same direction
as the polarization. In addition, even though the photocur-
rents of different CIPS thin films are rather scattered, on
average, they are about 6 times larger than that of the
bulk [Fig. 2(e)], consistent with a previous report [27].
However, the sudden reversal of the photocurrent upon
reducing the CIPS thickness has not been reported before.

C. Modeling and theoretical calculations

Why would the photocurrent direction reverse for the
same polarization direction? To answer this question, we
need to look at the atomic details of the two structures.
Previous studies revealed that Cu in CIPS had four possi-
ble locations, in which the interlayer locations [Cul and
Cu4 in Fig. 1(a)] were correlated with the hybridization
of the 4s orbitals of Cu and the sp orbitals of S ions in
the adjacent layer. Take the downward polarization state
as an example. In this state, the Cu ions are located near
the lower S plane of the vdW layer. In the bulk Cc phase,
the Cu ions are right on top of the S ions of the adjacent
layer. Cu and the four surrounding S ions form a CuS,
tetragonal ligand [Fig. 3(a)], and the Cul and Cu4 posi-
tions are metastable, causing some Cu ions to move into
the vdW gap between two layers. When CIPS changes
from the Cc phase to the P31c phase, there is an in-plane
shift between adjacent layers, causing the Cu ions at the
upper layer to move sideways with respect to the S ions
of the lower layer. CuS; trigonal-planar ligands, instead
of CuS,, are formed, resulting in most Cu ions moving
into the Cu2 and Cu3 sites within the layer [Fig. 3(b)].
This is confirmed by DFT calculations (Fig. S8 within the
Supplemental Material [37]). Note that such relocations of
Cu ions do not flip the ferroelectric polarization because
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all these sites are around the same (lower) S plane of the
layer.

The changes in microstructure across the phase transi-
tion, especially the subtle displacement of Cu ions, can
affect the electronic structure of CIPS and eventually lead
to the reversal of photocurrent. Specifically, the valence-
band maximum (VBM) of CIPS is mainly composed of the
3d orbitals of Cu ions at the I point, while the conduction-
band minimum (CBM) is contributed to by the 5s orbitals
of In and the 3p orbitals of S ions. Comparing Figs. 3(c)
and 3(d), one can find that there is a significant out-of-
plane Cu d,> orbital contribution to the VBM in the Cc
phase, which is highly suppressed in the P31c phase, leav-
ing only the in-plane Cu d,,, component. The change in the
VBM component leads to a different electron distribution
in real space. Figures 3(e) and 3(f) display the charge den-
sity difference between the CBM and the VBM, revealing
distinct electron transfer pathways between the two phases
during optical excitation. In the P31c phase, electron exci-
tation occurs from Cu to In through the three S ions within
the same layer. As depicted by the blue-colored electron
cloud on the left of Fig. 3(f), this leads to electron loss by
a Cu ion predominantly confined within the x-y plane. On
the other hand, due to the existence of a Cu—S bond along
the z direction in the Cc phase, the electron loss cloud
for the Cu ion exhibits notable deformations and out-of-
plane components. Since the shift current associated with
the BPVE originates from the change in the center of mass
when electrons are excited from the VBM to the CBM
[1,12,16,22,35], the difference in electron excitation chan-
nels between the two Cu ion locations eventually leads to
the reversal of the shift current direction upon the phase
transition. In other words, in the P31¢ phase, electron exci-
tation from Cu to In through the S ions within the same
layer supports a photocurrent in the 4z direction, whereas
in the Cc phase, the interlayer Cu-S-In charge transfer
(besides intralayer transfer) during excitation results in a
—z component. The computed shift current components
0.y and o, for Cu occupying sites 2 and 4 (in the Cc
phase) indeed confirm this prediction (Fig. S9 within the
Supplemental Material [37]).

This model also explains the increase in photocurrent
upon reducing the thickness of CIPS. It has been reported
that in bulk CIPS (Cc phase), the occupancy probabilities
for Cul 4 Cu4 and Cu2 + Cu3 are comparable [30]. The
shift currents of these two states are in opposite directions,
thus canceling mostly each other out. In the thin films
(P31c phase), Cu mostly occupies the Cu2 site within the
layers, leading to a much larger photocurrent.

II1. DISCUSSION

In summary, we have observed an anomalous rever-
sal of the photocurrent direction for the same polariza-
tion direction in CIPS when its thickness is reduced to

below about 200 nm; this provides clear evidence of the
decoupling between the BPVE photocurrent and electric
polarization of the system. Careful structural analysis and
first-principles calculations reveal that a structural phase
transition occurs upon reducing the thickness of CIPS.
More importantly, the occupancy of Cu ions among the
four possible locations changes between these two phases,
affecting the shifting direction of the electron mass center
in real space when electrons are excited from the VBM to
the CBM. The correlation between photocurrent direction
and bonding states significantly improves our understand-
ing of the BPVE and the shift current model, and the
discovery demonstrates yet another example of the lat-
tice dimensionality effect brought about by the layered
structure of vdW ferroelectrics.

All data needed to evaluate the conclusions in the paper
are present in the paper and/or the Supplemental Material.
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