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ABSTRACT: Ultrathin nonlayered chalcopyrite
semiconductors provide an unique platform for integrating
strong light-matter interactions, asymmetric crystal fields, and
intrinsic  defect engineering into  high-performance
optoelectronic devices. However, the device implementation
has been hindered by controlled materials synthesis and
reliable contact engineering. Herein, we demonstrate a
molecular sieve-assisted chemical vapor deposition (CVD)
strategy for the bottom-up growth of highly-crystalline two-
dimensional (2D) CulnSe, flakes with well-defined (112)
facet orientation and periodic Cu vacancy ordering.
Comprehensive structural and spectroscopic characteriz-
ations reveal that the ordered cation sublattice breaks
inversion symmetry, producing spontaneous in-plane
polarization that can be electrically modulated via Cu* ion
migration. Coupled with a selected Au/CulnSe, Schottky
contact, the intrinsic p-type conduction of 2D CulnSe, is

637 nm

480 pA

verified, and the combined effects of polarization and junction fields enable efficient photocarrier separation and extraction
under zero bias. The resulting self-powered photodetectors exhibit broadband operation across 450-1064 nm, with high
responsivity of 0.6 A/W, detectivity of 2.97 x 10" Jones, and external quantum efficiency of 119% under 637 nm
illumination. Furthermore, the devices deliver a peak power conversion efficiency of 10.4% and a rapid photoresponse time
of 86—-103 ms. These results establish 2D chalcopyrite semiconductors as a versatile platform for next-generation energy-

efficient optoelectronic technologies.

KEYWORDS: two-dimensional (2D) nonlayered materials, copper indium selenide, self-powered photodetection, in-plane

polarization, Cu vacancies

1 Introduction

Self-powered photodetectors, capable of operating without external
power sources, have attracted significant interest for energy-efficient
and autonomous applications such as wearable electronics,
environmental monitoring, and the Internet of Things (IoT) [1-3].
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Unlike conventional photodetectors that require an applied voltage
to separate photogenerated carriers, self-powered devices exploit
built-in electric fields to drive charge separation and extraction
under illumination. These internal fields can originate from band
offsets at p-n or Schottky junctions [4-10], or from intrinsic
spontaneous polarization in noncentrosymmetric materials [11, 12].
By leveraging such fields, self-powered photodetectors effectively
suppress dark currents, enhance signal-to-noise ratios, and
accelerate carrier transport, leading to high sensitivity and fast
temporal response.

Two-dimensional (2D) semiconductors are particularly attractive
for self-powered photodetection owing to their atomic thickness,
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tunable band structures, and excellent compatibility with flexible
substrates [13—15]. While considerable progress has been achieved
with 2D layered van der Waals (vdW) semiconductors such as
MoS, and WSe,, their absence of intrinsic polarization and
moderate absorption coefficients limit the strength of built-in fields
and ultimately constrain self-powered device performance
[11, 12, 16]. These limitations have spurred growing interest in
nonlayered ternary semiconductors, which often exhibit stronger
optical absorption, richer defect chemistry, and intrinsic polar
lattice structures [17-19]. Among them, semiconductors with
chalcopyrite structure are especially promising since their
asymmetric cation arrangements can break inversion symmetry
and produce spontaneous polarization fields or enhanced
piezoelectric responses that are absent in conventional vdW
systems [20, 21]. In addition, the greater compositional diversity of
chalcopyrites enables systematic bandgap and defect-state
engineering across a broad spectral range, offering an effective
pathway to tailor the performance of self-powered photodetectors.
For example, copper indium selenide (CulnSe,) is of particular
interest due to its direct bandgap of ~1.2 eV, exceptionally high
absorption coefficient, and long carrier diffusion length, all of which
have established its success as a thin-film solar absorber [20, 22-25].
Extending these desired bulk properties into the 2D limit is
expected not only to preserve strong optical absorption but also to
unlock new functionalities, such as in-plane spontaneous
polarization on the (112) facets that are weak or inaccessible in bulk
crystals [26]. Despite these opportunities, realizing ultrathin single-
crystalline CulnSe, remains challenging. Its strong three-
dimensional bonding and lack of a natural cleavage plane make
mechanical  exfoliation impractical, while solution-based
approaches often yield polycrystalline or defect-rich films with
poorly defined facets [25, 27]. As a result, key aspects of 2D
CulnSe,, including its band structure, intrinsic polarization, and
Schottky contact, remain largely unexplored.

Here, we address these challenges by developing a molecular
sieve-assisted chemical vapor deposition (CVD) approach to
synthesize ultrathin and highly crystalline 2D CulnSe, flakes with
well-defined (112) facet orientation and periodic Cu vacancy
ordering. The use of molecular sieves effectively suppresses
premature halide sublimation and promotes lateral rather than
vertical growth, yielding uniform nonlayered flakes suitable for
device integration. Detailed structural and spectroscopic analyses
reveal broken inversion symmetry and spontaneous in-plane
polarization, which in combination with an optimized Au/CulnSe,
Schottky interface, enable efficient broadband self-powered
photodetection across 450—-1064 nm. The resulting devices exhibit
high responsivity and detectivity, as well as rapid response without
external bias. These results establish polar nonlayered 2D
chalcopyrite semiconductors as an appealing candidate for realizing
high-performance and energy-efficient optoelectronic
functionalities beyond the reach of conventional layered
semiconductors.

2 Experimental

2.1 Molecular sieve-assisted CVD growth and transfer of
CulnSe, flakes

2D CulnSe, flakes were synthesized using a dual-zone CVD
process. An aqueous solution containing 2.5 mg/mL of CuCl and
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7.5 mg/mL of InCl;-4H,O was prepared, and 400 pL of the solution
was drop-cast onto a clean silicon substrate (1 cm x 1.2 cm). After
complete drying, an uniform layer of 3 A molecular sieve powder
(20 mg) was spread over the precursor film. Freshly cleaved mica
substrate was positioned 5 mm above the precursor layer. 30 mg of
selenium powder was placed in the upstream zone of the furnace.
During growth, the selenium and metal precursor zones were
gradually heated to 300 and 670 °C over 40 min, respectively.
Argon was used as the carrier gas at a constant flow of 50 sccm,
while 10 scem H, was only introduced during the growth stage to
assist chalcogenide formation. The growth was maintained for
20 min at the target temperatures, followed by natural cooling
under Ar flow. For transfer, the as-grown CulnSe, flakes on mica
were sequentially spin-coated with a poly(methyl methacrylate)
(PMMA) layer (2500 rpm, 60 s) and a poly(propylene carbonate)
(PPC) layer (2000 rpm, 45 s), with each layer baked at 90 °C for
10 min to remove residual solvent and solidify the film. The
polymer/CulnSe, stack was then gently detached from the mica
substrate in deionized water. The floating stack was picked up by
polydimethylsiloxane (PDMS) stamp and subsequently transferred
onto the target substrate under an optical microscope. To improve
adhesion, the transferred film was annealed at 90 °C for 1 h. Finally,
the PPC and PMMA supporting layers were dissolved in acetone
for 2 h, yielding clean and well-adhered CulnSe, flakes on the
desired substrates.

2.2 Material characterizations

The morphology and thickness of the CulnSe, flakes and devices
were examined by optical microscopy (OM), scanning electron
microscopy (SEM, JSM-IT800, JEOL), and atomic force
microscopy (AFM, Cypher ES, Oxford Instruments). The
piezoresponse force microscopy (PFM) phase and amplitude curves
were acquired from commercial scanning probe microscope
(Dimension Icon, Bruker). Crystallographic structure was analyzed
via X-ray diffraction (XRD, APEXII, Bruker), and atomic-scale
lattice information and elemental composition were obtained from
high-resolution transmission electron microscopy (HRTEM, Talos
F200X G2, Thermo Fisher) coupled with energy-dispersive X-ray
spectroscopy (EDS). The chemical composition and oxidation
states were probed by X-ray photoelectron spectroscopy (XPS,
SHIMADZU AXIS SUPRA). Optical properties were characterized
using ultraviolet-visible-near infrared (UV-Vis-NIR)
microspectrophotometry (CRAIC 20/30PV), as well as Raman and
photoluminescence (PL) spectroscopy with a 532 nm excitation
source (inVia confocal, Renishaw). SHG measurements were
performed by an optical system (ScanPro Advance, Metatest) with a
1064 nm femtosecond laser (pulse width of 6 ps) as the excitation
source.

2.3 Device fabrication and measurement

The patterned electrodes were fabricated by photolithography,
metal deposition, and lift-off processes on the SiO,/Si substrate. The
2D CulnSe, flakes were transferred onto the pre-patterned Au
electrodes to construct the FET devices. Electrical and
optoelectronic measurements were carried out under ambient
conditions using a probe station (CRX-6.5K, Lake Shore). Electrical
transport characteristics were recorded using a semiconductor
parameter analyzer (Keithley 4200-SCS). For photoresponse
studies, lasers with different wavelengths and tunable power
densities were coupled into the device through optical fibers,
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enabling systematic evaluation of broadband
detectivity, and temporal response.

responsivity,

3 Results and discussion

3.1 CVD growth and characterization of 2D nonlayered
CulnSe, flakes

CulnSe, crystallizes in the chalcopyrite structure (space group
142d), belonging to the tetragonal crystal system. As shown in
Fig. 1(a), the unit cell parameters are a = b = 5.8 Aandc=116 4,
with copper and indium cations occupying distinct tetrahedral sites
coordinated by selenium anions. The ordered cation sublattices not
only ensure charge neutrality but also define the intrinsic bandgap
of CulnSe, [28]. Thermodynamically favored copper vacancies
(Vo) are frequently present in chalcopyrite CulnSe, acting as
shallow acceptors and thereby imparting p-type conductivity
[29, 30]. Beyond hole donation, such vacancies can also alter the
dielectric screening, introduce localized states near the band edges,
and broaden the absorption spectrum [31, 32], collectively
influencing carrier dynamics and the optoelectronic response. 2D
nonlayered CulnSe, flakes were synthesized by a molecular sieve-
assisted CVD method (see Experimental section). In this process,
CuCl and InCl,-4H,0 serve as metal precursors and Se powder as
the chalcogen source. The 3 A molecular sieves suppress premature
sublimation and provide a steady release of the halide precursors at
the growth temperature, which promotes anisotropic lateral
expansion over vertical thickening [33, 34]. OM images of the
triangular flakes (Fig. 1(b)) show uniform color contrast across
large lateral dimensions, implying high phase purity and the 2D
nature of the synthesized samples. Such uniformity is consistent
with homogeneous nucleation and near-steady-state growth

(b)

kinetics, rather than island-like growth [35]. A statistical analysis
reveals that most of the flakes fall within a lateral size range of
6-20 pum (Fig. S1 in the Electronic Supplementary Material (ESM)).
AFM (Fig. 1(c)) reveals smooth surfaces with a representative
thickness of ~ 20.7 nm and a root mean square (RMS) roughness of
~ 1.2 nm. Notably, flakes with thicknesses below 10 nm are also
obtained (Fig. S2 in the ESM), underscoring the robustness of the
molecular sieve strategy for producing ultrathin nonlayered
semiconductors. For comparison, the growth without molecular
sieves, with SiO,/ALO; powders, and with 5 A molecular sieve
powers was also conducted (Fig. S3 in the ESM). The results show
that although CulnSe, could still be formed, the overall 2D yield
dropped markedly and the flakes were thicker. More importantly,
due to the distinct chemical component of the molecular sieves
(K,Nay,_,[(AlO,),,(Si0,),,]) from the SiO,/ALO, powders, the alkali
Na element released from the molecular sieves during high-
temperature CVD growth was supposed to assist in the formation
of 2D CulnSe, flakes with consistently exposed (112) surfaces. The
growth substrate after CVD process was characterized by XPS,
where the Na signal is clearly detected (Fig. S4 in the ESM).
Previous studies showed that Na incorporation into CulnSe,,
typically via substitution at Cu sites, can modify the electronic
structure and lead to bandgap widening [36, 37]. However, for our
synthesized flakes, the bandgap values extracted from optical
absorption and PL measurements are in excellent agreement with
those of pristine CulnSe, (1.24 eV, shown later), suggesting that
significant Na substitution into the lattice is unlikely. Therefore, the
Na species primarily act as a surface-active species to promote 2D
growth rather than as a dopant [38]. Raman spectroscopy was used
to probe lattice vibrations of the 2D CulnSe, flakes using a 532 nm
excitation laser. As shown in Fig. 1(d), five distinct Raman peaks
are observed, corresponding to the characteristic phonon modes of
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Figure1 Structural and chemical characterization of CulnSe, flakes. (a) Crystal structure of tetragonal CulnSe,, showing ordered distribution of Cu* and In* cations
within Se*” tetrahedral coordination. The lattice constants are a = b = 5.8 A and ¢ = 11.6 A. (b) OM image of the CVD-grown CulnSe, flakes. (c) AFM height image of a
representative CulnSe, flake with a thickness of ~ 20.7 nm. (d) Raman spectrum of one CulnSe, flake, showing the dominant A, mode at 174 cm™ and additional B and E
modes at 63, 70, 214, and 230 cm™. (e)-(g) High-resolution XPS spectra of Cu 2p, In 3d, and Se 3d core levels, confirming the presence of Cu’, In*, and Se*” chemical

states.
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the chalcopyrite lattice [39]. The dominant A, mode at ~ 174 cm™ is
assigned to the symmetric axial Se vibrations along the c-axis and
serves as a fingerprint for phase identification. Additional peaks at
~ 63, 70, 214, and 230 cm™ arise from B and E modes involving
coupled cation-anion vibrations. The clear presence of these weaker
peaks indicates that the long-range order of the chalcopyrite lattice
is preserved in the ultrathin thickness, with no evidence of
amorphization or surface reconstruction that is typically seen in
defective thin films. A highly consistent Raman spectrum was also
obtained from the hexagonal flakes (Fig. S5 in the ESM), verifying
that the triangular and hexagonal morphological variation is not
associated with differences in chemical composition. The chemical
composition and oxidation states of the 2D CulnSe, flakes were
clarified using high-resolution XPS. As presented in Fig. 1(e), the
Cu 2p core-level spectrum reveals two peaks located at ~ 932.4 and
~ 952.2 eV, corresponding to the Cu 2p,, and Cu 2p,,, components
with a spin-orbit splitting of 19.8 eV. The In 3d spectrum (Fig. 1(f))
exhibits two peaks at 444.6 and 452.2 eV, corresponding to In 3d;,
and In 3d,, levels, respectively, characteristic of trivalent indium.
The Se 3d spectrum (Fig. 1(g)) displays two deconvoluted peaks at
~ 543 and ~ 55.3 €V, attributed to the Se 3d;, and Se 3d,, spin-
orbit components, respectively. Quantification of the integrated
peak areas indicates a slightly Cu-deficient composition, consistent
with a comparatively weaker Cu signal and the formation of V.
Such Cu deficiency typically yields shallow acceptors rather than
deep traps and therefore beneficially supports p-type transport
[28-30, 32].

XRD was performed on flakes transferred to indium tin oxide
(ITO) substrates to determine the crystallographic orientation. As
shown in Fig. 2(a), a strong diffraction peak at 20 ~ 26.7° is
revealed, indexed to the (112) plane of chalcopyrite CulnSe,
(JCPDS No. 40-1487), indicating preferential exposure of the (112)
facet. The rocking curve exhibits a narrow full-width at half
maximum (FWHM) of 0.35° (Fig. S6 in the ESM), which provides
strong evidence for the high crystalline across the sampled region.
The densely packed (112) plane is also anticipated to exhibit
pronounced in-plane polarization due to alternating cation
ordering. A minor peak at ~ 30.7°, attributed to the (200) plane,
likely originates from secondary deposition of CulnSe, particles or
nanowires (Figs. S1 and S7 in the ESM). No signatures of secondary
phases such as Cu,Se or In,Se; are detected, confirming the high
chemical purity of the sample. The atomic-scale features of the
flakes were further revealed by TEM. As shown in Fig. 2(b),
HRTEM image displays well-ordered lattice fringes with an
interplanar spacing of 0.21 nm, corresponding to the (220) planes.
The selected area electron diffraction (SAED) pattern in Fig. 2(c)
exhibits sharp and hexagonally arranged diffraction spots, further
confirming the single-crystalline nature of the CulnSe, flakes. The
primary diffraction spots (outlined by red dashed hexagon) are
indexed to the (220) planes, while notably additional weak
diffraction spots, as outlined by green dashed hexagon (Fig. 2(c)),
suggest the presence of ordered V, with a doubled superlattice
periodicity of ~ 0.42 nm [20]. This structure is also corroborated by
the fast Fourier transform (FFT) and inverse FFT (iFFT) filtered
image analyses (Fig. S8 in the ESM). Such ordered cationic
vacancies are commonly observed in vacancy-rich metal
chalcogenides [40, 41]. EDS analysis (Fig. 2(d)) confirms the
presence of Cu, In, and Se elements, with an approximate atomic
ratio of 0.8:1:2, suggesting a 20% Cu deficiency in the lattice.
Elemental mapping (Figs. 2(e)-2(h)) reveals an uniform spatial
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distribution of all three elements, with no signs of phase segregation
or compositional clustering. Such homogeneity is crucial for
reproducible device performance and indicates that V, are evenly
distributed rather than agglomerated, thereby minimizing potential
scattering centers.

3.2 Schottky-type contact and p-type carrier transport

The verification of the intrinsic p-type transport in 2D CulnSe, has
been hindered by the lack of large single-crystalline flakes and by
difficulties in selecting contact metals that can probe the intrinsic
electronic behavior without introducing uncontrolled barriers. The
availability of high-quality 2D single-crystal CulnSe, flakes with
ordered V¢, here enables a direct study of carrier transport with a
field-effect transistor (FET) configuration. Because contact energy
barriers profoundly influence the measured conductivity and
photoresponse, the band structure of the synthesized flakes was first
determined to guide the selection of metal contacts. UV-Vis-NIR
absorption spectroscopy (Fig. 3(a)) reveals a clear absorption edge
near 1000 nm, corresponding to a bandgap of ~ 1.24 eV, which is
also supported by the density functional theory (DFT) calculations
(Fig. S9 in the ESM). This value is consistent with that of CulnSe,
bulk materials and polycrystalline films [22-25], indicating that
negligible quantum confinement effects occur at the thicknesses
examined. An extended absorption tail into the NIR region reflects
defect-assisted transitions associated with V, which introduce
shallow acceptor levels [31]. Room-temperature PL (inset of
Fig. 3(a)) under 532 nm excitation shows an emission peak at
1.24 eV, indicative of direct band-to-band recombination that is in
accordance with the absorption edge. Ultraviolet photoelectron
spectroscopy (UPS) was conducted on flakes transferred to ITO to
determine energy-level alignment. The secondary electron cutoff
energy is ~ 16.7 eV (Fig. 3(b)), yielding a work function (®s) of
~ 4.52 eV. The valence band maximum (VBM) lies 0.35 eV below
the Fermi level (Fig. 3(c)), placing the VBM at ~ 4.87 ¢V and the
conduction band minimum (CBM) at ~ 3.63 eV, consistent with p-
typed band structures. This band energy level suggests that a high
work-function metal should be chosen to minimize hole injection
barriers and reveal majority-carrier transport. Accordingly, Au (D
~ 5.1 eV) was selected to align with the VBM and minimize the
Schottky barrier. To further suppress Fermi-level pinning
commonly induced by high-energy metal deposition process, the
CulnSe, flakes were dry-transferred onto pre-patterned Au
electrodes, producing cleaner interfaces and better preserving
channel properties [42]. The estimated hole barrier height is
~ 023 eV according to the Schottky-Mott law [42]. The band
alignment before and after Au-2D CulnSe, contact is schematized
in Fig. 3(d). A small Schottky barrier forms due to slight energy
mismatch, yet remains sufficiently low to allow efficient hole
injection and rapid separation of photogenerated carriers under
illumination. Figures 3(e) and 3(f) display the output and transfer
characteristics of the FET device (OM image shown in the inset of
Fig. 3(e)), respectively. A pronounced rectification behavior in the
source-drain current-voltage (I~V;) curves indicates a Schottky-
dominated transport regime (Fig. 3(e)). Increasingly negative gate
voltages (V,) enhance I, confirming p-type transport behavior
(Figs. 3(e) and 3(f)). The hole mobility and current on/off ratio
were calculated to be 2.6 x 10° cm’/(V-s) and 8.13, respectively.
These relatively low metrics were examined by checking the device
with SEM and AFM (Fig. S10 in the ESM). The results show that an
interfacial air gap with a low dielectric constant is present between
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Figure 2 Microstructural and compositional analysis of CulnSe, flakes. (a) XRD pattern of CulnSe, flakes transferred onto an ITO substrate. (b) HRTEM image showing
atomically resolved lattice fringes. (c) SAED pattern with indexed (220) reflections and additional superlattice spots ascribing to V¢,. (d) EDS spectrum confirming the
presence of Cu, In, and Se. (e)-(h) EDS elemental mapping images of Cu, In, and Se, demonstrating uniform distribution of all elements and ruling out significant phase

segregation or non-stoichiometry.

the CulnSe, flake and the dielectric layer (SiO,), which significantly
weakens the electrostatic coupling between the gate electrode and
the channel and thus suppress the gate-voltage tunability. As such,
we also fabricated FET devices in which the metal electrodes were
transferred onto the CulnSe, flakes that were already lying on the
SiO,/Si substrate, ensuring close contact between the flakes and the
dielectric layer (Fig. S11 in the ESM). In this device configuration,
we observed a significantly improved hole mobility of ~ 0.06
cm?/(V-s), which is increased by over three orders of magnitude.
Despite this improvement, the metrics remain lower than those of
many reported 2D semiconductors. This can be attributed to the
theoretically lower value restricted by the heavy hole mass [43], as
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well as the abundant defects within the flakes and Schottky contact
resistance, which can be further improved by optimizing the metal-
semiconductor contact to form an Ohmic contact, employing a
high-k dielectric layer with an atomically smooth interface, and by
reducing defect density through material growth optimization or
surface passivation strategies. Collectively, these results validate the
combined strategy of CVD-grown 2D CulnSe, and optimized Au
contacts to achieve majority carrier-dominated transport, a
prerequisite for efficient self-powered photodetection.

3.3 Broken in-plane inversion symmetry
The chalcopyrite lattice is derived from zinc blende structure but
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Figure3 Band structure and electrical transport properties of CulnSe,-based devices. (a) The micro-zone absorbance curve of the 2D CulnSe, flake. Inset shows the
room-temperature PL spectrum of the 2D CulnSe, flake. (b) Secondary electron cutoff region in the UPS spectrum of CulnSe,. (c) Valence band spectrum from UPS. (d)
Band alignment at the Au/CulnSe, interface before and after contact. (e) Output characteristics (I,—V,) of a back-gated FET based on a triangular 2D CulnSe, flake,
exhibiting diode-like rectification and gate-tunable asymmetry due to Schottky contact behavior. Inset shows the OM image of the measured device. (f) Transfer
characteristics of the device under different V,, values, displaying strong p-type gate modulation.

exhibits cation ordering, with Cu" and In* occupying distinct
tetrahedral sites. This ordering breaks inversion symmetry at the
atomic level and generates the possibility of spontaneous
polarization, particularly on the (112) planes predominantly
exposed by the CVD-grown flakes [26]. Figure 4(a) depicts the
atomic arrangement within the (112) plane, highlighting the
absence of centrosymmetry both in-plane and along the [112]
direction. Such symmetry breaking underlies second-order
nonlinear optical responses and can potentially enable the bulk
photovoltaic effect (BPVE), wherein carriers are driven by
asymmetric internal potentials without an external bias [11, 12, 44,
45]. SHG measurements were performed on the CulnSe, flake
shown in the inset of Fig. 4(b) under 1064 nm excitation. A clear
SHG peak is observed at 532 nm (Fig. 4(b)), characteristic of
frequency doubling in a noncentrosymmetric crystal. The SHG
intensity scales quadratically with excitation power that can be well-
fitted by I o< P’ (Fig. 4(c)), yielding an exponent 6 value of ~ 2, as
expected for a second-order process. The SHG intensity mapping
(inset of Fig. 4(c)) reveals a spatially uniform signal across the flake,
indicating homogeneous nonlinear susceptibility and thickness. The
polarization-resolved SHG was conducted in both parallel (/) and
perpendicular (L) detection configurations (Figs. 4(d) and 4(e)),
revealing six-lobed polar patterns that are rotated by 30°, consistent
with the expected in-plane anisotropy of the chalcopyrite (112)
surface. The angular dependence of SHG intensity is well described
by Eq. (1) [46]

1(2w) = |EQ2w)|" = Cx?(w)’cos* (3D + &,) (1)

where C is a proportionality factor accounting for local-field effects,
O is the incident polarization angle, and @, defines the initial
crystallographic orientation. The noncentrosymmetric lattice
implies the presence of in-plane spontaneous polarization, and the
magnitude of this polarization is closely related to the asymmetry of
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the local electric fields and the degree of dipole moment imbalance
in the crystal lattice. The presence of in-plane polarization could be
further supported by the clear hysteresis and butterfly-shaped loops
in the PFM phase and amplitude tests (Fig. S12 in the ESM). A
clear 180° phase switching and consistent butterfly-shaped curves
are always observed when the tested temperature is decreased,
which is a hallmark of polarization switching and is distinct from
electrostatic artifacts or ionic migration effects. Apart from SHG
and PEM, the presence of a macroscopic in-plane polarization
could be further supported by characterizing the devices with
symmetric contacts (Fig. 4(f)). These devices are characterized by a
symmetric I~V curve passing through the origin in dark. When
the device is illuminated, a measurable photocurrent is still
generated, which increases with increasing light intensity at V,, =
0 V. In this case, the photocurrent in the absence of external bias
can only originate from the intrinsic in-plane polarization field of
the CulnSe, channel. This behavior is analogous to the BPVE
observed in noncentrosymmetric crystals, where photocurrent
arises from the asymmetric crystal field rather than from p-n
junctions or metal-semiconductor interfaces. To examine its
tunability by Cu* migration, voltage pulses were applied to the drain
terminal of the CulnSe, FETs. As shown in Fig. 4(g), as the pulse
magnitude increased from 0.6 to 4.5 V, the linear I~V curves
shifted progressively away from the initial one, evidencing electric
field-induced enhancement of in-plane polarization, plausibly
mediated by Cu* ion migration [30, 32]. The reversible migration of
Cu* ions under an electric field in such 2D CulnSe, flakes was
further supported by bidirectional I~V sweeps. As shown in Fig.
S13 in the ESM, a clear hysteresis loop was observed during the
positive and negative V,, sweeps, further supporting the reversible
ionic-electronic  coupling  characteristic in  CulnSe,-based
chalcopyrites [19]. To quantitatively evaluate the timescale,
reversibility, and stability of this ionic process, we applied voltage
pulses of gradually increasing amplitude to the device (Fig. S14 in
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both exhibiting six-lobed symmetry, consistent with the chalcopyrite structure and confirming anisotropic nonlinear optical response from the (112) surface. (f) I~V
curves of one symmetrically-contacted device measured in dark and under different light intensities. (g) I~V characteristics of CulnSe, devices after applying increased
poling bias, showing asymmetric polarization behavior that gradually deviates from the initial one, indicative of internal dipole alignment and field-induced Cu* ion
migration. (h) Temperature-dependent I,V characteristics of the device measured from 200 to 320 K. (i) Arrhenius plot of I, versus 1/T extracted at V,, = 1 V, and the

linear fitting curve used to determine the effective activation energy E,.

the ESM), with both pulse width and interval fixed at 100 ms. For
pulse amplitudes ranging from 1 to 4 V, the current rapidly reached
a stable value upon application of each pulse, indicating that Cu*
migration occurs within a timescale comparable to the device
response time. Repeated pulses at the same voltage produced nearly
identical current level, suggesting that the redistributed Cu*
configuration is stable after each pulse, while recovery to the initial
state requires an opposite bias. Furthermore, we observed that Cu*
migration contributes to enhanced channel conductivity: The
current increases from 0.02 nA at 1 V (0.02 nA/V) to 0.055 nA at
2V (0.0275nA/V),0.12nA at 3V (0.04 nA/V),and 022 nA at4 V
(0.055 nA/V). The progressive increase in normalized conductance
with higher pulse voltage supports the conclusion that additional
Cu' ion migration contributes to the observed electrical tunability.
Cu’ migration in CulnSe, can proceed through two well-established
pathways: (i) a Vi,-mediated mechanism, and (i) an interstitial
mechanism, with an activation energy (E,) of 1.0-1.3 and 0.2 eV,
respectively [47-51]. We determined the E, of our devices by
measuring and analyzing the temperature-dependent output
N
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characteristics (Fig. 4(h)). The I,, obtained at various temperatures
could be well-fitted using an Arrhenius-type relation, given by

1(T) = el ) )

where I(T) denote I, at temperature T, I, is the pre-exponential
factor, and k; is the Boltzmann constant (Fig. 4(i)). The extracted E,
of 0.194 eV lies within the range expected for thermally activated
Cu’ migration and is in good agreement with the reported
migration barrier for interstitial Cu transport. Combined with the
observed hysteresis behavior and its dependence on poled voltages,
these results indicate that Cu' migration contributes to the
electrically tunable polarization, while electronic transport remains
the dominant conduction pathway.

34 Self-powered photodetection

The coexistence of strong light absorption, an internal polarization
field, and a clean Au-CulnSe, Schottky interface enables 2D
CulnSe, flakes to function as both photovoltaic devices and self-
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powered photodetectors. As shown in Fig. 5(a), the I~V
characteristics under 637 nm laser illumination display an obvious
photovoltaic effect at all tested light power densities. The nearly
linear increase in short-circuit current (I,) with incident light power
densities confirms efficient photocarrier generation and separation,
free from trap-mediated recombination (Fig. 5(b)). In contrast to
biased phototransistors, the built-in fields from the Schottky barrier
and spontaneous polarization suffice to drive carriers to the
contacts without external bias, reducing power consumption and
dark noise current. The open-circuit voltage (V,) and fill factor
(FF) remain stable at ~ 048 V and 35%, respectively, as the light
power densities increase (Fig. 5(c)). The calculated maximum
power conversion efficiency (PCE) reaches 10.4% at an incident
power density of 41.7 mW/cm? (Fig. S15 in the ESM), superior to
most reported 2D semiconductors in planar device configurations
[2, 4, 6, 13, 52—55]. This underscores that ultrathin CulnSe, retains
its classical photovoltaic properties even at reduced thickness.
Importantly, measurable photocurrent is observed under zero bias,
confirming self-powered operation. The key figures of merit,
responsivity (R), specific detectivity (D’), and external quantum
efficiency (EQE) are calculated using R = IL,/(P,A), D' =
R-A"/(2el;,,)"”, and EQE = Rhc/e], respectively, where I, is the
photocurrent, P, is the incident light power density, A is the
effective illumination area, and I, is the dark current. As shown in
Fig. 5(d), the device delivers a stable R of ~ 0.6 A/W, D' of 2.97 x
10" Jones, and EQE of ~ 119% across a broad light intensity range.

The relatively constant R, D, and EQE as a function of light
intensity are ascribed to the photovoltaic-typed nature of the
devices. The EQE value above unity arises from asymmetric carrier
dynamics and multiple transits before recombination, frequently
associated with strong built-in fields and extended carrier lifetimes
[56]. Multiple devices were also fabricated under similar conditions
(Fig. S16 in the ESM), which exhibit comparable performance,
indicating the reproducibility of the materials growth and device
fabrication processes. The photodetection metrics are comparable
with the reported self-powered photodetectors based on 2D
semiconductor channels (Table 1) [54, 57-63], owing to the strong
optical absorption of CulnSe, and the defect-assisted
photoconductive gain mechanism associated with Cu vacancies and
related defect states. Broadband response is observed from 450 to
1064 nm (Fig. 5(e) and Figs. S17 and S18 in the ESM), enabled by
the wide absorption spectrum of 2D CulnSe, flakes (Fig. 3(a)).
Under repeated 637 nm on/off illumination cycling, the device
retains stable self-powered performance (Fig. S19 in the ESM), with
rise and decay time of ~ 85 and ~ 97 ms, respectively (Fig. 5(f)).
Comparable response time is recorded for 450, 785, and 1064 nm
excitation (Fig. S20 in the ESM), indicating a bias-free and rapid
photoresponse over the visible-NIR range. The fast switching
highlights the role of Schottky and polarization fields in suppressing
trapping and enabling efficient carrier extraction without external
bias. Note that a trade-off between R, D', EQE, and response speed
exists in these devices, ie., the photogain that enables efficient
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Figure5 Self-powered broadband photodetector based on Au/CulnSe, Schottky junction. (a) The I~V curves under 637 nm laser illumination with increasing power
densities, showing a photovoltaic response behavior. (b) I, as a function of incident laser power density under 637 nm illumination. The linear fitting yields an ideal power
exponent of ~ 0.99. (c) V,, and FF as a function of incident laser power density under 637 nm illumination. (d) The calculated R, D', and EQE at zero bias (V4 = 0 V). (e)
Spectral response of the device across 450-1064 nm under V,, = 0 V, confirming a self-powered broadband photodetection capability. (f) Temporal response curve under
637 nm light at 2 mW/cm?, showing a fast rise time of ~ 85 ms and decay time of ~ 97 ms. (g) Photocurrent mapping of the device under 637 nm laser illumination at P,,
=6.37 W/em® and V= 0 V. The 2D CulnSe, flake and a pair of Au electrodes are outlined by white and yellow dashed lines, respectively. (h) Demonstration of a letter
“M” imaging under spatially modulated laser excitation using a shallow mask, showcasing a potential self-powered imaging application.
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Table 1 The key self-powered photodetection performance metrics comparison between this work and other reported 2D photodetectors with a single active channel

material
2D channel A (nm) R (mA/W) D' (Jones) Response time (ms) Mechanism Ref.
MoS, 532 280 7.6 x 10" 0.224 Plasma treatment and asymmetric electrodes [57]
MoS, 1310 680 1.89 x 10" — Internal photoemission [58]
MoSe, 470 34 4.75 x 10" — Asymmetric electrodes [59]
MoSe, 830 280 6.93 x 10" 0.034 p-n homojunction [60]
MoSe, 650 89.5 2.24 x 10" 9.6 Asymmetric electrodes [61]
NiPS, 515 2.3 6.2 x 10° 40 Schottky barriers [62]
Bi,0,Se 1310 1.32 9.8 x 107 4 Asymmetric electrodes [54]
MAPDBr, White light 2 1.4 x 10" 0.07 Vertical asymmetric electrodes [63]
CulnSe, 637 600 2.97 x 10" 85 Schottky contact and in-plane polarization This work
carrier separation, suppressed dark current, and high sensitivity demonstrate that the broken inversion symmetry in the

under self-powered conditions inherently constrains the achievable
response speed. Consequently, the present device is particularly well
suited for low-power, high-sensitivity applications such as weak-
light sensing and environmental monitoring. The self-powered
working principles were further revealed by photocurrent mapping.
Under 637 nm illumination without applying V,, an asymmetric
photocurrent intensity is observed between the two Au-CulnSe,
contacts (Fig. 5(g)), indicating the formation of distinct Schottky
barriers during the device construction process. More importantly,
in contrast to the typical situation of photocurrent being spatially
confined in the vicinity of a Schottky interface for a Schottky-typed
photodetector, the most prominent photocurrent is generated
nearly in the center of the CulnSe, channel between the Au
electrodes, evidencing the contribution of photocarriers generation
and extraction with the assistance of in-plane polarization field [64].
When the device is illuminated near the center of the flake,
electrons and holes travel nearly equal distances toward their
respective electrodes (Fig. S21 in the ESM). This balanced transport
minimizes trapping and recombination probabilities, yielding the
highest photocurrent intensity at the channel center. As the
excitation spot moves closer to either electrode, one carrier species
must traverse a much longer path to reach its collecting contact,
increasing its likelihood of encountering traps or undergoing
recombination (Fig. S21 in the ESM). As such, the observed
photocurrent distribution can be explained as follow: The in-plane
polarization field facilitates carrier separation and directional
transport within the channel, while the contact-related fields
contribute to local carrier separation near the electrodes. The
symmetric transport pathways then lead to the maximal
photocurrent at the channel center rather than at the contact
interfaces. These effects together account for the observed spatial
photocurrent profile. A similar photocurrent mapping was
observed under 1064 nm laser illumination (Fig. S22 in the ESM).
Finally, passive imaging using a patterned “M” mask under 637 nm
illumination (Fig. 5(h)) demonstrates that the self-powered CulnSe,
detector faithfully reproduces spatial features, supporting its
applicability in low-power imaging systems.

4 Conclusions

In summary, we have developed a reliable molecular sieve-assisted
CVD route to synthesize ultrathin nonlayered 2D CulnSe, flakes
with well-defined (112) facet orientation and periodic Cu vacancy
ordering. Correlated structural and optical measurements
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chalcopyrite lattice gives rise to in-plane spontaneous polarization,
which is electrically tunable via field-driven Cu* jon migration.
When interfaced with high work-function Au electrodes, a Schottky
junction is formed, whose built-in fields, combined with the
intrinsic polarization field, drive rapid and efficient photocarrier
separation without the need for an external bias. The resulting self-
powered photodetectors display broadband response across the
450-1064 nm spectral range, high responsivity and detectivity, fast
rise/decay time, and excellent cycling stability. A peak PCE of
~ 10.4% under 637 nm illumination further underscores the
efficient generation and extraction of photocarriers enabled by the
synergistic effects of vacancy modulation, symmetry breaking, and
contact engineering. Beyond photodetection, the combination of
broadband absorption, tunable polarization, and Schottky contacts
provides a versatile foundation for polarization-controlled
photovoltaics, nonlinear optics, and compact self-powered imaging,
underscoring the broader potential of 2D chalcopyrite
semiconductors in next-generation optoelectronics.

Electronic Supplementary Material: Supplementary material
(additional AFM and OM images, Raman spectrum, XRD rocking
curve, PFM loops, band structure calculations, electrical output and
transfer data, as well as [~V and It curves under varying
illumination powers at different wavelengths) is available in the
online version of this article at https://doi.org/10.26599/NR.2026.
94908739.
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