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ABSTRACT: Lateral semiconductor homojunctions offer the advantages of perfect e mos,  niype Mos, *T” Self-powered Photodetector
lattice matching and efficient carrier transport at the junctions, providing an ideal
platform for high-performance optoelectronic devices. However, the fabrication of
high-quality homostructures and the simultaneous realization of strong photovoltaic
and photodetection performance remain challenging. In this work, we directly
fabricated n*—n~ MoS, homostructures, consisting of partly pristine MoS, and
partly MoS, stacked on a CrOCI insulator. Efficient charge transfer occurs at the
MoS,/CrOCl interface, as confirmed by a ~200 meV band shift observed in micro-
ARPES measurements, consistent with our DFT calculations. As a result, the portion
of MoS, stacked on CrOCI can be modulated to p-type by controlling the gate
voltage, in sharp contrast to the pristine MoS, region. Moreover, the n*—n~ MoS,
homostructures exhibit an open-circuit voltage of 0.87 V, a detectivity exceeding .0 L J
10'* Jones, and a responsivity of 0.98 A/W without external stimuli, demonstrating

both ultrahigh photovoltaic and self-powered photodetection capabilities. The results presented in our work provide a strategy for
developing efficient optoelectronic devices based on two-dimensional homostructures.
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1. INTRODUCTION potential and efficient separation of photoexcited carriers. For
example, improved rectifying characteristics and enhanced
photoresponse have been achieved in 2D p—n homojunctions
of semiconductors MoS,'” and black phosphorus™ compared
with their heterojunction counterparts. Nevertheless, most
existing strategies for tuning carrier doping rely on precise
control of carrier density by external stimuli. Therefore,
identifying a simple yet effective method to modulate carrier
concentration and achieve significant band bending at
homojunction remains a critical challenge.

Interface coupling is an effective approach to modulate the

Two-dimensional (2D) van der Waals (vdW) layered materials
provide an ideal platform for optoelectronic applications
through symmetry-broken structures, such as distorted
MoTe,, or engineered interfaces, including 2D homostructures
and heterostructures, which can induce strong internal electric
fields and enhanced light—matter interactions.'* In particular,
2D homojunctions formed within a single material are highly
promising for optoelectronic devices, as they offer distinct
advantages such as perfect lattice matching and efficient carrier

diffusion across the junctions.”~’ In this regard, hetero-
I . . . roperties of van der Waals materials through the proximi
junctions often suffer from carrier scattering and trapping prop N e P i

. . ) effect between adjacent layers.”'™>* Band hybridization or
centers, which deteriorate charge transfer efficiency due to jacent &y yor
lattice mismatch and discontinuous band alignments 8—12 charge transfer at the interface can strongly modify the band

. A . structures or carrier concentrations of the individual materials.
However, unlike the fabrication of heterostructures, which . . .
. ) . . , For example, a Berry curvature dipole and exotic nonlinear
typically requires only stacking different materials, the

i LT . . optoelectronic phenomena have been realized in symmetry-
formation of homojunctions is considerably more challenging, . ) . . : ;
. . ) . . mismatched WSe,/SiP heterointerfaces, arising from interfacial
as it necessitates precise and independent control of carrier

AN ) . orbital hybridization.”* In our recent studies, we observed a flat
doping in different regions of the same material.

In recent years, several strategies have been developed for
fabricating 2D homojunctions, including split-gate modula-
tion,"” partial chemical doping,'* partial photodoping,'> and
partial ferroelectric polarization.'® Various types of homo-
junctions, such as p—n, n*—n", and p*—p~, have been realized
in different van der Waals layered materials."”'® The abrupt
band bending at these homojunctions leads to a high built-in
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Figure 1. Schematic illustration of the lateral MoS, homojunction and the calculated interface coupling between MoS, and CrOCIl. (a) Schematic
of the lateral MoS, homojunction. (b) Calculated band structure of the MoS,/CrOCI heterojunction. (c) Side view of the theoretical structural
model (upper panel) and charge density difference (bottom panel) of the MoS,/CrOCI heterostructure, where charge accumulation and depletion
are shown in red and blue, respectively.
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Figure 2. Band structures of pristine MoS,and the MoS,/CrOCI heterostructure. (a) Optical image and corresponding SPEM map. The monolayer
MoS,, few-layer CrOC, and BN regions are outlined by red, black, and yellow dashed curves, respectively. The scale bar corresponds to S ym. (b,
c) Constant-energy cut from the 3D ARPES map of (b) pristine MoS, at E — Eg = —2.15 eV and (c) the MoS,/CrOCl heterostructure at E — Ej =
—1.95 eV. (d, e) Band dispersions of (d) pristine MoS, and (e) MoS,/CrOCl along the 'K directions. (f) EDCs extracted from the I" points of
pristine MoS, and MoS,/CrOCL (g, h) Band dispersions of (g) pristine MoS, and (h) MoS,/CrOCl along the '—M directions. (i) EDCs extracted
from the M points of pristine MoS, and MoS,/CrOCL

band and broken rotational symmetry in monolayer MoS, hybridization between Mo d,* and P p, orbitals.” In addition,
when it was stacked on black phosphorus, arising from strong we directly observed giant charge transfer between MoS, and
5035 https://doi.org/10.1021/acsnano.5¢18507
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Figure 3. FET performance based on the lateral MoS,homojunction. (a) Schematic diagrams of n*—n*, n”—n~, and n*—n~ FETs based on MoS,.
(b) Optical image of the fabricated FET devices. (c) I3,—Vy, curves of the n*—n* MoS, FET at different gate voltages. (d) I;;—Vj, curves of the n™—
n~ MoS, FET at different gate voltages. (e) I—Vy, curves of the n*—n~ MoS, FET at different gate voltages. (f) Transfer characteristics of the
FETs measured at Vy = 1 V. (g) Band diagrams of MoS, and CrOClI before contact. (h) Band diagrams of pristine MoS, and MoS, stacked on

CrOCL. (i) Band diagram of the lateral n*—n~ MoS, homojunction.

TiS; semiconductors, enabling the realization of a photovoltaic
polarity-switching photodetector.”®

In principle, a semiconductor homostructure can be
constructed from the pristine material together with the
pristine semiconductor stacked on interface-coupled materials.
However, it is important to emphasize that the interface-
coupled materials should ideally be insulators, so as not to
interfere with the transport properties of the semiconductor
homojunction.”” CrOCl is a recently reported stable 2D vdW
magnetic insulator with an anisotropic structure and a large
band gap of ~2.8 eV in its bulk form.”**” Moreover, it exhibits
strong interlayer coupling with transition metal dichalcogenide
(TMD) semiconductors. For example, transitions from
isotropic to anisotropic properties, as well as from n-type to
p-type behavior in MoS,, have been reported due to interlayer
coupling at the TMD/CrOCI interface.>* %> However, the
applications of TMD/CrOCI heterostructures in optoelec-
tronic devices have not yet been explored, despite their
potential for high performance owing to the strong charge
transfer that can be induced at the interface.

In this work, as a proof of concept, we fabricated lateral n*—
n~ MoS, homojunctions by combining pristine MoS, and
MoS, coupled with CrOCI. The charge transfer and band shifts
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of MoS, at the MoS,/CrOCI interface were directly observed
using micro-angle-resolved photoemission spectroscopy
(micro-ARPES). Notably, field-effect transistors (FETs)
exhibit n-type behavior in pristine MoS,, p-type behavior in
MoS,/CrOCl, and antiambipolar characteristics in the
homojunction under gate voltage modulation. Furthermore,
optoelectronic devices based on the MoS, homojunction
demonstrate both a giant photovoltaic effect and efficient
photodetection, with an open-circuit voltage up to 0.87 V and
a responsivity of up to 0.98 A/W under self-powered
operation, representing the highest performance among
TMD-based optoelectronic devices. Our findings on lateral
MoS, homojunctions not only establish an efficient route for
constructing lateral semiconductor homojunctions, but also
open up opportunities for high-performance optoelectronic
devices capable of operating in both photovoltaic and
photodetection modes.

2. RESULTS AND DISCUSSION

To achieve the lateral MoS, homostructure, we proposed a
design in which one-half of the MoS, remains in its pristine
form, exhibiting strong n-type doping (n*), while the other half
is placed on CrOCI. Previous studies have shown that CrOCl

https://doi.org/10.1021/acsnano.5¢18507
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can extract electrons from MoS,, thereby reducing its electron
concentration and making it less n-type (n~). The schematic of
this lateral MoS, homostructure is shown in Figure la. To
investigate the interlayer coupling between MoS, and CrOC],
the band structure and charge density difference were
calculated using density functional theory (DFT). As shown
in Figure 1b, the conduction band minimum (CBM) of CrOCl
is 0.77 eV lower than that of MoS,, while the valence band
maximum (VBM) of CrOCl is also 1.17 eV lower, indicating a
type-II band alignment. The theoretical structural model and
charge density difference at the MoS,/CrOCI interface are
presented in Figure lc. The charge density difference map
shown in the bottom panel reveals that electrons transfer from
S atoms in MoS, near the interface to Cl atoms in CrOCL. In
addition, the band structures of the individual monolayer MoS,
and CrOC], the density of states (DOS) with different orbital
contributions for the MoS,/CrOCI heterostructure and the
plane-averaged charge density difference of the MoS,/CrOCI
heterostructure along the Z direction are further presented in
Figures S1—S3. These results indicate that electrons can be
effectively transferred from the MoS, layer to the CrOClI layer,
reducing the n-type doping level of MoS,, which is consistent
with previous findings.

To investigate the band shift in MoS, induced by interfacial
coupling, we performed micro-ARPES measurements on a
MoS,/CrOClI heterostructure. The charge transfer at the
MoS,/CrOCl interface can lead to a shift in the MoS, band
structure due to interlayer coupling. The samples were
fabricated using the dry-transfer method, as described in our
previous work (see the Experimental Section). In this
heterostructure, the MoS,/BN region represents pristine
MoS,, where no charge transfer occurs at the interface, while
the MoS,/CrOCI region represents the coupled heterostruc-
ture. The micro-ARPES measurements were carried out at the
Spectromicroscopy beamline of the Elettra Synchrotron Light
Source in Italy, using a photon energy of hv = 74 eV under
room temperature (see the Experimental Section). The optical
image and corresponding scanning photoemission microscopy
(SPEM) image are shown in Figure 2a. The pristine MoS, and
MoS,/CrOCI regions can be clearly distinguished by the
photoemission signal contrast in the SPEM image. Further-
more, the high-symmetry directions of MoS, were determined
from constant energy cuts of the 3D ARPES maps acquired in
both the pristine MoS, and the MoS,/CrOCI heterostructure
regions, as shown in Figure 2b,c. The I'-K and I'-M
directions are labeled in the constant-energy cuts for pristine
MoS, and the heterostructure. The corresponding band
dispersions along these two directions are presented in Figure
2d,g. In pristine MoS,, the VBM is located at the K point at E
— Ep & —2.0 eV, even though the photoemission intensity is
weaker than at the I" point. The position of the VBM confirms
that the pristine MoS, is monolayer and strongly n-doped. In
contrast, the band dispersion of MoS, stacked on CrOCI
exhibits a rigid energy shift, indicating a reduction in n-type
doping of MoS, due to charge transfer to CrOCI as shown in
Figure 2eh.

It is worth noting that the CrOCI bands are not clearly
resolved in the ARPES spectra. This is mainly because the
ARPES signals detected using a photon energy of 74 eV
originate exclusively from the extreme surface region of the
sample, within approximately ~5 A, whereas monolayer MoS,
has a thickness of ~6 A (S—Mo—S atomic structure), which
slightly exceeds the inelastic mean free path of photoexcited
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electrons. Consequently, the band structure signal from the
material underneath the monolayer MoS, is strongly sup-
pressed. This absence of subsurface band features is consistent
with our previous observations in MoS,/bP and MoS,/TiS;
heterostructures.”””® To quantify the band shift in MoS,,
energy distribution curves (EDCs) were extracted at the " and
M points, as shown in Figure 2fi. The EDCs at the I' point
reveal a photoemission peak shift of approximately 200 meV,
consistent with the energy shift at the M point. This rigid band
shift in MoS, demonstrates strong interfacial coupling between
MoS, and CrOCI, confirming that a lateral n*—n~ MoS,
homostructure can be achieved simply by stacking the layers
in the desired regions.

The schematic of a lateral-channel field-effect transistor
(FET) based on few-layer MoS, coupled with CrOCI is
illustrated in Figure 3a. The optical image of the fabricated
FET device is shown in Figure 3b (see the Experimental
Section for details of the device fabrication process). The FET
device consists of three distinct channels for carrier transport:
an n*—n* FET on pristine MoS, (contacts 1 and 2), an n™—n"
FET on MoS, stacked on CrOCI (contacts 3 and 4), and an
n*—n~ FET bridging the pristine MoS, and MoS,/CrOCl
regions (contacts 2 and 3). Prior to electrical measurements,
Raman, photoluminescence (PL), and atomic force micros-
copy (AFM) characterizations were performed to assess the
sample quality, as shown in Figures S4—S7. In the Raman
spectra, the peaks of pristine MoS, at 383 and 408 cm™

correspond to the in-plane (Elzg) and out-of-plane (A;)

vibration modes, respectively. For CrOCI, the characteristic
peaks at 206, 416, and 455 cm™ are attributed to the out-of-

plane Ai,’, A;, and Az modes, respectively. Notably, the Ai,’

mode frequency of MoS, in the heterostructure exhibits a blue
shift relative to that of pristine MoS,, which may arise from
strain effects or carrier doping in MoS,.””** In the PL spectra,
the PL intensity of MoS,/CrOClI is significantly lower than
that of pristine MoS,, indicating strong PL quenching. This
observation further confirms efficient interlayer charge transfer
at the MoS,/CrOCl interface. The thicknesses of the materials
were determined by AFM to be approximately 9.0 nm for
MoS, and 4.4 nm for CrOCI, respectively. It is also worth
noting that both CrOCI and MoS, exhibit excellent stability
under ambient conditions, as evidenced by their Raman
spectra after several days of exposure to air, which is critical for
practical device applications.

The source—drain current (I;) as a function of source—
drain voltage (V) under different gate voltages (Vgs) for the
three types of FETSs is presented in Figure 3c—e. For both the
n*—n* MoS, and n"—n~ MoS, FETs, the I;,—Vj, curves
exhibit sli§htly nonlinear behavior, consistent with previous
reports.”””° The current in the n™—n~ MoS, device shown in
Figure 3c is much lower than that in the n*—n* MoS, device
shown in Figure 3d, confirming the reduced n-type doping
level in MoS, on CrOCL In contrast, the n*—n~ MoS, device
displays a pronounced rectifying behavior in the Ig—Vy,
characteristics, indicative of asymmetric carrier transport across
the lateral junction. Furthermore, the transfer characteristics
(I4—Vy curves) exhibit distinct behaviors for the three devices
when tuning Vi, at Vg, = 1V, as shown in Figure 3f. In the n*—
n" MoS, FET, the current increases smoothly with increasing
V,, characteristic of an n-type transistor. In contrast, the n™—
n~ MoS, FET shows a sharp increase in current with
decreasing Vi, from —20 V, typical of a p-type transistor. We

https://doi.org/10.1021/acsnano.5¢18507
ACS Nano 2026, 20, 5034—-5043
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Figure 4. Optoelectronic characterization of the lateral n*—n~ MoS,homojunction under 532 nm illumination. (a) Photocurrent mapping under
self-powered operation. (b) I3 —Vj, curves measured at different illumination power densities. (c) V,. and I as functions of illumination power
density. (d) Output power of the device as a function of Vy, at different illumination power densities. (e) FF and PCE as functions of illumination
power density. (f) Photovoltaic performance of the device under an illumination power density of 177 mW/cm?. (g) Comparison of PCE and V.
with previously reported 2D photovoltaic devices.*"™>" (h) Responsivity and detectivity as functions of illumination power density. (i) Comparison

of detectivity and responsivity with other photodetectors based on TMD heterostructures.

16,26,41—43,52—57

refer to the device as a p-type transistor here only because the
Fermi level can be shifted toward the valence band maximum
under the application of a large negative gate voltage, which is
not in conflict with the original n~ type of MoS, on CrOCl in
the absence of a gate voltage. Interestingly, the n*—n~ MoS,
FET exhibits antiambipolar behavior, where the current first
increases and then decreases as a function of V, reflecting the
formation of a lateral n*—n~ homojunction within the MoS,
channel. It is worth noting that the in-plane conductivity of
CrOCl is extremely low and does not contribute to the
transport properties of the n*—n~ MoS, homojunction. As
shown in Figure S8, for an isolated CrOClI flake, the current is
on the order of 1 pA even under a high source—drain voltage
of 5V, and negligible photocurrent is generated. This value is
several orders of magnitude smaller than the typical channel
current measured in our MoS, homojunction devices.
Moreover, the drain current remains in the pA range even
after applying a gate voltage of 60 V. This direct comparison
provides conclusive experimental evidence that the lateral
current measured in our main devices originates exclusively
from the MoS, homojunction, with negligible contribution
from the CrOCI substrate.
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Based on our experimental results and previous studies, it is
well established that electrons can be transferred from MoS, to
CrOC], and that the work function of CrOCI is higher than
that of MoS,.”>"” The energy band diagram of the MoS,/
CrOCI heterostructure before contact is shown in Figure 3g.
The band diagram of the lateral n*—n~ homojunction is further
analyzed, as shown in Figure 3h,i. As pristine MoS, is highly n-
doped, as confirmed by the micro-ARPES results, the band
diagram of pristine MoS, and the corresponding Fermi level
modulation region induced by the gate voltage are illustrated in
the right panel of Figure 3h. For MoS, stacked on CrOCI, the
Fermi level of MoS, is initially adjusted due to charge transfer
from MoS, to CrOCI, as evidenced by the rigid band shift
observed in the micro-ARPES measurements. Moreover,
according to the FET characteristics of MoS, on CrOCI, the
gate voltage can further modulate the Fermi level toward the
VBM, and the associated modulation region is shown in the
left panel of Figure 3h. In the lateral n*—n~ MoS,
homojunction, band bending occurs at the junction between
the n" and n™ regions of MoS,, as the Fermi levels must align
through carrier diffusion and drift, as shown in Figure 3i. A
built-in potential (qAV) is established at the junction under
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equilibrium conditions. Owing to this significant built-in
potential, the n*—n~ MoS, homojunction holds great potential
for applications in photovoltaic and photodetection devices.

In the following, the photovoltaic and photodetection
performance of the lateral n*—n~ MoS, homojunction are
investigated. Photocurrent mapping was first performed under
532 nm laser illumination at self-powered operation mode, as
shown in Figure 4a. The results clearly indicate that the
photocurrent is generated exclusively at the homojunction,
highlighting the dominant contribution of the homojunction
rather than the MoS,—Au metal—semiconductor contacts.
This confirms that the built-in electric field formed at the n"—
n~ junction plays a key role in charge carrier separation and
photocurrent generation. Raman mapping of the same region is
presented in Figure S9 for comparison with the photocurrent
generation area. In addition, the Iy—Vy, characteristics
measured under different illumination power densities are
shown in Figure 4b. The dark current at Vg = 0 V was
measured to be ~100 fA, which is the detection limit of the
measurement setup. Under illumination with a power density
of 0.05 mW/cm?, the current increases by nearly 2 orders of
magnitude, and the minimum point of the curve exhibits a
significant shift, indicating a pronounced photovoltaic effect in
the lateral n*—n~ MoS, homojunction.

The photovoltaic performance was evaluated using the key
figures of merit: short-circuit current (I.), open-circuit voltage
(V,o), fill factor (FF), and power conversion efficiency (PCE).
The I increase with illumination power density, following
power-law behavior I, o P* (a = 0.96), and the V,_follows V_
o log(P), as shown in Figure 4c. The near-unity power factor a
suggests that the photovoltaic effect dominates carrier
transport. After illumination, the photogenerated carrier
density increases proportionally with power density, leading
to a larger quasi-Fermi level separation and consequently an
increased V... The FF is defined as FF = P, /(V,,.), where
P,..x represents the maximum output power. The output power
as a function of Vy at different illumination power densities is
shown in Figure 4d, from which P, is extracted at the peak
position. The PCE is defined as PCE = VI FF/P; , where P;,
is the incident illumination power density. The FF and PCE
calculated at different power densities are presented in Figure
4e, both showing a gradual increase with increasing
illumination intensity. At an illumination power density of
177 mW/cm?, the photovoltaic device exhibits a V. of 0.87 V,
an I, of =27 nA, an FF of 0.43, and a PCE of up to 6.35%. The
corresponding Iy—Vy, curves under dark and illuminated
conditions are shown in Figure 4f. Furthermore, a comparison
of V. and PCE with other TMD-based photovoltaic devices is
presented in Figure 4g. It is evident that the V,_achieved in the
lateral n*—n~ MoS, homojunction is significantly higher,
originating from the efficient photoexcited charge separation
driven by the strong built-in potential, as well as the enhanced
carrier transport resulting from reduced carrier scattering
within the homojunction compared to conventional hetero-
junction interfaces. It is noteworthy that no photovoltaic
response (neither I,. nor V. ) is observed in either the n*—n*
or n”—n~ MoS, FETs, as shown in Figure S10, further
confirming that the homojunction is responsible for the
photovoltaic effect, consistent with the photocurrent mapping
results.

At self-powered operation mode, the photodetection
performance of the lateral n*—n~ MoS, homojunction was
further investigated. The key figures of merit, namely the
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responsivity (R) and specific detectivity (D*), were extracted
as functions of illumination power density, as shown in Figure
4h. R is defined as R = I;,/P;,, and D* is calculated using the

dark current method, D¥ =A'/?R/ (2eIdark)1/ 2, where A denotes

the effective device area. Both R and D¥*
decreasing illumination power density. Under 532 nm
illumination with a power intensity of 0.0 mW/ cm?, the
device achieves a high responsivity of 0.98 A/W and a
detectivity of 1.61 X 10'* Jones. A comparison of R and D* for
the lateral n*—n~ MoS, homojunction with other self-powered
photodetectors based on TMD materials is shown in Figure 4i.
It is evident that both R and D* in our device are among the
highest reported values, demonstrating its outstanding
performance in the field of self-powered photodetection.

The transient photoresponse as a function of illumination
power, the rise and fall times of the photocurrent, and the long-
term stability of the photoresponse are characterized in Figures
S11—-S12. The photocurrent rapidly increases and stabilizes
when the laser is switched on and promptly returns to its initial
state when the laser is switched off. This fast and reproducible
switching behavior over multiple cycles confirms that the
photocurrent originates from photogenerated carriers rather
than laser-induced heating effects. The measured rise and fall
times are 35 and 29 ps, respectively, demonstrating the device’s
capability for high-speed photodetection. Remarkably, the
device retains more than 97% of its initial photocurrent after
30 days of storage in ambient air, indicating exceptional
robustness. In addition, the reproducibility of this high
performance is confirmed across multiple devices. For example,
the performance of another n*—n~ MoS, homojunction device
is shown in Figure S13. This device exhibits an identical
rectifying I-V characteristic and a self-powered photovoltaic
response, providing direct and compelling evidence that the
observed effect is intrinsic to the MoS,/CrOCl interface. A
simple imaging demonstration based on the lateral n*—n~
MoS, homojunction device was also performed, as shown in
Figure S14. The resulting image of the pattern “NJUST”
exhibits excellent clarity and precision, indicating high spatial
resolution. In addition, the photovoltaic and photodetection
characteristics of the same device under 635 nm illumination
were further measured, as shown in Figure S1S. It is evident
that the device exhibits robust and consistent performance
under both 532 and 635 nm illumination, which is significantly
superior to that of many previously reported TMD-based
devices. Importantly, this substrate-induced doping approach
inherently avoids complex chemical processes and could be
compatible with large-area van der Waals material transfer
techniques, suggesting promising pathways toward scalable
device integration despite current fabrication-scale limitations.
In addition to the enhancement of light—matter interactions
through interface coupling, other emerging material-engineer-
ing strategies have also been developed simultaneously.”™*
For example, super-resolution nanogroove array (NGA)
structures have been fabricated in 2D multilayer NbOI,
using a controlled nanoscale modification approach based on
far-field femtosecond laser patterning, and the resulting NGA-
NbOI, gas sensors exhibit excellent NO, sensing performance
with a rapid response time.” Looking ahead, it will be essential
to integrate these advanced strategies in a controlled manner to
achieve further optical enhancement and to enable high-
performance optoelectronic device applications.

increase with
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3. CONCLUSION

In conclusion, for the first time, we have demonstrated
outstanding optoelectronic properties in a lateral MoS,
homojunction fabricated simply by integrating pristine MoS,
with MoS, stacked on a CrOCI insulator. Benefiting from
charge transfer from MoS, to CrOCI, the MoS,/CrOCI region
exhibits a ~200 meV band shift and reduced electron doping,
as confirmed by both DFT calculation and micro-ARPES
measurements. The resulting lateral n*—n~ MoS, homojunc-
tion simultaneously delivers ultrahigh photovoltaic and photo-
detection performance, achieving a V. of up to 0.87 V and a
responsivity approaching 1 A/W under self-powered operation,
among the highest values reported for TMD-based optoelec-
tronic devices. Our results establish a universal strategy not
only for constructing lateral semiconductor homojunctions
with perfect lattice matching and efficient carrier transport, but
also for developing high-performance, multifunctional devices
that integrate efficient photovoltaic conversion and self-
powered photodetection within a single van der Waals
semiconductor platform.

4. EXPERIMENTAL SECTION

4.1. Theoretical Calculation

All first-principles calculations in this work were performed by using
DS-PAW package, in which the Perdew—Burke—Ernzerhof (PBE)
functional of the generalized gradient approximation (GGA) was
adopted for electron exchange and correlation interactions.”® To
better describe the strong correlation effects of d-orbital electrons in
Cr atoms, the DFT + U method was employed with the U value of 3
eV.> The primitive cell of CrOCI is orthorhombic, with optimized
lattice constants of @ = 3.23 A and b = 3.92 A. The primitive cell of
MoS, is hexagonal, with optimized lattice constants of a = b = 3.20 A.
To build the CrOCl/MoS, heterostructure, an orthorhombic unit cell
of MoS, was built and the lattice constants are a = 3.20 A, b = 5.54 A.
A 1 X 7 supercell for the CrOCl and a 1 X S supercell for
orthorhombic MoS, were adopted. The CrOCI supercell with lattice
constant a = 3.23 A, b = 27.44 A and MoS, supercell with lattice
constant a = 3.20 A, b = 27.70 A are obtained. The lattice constants of
the MoS, supercell were chosen as the lattice constant of the
heterostructure. A vacuum spacing greater than 15 A was employed.
The structure was optimized until the largest force on each atom was
less than 0.01 eV/A. The lattice mismatch rate between CrOCl and
MoS, is less than 5%, which is acceptable. The cutoff energy was set
to 550 eV, and a 2 X 2 X 1 Monkhorst—Pack k-mesh was used for
sampling the Brillouin zone of CrOCl/MoS, heterostructure.®® The
van der Waals interactions between layers were corrected using the
DFT-D3 functional.®’

4.2. Sample and Device Fabrication

Multilayer BN, multilayer CrOCl, and monolayer or few-layer MoS,
flakes were first exfoliated onto separate SiO,/Si substrates under
ambient conditions. The MoS,/CrOCI heterostructures were then
assembled by partially stacking the flakes with high precision under an
optical microscope. Briefly, MoS, was first picked up using a
polycarbonate (PC) film supported on a polydimethylsiloxane
(PDMS) stamp. The CrOCI flake on the SiO,/Si substrate was
then aligned and brought into contact with the PDMS—PC—MoS,
stack, followed by peeling off to form a half PDMS—PC—MoS, and
half PDMS—PC—MoS,/CrOCl structure. For micro-ARPES meas-
urements, an additional BN flake was subsequently transferred onto
the PDMS—PC—MoS, and PDMS—PC—MoS,/CrOClI regions using
the same approach, and the entire stack was finally placed on an Au/
SiO,/Si substrate. For optoelectronic device fabrication, the half
PDMS—PC—MoS, and half PDMS—PC—MoS,/CrOClI structure was
instead directly transferred onto a SiO,/Si substrate. After transfer,
the PDMS stamp was smoothly peeled off following a mild heating
process at ~180 °C. The PC film was then removed by immersing the
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sample in chloroform and drying it inside the glovebox. Finally, for
the lateral n*—n~ MoS, homojunction device, electron-beam
lithography followed by 3 nm/50 nm Cr/Au metal deposition was
performed to define the electrodes.

4.3. Micro-ARPES Experiment

Micro-ARPES measurements of MoS,/CrOCI heterostructures were
performed at the Spectromicroscopy beamline of the Elettra light
source in Italy. In order to clean the sample surface, the samples were
annealed at ~350 °C for 10 h in the preparation chamber under
ultrahigh vacuum before micro-ARPES experiments. The pressure in
the experimental chamber was better than 1 X 107'° mbar during
micro-ARPES measurements. At Spectromicroscopy beamline,
linearly p-polarized light with a fixed incident angle of 45° was
focused to ~600 nm by Schwarzschild objective. All the experiments
were performed at room temperature with photon energy of hv = 74
eV. The overall energy and momentum resolution of the experiment
was ~45 meV and 0.005 A™".

4.4. Optical Spectroscopy and Device Characterization
Raman and photoluminescence spectra, along with their correspond-
ing spatial mappings, were obtained using a 532 nm (Aramis, Horiba
Jobin Yvon). The photodetection characteristics of the devices were
measured using a semiconductor device parameter analyzer (Keysight
B1500A), with 532 and 635 nm diode lasers serving as the light
sources. Laser power was calibrated with a light power meter
(Newport, Model 2936-R). For photocurrent mapping and polar-
ization photodetection imaging, a motorized X—Y stage was used to
scan the devices under a 532 nm laser focused using a 50X objective
lens. The diameter of the laser spot is approximately 1 ym.
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