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Abstract

Constructing van der Waals materials with spontaneous out-of-plane polarization through interlayer engineering expands the family
of two-dimensional ferroelectrics and provides an excellent platform for enhancing the photoelectric conversion efficiency. Here,
we reveal the effect of spontaneous polarization on ultrafast carrier dynamics in rhombohedral stacked bilayer WSe,. Using precise
stacking techniques, a 3R WSe;-based vertical heterojunction was successfully constructed and confirmed by polarization-resolved
second harmonic generation measurements. Through output characteristics and the scanning photocurrent map under zero bias, we
reveal a non-zero short-circuit current in the graphene/3R WSe,/graphene heterojunction region, demonstrating the bulk photo-
voltaic effect. Furthermore, the out-of-plane polarization enables the 3R WSe; heterojunction region to achieve an ultrafast intrinsic
photoresponse time of approximately 3 ps. The ultrafast response time remains consistent across varying detection powers, demon-
strating environmental stability and highlighting the potential in optoelectronic applications. Our study presents an effective
strategy for enhancing the response time of photodetectors.

Introduction

Two-dimensional (2D) van der Waals (vdW) ferroelectrics with  garnered significant interest because of its potential applica-
dangling-bond-free surfaces exhibit ferroelectricity by effec-  tions in various fields [4-14]. Through interlayer engineering, it
tively resisting depolarization fields, providing a promising is viable to fabricate the 2D ferroelectrics using vdW materials,
platform for highly integrated devices [1-3]. The emergence of even when the monolayer exhibits centrosymmetry [15-20].

ferroelectricity at the atomic scale in vdW ferroelectrics has  Two-dimensional ferroelectrics constructed through interlayer
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engineering typically break out-of-plane (OOP) symmetry, re-
sulting in the spontaneous OOP polarization. Currently, the
spontaneous OOP polarization has been confirmed in several
materials, such as AB-stacked h-BN [16,17,21], WTe, [22], 1T
ReS; [23], bilayer MoS; directly exfoliated from 3R-MoS, bulk
crystal [24], and artificially stacked bilayers transition metal
dichalcogenides (TMDs) through twist misalignment [18,19],
which brings about fascinating physical phenomena [25-29].

Stacking semiconductor vdW materials with suitable bandgaps
at specific angles not only breaks OOP symmetry, but also
combines excellent semiconductor properties with spontaneous
polarization, offering promising advances in optoelectronics
[23,30]. One of the key optoelectronic phenomena in 2D semi-
conductor materials is the photocurrent response. The polariza-
tion, which results in spontaneous photocurrent under zero bias,
gives rise to the bulk photovoltaic effect (BPVE), which can
lead to a high-efficiency photoelectric conversion that has the
potential to surpasses the Shockley—Queisser limit [24,31-34].
In this regard, constructing 2D vdW semiconductors with OOP
polarization and moderate bandgap holds great promise for
high-performance self-powered BPVE devices. More impor-
tantly, spontaneous polarization can further modulate the photo-
generated carriers, which provides the potential for self-
powered switchable and ultrafast photodetectors [35-37]. How-
ever, the impact of polarization effects on photogenerated
carrier dynamics in these artificially stacked materials remains

unexplored.

In this work, we confirmed the spontaneous OOP polarization
in artificially stacked 3R WSe, and investigated the ultrafast
carrier dynamics through time-resolved photocurrent (TRPC)
measurements. We fabricated 3R WSe, through artificial
stacking in parallel and validated the broken inversion
symmetry by second harmonic generation (SHG) measure-
ments. The broken symmetry in 3R WSe; leads to the BPVE.
To confirm the BPVE, a vertical heterojunction of graphene-
wrapped bilayer 3R WSe, was fabricated. The non-zero short-
circuit current was observed in the output characteristics and the
scanning photocurrent map under zero bias. In addition, the
OOP polarization accelerates the drift of photogenerated
carriers, giving the heterojunction region an ultrafast intrinsic
response time of approximately 3 ps, surpassing that of
graphene under the same conditions. Despite variations in probe
power, the ultrafast response time remains consistent, high-
lighting the reliability of the high-speed heterojunction photode-
tector across different conditions, confirming its potential appli-
cation in the field of optoelectronics. Our findings enhance the
comprehension of the impact of polarization on photogenerated
carriers and have the potential to advance related device appli-

cations.

Beilstein J. Nanotechnol. 2024, 15, 1362—-1368.

Results and Discussion
Out-of-plane polarization of 3R WSe»

Precisely controlling the stacking angle of two monolayers in
TMDs can modify the symmetry and induce unique physical
properties. Depending on the stacking order, bilayer WSe; can
be divided into 3-rhombohedral (3R) and 2-hexagonal (2H)
phases [24,26,38]. When two layers are stacked antiparallel, bi-
layer WSe, exhibits a hexagonal stacked (H-stacked) structure
with inversion symmetry. In contrast, artificially stacking two
layers in parallel to form a rhombohedral stacked (R-stacked)
structure (as illustrated in Figure 1a) disrupts the OOP mirror
symmetry. Because of differences in the stacking order, 3R
WSe, can exist in two forms, AB and BA, which determine the
polarization direction (see Supporting Information File 1,
Figure S1). We define the bilayer WSe, stacking depicted in
Figure 1a as AB, where the tungsten atoms (W, blue dots) are
positioned directly above the selenium atoms (Se, purple dots).
This arrangement leads to charge transfer from the lower layer
to the upper layer, resulting in downward polarization [24] (as
shown by the black arrow in Figure 1a). In contrast, the BA
stacking order, opposite to AB, induces upward polarization
(Figure Sla). The transition between AB and BA stacking
orders can be accomplished through the interlayer sliding of
adjacent WSe; layers.

To further investigate the OOP polarization in 3R WSe,, we
prepared the graphene/3R bilayer WSe,/graphene vertical
heterojunction shown in Figure 1b. We performed SHG mea-
surements with an 800 nm laser to excite monolayer WSe, and
artificially stacked bilayer WSe,. A stronger SHG intensity at
400 nm was detected in bilayer WSe; constructed by artificial
stacking, which confirmed its 3R phase (Figure 1c). To high-
light the difference in SHG intensity between bilayer WSe; of
various phases and monolayer WSe,, we controlled the stacking
angle to prepare 3R and 2H regions on the same monolayer
WSe, (Supporting Information File 1, Figure S2a). The corre-
sponding SHG scanning map is presented in Supporting Infor-
mation File 1, Figure S2b. Subsequently, polarization-resolved
SHG measurements were conducted on the top and bottom
WSe,; regions in Figure 1b. The deviation between the two
crystal orientations was approximately 1°, confirming the high
precision of the stacking angle. To enrich the basic characteriza-
tions of WSe;, we conducted Raman spectroscopy and scan-
ning electron microscopy (SEM) measurements (Supporting
Information File 1, Note 5).

The broken symmetry leads to an asymmetric distribution of
photogenerated carriers, resulting in a non-zero photocurrent
even under zero bias, known as BPVE [33,39]. Under 520 nm
laser excitation, a short-circuit current of approximately

21.5 nA was observed in the output characteristic curve of the
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Figure 1: Crystal structure and the OOP polarization of 3R WSe». (a) Crystal structure of 3R bilayer WSe,. The blue and purple spheres, respectively,
represent W and Se atoms. The black arrow represents the direction of interlayer polarization. (b) Optical image of the graphene/3R WSez/graphene
heterojunction device. The yellow and orange dashed lines represent two monolayers of WSe,. The white dashed lines represent the top and bottom
graphene layers. (c) SHG spectra of H-stacked (2H) and R-stacked (3R) bilayer WSes. (d) Output characteristic curves of the device shown in (b)
under dark (black) and illuminated conditions (A = 520 nm, red). Under 520 nm laser illumination, there is a significant short-circuit current of about
21.5 nA. (e) Scanning photocurrent microscopy map obtained with an excitation wavelength of 780 nm on the device in (b) with the V45 = 0 V and

Vg =0 V. The yellow and orange dashed lines indicate two monolayers of WSe; stacked in parallel. The black dashed lines represent the top and
bottom graphene layers. (f) Polarization-resolved SHG signals of top (black dots) and bottom (red dots) WSeo monolayers.

vertical heterojunction device (Figure 1d), proving the exis-
tence of spontaneous OOP polarization. To compare to the
graphene/WSe,/graphene devices, we fabricated a WSe, two-
terminal device, the electronic characteristics of which are
shown in Supporting Information File 1, Note 4. To utilize the
BPVE in 3R WSe,, we investigated the vertical heterojunction
using scanning photocurrent microscopy (SPCM). The scan-
ning photocurrent map obtained under zero bias (Figure le),
demonstrates that the photocurrent mainly originates from the
heterojunction region, thus, further confirming the OOP polari-
zation. These measurements of the non-zero short-circuit cur-
rent in the heterojunction region provide a basis for subsequent

research on internal carrier dynamics.

Ultrafast photoresponse in the vertical

graphene/3R WSes/graphene heterojunction

Theoretically, the OOP polarization in 3R WSe, accelerates the
separation of photogenerated carriers, suggesting that the
vertical heterojunction may exhibit a fast photoresponse. We
explored the photogenerated carrier dynamics and the intrinsic
photoresponse in the vertical heterojunction through time-
resolved photocurrent measurements (TRPC). The custom-built
TRPC setup is shown in Figure 2a. A 780 nm pulse laser is used

as the excitation source and split into two separate beams, one

serving as the pump and the other as the probe. The two beams
focus spatially on the same point within the graphene/3R WSe,/
graphene heterojunction region. The measurements are based on
the conventional pump—probe method, requiring the pump
power to have sufficiently high power to saturate the sample
[40-42].

Figure 2b shows the power-law relationship between photocur-
rent (Ipp) and excitation power (P), Ipy = pO-6, indicating that
the photocurrent exhibits sublinear growth, consistent with the
saturation effect. In Figure 2c, the TRPC measurement curve
shows a symmetric dip at zero time delay, attributed to the sig-
nificant suppression due to ground state saturation. By fitting
the TRPC curve with an exponential function, we determined
that the photoresponse time of the heterojunction region is
approximately 2.8 ps. The picosecond photoresponse in the
heterojunction region arises not only from the ultrashort channel
length in the vertical direction but also from the OOP polariza-
tion of WSe;. In 3R WSe,, polarization accumulates with in-
creasing layer thickness, resulting in a higher polarization value
in thicker multilayered 3R WSe, nanoflakes, which will accel-
erate the separation of photogenerated carriers. Subsequently,
we investigated the TRPC curves of the heterojunction region

across a range of probe and pump powers, ranging from 14 to

1364



Delay line stage

Beilstein J. Nanotechnol. 2024, 15, 1362—-1368.

1
a . ! b
1
Pump beam : :
¥ __J | ~—~ 6
Probe beam E
-
Chopper QC)
EAT
3
Gra 780 nm o
R-WSe, o
o OO

P

=165.3 pW
Porobe = 183.3 W

pump

Photocurrent intensity (a.u.)

Si0, 0 50

100 150 200 30 15 0 15 30
Excitation power (UW)

Delay time (ps)
Probe power (W)

Probe power
183 pW|

Photocurrent intensity (a.u.)
Photocurrent intensity (a.u.)

L n L

-30 -15 0 15 30
Delay time (ps)

&
S

Delay time (ps)

0 50 100 150 200
f s ‘ ‘ ‘ 4
Pump power 8 4L 13 8
183 (W Y o 2009%900 Y
E O ° E
= 900 o =
o 37 120
2 2
9] 25,0° 9]
Q o Q
7 o 9900 0 90 &
' Q27 1o
14 W o= =
. . 1 . . . 0
-15 0 15 30 0 50 100 150 200

Pump power (uW)

Figure 2: TRPC measurements in the graphene/3R WSejy/graphene heterojunction. (a) Schematic of the graphene/3R WSes,/graphene device and
the TRPC setup. (b) Sublinear dependence of photocurrent on excitation power, indicating the saturation effect. A power law fit was applied, resulting
in Iph = PY-6_ (c) Typical TRPC results of the graphene/3R WSey/graphene device. The intrinsic photoresponse time of 2.8 ps was obtained through
exponential fitting. (d) Probe power-resolved TRPC curves for the graphene/3R WSe,/graphene heterojunction device, ranging from 14 to 183 pW.
(e) Pump power-resolved TRPC curves for the graphene/3R WSe,/graphene heterojunction device, ranging from 14 to 183 pW. (f) Photoresponse
time (1) of the heterojunction as a function of pump (black dots) and probe power (red dots).

183 uW (Figure 2d,e). Each TRPC curve has been individually
fitted with an exponential function to obtain the intrinsic
photoresponse time (1), as summarized in Figure 2f. The
response time (1) of the device can be determined by fitting the
time-resolved photocurrent signals with the following equation
[40,41,43]:
PC(At) |A|
———F—=1-Adexp| —— |.
PC(Ar — o) T

Here, the amplitude A and the time constant T are the fitting pa-
rameters. With different probe and pump powers, the ultrafast
response time remains consistent, demonstrating that the high-
speed heterojunction photodetector can work under various
conditions.

Comparison of TRPC in the heterojunction

and graphene regions

We then considered the intrinsic response time of graphene
within the heterojunction. Because of its high carrier mobility
and broadband absorption, graphene has been used to prepare
high-speed photodetectors with intrinsic photocurrent response
times down to the picosecond level [42]. Notably, under the

same excitation conditions, comparison of the TRPC curves be-

tween the heterojunction and the graphene region in the hetero-
junction revealed that the heterojunction exhibits an even
shorter response time (Figure 3a,b). It is the OOP polarization
within the bilayer WSe, that accelerates the intrinsic response
time of the heterojunction. To verify the reliability of the exper-
imental results, we subsequently conducted TRPC measure-
ments at various probe powers in the heterojunction and in the
graphene region, with the power ranging from 40 to 184 pW.
The response times of the heterojunction (red dots) and
graphene region (black dots) are summarized in Figure 3c. The
response time of the heterojunction is consistently shorter than
that of the graphene region. This finding not only confirms the
stability of the device but also demonstrates the acceleration
effect of OOP polarization in 3R WSe, on carrier drift. Al-
though the power change does not affect the response time of
the device, the increase in power generates more photogener-
ated carriers, reflected in the increased magnitude of the

photocurrent (Figure 3d).

Conclusion

We confirmed that the photodetector based on 3R phase WSe;
exhibits an ultrafast photocurrent response on the picosecond
scale. The 3R bilayer WSe, was artificially fabricated by

precisely controlling the stacking angle of two monolayers of
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Figure 3: (a) Comparison of TRPC curves in the heterojunction and in the graphene region. (b) Normalized photocurrent decay curves of the hetero-
junction and graphene in the heterojunction. The solid fitting curves have been fitted by exponential decay. (c) Photoresponse time (1) of heterojunc-
tion (red dots) and graphene region (black dots) as a function of probe power. (d) Photoresponse intensity of heterojunction (red dots) and graphene

region (black dots) as a function of probe power.

WSe,. The crystal structures of 3R WSe; leads to the breaking
of OOP symmetry, confirmed by SHG measurements. Subse-
quently, the bulk photovoltaic effect in the graphene/3R WSe,/
graphene vertical heterojunction was confirmed through the
output characteristic curve and photocurrent map under zero
bias. The bulk photovoltaic response time is approximately
3 ps. Because of the spontaneous OOP polarization, the
response time of the heterojunction is even shorter than that of
graphene under the same conditions, which highlights its poten-

tial application in ultrafast photoelectric detection.

Experimental

Device fabrication

The 2D materials, WSe, and graphene, were obtained from
high-quality bulk crystals using the mechanical exfoliation
method. The monolayer WSe, nanoflakes were exfoliated onto
a transparent polydimethylsiloxane (PDMS) film, selected
based on optical contrast, and characterized by photolumines-
cence (PL) measurements at room temperature (see Supporting
Information File 1, Figure S3). The relative angles between
crystalline axes of the top and bottom WSe, layers were deter-
mined by polarization-resolved SHG measurements. The zigzag

directions of the two monolayers of WSe, were aligned at a 0°

angle to form the 3R phase. The graphene/3R WSe,/graphene
heterojunctions were aligned and assembled onto a SiO,/Si sub-
strate by the all-dry transfer method. Au/Cr (50/10 nm) elec-
trodes were patterned using standard electron-beam lithography
(EBL, Raith 150 Two) and deposited onto the heterojunctions
through metal thermal evaporation.

Material and performance characterization
The optical images of heterojunctions were obtained using a
microscope (ZEISS, Axio Scope Al). The SHG and PL mea-
surements were performed by using a scanning confocal micro-
scope (WITec, alpha 300R) at room temperature. The electrical
properties of the devices were characterized using an Agilent
B1500 semiconductor analyzer in a Lake Shore vacuum
chamber (1074 Pa).

SPCM and TRPC measurement

The photocurrent maps were all obtained under zero bias using
a custom-built scanning photocurrent microscopy (SPCM) with
a 780 nm fiber laser (NPI Rainbow 780 OEM) mechanical
chopped at 1050 Hz. The laser was focused near the diffraction
limit on the samples by an objective (Olympus LMPLFLN

50x%). The photocurrent was collected by a lock-in amplifier
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(Stanford SR830) with a background noise of approximately
0.2 pA. Photocurrent maps were generated by scanning the
desired area using a piezoelectric displacement stage equipped
with a fixed laser spot. The scanning range covered a maximum
square area of 100 pum.

Using time-resolved photocurrent measurements (TRPC), we
explored the intrinsic photoresponse time and carrier dynamics.
The TRPC setup involves two separate beams of 780 nm ultra-
short laser pulses with 80 fs pulse width. Both laser beams were
focused on the same point on the samples. The probe beam is
chopped by a mechanical chopper at 1050 Hz. The delay time
between the two beams is precisely controlled by a mechanical
delay stage (Thorlabs DDSM100/M). The pump and probe
beams were recombined using a beam splitter following the
delay line stage. Pump and probe beams simultaneously excite
the sample at zero delay. With increasing delay, the excited
carriers relax before being re-excited by the probe, weakening
the photocurrent suppression. This results in an exponential
recovery with a response time T, causing a typical symmetric
dip in the TRPC curve at zero delay.

Supporting Information

Supporting Information File 1

Characterization of structure, SHG image, SEM and EDS
images, Raman and PL spectrum of WSe, and raw TRPC
curves for the extraction of response time.

[https://www beilstein-journals.org/bjnano/content/
supplementary/2190-4286-15-109-S1.pdf]

Funding

This work was supported by the National Natural Science Foun-
dation of China (Nos. U23A20570, 92263107, 52302175,
52022029), the science and technology innovation Program of
Hunan Province (Nos. 2024RC1034, 2023JJ40138), and the
China Postdoctoral Science Foundation (2022M721081).

ORCID® iDs

Guixian Liu - https://orcid.org/0009-0009-3311-8324

Data Availability Statement
The data that supports the findings of this study is available from the corre-
sponding author upon reasonable request.

References

1. Zhang, D.; Schoenherr, P.; Sharma, P.; Seidel, J. Nat. Rev. Mater.
2023, 8, 25—40. doi:10.1038/s41578-022-00484-3

10.

1

—_

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

Beilstein J. Nanotechnol. 2024, 15, 1362—-1368.

. Wang, C.; You, L.; Cobden, D.; Wang, J. Nat. Mater. 2023, 22,

542-552. doi:10.1038/s41563-022-01422-y

. Li, S.; Wang, F.; Wang, Y.; Yang, J.; Wang, X.; Zhan, X.; He, J.;

Wang, Z. Adv. Mater. (Weinheim, Ger.) 2024, 36, 2301472.
doi:10.1002/adma.202301472

. Wu, G,; Xiang, L.; Wang, W.; Yao, C.; Yan, Z.; Zhang, C.; Wu, J.;

Liu, Y.; Zheng, B.; Liu, H.; Hu, C.; Sun, X.; Zhu, C.; Wang, Y.;
Xiong, X.; Wu, Y.; Gao, L.; Li, D.; Pan, A.; Li, S. Sci. Bull. 2024, 69,
473-482. doi:10.1016/j.scib.2023.12.027

. Qi, L,; Tang, W.; Weng, X.; Wu, K.; Cen, Y.; Sun, Y.; Zhou, S.; Li, Z.;

Wu, X.; Kang, C.; Zhao, D.; Dai, S.; Xie, Y.; Liang, H.; Zhang, W.;
Zeng, Y.-J.; Ruan, S. Adv. Funct. Mater. 2024, 34, 2315991.
doi:10.1002/adfm.202315991

. Liu, Q.; Cui, S.; Bian, R.; Pan, E.; Cao, G.; Li, W; Liu, F. ACS Nano

2024, 18, 1778-1819. doi:10.1021/acsnano.3c05711

. Jia, Y.; Yang, Q.; Fang, Y.-W; Lu, Y.; Xie, M.; Wei, J.; Tian, J.;

Zhang, L.; Yang, R. Nat. Commun. 2024, 15, 693.
doi:10.1038/s41467-024-44927-7

. Yang, T. H.; Liang, B.-W.; Hu, H.-C.; Chen, F.-X.; Ho, S.-Z.;

Chang, W.-H.; Yang, L.; Lo, H.-C.; Kuo, T.-H.; Chen, J.-H.; Lin, P.-Y.;
Simbulan, K. B.; Luo, Z.-F.; Chang, A. C.; Kuo, Y.-H.; Ku, Y.-S.;
Chen, Y.-C.; Huang, Y.-J.; Chang, Y.-C.; Chiang, Y.-F.; Lu, T.-H.;
Lee, M.-H.; Li, K.-S.; Wu, M.; Chen, Y.-C.; Lin, C.-L.; Lan, Y.-W.

Nat. Electron. 2023, 7, 29-38. doi:10.1038/s41928-023-01073-0

. Mukherjee, S.; Dutta, D.; Ghosh, A.; Koren, E. ACS Nano 2023, 17,

22287-22298. doi:10.1021/acsnano.3c03820

Li, W.; Zhang, X.; Yang, J.; Zhou, S.; Song, C.; Cheng, P.;
Zhang, Y.-Q.; Feng, B.; Wang, Z.; Lu, Y.; Wu, K.; Chen, L.

Nat. Commun. 2023, 14, 2757. doi:10.1038/s41467-023-38445-1

.Li, X.; Li, S.; Tian, J.; Lyu, F.; Liao, J.; Chen, Q. Adv. Funct. Mater.

2024, 34, 2306486. doi:10.1002/adfm.202306486

Liao, J.; Wen, W.; Wu, J.; Zhou, Y.; Hussain, S.; Hu, H.; Li, J.;

Liagat, A.; Zhu, H.; Jiao, L.; Zheng, Q.; Xie, L. ACS Nano 2023, 17,
6095-6102. doi:10.1021/acsnano.3c01198

Park, S.; Oh, S.; Lee, D.; Park, J.-H. InfoMat 2022, 4, e12367.
doi:10.1002/inf2.12367

Huang, Y.-T.; Chen, N.-K.; Li, Z.-Z.; Wang, X.-P.; Sun, H.-B.;

Zhang, S.; Li, X.-B. InfoMat 2022, 4, e12341. doi:10.1002/inf2.12341
Rogée, L.; Wang, L.; Zhang, Y.; Cai, S.; Wang, P.; Chhowalla, M.;

Ji, W.; Lau, S. P. Science 2022, 376, 973-978.
doi:10.1126/science.abm5734

Yasuda, K.; Wang, X.; Watanabe, K.; Taniguchi, T.; Jarillo-Herrero, P.
Science 2021, 372, 1458—-1462. doi:10.1126/science.abd3230

Lv, M.; Sun, X.; Chen, Y.; Taniguchi, T.; Watanabe, K.; Wu, M.;
Wang, J.; Xue, J. Adv. Mater. (Weinheim, Ger.) 2022, 34, 2203990.
doi:10.1002/adma.202203990

Wang, X.; Yasuda, K.; Zhang, Y.; Liu, S.; Watanabe, K.; Taniguchi, T.;
Hone, J.; Fu, L.; Jarillo-Herrero, P. Nat. Nanotechnol. 2022, 17,
367-371. doi:10.1038/s41565-021-01059-z

Weston, A.; Castanon, E. G.; Enaldiev, V.; Ferreira, F.;
Bhattacharijee, S.; Xu, S.; Corte-Leén, H.; Wu, Z.; Clark, N.;
Summerfield, A.; Hashimoto, T.; Gao, Y.; Wang, W.; Hamer, M.;
Read, H.; Fumagalli, L.; Kretinin, A. V.; Haigh, S. J.; Kazakova, O.;
Geim, A. K.; Fal’ko, V. |.; Gorbachev, R. Nat. Nanotechnol. 2022, 17,
390-395. doi:10.1038/s41565-022-01072-w

Tsymbal, E. Y. Science 2021, 372, 1389-1390.
doi:10.1126/science.abi7296

Vizner Stern, M.; Waschitz, Y.; Cao, W.; Nevo, |.; Watanabe, K.;
Taniguchi, T.; Sela, E.; Urbakh, M.; Hod, O.; Ben Shalom, M. Science
2021, 372, 1462—1466. doi:10.1126/science.abe8177

1367


https://www.beilstein-journals.org/bjnano/content/supplementary/2190-4286-15-109-S1.pdf
https://www.beilstein-journals.org/bjnano/content/supplementary/2190-4286-15-109-S1.pdf
https://orcid.org/0009-0009-3311-8324
https://doi.org/10.1038%2Fs41578-022-00484-3
https://doi.org/10.1038%2Fs41563-022-01422-y
https://doi.org/10.1002%2Fadma.202301472
https://doi.org/10.1016%2Fj.scib.2023.12.027
https://doi.org/10.1002%2Fadfm.202315991
https://doi.org/10.1021%2Facsnano.3c05711
https://doi.org/10.1038%2Fs41467-024-44927-7
https://doi.org/10.1038%2Fs41928-023-01073-0
https://doi.org/10.1021%2Facsnano.3c03820
https://doi.org/10.1038%2Fs41467-023-38445-1
https://doi.org/10.1002%2Fadfm.202306486
https://doi.org/10.1021%2Facsnano.3c01198
https://doi.org/10.1002%2Finf2.12367
https://doi.org/10.1002%2Finf2.12341
https://doi.org/10.1126%2Fscience.abm5734
https://doi.org/10.1126%2Fscience.abd3230
https://doi.org/10.1002%2Fadma.202203990
https://doi.org/10.1038%2Fs41565-021-01059-z
https://doi.org/10.1038%2Fs41565-022-01072-w
https://doi.org/10.1126%2Fscience.abi7296
https://doi.org/10.1126%2Fscience.abe8177

22.Fei, Z.; Zhao, W.; Palomaki, T. A.; Sun, B.; Miller, M. K.; Zhao, Z.;
Yan, J.; Xu, X.; Cobden, D. H. Nature 2018, 560, 336-339.
doi:10.1038/s41586-018-0336-3

23.Wan, Y.; Hu, T.; Mao, X.; Fu, J.; Yuan, K.; Song, Y.; Gan, X.; Xu, X;
Xue, M.; Cheng, X.; Huang, C.; Yang, J.; Dai, L.; Zeng, H.; Kan, E.
Phys. Rev. Lett. 2022, 128, 067601.
doi:10.1103/physrevlett.128.067601

24.Yang, D.; Wu, J.; Zhou, B. T.; Liang, J.; Ideue, T.; Siu, T.; Awan, K. M.;
Watanabe, K.; Taniguchi, T.; Iwasa, Y.; Franz, M.; Ye, Z.

Nat. Photonics 2022, 16, 469-474. doi:10.1038/s41566-022-01008-9

25.Meng, P.; Wu, Y.; Bian, R.; Pan, E.; Dong, B.; Zhao, X.; Chen, J.;
Wu, L.; Sun, Y.; Fu, Q.; Liu, Q.; Shi, D.; Zhang, Q.; Zhang, Y.-W.;
Liu, Z.; Liu, F. Nat. Commun. 2022, 13, 7696.
doi:10.1038/s41467-022-35339-6

26.Liang, J.; Yang, D.; Xiao, Y.; Chen, S.; Dadap, J. |.; Rottler, J.; Ye, Z.
Nano Lett. 2023, 23, 7228-7235. doi:10.1021/acs.nanolett.3c01487

27.Yang, L.; Ding, S.; Gao, J.; Wu, M. Phys. Rev. Lett. 2023, 131, 096801.

doi:10.1103/physrevlett.131.096801

28.Kim, D. S.; Dominguez, R. C.; Mayorga-Luna, R.; Ye, D.; Embley, J.;
Tan, T.; Ni, Y.; Liu, Z.; Ford, M.; Gao, F. Y.; Arash, S.; Watanabe, K.;
Taniguchi, T.; Kim, S.; Shih, C.-K,; Lai, K.; Yao, W.; Yang, L.; Li, X;
Miyahara, Y. Nat. Mater. 2024, 23, 65-70.
doi:10.1038/s41563-023-01637-7

29.Wilson, N. P.; Yao, W.; Shan, J.; Xu, X. Nature 2021, 599, 383-392.
doi:10.1038/s41586-021-03979-1

30.Jin, J.; Wang, Z.; Peng, Z.; Liu, H.; Peng, K.; Wei, H.; Wang, Y.; Xu, Y.;
Wei, H.; Chu, W.; Li, Y. J.; Sun, L. Adv. Electron. Mater. 2022, 8,
2200210. doi:10.1002/aelm.202200210

31.Li, Y.; Fu, J.; Mao, X.; Chen, C.; Liu, H.; Gong, M.; Zeng, H.
Nat. Commun. 2021, 12, 5896. doi:10.1038/s41467-021-26200-3

32. Akamatsu, T.; Ideue, T.; Zhou, L.; Dong, Y.; Kitamura, S.; Yoshii, M.;
Yang, D.; Onga, M.; Nakagawa, Y.; Watanabe, K.; Taniguchi, T;
Laurienzo, J.; Huang, J.; Ye, Z.; Morimoto, T.; Yuan, H.; lwasa, Y.
Science 2021, 372, 68—72. doi:10.1126/science.aaz9146

33. Spanier, J. E.; Fridkin, V. M.; Rappe, A. M.; Akbashev, A. R.;
Polemi, A.; Qi, Y.; Gu, Z.; Young, S. M.; Hawley, C. J.; Imbrenda, D.;
Xiao, G.; Bennett-Jackson, A. L.; Johnson, C. L. Nat. Photonics 2016,
10, 611-616. doi:10.1038/nphoton.2016.143

34.Choi, T.; Lee, S.; Choi, Y. J.; Kiryukhin, V.; Cheong, S.-W. Science
2009, 324, 63—66. doi:10.1126/science.1168636

35.Wu, J.; Yang, D.; Liang, J.; Werner, M.; Ostroumov, E.; Xiao, Y.;
Watanabe, K.; Taniguchi, T.; Dadap, J. |.; Jones, D.; Ye, Z. Sci. Adv.
2022, 8, eade3759. doi:10.1126/sciadv.ade3759

36.Li, D.; Qin, J.-K.; Zhu, B.; Yue, L.-Q.; Huang, P.-Y.; Zhu, C.; Zhou, F.;
Zhen, L.; Xu, C.-Y. ACS Nano 2024, 18, 9636—-9644.
doi:10.1021/acsnano.4c00382

37.Zhao, X.; Song, K.; Huang, H.; Han, W.; Yang, Y. Adv. Opt. Mater.
2022, 10, 2101741. doi:10.1002/adom.202101741

38.Zeng, Z.; Sun, X.; Zhang, D.; Zheng, W.; Fan, X.; He, M.; Xu, T.;
Sun, L.; Wang, X.; Pan, A. Adv. Funct. Mater. 2019, 29, 1806874.
doi:10.1002/adfm.201806874

39. Liu, L.; Wang, H.; Wu, Q.; Wu, K.; Tian, Y.; Yang, H.; Shen, C. M.;
Bao, L.; Qin, Z.; Gao, H.-J. Nano Res. 2022, 15, 5443-5449.
doi:10.1007/s12274-022-4142-8

40.Zeng, Z.; Braun, K.; Ge, C.; Eberle, M.; Zhu, C.; Sun, X,; Yang, X.;
Yi, J.; Liang, D.; Wang, Y.; Huang, L.; Luo, Z.; Li, D.; Pan, A.; Wang, X.
Fundam. Res. 2022, 2, 405-411. doi:10.1016/j.fmre.2021.09.018

Beilstein J. Nanotechnol. 2024, 15, 1362—-1368.

41.Zeng, Z.; Ge, C.; Braun, K.; Eberle, M.; Wang, Y.; Zheng, B.; Zhu, C.;
Sun, X.; Huang, L.; Luo, Z.; Chen, Y.; Duan, H.; Wang, S.; Li, D.;
Gao, F.; Pan, A.; Wang, X. Adv. Funct. Mater. 2022, 32, 2200973.
doi:10.1002/adfm.202200973

42.Sun, D.; Aivazian, G.; Jones, A. M.; Ross, J. S.; Yao, W.; Cobden, D.;
Xu, X. Nat. Nanotechnol. 2012, 7, 114-118.
doi:10.1038/nnano.2011.243

43. Massicotte, M.; Schmidt, P.; Vialla, F.; Schadler, K. G.;
Reserbat-Plantey, A.; Watanabe, K.; Taniguchi, T.; Tielrooij, K. J.;
Koppens, F. H. L. Nat. Nanotechnol. 2016, 11, 42—46.
doi:10.1038/nnano.2015.227

License and Terms

This is an open access article licensed under the terms of
the Beilstein-Institut Open Access License Agreement
(https://www.beilstein-journals.org/bjnano/terms), which is

identical to the Creative Commons Attribution 4.0
International License
(https://creativecommons.org/licenses/by/4.0). The reuse of

material under this license requires that the author(s),
source and license are credited. Third-party material in this
article could be subject to other licenses (typically indicated
in the credit line), and in this case, users are required to
obtain permission from the license holder to reuse the
material.

The definitive version of this article is the electronic one
which can be found at:
https://doi.org/10.3762/bjnano.15.109

1368


https://doi.org/10.1038%2Fs41586-018-0336-3
https://doi.org/10.1103%2Fphysrevlett.128.067601
https://doi.org/10.1038%2Fs41566-022-01008-9
https://doi.org/10.1038%2Fs41467-022-35339-6
https://doi.org/10.1021%2Facs.nanolett.3c01487
https://doi.org/10.1103%2Fphysrevlett.131.096801
https://doi.org/10.1038%2Fs41563-023-01637-7
https://doi.org/10.1038%2Fs41586-021-03979-1
https://doi.org/10.1002%2Faelm.202200210
https://doi.org/10.1038%2Fs41467-021-26200-3
https://doi.org/10.1126%2Fscience.aaz9146
https://doi.org/10.1038%2Fnphoton.2016.143
https://doi.org/10.1126%2Fscience.1168636
https://doi.org/10.1126%2Fsciadv.ade3759
https://doi.org/10.1021%2Facsnano.4c00382
https://doi.org/10.1002%2Fadom.202101741
https://doi.org/10.1002%2Fadfm.201806874
https://doi.org/10.1007%2Fs12274-022-4142-8
https://doi.org/10.1016%2Fj.fmre.2021.09.018
https://doi.org/10.1002%2Fadfm.202200973
https://doi.org/10.1038%2Fnnano.2011.243
https://doi.org/10.1038%2Fnnano.2015.227
https://www.beilstein-journals.org/bjnano/terms
https://creativecommons.org/licenses/by/4.0
https://doi.org/10.3762/bjnano.15.109

	Abstract
	Introduction
	Results and Discussion
	Out-of-plane polarization of 3R WSe2
	Ultrafast photoresponse in the vertical graphene/3R WSe2/graphene heterojunction
	Comparison of TRPC in the heterojunction and graphene regions

	Conclusion
	Experimental
	Device fabrication
	Material and performance characterization
	SPCM and TRPC measurement

	Supporting Information
	Funding
	ORCID iDs
	Data Availability Statement
	References

