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High-performance photodetectors hold promising potential in optical communication and imaging systems.
However, conventional counterparts are suffering narrow detection range, high power consumption, and
poor polarization sensitivity. Characteristics originating from switchable polarization in ferroelectrics can
be used to optimize the photo-to-electric procedure and improve the photodetection performance. In this
regard, we constructed a configuration by integrating 2-dimensional molybdenum disulfide (MoS,) with
ferroelectric lithium niobate (LiNbO3), resulting in the MoS,/LiNbO; heterostructured photodetector.
Benefiting from the pyroelectric effect of LiNbOs, the limitation of bandgap on the detection range can
be broken, thus broadening the response band of the detector to 365 to 1,064 nm, as well as enabling
the self-powered characteristic. Meanwhile, high carrier mobility and decent light absorbance of MoS,
introduce robust light-matter interactions with the underlying LiNbO,, leading to ultrafast rise/fall times of
~150 ps/250 ps and switching ratios of up to ~190. Moreover, the highest responsivity, specific detectivity,
and external quantum efficiency achieved were 17.3 A-W™, 4.3 x 10" Jones, and 4,645.78%, respectively.
Furthermore, because of the anisotropy of the spontaneous-polarized LiNbO; substrate, the photocurrent
of the device achieved a dichroic ratio of 742, comparing favorably to most MoS,-based photodetectors.
This work demonstrates the integration potential between ferroelectric LiNbO; and 2-dimensional
materials for high-performance photodetection.
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Introduction

High-performance photodetectors offer tremendous potential
in various applications, such as optical communication [1-4],
optical imaging systems [5-7], medical diagnostics [8,9], and
environmental monitoring [10,11]. Recently, 2-dimensional (2D)
materials, particularly layered transition metal dichalcogenides,
have attracted widespread attention in the field of integrated
photodetectors due to their excellent photoelectric properties
[12-15]. Among these materials, MoS, stands out for its weak
dark current, high stability, adjustable bandgap of 1.2 to 1.8 eV,
high carrier mobility of 200 cm*(V-s) ', and strong light absorb-
ance in the spectral range of 385 to 670 nm [16-18], representing
the most reliable 2D layered semiconductor with excellent com-
prehensive optoelectronic properties [2], making it a frequently
preferred option for utilization in optoelectronic devices such as
photodetectors, field-effect transistors, and synaptic transistors
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[19,20]. Nevertheless, in conventional MoS,-based detectors,
additional operating voltages are required to drive the directional
movement of free carriers to form the photocurrent [21-25],
while the detection range is restricted by the bandgap value
[26,27], and such detector presents negligible response to the
polarized illumination owing to the intrinsic isotropy of the MoS,
lattice [28,29], thereby impeding the MoS, photodetectors toward
low power consumption, broadband, and polarization sensitive.
To improve the performance, Lv et al. [30] exploited the ferroe-
lectric nature of poly(vinylidene fluoride-trifluoroethylene) in
intimate contact with MoS,, engineering the carrier doping in
MoS, through their reversible polarization by an external pol-
ing field, reaching 11.9 A-W™" at 365 to 532 nm. Except for
poly(vinylidene fluoride-trifluoroethylene), LiINbO, is another
important ferroelectric crystal possessing remarkable electro-
optical characteristics such as high pyroelectric coeflicient of
—4 X 107 C-(K-m”)7', a wide light transmission range of
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350 to 5,000 nm, and a strong photorefractive effect [31-34].
Currently, LINbO, has been widely used in integrated optoelec-
tronic devices, such as active photonics, modulators, and optical
frequency comb [35-37]. However, LINbO;-based photodetec-
tors have received less attention because of the inherent drawback
of insulating behavior, such as low conductivity and huge band-
gap, which restricts the construction of LINbO;-based photode-
tectors and hinders the development of optoelectronic integration
based on the LiNbO, platforms.

To address these issues, Sun et al. [38] used a high-energy
ion implantation setup to plant both plasmonic silver (Ag)
nanoparticles and Ag ions into the surface of lithium niobate
on insulator thin film and observed the localized surface
plasmon resonance effect to benefit the photodetection behav-
ior of the insulating LiNbO;, achieving a responsivity of
0.25 AW 'anda response time of 16 ms. Besides, assembling
with 2D photosensitive materials through van der Waals
(vdW) integration is another novel approach to exploiting the
application of LiNbO; in the field of photodetection [39-41].
In our previous work, the pyroelectric characteristic of x-cut
LiNbO, was used to achieve simultaneous n- and p-doping in
graphene, forming a homojunction in the zero-gap graphene
channel, thus leading to a high sensitivity (=2.92 x 10° A-W™")
and fast response (rise/fall time of 23 ms/23 ms) photode-
tector [39]. Whereas the weak light absorbance of graphene
(=2.3% for single-layer graphene) and large dark current
greatly limited the graphene-based detector toward high
switching ratio [21,42-44], the polarization detection of inci-
dent light is not integrated into the lithium-niobate-based
photodetector.

In this work, we conceived and constructed a MoS,/LiNbO,
heterojunction photodetector to effectively overcome the chal-
lenges mentioned above. The ferroelectric polarization of x-cut
LiNbO, can be tuned upon external laser illumination, namely,
the pyroelectric effect, thus leading to the asymmetrical doping
in the MoS,, redefining the carrier distribution in the channel,
and the generated internal electric field enables self-powered
operation without additional bias voltage. Drawing upon the
pyroelectric effect of LINbO, over extraordinarily wide spec-
tral extent [45-48], the limitation imposed by semiconductor
bandgap on detection range can be broken through to 365 to
1,064 nm. Concurrently, the inherent shortcomings of pristine
LiNbO; can be compensated by integration with MoS,, the
high mobility and high light absorption characteristics of the
latter unit help to improve the performance of the whole het-
erojunction device to a minimum rise/fall time of =150 ps/250 ps,
a maximum switching ratio of =190, as well as the exceptional
obtainable responsivity, specific detectivity, and external quan-
tum efficiency (EQE) of 17.3 AW, 4.3 x 10" Jones, and
4645.78%, respectively. In addition, ferroelectric LiNbO; is
sensitive to polarized light because of its anisotropic crystal
arrangement [49-53], and this polarization detection ability can
be inherited to heterojunction detectors through pyroelectric
effect, resulting in a dichroic ratio up to 7.42 in self-powered
mode, surpassing most previously reported configurations
that integrated MoS, with anisotropic GeSe [54], ReSe, [55],
and TiS; [56]. This work exhibits a distinctive complementary
advantage of integrating ferroelectric LINbO; and 2D layered
semiconductor materials through vdW integration to realize
high-performance photodetection, which can pave the way for
the on-chip optoelectronic integration based on the LiNbO,
platform.
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Results and Discussion

Device fabrication

Figure 1A shows the schematic structure of a MoS,/LiNbO,
device, in which a piece of x-cut LiINbO, is used as the sub-
strate, while 2D MoS, works as the channel material. In our
case, 2 pairs of electrodes are designed and patterned parallel
to the z-axis direction of the LiNbO, substrate, since the struc-
tural anisotropy of LiNbO; is largest along the z axis [32],
which is beneficial to maximize the ferroelectric polarization
characteristics of LINbO;. To utilize the high conductivity of
MoS, to compensate for the poor conductivity of LINbO; we
selected mechanically exfoliated multilayer MoS, due to its
low defect concentration. More details about the fabrication
process can be seen in Materials and Methods and Fig. SI.
Figure 1B depicts the cross-sectional atomic structure of the
MoS,/LiNbO; heterojunction, from which we can see that the
surface of 2D MoS, is atomically flat and there are no unsatu-
rated dangling bonds, which ensures its compatibility with
LiNbO; and can be used to construct devices through vdW
integration. As for the underlying LiNbO; crystal, niobium
(Nb) and lithium (Li) will move in the same direction along
the ¢ axis, Nb deviates from the center of the oxygen octahe-
dron, while Li deviates from the common plane of the oxygen
octahedron, and an electric dipole moment along the ¢ axis
is generated, resulting in the spontaneous polarization char-
acteristic [57]. Figure 1C presents the optical microscope
image of the real MoS,/LiNbO, device, where a mechanically
exfoliated MoS, with lateral size of =30 pm X 40 pm is evenly
laid between 4 Au electrodes and in good contact with them,
and the separation between the upper and lower electrodes is
~10 pm, while the left and right electrodes are spaced =20 pm
apart. To investigate the roughness of the achieved MoS,/
LiNbO, device, we characterized and tested the MoS, using
an atomic force microscope (AFM), as shown in Fig. 1D. The
AFM image is acquired from the red square area in Fig. 1C of
the device, it can be observed that the boundary between
MoS, and the Au electrode is clear. Figure 1E displays the
height line profile across the boundary, indicating that the
thickness of MoS, obtained is ~12.5 nm and the noticeable
difference in thickness between the MoS, and the underlying
Au electrode indicates a close and uniform contact (more
details about the microstructure can be seen in Figs. S2 and
S3). Besides, the Raman spectrum was used to characterize
the quality of the MoS, on x-cut LiNbO, (Fig. 1F). Under the
excitation of a 532-nm laser, 2 prominent peaks around 385
and 410 cm™" are observed, which correspond to the in-plane
El 2g mode and the out-of-plane A;, mode of MoS,, respec-
tively [58]. The lowest frequencies at 152 and 238 cm ™ in the
Raman spectra of the x-cut LiNbO, are mainly due to the
deformation of the Nb-O framework. Nb motions appear
below 300 cm” Frequencies within the range of 270 to 400 cm ™'
are affected by the displacement of Li cation, whereas the
bending modes of O-Nb-O are observed below and at 432
cm™" and are strongly correlated with the Li-O stretching and
O-Li-O bending modes. The range of 550 to 670 cm " is
associated with Nb-O stretching modes involving shifts of
oxygen atoms [59,60]. More importantly, all the characteristic
peaks show no substantial shift, indicating that the material
characterization remains unchanged after the preparation of
the MoS,/LiNbO; heterojunction, which demonstrates the
high quality of the heterojunction.
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Fig. 1. Device configuration and characterizations. (A) Schematic of the MoS,/LiNbO; photodetector. (B) Cross-sectional illustration of the atomic structure. (C) Optical
microscope image of the fabricated device. (D) AFM topography image of the device collected from the red square area in (C). (E) Height profile of the MoS, obtained by AFM.
(F) Raman spectra of the MoS,, on LiNbOs. Inset is the Raman spectra of the x-cut LiNbO; collected from the same device. a.u., arbitrary units.

Photoresponse of MoS,/LiNbO; photodetector

The photoresponse behavior of the achieved MoS,/LiNbO,
device is firstly examined. As shown in Fig. 2A, upon irradiation
of a 365-nm laser, the current dramatically increased and mono-
tonically rose to more than 421.1 nA at 1-pW incident power,
exhibiting an apparent photosensitive characteristic. As for the
situation of 660-nm laser irradiation, the current gradually
increases from 58.5 to 454.2 nA, as the power increases from
5nW to 1 pW (Fig. 2B). In addition to showing good photo-
response in the ultraviolet and visible bands (see Fig. $4), the
device even exhibits marked photoelectric response under light
irradiation with energy less than the bandgap of MoS,, extend-
ing the response range to near-infrared (NIR) band (1,064 nm),
which is absent in pristine MoS, device, as shown in Fig. 2C.
The photocurrent (I,;,) that can be expressed by Iy, = Ijgh — La
is a very intuitive physical quantity used to describe photo-
electric detection capability, and the photocurrent as a function
of the incident power is plotted in Fig. 2D, showing very good
linear characteristics in the double exponential coordinate sys-
tem under laser irradiation covering ultraviolet-visible-NIR, and
the relationship between I ; and P,, can be fitted with power
exponentials (I, o P,.*) within over 97% coefficient of deter-
mination, where the maximum a = 0.45 (see Table S1). Moreover,
the extracted photocurrent can be further used to calculate the
photoresponsivity (R) and specific photodetectivity (D*), which

follow the equations of R = I, / P;, and D* = R\/A / 2el gy,
respectively. Here, A is the effective illumination area of the
conductive channel, e is the electron charge, and 4 is the irra-
diation wavelength (see Fig. 2E). Furthermore, EQE = Rhc / eA
was also calculated, as shown in Fig. 2F, and it can be seen that
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R, D*, and EQE decrease exponentially with the increase in light
intensity due to larger recombination and scattering proba-
bility under strong light illumination than that under weak
light illumination [61], which is consistent with the previous
reports on MoS,-based photodetectors. Specifically, at a bias
voltage of 2V, a wavelength of 462 nm, and alow 1nc1dent power
of 5 nW, the device achieves an R of 17.3 A-W™', a D* of 4.3 X
10"! Jones, and an EQE of 4,645.78%, demonstrating the device’s
terrific sensitivity at weak incident power. The evolution of pho-
tocurrent as a function of incident laser wavelength can be seen
in Fig. S5, and 2 distinct peaks located at 462 and 660 nm can be
attributed to the C- and A- exciton related absorption of MoS,,
respectively [62,63]. The linear dynamic range (LDR) is another
critical parameter used to evaluate the performance of a detec-
tor, which can be expressed by LDR = 20 log(P,,, / P,,,), where
P and P, , correspond to the highest and lowest incident
intensities at which the photocurrent-power curve deviates
from the linear range. Under 808-nm illumination, the device
achieves an LDR of ~84 dB (as shown in Fig. S6), further
emphasizing its high performance.

Response time of MoS,/LiNbO; photodetector

The photodetector’s rise time is typically defined as the dura-
tion required for the current to ascend from 10% to 90% of its
maximum value, whereas the fall time is described as the time
necessary for the current to descend from 90% to 10%. As
illustrated in Fig. S7, the apparatus exhibits a swift response
time for pulsed illumination over a broad spectrum ranging
from 365 to 1,064 nm, with a microsecond response speed in
the visible range. As depicted in Fig. 3A, the response rate of
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Fig. 2. Characteristics of the MoS,/LiNbO; photodetector. IV curves of the MoS,/LiNbO; photodetector illuminated by (A) 365-nm, (B) 660-nm, and (C) 1,064-nm lasers,
respectively. (D) Extracted photocurrent as a function of incident power (ultraviolet to NIR). (E) Comparison of D* and R under different laser irradiation. (F) Comparison of

EQE under different laser irradiation.

the device is obviously improved after applying a bias voltage,
and the optimized bias is 4 V, achieving a fast speed of ~150 ps.
Furthermore, a bias voltage of only 5 mV is required to achieve
the fastest response time of 26 ms under 1,064-nm irradiation
(Fig. S7K), providing a solution for rapid NIR photoresponse.
In Fig. 3B, the device’s response stability to light over the course
of 25 light cycles is presented, and it exhibits excellent repeat-
able switching characteristics. When the incident power is 10
HW, as illustrated in Fig. 3C, the device has the shortest response
time to a 462-nm laser, with a rise time of 150 ps and a fall
time of ®250 ps, which is 250 times faster than that of the MoS,/
SiO,/Si photodetector (Fig. S8C). To comprehensively charac-
terize the outstanding performance of the device, Fig. 3D
emphasizes the premium performance of the device compared
to previously reported devices [21,22,25,61,64-77], indicating
its capability to achieve faster response speed over the broad
wavelength range while maintaining a decent responsivity.

Self-powered response of MoS,/LiNbO,
photodetector at 0 bias

The aforementioned results have clearly shown that the photo-
detection performance including R, D*, EQE, and response
speed of the novel MoS,/LiNbO; device is superior to that of
the MoS,/Si0,/Si device, showing orders of magnitude improve-
ment (Fig. S8B). To explore the reason for the remarkable
improvement in device performance and reveal the interaction
mechanism between LiINbO, and 2D MoS,, we conducted sys-
tematic photoresponse measurements before and after the vdW
integration process under zero bias (Fig. S9), thus obtaining the
comparison between pristine LINbO, device and MoS,/LiNbO,
device (Fig. 4A). Upon a 405-nm laser irradiation, as the laser
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is turned on and off, forward and reverse current spikes are
generated in the pristine LiNbO; device (Fig. 4B), the pyro-
electric current direction between electrodes 1 and 2 and 3 and
4 is the same, while the pyroelectric current direction between
electrodes 1 and 3 and 2 and 4 is opposite, showing that the
charges accumulated by electrodes 1 to 3 and electrodes 2 to 4
are opposite (see Fig. 4A), which is consistent with the previous
results [39]. After a MoS, flake is assembled onto the LiNbO,
substrate, the MoS,/LiNbO; device is obtained. The light irra-
diation would bring in a local temperature increase in LiNbO;,
resulting in a reduction of the spontaneous polarization inten-
sity. Therefore, the binding ability of ferroelectric polarization
on the surface charge of LINDO, is weakened, resulting in holes
and electrons being injected into the MoS, channel along both
sides of the z direction, thus modulating the distribution of
carriers in the channel and forming an internal electric field,
driving the photogenerated carriers to move directionally, and
donating the device the self-powered function without bias
voltage; and the R, D¥, and EQE of self-powered response can
be found in Fig. S10. The response time of the device was eval-
uated under various laser wavelengths at 0 bias voltage, and the
results are depicted in Fig. 4C to E. It can be seen that with the
increase in incident power, the photoconductivity effect of MoS,
and the pyroelectric effect of LiNbO, are jointly enhanced,
which can boost the response speed from both aspects. In par-
ticular, the 462-nm group exhibited the fastest response time
at an incident power of 1 pW, with a rise time of ~20 ms and a
fall time of ~40 ms (Fig. 4C), further showcasing the fast
response of the device in self-drive mode. Furthermore, when
an externally applied bias is superimposed on the electric field
generated by the pyroelectric effect, it can also facilitate the
efficient separation of photogenerated electron-hole pairs and
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expedite the response time of the device (as shown in Fig. 3).
In addition, with the aid of the pyroelectric effect of LiNbO,
over extraordinarily wide spectral extent and the lower dark
current of MoS, [45-48], the device is capable of low-noise,
self-powered optical sensing in the broad range of 365 to 1,064
nm and switching ratios up to =190 (see Fig. 4C and Fig. S11).

Polarization detection of MoS,/LiNbO;

photodetector

The ferroelectric properties of LiNbO, are mainly due to the
spontaneous polarization caused by the structural anisotropy
of the crystal lattice. Therefore, polarization-related character-
izations become very important to reveal the working mecha-
nism of the device. As shown in Fig. 5A, a beam of circularly
polarized light is incident on MoS,/LiNbO, device after passing
through a linear polarizer, and, at the same time, the polariza-
tion angle can be continuously changed by rotating a half wave
plate (more details can be found in Materials and Methods and
Fig. $12). In addition to the light-absorption-induced enhance-
ment on the carrier concentration in MoS,, the ferroelectric
LiNDbO; is sensitive to polarized light because of its anisotropic
crystal structure. Upon laser irradiation, a spatial separation of
the charges arises in LiNbO; crystal, and the resulted internal
electric field would lead to a modulation in the refractive indices
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[49,50], such photorefractive effect enables the polarization
sensitive characteristic for the anisotropic LINbO, [51-53], and
the polarization-angle-dependent pyroelectric charges would
inject into the MoS, channel (more details about the band struc-
tures of MoS, and LiNbOj; can be found in Fig. S13) [78-80],
thus enabling the polarization detection ability to the MoS,/
LiNbO, detector, while such phenomenon cannot be observed
in MoS,/Si0,/Si detector (see Fig. S8D). Then, the output cur-
rent of the detector is collected by the source meter to obtain
the polarization response characteristics of the device. Figure
5B presents the relationship between photocurrent and polar-
ized angle, with the MoS,/LiNbO, detector showing a typical
“8” shape, indicating a good polarization-sensitive behavior;
more importantly, the photocurrent’s polarization dichroic ratio
attains the maximum value of 7.42 when the bias voltage is 0,
and similar behavior is also observed at other wavelengths (Fig.
S14). However, the result collected from a MoS,/SiO,/Si detec-
tor is different, showing that the photocurrent is independent
of the polarization angle, which can be ascribed to the isotropy
of both Mo§, lattice [28,29] and SiO,/Si substrate. Figure 5C
displays a contour plot depicting the output photocurrent as a
function of the incident polarization direction of the 462-nm
laser and the bias voltage, from which we can see that the polar-
ization dichroic ratio of the photocurrent gradually decreases
as the bias voltage increases, because a larger bias voltage could
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relationship between photocurrent and time of the x-cut LiNbO; device collected from different electrode pairs. Response time of the MoS,/LiNbO; photodetector under

(C) 462-nm, (D) 660-nm, and (E) 1,064-nm lasers (Vy;,s =0 V).

drive a larger current in the channel, while the pyroelectric
current from LiNbO; injected into the MoS, channel is mainly
controlled by the laser irradiation and fixed; thus, its proportion
to the total current decreases, resulting in a reduced dichroic
ratio.

Conclusion

In summary, a MoS,/LiNbO; heterojunction photodetector is
designed and constructed, in which the ferroelectric characteristics
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of LiNbO; and the semiconductor characteristics of MoS2 are well
integrated and utilized, leading to improved photodetection per-
formance: self-powered operation, broad detection range of 365
to 1,064 nm, fast rise/fall time (=150 ps/250 ps), large switching
ratio (=190), high responsivity (17.3 A-W "), high specific detec-
tivity (4.3 X 10 ! Jones), and large EQE (4645.78%). More inter-
estingly, the internal electric field of LINbO, can be regulated by
polarized irradiation, thus producing a dichroic ratio of 7.42 for
the MoS,/LiNbOj; detector in self-powered mode, compared
favorably than most MoS,-based heterostructured devices. On the
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basis of the foregoing results, this work has greatly promoted the
investigation to elucidate the contribution of ferroelectrics in aug-
menting the photodetection performance, proposing a feasible
strategy for cost-effective and high-performance broadband
polarization-sensitive photodetectors.

Materials and Methods

Device fabrication

The MoS,/LiNbO, device was fabricated through a vdW inte-
gration approach that combined a standard photolithography
process and dry transfer process. A 500-pm-thick x-cut LINbO,
was utilized as the substrate (1.2 cm X 1 cm), and photolithog-
raphy was used to define the device pattern onto the substrate,
followed by the sequential deposition of a Cr layer (5 nm) and
an Au layer (80 nm), forming the electrodes for electric contact.
Afterward, the MoS§, thin layer was exfoliated by using Scotch
tape, then picked up by a polydimethylsiloxane film (Metatest
Corporation), and attached to a transparent glass slide. After
that, the target MoS, sample was precisely positioned above
the LiNbO; electrode under the transfer station (Metatest
Corporation, E1-T), and then the sample was lowered and
gradually contacted to the prefabricated electrodes; after they
are fully touched, the specimen was heated up to 80 °C for
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10 min, and then the polydimethylsiloxane can be removed
and finally obtained the MoS,/LiNbO, device. It is worth not-
ing that no solution was introduced during the whole process,
minimizing the damage to the sample during the processing,
and more details can be found in Fig. SI.

Characterizations

The Bioscope Catalyst/Multimode scanning probe microscope
was utilized to measure the thickness of MoS, and Au elec-
trodes. The LabRAM INV laser micro-confocal Raman spec-
trometer characterized the lattice vibration behavior of the
MoS,/LiNbO; heterojunction using a 532-nm laser. A sche-
matic of the system used to test the optoelectronic performance
of the MoS,/LiNbO; photodetector is displayed in Fig. S15. A
Tektronix AFG3102 signal generator was used to modulate
lasers of varying wavelengths, intermittently illuminating the
device. The Keithley 2601B source meter was used to collect
the device’s volt-ampere and time-ampere characteristic curves
under different laser irradiation conditions. Specifically, a linear
polarizer and a half-wave plate were introduced into the optical
path, enabling us to characterize the polarization-sensitive pho-
todetection behavior (Fig. S12). The power of the laser was
measured by the NOVA II OPHIR optical power meter, all the
device measurements were conducted in the atmosphere at
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room temperature, and all device data were recorded by the
Keithley KickStart software.

Band structure calculation

The band structures of MoS, and LiNbO, were calculated on
the basis of the density functional theory, as implemented in the
Vienna ab initio package, and Perdew-Burke-Ernzerhof method
was used for the exchange—correlation functional [81-83]. The
cutoff energy was 600 eV, and all the atoms in the slab were
allowed to fully relax until the forces acting on them are less
than 0.01 eV-A™".
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