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An ultrasensitive molybdenum-based double-
heterojunction phototransistor
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Two-dimensional (2D) materials are promising for next-generation photo detection because
of their exceptional properties such as a strong interaction with light, electronic and optical
properties that depend on the number of layers, and the ability to form hybrid structures.
However, the intrinsic detection ability of 2D material-based photodetectors is low due to
their atomic thickness. Photogating is widely used to improve the responsivity of devices,
which usually generates large noise current, resulting in limited detectivity. Here, we report a
molybdenum-based phototransistor with MoS, channel and a-MoOs_, contact electrodes.
The device works in a photo-induced barrier-lowering (PIBL) mechanism and its double
heterojunctions between the channel and the electrodes can provide positive feedback to
each other. As a result, a detectivity of 9.8 x101© cm Hz!/2 W~ has been achieved. The
proposed double heterojunction PIBL mechanism adds to the techniques available for the
fabrication of 2D material-based phototransistors with an ultrahigh photosensitivity.
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hotodetectors based on two-dimensional (2D) materials

usually have a low responsivity and detectivity!~3 because

atomically-thin 2D layered materials have weak light
absorption. The photogating mechanism has been widely used to
provide a photo gain to improve device performance*-%, which is
basically achieved either by a trap-assisted photoconductive
effect’~27 or by a photovoltaic effect?®. For example, charges were
transferred from the channel to the bound water molecules on the
SiO, surface in pristine MoS, phototransistors’, and the poor
charge separation ability of water molecules leads to a relatively
low detectivity. In a hybrid MoS,/PbS quantum-dot photo-
detector, photogenerated electrons were transferred to a MoS,
layer, while photogenerated holes stayed in the quantum-dots?2,
and a leakage path was inevitably formed and resulted in a large
dark current. An all-2D MoS, phototransistor achieved a detec-
tivity as high as 3.5 x 1014 cm Hz!/2W~! under a high bias vol-
tage of 10 V, in which a MoS, P-N homojunction played the roles
of charge separation and a sensitive layer?3. Overall, a photo-
transistor with high responsivity, low-noise current and working
at low bias voltage has not been reported.

Here, we report a molybdenum-based double-heterojunction
phototransistor with a MoS, channel and two a-MoO;_, contact
electrodes. Using the energy band combination of the MoS,/a-
MoO;_y junction, the formed double heterojunctions are able to
provide a positive feedback to each other with the help of light.
And we proposed a working mechanism named photo-induced
barrier lowering (PIBL) for this phototransistor. As a result, a high
detectivity of 1.7 x 1014 cm Hz2W~1 was achieved. However,
because the intrinsic noise of the device is too low to be measured,
the detectivity of this device is seriously underestimated. Through
the reasonable estimation of the intrinsic noise, the detectivity of
our device is as high as 9.8 x 1016 cm Hz2W—1. At the same
time, this device maintains a response speed with a rise time of
95 us and a fall time of 105 ps.

Results

Device design and characterization. A phototransistor with a
back-gate structure was fabricated by a layer transfer method
(Methods, Supplementary Fig. 1), and the channel material was
a few- or multi-layer MoS, flake which was stacked on the
patterned multilayer a-MoO; electrodes (Fig. 1a, b and Sup-
plementary Fig. 2). Thermal annealing at 350 °C was carried out
to introduce oxygen vacancies?® which changed the structural
and electrical properties of a-MoO; (Methods). For the
resulting a-MoO;, (0<x<1), the crystal lattice constant
decreased slightly due to the formation of oxygen defects
(Supplementary Figs. 3-5), but the conductance of a-MoOj;
was dramatically increased by more than 4 orders of magnitude
(Supplementary Fig. 6). Figure 1c shows the cross-section of the
phototransistor that has a high-quality van der Waals hetero-
junction of MoS, and a-MoO;_ 4 covered by a 5-nm-thick HfO,
passivation layer. The thin HfO, capping layer causes the n-
type doping on MoS,, which narrows the interfacial energy
barrier between a-MoQOj;_, and MoS, (Supplementary Fig. 7).
The transfer characteristics of the a-MoOj;_,/MoS,/a-MoO;_y
phototransistor show a strong optoelectronic response using a
monochromatic light source with a wavelength A of 405 nm
(Fig. 1d), which is similar for 516 and 638 nm wavelengths
(Supplementary Fig. 8).

The detailed optoelectronic performance of the fabricated
phototransistor is evaluated to obtain its figure of merit in Fig. 2
at Vps=1V. The noise density spectral (S) as a function of
frequency (f) at different gate voltage (Vgs) is shown in Fig. 2a, all
these low-noise spectra exhibit a typical 1/f power density. As
shown in Fig. 2a, the S around the OFF state (Vg ~ from —30 to

—40V, in blue and red) drowns with background noise (in black).
It is well-known that the 1/f (flicker) noise is mainly dominated
by fluctuations of carrier density or mobility. So that the intrinsic
noise of the device can be inferred from the normalized noise
power density (S/Ipai2) as a function of frequency. Except
around the OFF state, the S/Ip,.2 of our device is almost a certain
value at different frequency (f), so we can extract the real noise
which drowns with background noise using S = (S/Ipari?) X Ipari®
(Supplementary Fig. 8). When the device is in the OFF state
(Vgs = —35.2V), the S of the device can be as low as 9.7 x 10~32
A?/Hz. The responsivity (R) first increases with the increase of
Vs since the photocurrent (I,) increases with Vs (Supple-
mentary Fig. 9), and then decreases slightly and becomes stable
(Fig. 2b). The external quantum efficiency (EQE) follows the
changing tendency of R with Vg (Fig. 2¢). The highest values of
R and EQE of this device in the OFF state are 1.9 x 10° A/W and
5.9 x 107% respectively, reached at Py, = 0.46 mW/cm? (Fig. 2b,
c). The light-dark current ratio (Ips/Ipa) reaches a maximum
value of 1.4 x 107 at P;, = 4.78 mW/cm? (Fig. 2d). The detectivity
(D*) increases slightly from Vgg=—40V to Vgs=—35.2V and
reaches a peak value about 9.8 x 1016 cm Hz2 W~ at P,, = 0.46
mW/cm? because of the increasing of R. From Vg = —35.2V to
Vgs =0V, the D* decreases dramatically for the significant
increase of S. In the range of Vs> 0V, the D* is flat because the
R and S are both stable (Fig. 2e). The D* calculated using
measured S shows the same tendency with the estimated S, and
reaches a peak value of 1.7 x 104 cm Hz2ZW—1 at Vgg=—30V
(Fig. 2e, Inset). The time-dependent photo response of the device
was measured at bias voltage (Vpg) of 1V and Vgg=0V
(Supplementary Fig. 10, Fig. 2f), the rise (T;) and fall (Ty) time of
photocurrent are measured to be 95 ps and 105 s, respectively.
The devices fabricated with different scale also show a stable high
performance (Supplementary Fig. 11, Table 1).

To benchmark our device, we compared 2D material-based high-
performance  phototransistors ~ using =~ MoS,%13,1>22-24,29-32,
graphene?3, GaS?4, WSe,3>36, b-P37, InSe38, In,Se;3%, and SnS,*0
comprehensively (Fig. 2g). Compared with those of reported
pure?3436-38 and engineered 2D materials based phototransistors
using various strategies, including surface plasmon enhancement!3,
charge transfer assistance®?27243340 " impurity/energy band
engineering!”, negative capacitance3, gate engineering®1-%3%, and
contact-engineering®, the D* of our device is highest among all
previous results, while response speed is approaching to the highest
previously reported value.

Photo-induced barrier-lowering mechanism. To reveal the ori-
gin of the ultrahigh detectivity of our devices, we first pull out the
photo response of a-MoOQ; 4 itself or Ti-Au/a-MoOj;  junctions
(Supplementary Fig. 12). Then we compared the performance of
four phototransistors using a shared MoS, channel but different
electrodes, marked as T1, T2, T3, and T4 (Fig. 3a). The transfer
characteristics measured under dark and light conditions showed
obviously different optoelectronic responses when the cathode
and anode of the phototransistor were replaced by a-MoO;_
from Ti/Au (Fig. 3b). When one a-MoOj3_/MoS, heterojunction
formed at the cathode, Ing/Ip.k increased to more than 10 times
that with a Ti/Au cathode, and for T4 using double a-MoO;_/
MoS; heterojunctions, Ing/Ip, dramatically increased more than
1000 times. The output characteristics (Ips — Vps) also indicate
that Ipg increased for the device using one heterojunction as the
cathode compared with the metal electrode case, while using
double heterojunctions increased Ipg significantly (Supplemen-
tary Figs. 13, 14). On the basis of the scanning photocurrent maps
(Fig. 3c), it is found that photon absorption occurs at the a-
MoO;_/MoS, heterojunction near the cathode.
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Fig. 1 The molybdenum-based phototransistor. a Schematic of the a-Mo0Os_,/MoS,/a-MoOs_, phototransistor. Using HfO, as capping layer, MoS,; as
channel material, a-MoOs_, as contact electrodes, Ti/Au as metal contact, SiO, as dielectric layer and Pt Si as gate electrode. b Atomic force microscope
(AFM) image of the device. The dash line is ouline of MoS, channel. € Cross-sectional transmission electron microscope (TEM) image of the

phototransistor showing the high-quality interface between a-MoOs_, and MoS,. d Transfer characteristics (Ips — Vgs) of the device at Vps =1V using
incident light with a wavelength of 405 nm and increasing power density P;, at room temperature. P, = Pr~'r—2, where P is the actual laser output and r is

the radius of the laser spot (about 500 pm).

Based on the above results, a double-heterojunction PIBL
mechanism was proposed to explain the ultrahigh detectivity of
the a-MoOs /MoS,/a-MoO;., phototransistor. Two heterojunc-
tions exist between the channel and electrodes in the device, namely
a source heterojunction (a-MoO;_/MoS,) and a drain heterojunc-
tion (MoS,/a-MoOs ). The relative positions of the conduction
band minimum (E.) and the valence band maximum (E,) of a-
MoOs;_ and MoS, are critical to analyze the energy band structure
of the heterojunctions, which are determined by experimental
characterizations such as absorbance spectrum, ultraviolet photo-
electron spectroscopy (UPS) and photoluminescence spectrum (PL)
(Fig. 4a, b and Supplementary Fig. 15) and theoretical techniques
(Supplementary Fig. 16). Bandgaps of a-MoO; and a-MoQO;_ are
3.28 and 3.24 eV, respectively, were obtained from the absorption
spectra (Fig. 4a). The work function of a-MoO;, was obtained
from the cutoff region, which is 5.32 eV. The difference between the
Fermi level and the valence band maximum was calculated to be
3.05eV from the valence region (Fig. 4b). Particularly, Fig. S15
shows the PL spectrum (red line) of the a-MoOQs_, flakes. The peak
at 560 nm induced by oxygen vacancies determines the defect band
is 2.21 eV above valence band maximum (E,), corresponding to the
density function theory (DFT) calculations (Supplementary Fig. 16),
which is responsible for the 4 orders-of-magnitude increase in the
conductance of a-MoO;  after annealing (Supplementary Fig. 6).
Besides, compared with the MoS, flakes, the Iuminescent
intensity of the a-MoO;.,/MoS, heterojunction is significantly
reduced, which means that excitons are efficiently dissociated at the
a-MoO; ,/MoS, interface (Supplementary Fig. 15, black and
green lines).

If combined with the well-known MoS, band structure obtained
by spectroscopic measurements* (Supplementary Fig. 17), the band

diagram of a-MoO3_,/MoS, heterojunction can be determined to
clarify the mechanism of the photo-carrier induced feedback effect.
In the dark, two n-n+ junctions are formed at the vdW hetero-
interface. The alignment of the Fermi level leads to charge transfer
between a-MoO;_ and MoS,, which naturally results in two space-
charge regions. Our device is generally operated at OFF state of the
phototransistor, where MoS, is almost fully depleted. At this region,
MoS, present very small density of states. Figure 4c shows a
schematic of the energy band of a-MoO; /MoS,/a-MoO;_, when a
positive bias is applied to the drain of the phototransistor in the dark.
The major source of dark noise of our device is flicker noise (Fig. 2a,
Supplementary Fig. 8), which is caused by carrier density
fluctuations attributed to traps associated with contamination and
crystal defects. The electrons at the source side faces a large Schottky
barrier at a low gate voltage which blocks the traps with the energy
below the barrier. We have quantitatively characterized the
Schottky barrier height as about 0.55eV at Vgg=—36V in dark
(Fig. 4d, Supplementary Fig. 18a—f, m), which is five to ten times
than the Ti contact case*!*2, resulting in such low flicker noise
(around 10~2% A%/Hz, Supplementary Fig. 11). As shown in process
(1) in Fig. 4e, by light illumination, electron-hole pairs are
dynamically generated at the reversely biased source junction and
subsequently separated by the built-in filed. Or in other words, there
is an equivalent charge transfer between a-MoO;  and MoS,, which
rapidly modifies the Fermi level at the source and leverages the
carrier density. The process causes an increase in the E of the source
and a decrease in the barrier at the source heterojunction, making it
much easier to inject electrons from the source. In the MoS, channel,
the injected electrons will raise the concentration of charge carriers,
which narrows the space-charge region and lowers the barrier at the
drain side. As a feedback of this barrier lowering, more voltage drops
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Fig. 2 Optoelectronic performance of the phototransistor. a Density spectral (S) as a function of frequency at Vps =1V with different gate voltage Vgs of
0V, -15V, =20V, =25V, =30V, and —35V as well as the background noise from top to down. b Responsivity (R) as a function of Vgs. R = (Ips — Ipan)/
Pi, where P, is power density of light. ¢ Vgs-dependent external quantum efficiency (EQE). EQE = hcRA~ e, where h is the Planck constant, c the speed of
light, 1 the wavelength of light (405 nm) and e the electron charge. d Vgs-dependent light-dark current ratio (Ips/Iparc)- @ Vgs-dependent detectivity (D*),
which was calculated using intrinsic S. D* = (AB)V2R/SV2, where A is the active area of ~2.5 pmz, Bis the bandwidth (1Hz). Inset: Vgs-dependent D*, which
was calculated using measured S. f Response speed of the phototransistor showing the rise time of 95 ps and the fall time of 105 ps. g Benchmark of the
phototransistor in this work demonstrating a high D* compared to previously reported 2D materials based photodetectors. The D* represented by hollow
polygon were calculated by estimated noise, and represented by solid polygon were calculated using measured noise.

at the Source junction. Therefore, the double heterojunction enables
a positive feedback to each other in one phototransistor. We also
have quantitatively characterized the Schottky barrier height as about
0.042 €V at Vg = —36 V under a 405 nm light (P, = 0.6 mW/cm?)
(Fig. 4f, Supplementary Fig. 18g-1, n), which is much lower than that
in dark, resulting in such high responsivity (around 10° A/W,
Supplementary Fig. 11). The changing of band structure of our
device from dark to light is responsible for the record-high
detectivity (ranging from 101> to 1017 cm HzZW—1, Supplementary
Fig. 11). At the same time, our device can be intrinsically fast,
because different from the general photogating mechanism using
traps, it employs feedback mechanism without trapping of
photogenerated carriers. At last but not least, it is worth of
mentioning that the response speed may be heavily underestimated.
Considering the non-optimized contact of the device and large
parasitic impedance of the experimental set-up, the measured speed

4

(~10 kHz) approaches the limitation of the facility. A faster response
time can be expected in device with RF GSG contact.

We have also explained the mechanism for the MoS,
phototransistors without and with only one heterojunction
(T1-T3 in Fig. 3a) using a schematic of the energy bands
(Fig. 4g-i). When a Ti/Au contact is used, an electron Schottky
potential barrier is expected for the Ti/Au-MoS, junction.
Comparing with vdW junction, metal junction presents obvious
Fermi-level pinning effect3. Due to the strong pinning effect, the
transfer of photogenerated carriers can not lower the barrier at
the Source and Drain contact. The weak photo response mainly
comes from the MoS, itself (Fig. 4g). When a-MoOj; y is used as
the anode in T2, there is also no electron injection at the Source
junction. The photogenerated electrons of MoS, itself will raise
the concentration of charge carriers slightly, leading to a hardly
turned-on Drain heterojunction. Barrier at the drain a-MoO;
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Fig. 3 The origin of the ultrahigh detectivity. a Four MoS, phototransistors with difference source (cathode) and drain (anode) electrodes marked T1 (Ti/
Au, Ti/Au), T2 (a-MoOs.,, Ti/Au), T3 (Ti/Au, a-Mo0s_,), and T4 (a-MoOs_,, a-Mo0Os.,). b Ips — Vs measured in the dark (black line) and the light with a
wavelength of 405 nm and a power density of 0.1mW,/cm? (colored line) for Vps =1V. The optoelectronic responses from T1to T4 gradually increase,
showing that Ips/Ipark increases from <10 to more than 104 at Vgs = —80 V. ¢ Scanning photocurrent map of the a-MoO5.,/MoS,/a-MoO5.

phototransistor illuminated by a 633 nm laser with a spot size of ~2 pm using a nano-positioning stage with a 1 pm scanning resolution, for Vgs=—-60V

and Vps =21V, the color bars represents quantity of photocurrent.

contact is only slightly lower than for Ti/Au in T1, resulting in a
slightly better photo response (Fig. 4h). When a-MoO;_y is used
as the cathode in T3, barrier lowering at Source appears, resulting
in a large electron injection and a large photo gain. Due to the
strong pinning effect, the injected photocurrent can not lower the
barrier at the Drain contact. The Source buit-in field is thus
invariant and no feedback occurs (Fig. 4i).

Discussion

In conclusion, we have designed and fabricated a molybdenum-
based phototransistor with one MoS, channel and two a-MoOj;
contact electrodes. A double-heterojunction PIBL mechanism is
proposed, in which double heterojunctions enable positive feedback
to each other in one phototransistor, leading to a high detectivity of
9.8 x 1016 cm Hz!”2ZW—1, A fast response speed was also achieved,
because our device employs the PIBL mechanism without trapping
photogenerated carriers and can be intrinsically fast. Based on this
mechanism, a series of 2D material-based phototransistors with
high performance can be expected since the 2D material family
keeps growing to enable various energy band combinations, and
van der Waals heterojunctions are typically free of a lattice mis-
match. 2D material phototransistors with double-heterojunction
PIBL mechanism provide new technologies and shed light on the
fabrication of high-performance 2D photodetectors.

Methods

Preparation of «-MoO; flakes. Bulk a-MoOj; crystals were grown by chemical
vapor deposition in air environment. Commercial MoO; powder (Alfa Aesar,
99.95%, metals basis) was placed in a quartz boat that was put in the center of a
horizontal tube furnace (Lindberg Blue M, TF55035KC-1). The furnace was heated
to 750 °C at a rate of 25 °C/min and this temperature was maintained for 60 min
until the MoO; powder was completely volatilized. When the furnace cooled to
room temperature, the bulk a-MoOj; was synthesized on both ends of the quartz

tube. The bulk a-MoOj crystals were exfoliated using Scotch® tape and multilayer
a-MoOj; flakes were placed on the surface of a 290-nm-thick SiO, layer grown on a
heavily p-doped silicon (p*) wafer.

Patterning of the a-MoOs electrodes. A polymethyl methacrylate (PMMA) layer
(495k MW, A4, MicroChem) was spin-coated at 2000 rpm/min on the substrate and
baked at 190 °C for 5 min, another PMMA layer (950 MW, A2, MicroChem) was then
spin-coated at 4000 rpm/min and baked at 190 °C for 2 min. An undercut was created
by electron-beam lithography (EBL) and developing processes. Subsequently, source
and drain electrodes of the a-MoOj; flakes were patterned using reactive ion etching
(RIE) (CHF; with a flux rate of 20 sccm; O, with a flux rate of 4 sccm; pressure, 2.0 Pa;
power, 100 W; etching time, 1 min, see Supplementary Fig. 20) and lift-off.

Transfer of the MoS, flake. Polydimethylsiloxane (PDMS) was used as the
medium to transfer the MoS, flakes onto the target a-MoO; electrodes. The PDMS
was prepared by stirring a mixed solution of the base and its curing agent (10: 1 in
weight) and baking at 65 °C for 6 h. Few-layer MoS, flakes were exfoliated from the
bulk MoS, crystals using Scotch® tape, and transferred onto the PDMS substrate,
and finally released onto the target a-MoO; electrodes using a home-made elec-
tronic van der Waals transfer station.

Vacuum annealing of the fabricated stacks. To produce the transition from a-
MoOj; to a-MoOs._, the fabricated stacks were annealed in a vacuum. The number
of oxygen defects in the crystal could be controlled by the temperature and time.
The annealing furnace was heated to 350 °C from room temperature in 30 min,
where the temperature was maintained for 120 min. The samples were removed
after the furnace cooled to room temperature. This process has no significant effect
on MoS, (Supplementary Fig. 21).

Device fabrication. Multilayer a-MoOj; flakes were exfoliated onto a SiO,/Si
substrate and patterned by RIE. A few-layer MoS, flake was exfoliated onto a
PDMS substrate, and then transferred onto a a-MoQOj5 electrode. The stack

was then vacuum annealed at 350 °C for 120 min. Afterwards, metal contacts
(Ti/Au: 5/50 nm) were formed by EBL, electron-beam evaporation and lift-off
processes. The device was finally passivated by a 5-nm-thick HfO, layer deposited
by atomic layer deposition (ALD).
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Fig. 4 Double-heterojunction photo-induced barrier-lowering mechanism. a Absorbance spectrum of the pure and annealed a-MoOs., flakes. Eg is the
bandgap. The red line is an auxiliary line for extracting Eg. b Ultraviolet photoelectron spectroscopy (UPS) measurement of a-MoOs., flakes. A He-l UV
light source (hv =21.2 eV) was used to obtain the UPS spectra. The binding energy is referred to the Fermi level. The work function (®y,) was obtained
from the cutoff region, which is 5.32 eV. The difference between the Fermi level and the valence band maximum was calculated to be 3.05eV from the
valence region. The red lines are auxiliary lines. ¢ Energy band diagram at the light-off state. Ec is the conduction band minimum, E¢ is the Femi level, Et is
the defect band and Ey, is the valence band maximum. The red circle represents electrons. The red arrow represents the electron inject from source
electrode to channel and green arrow represents the electron inject from channel to drain electrode. d Slopes extracted from Supplementary Fig. 18m as a
function of Vps. ¢g is the Schottky barrier about 0.55 eV, derived from the y-intercept, So. e Energy band diagram at the light-on state to illustrate the
photo-induced barrier-lowering mechanism. The blue symbol (1) represents the photo-generation of electron-hole pairs, the red symbol (2) the holes and
electrons separating process to reduce barrier and increase electrons injection, and the green symbol (3) the injection electrons reducing the barrier at
drain side. The hv represents incident photon. f Slopes extracted from Supplementary Fig. 18n as a function of Vps. ¢y is about 0.042 eV, derived from the
y-intercept, So. g Energy band diagram of device T1. When there is incident light, the photo response mainly comes from the MoS, material itself. Eqp is the
Femi level of Ti. h Energy band diagram of device T2. When there is incident light, there is a slightly better photo response mainly due to barrier-lowering at
the Drain a-MoOs.,. Egp is the Femi level of Ti. i Energy band diagram of device T3. When there is incident light, a large photo gain was achieved because
Source barrier-lowering enhanced electron injection. Epy, is the Femi level of Ti.

Characterization. The materials and devices were characterized using an optical
microscope (Nikon ECLIPSE LV100ND), an AFM (Bruker Dimension Icon), a
TEM (Thermo Scientific, Titan Cube Themis G2, acceleration voltage of 80 kV), an
X-ray photoelectron spectroscopy (XPS) analyzer (Thermo VG Scientific ESCA-
LAB250), a micro-Raman analyzer (Jobin Yvon HR800 using 532 nm laser exci-
tation with a laser spot size of about 2 um), an ultraviolet photoelectron
spectroscopy (UPS) analyzer (Thermo ESCALAB 250Xi with a monochromatic Al
Ka X-ray source) and a UV-Vis-NIR spectroscope (Varian Cary 5000). The elec-
trical and optoelectronic performances were measured using a semiconductor

illuminate the device. A current amplifier (Model SR570) was used to provide a
bias voltage for the device, and an oscilloscope (Tektronix MDO3102) was used to
pick up the signal. The noise was measured by a noise measurement system
(PDANC300L and Fs Pro, 100 kHz bandwidth), the sketch of the noise measure-
ment system is shown in Supplementary Fig. 22.

Density functional theory (DFT) calculations. DFT calculations were performed

analyzer (Agilent BI500A), a probe station (Cascade M150) and a laser diode
controller (Thorlabs ITC4001, with laser excitations of 405, 516, and 638 nm) in a
dark room at room temperature. The optoelectronic mapping was carried out using
two semiconductor analyzers (Keithley 2400) and a micro-Raman spectroscope. To
characterized the response speed of this device, a 532 nm incident laser (MDL-III-
785L) modulated at various frequencies using an optical chopper was used to

to study the electronic structure of the a-MoOs.,/MoS, heterojunctions using the
Vienna ab-initio simulation package*4. The detailed computational settings as well
as the constructions of the a-MoQO;_,/MoS, heterojunction are very similar to those
used in ref. 0. In order to obtain the accurate electronic structures, especially the
bandgap values of semiconducting a-MoOj3_ and MoS,, the hybrid Heydt-Scuseria-
Ernzerhof (HSE) exchange-correlation functional*>46 was used. A consistent
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screening parameter of p = 0.2 A1 was used for the semilocal exchange as well as
for the screened nonlocal exchange as suggested for the HSE06 functional®”.

Data availability
The data that support the findings of this study are available at https://zenodo.org/
record/4835973#.YLDX]J43is2w.

Received: 16 April 2021; Accepted: 2 June 2021;
Published online: 02 July 2021

References

1. Xia, F., Mueller, T., Lin, Y.-M., Valdes-Garcia, A. & Avouris, P. Ultrafast
graphene photodetector. Nat. Nanotechnol. 4, 839-843 (2009).

2. Yin, Z. et al. Single-layer MoS, phototransistors. ACS Nano 6, 74-80 (2012).

3. Long, M. et al. Room temperature high-detectivity mid-
infraredphotodetectors based on black arsenic phosphorus. Sci. Adv. 3,
1700589 (2017).

4. Saleh, B. E. A. & Teich, M. C. Fundamentals of Photonics (Wiley, 1991).

5. Buscema, M. et al. Photocurrent generation with two-dimensional van der
Waals semiconductors. Chem. Soc. Rev. 44, 3691-3718 (2015).

6. Fang, H. & Hu, W. Photogating in low dimensional photodetectors. Adv. Sci.
4, 1700323 (2017).

7. Furchi, M. M., Polyushkin, D. K., Pospischil, A. & Mueller, T. Mechanisms of
photoconductivity in atomically thin MoS,. Nano Lett. 14, 6165-6170 (2014).

8. Huo, N,, Gupta, S. & Konstantatos, G. MoS,-HgTe quantum dot hybrid
photodetectors beyond 2 microm. Adv. Mater. 29, 1606576 (2017).

9. Yu, S. H. et al. Dye-sensitized MoS, photodetector with enhanced spectral
photoresponse. ACS Nano 8, 8285-8291 (2014).

10. Liu, H. et al. Enhanced photoresponse of monolayer MoS, through
hybridization with carbon quantum dots as efficient photosensitizer. 2D
Mater. 6, 035025 (2019).

11. Kufer, D., Lasanta, T., Bernechea, M., Koppens, F. H. L. & Konstantatos, G.
Interface engineering in hybrid quantum dot-2D phototransistors. ACS
Photon. 3, 1324-1330 (2016).

12. Huang, H. et al. Highly sensitive visible to infrared MoTe, photodetectors
enhanced by the photogating effect. Nanotechnology 27, 445201 (2016).

13. Lee, S., Park, J., Yun, Y., Lee, J. & Heo, J. Enhanced photoresponsivity of
multilayer MoS, phototransistor using localized Au schottky junction formed
by spherical-lens photolithography. Adv. Mater. Interfaces 6, 1900053 (2019).

14. Lee, Y. et al. Trap-induced photoresponse of solution-synthesized MoS,.
Nanoscale 8, 9193-9200 (2016).

15. Li, S. et al. Enhanced performance of a CVD MoS, photodetector by chemical
in situ n-type doping. ACS Appl. Mater. Interfaces 11, 11636-11644 (2019).

16. Yoo, G., Hong, S., Heo, J. & Kim, S. Enhanced photoresponsivity of multilayer
MosS, transistors using high work function MoOy overlayer. Appl. Phys. Lett.
110, 053112 (2017).

17. Guo, X. et al. High-performance graphene photodetector using interfacial
gating. Optica 3, 1066-1070 (2016).

18. Konstantatos, G. et al. Hybrid graphene-quantum dot phototransistors with
ultrahigh gain. Nat. Nanotechnol. 7, 363-368 (2012).

19. Roy, K. et al. Graphene-MoS, hybrid structures for multifunctional
photoresponsive memory devices. Nat. Nanotechnol. 8, 826-830 (2013).

20. Xu, H. et al. High responsivity and gate tunable graphene-MoS, hybrid
phototransistor. Small 10, 2300-2306 (2014).

21. Zhang, S. et al. Ultrasensitive hybrid MoS,-ZnCdSe quantum dot
photodetectors with high gain. ACS Appl. Mater. Interfaces 11, 23667-23672
(2019).

22. Kufer, D. et al. Hybrid 2D-0D MoS,-PbS quantum dot photodetectors. Adv.
Mater. 27, 176-180 (2015).

23. Huo, N. & Konstantatos, G. Ultrasensitive all-2D MoS, phototransistors
enabled by an out-of-plane MoS, PN homojunction. Nat. Commun. 8, 572
(2017).

24. Kang, D. H. et al. An ultrahigh-performance photodetector based on a
perovskite-transition-metal-dichalcogenide hybrid structure. Adv. Mater. 28,
7799-7806 (2016).

25. Kang, D. H. et al. High-performance transition metal dichalcogenide
photodetectors enhanced by self-assembled monolayer doping. Adv. Funct.
Mater. 25, 4219-4227 (2015).

26. Huang, M. et al. Broadband black-phosphorus photodetectors with high
responsivity. Adv. Mater. 28, 3481-3485 (2016).

27. Liu, T. et al. Optically controllable 2D material/complex oxide heterointerface.
Ady. Sci. 7, 2002393 (2020).

28. Adinolfi, V. & Sargent, E. Photovoltage field-effect transistors. Nature 542,
324-327 (2017).

29. Rabalais, J. W., Colton, R. J. & Guzman, A. M. Trapped electrons in
substoichiometric MoOj3 observed by X-ray electron spectroscopy. Chem.
Phys. Lett. 29, 131-133 (1974).

30. Tu, L. et al. Ultrasensitive negative capacitance phototransistors. Nat.
Commun. 11, 101 (2020).

31. Kufer, D. & Konstantatos, G. highly sensitive, encapsulated MoS,
photodetector with gate controllable gain and speed. Nano Lett. 15, 7307-7313
(2015).

32. Wang, X. et al. Ultrasensitive and broadband MoS, photodetector driven by
ferroelectrics. Adv. Mater. 27, 6575-6581 (2015).

33. Chang, P.-H. et al. Ultrasensitive photoresponsive devices based on graphene/
Bil; van der Waals epitaxial heterostructures. Adv. Funct. Mater. 28, 1800179
(2018).

34. Hu, P. et al. Highly responsive ultrathin GaS nanosheet photodetectors on
rigid and flexible substrates. Nano Lett. 13, 1649-1654 (2013).

35. Wang, T. et al. High-performance WSe, phototransistors with 2D/2D ohmic
contacts. Nano Lett. 18, 2766-2771 (2018).

36. Zhang, W. et al. Role of metal contacts in high performance phototransistors
based on WSe, monolayers. ACS Nano 8, 8653-8661 (2014).

37. Wu, J. et al. Colossal ultraviolet photoresponsivity of few-layer black
phosphorus. ACS Nano 9, 8070-8077 (2015).

38. Feng, W. et al. Ultrahigh photo-responsivity and detectivity in multilayer InSe
nanosheets phototransistors with broadband response. J. Mater. Chem. C. 3,
7022-7028 (2015).

39. Island, J. O., Blanter, S. I., Buscema, M., van der Zant, H. S. J. & Castellanos-
Gomez, A. Gate controlled photocurrent generation mechanisms in high-gain
In,Se; phototransistors. Nano Lett. 15, 7853-7858 (2015).

40. Gao, J. et al. Out-of-plane homojunction enabled high performance SnS,
lateral phototransistor. Adv. Optical Mater. 8, 1901971 (2020).

41. Das, S., Chen, H. Y., Penumatcha, A. V. & Appenzeller, J. High performance
multilayer MoS, transistors with scandium contacts. Nano Lett. 13, 100-105
(2013).

42. Kraig, A., Bowman, A, Rijal, U,, Chen, P.-Y. & Zhou, Z. Improved contacts
and device performance in MoS, transistors using a 2D semiconductor
interlayer. ACS Nano 14, 6232-6241 (2020).

43. Liu, Y. et al. Approaching the Schottky-Mott limit in van der Waals
metal-semiconductor junctions. Nature 557, 696-700 (2018).

44. Kresse, G. & Furthmuller, J. Efficient iterative schemes for ab initio total-
energy calculations using a plane-wave basis set. Phys. Rev. B 54, 11169-11186
(1996).

45. Heyd, J., Scuseria, G. E. & Ernzerhof, M. Hybrid functional based on a
screened Coulomb potential. . Chem. Phys. 118, 8207 (2013).

46. Heyd, J., Scuseria, G. E. & Ernzerhof, M. Erratum: “Hybrid functionals based
on a screened Coulomb potential” [J. Chem. Phys. 118, 8207 (2003)]. J. Chem.
Phys. 124, 219906 (2006).

47. Krukau, A. V., Vydrov, O. A,, Izmaylov, A. F. & Scuseria, G. E. Influence of
the exchange screening parameter on the performance of screened hybrid
functionals. J. Chem. Phys. 125, 224106 (2006).

Acknowledgements

This work is supported by National Natural Science Foundation of China (No. 51272256,
61422406, 61574143, 51532008, 61704175, 51502304, and 51972312), the Strategic Priority
Research Program of Chinese Academy of Sciences (Grant No. XDB30000000), the Key
Research Program of Frontier Sciences of the Chinese Academy of Sciences (No. ZDBS-LY-
JSC027), Liaoning Revitalization Talents Program (No. XLYC1807109), the Thousand
Talent Program for Young Outstanding Scientists, the National Key Research and Devel-
opment Program of China (2016YFB0401104), the Shandong Natural Science Foundation
of China (No. ZR2019ZD49), and the projects supported by Shenyang National Laboratory
for Materials Science, Institute of Metal Research, Chinese Academy of Sciences and State
Key Laboratory of Luminescence and Applications, Chinese Academy of Sciences
(L2019F28, Project Young Merit Scholars, SKLA-2019-03). The theoretical calculations in
this work are performed on TianHe-1(A) at the National Supercomputer Center in Tianjin
and Tianhe-2 at the National Supercomputer Center in Guangzhou.

Author contributions

H.C. and D.S. conceived the idea and supervised the project. S.F. and C.L. were equal major
contributors to this work. S.F. performed the device fabrication and carried out electrical and
optoelectronic characterizations. S.F. and X.S. carried out the response speed and noise current
density characterizations. C.L. and X.W. proposed the mechanism of the device assisted by

Q.Z., EW.,, M.C, W.Q,, and L.Y. L.Y. carried out the theoretical calculations. Y.S. and B.L.

carried out the ALD depositions. S.F., L.Z,, and C.Z. were responsible for characterizing the
materials. L.C. carried out the a-MoOj; growth supervised by W.R. SF. and C.W. carried out
vacuum annealing supervised by W.C. S.F., CL,, X.W,, and D.S. wrote the paper. All authors
discussed the results and commented on the paper.

Competing interests
The authors declare no competing interests.

NATURE COMMUNICATIONS | (2021)12:4094 | https://doi.org/10.1038/541467-021-24397-x | www.nature.com/naturecommunications 7


https://zenodo.org/record/4835973#.YLDXJ43is2w
https://zenodo.org/record/4835973#.YLDXJ43is2w
www.nature.com/naturecommunications
www.nature.com/naturecommunications

ARTICLE

NATURE COMMUNICATIONS | https.//doi.org/10.1038/s41467-021-24397-x

Additional information
Supplementary information The online version contains supplementary material
available at https://doi.org/10.1038/s41467-021-24397-x.

Correspondence and requests for materials should be addressed to L.Y., X.W., H.-M.C.
or D.-M.S.

Peer review information Nature Communications thanks Cheng Han and the other
anonymous reviewers for their contribution to the peer review of this work. Peer reviewer
reports are available.

Reprints and permission information is available at http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
32

Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this license, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2021

8 NATURE COMMUNICATIONS | (2021)12:4094 | https://doi.org/10.1038/s41467-021-24397-x | www.nature.com/naturecommunications


https://doi.org/10.1038/s41467-021-24397-x
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
www.nature.com/naturecommunications

	An ultrasensitive molybdenum-based double-heterojunction phototransistor
	Results
	Device design and characterization
	Photo-induced barrier-lowering mechanism

	Discussion
	Methods
	Preparation of α-MoO3 flakes
	Patterning of the α-MoO3 electrodes
	Transfer of the MoS2 flake
	Vacuum annealing of the fabricated stacks
	Device fabrication
	Characterization
	Density functional theory (DFT) calculations

	Data availability
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information


