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Van der Waals heterostructures based on the two-dimensional (2D) semiconductor materials have attracted increasing
attention due to their attractive properties. In this work, we demonstrate a high-sensitive back-gated phototransistor based
on the vertical HfSe,/MoS; heterostructure with a broad-spectral response from near-ultraviolet to near-infrared and an ef-
ficient gate tunability for photoresponse. Under bias, the phototransistor exhibits high responsivity of up to 1.42x 103 A/W,
and ultrahigh specific detectivity of up to 1.39x 10! cm-Hz!/2.-W~1. Moreover, it can also operate under zero bias with re-
markable responsivity of 10.2 A/W, relatively high specific detectivity of 1.43x10'4 cm-Hz!/2-W~!, ultralow dark current
of 1.22 fA, and high on/off ratio of above 10°. These results should be attributed to the fact that the vertical HfSe,/MoS,
heterostructure not only improves the broadband photoresponse of the phototransistor but also greatly enhances its sensitiv-
ity. Therefore, the heterostructure provides a promising candidate for next generation high performance phototransistors.
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1. Introduction

In recent years, the two-dimensional (2D) transition metal
dichalcogenides (TMDs) have attracted extensive attention in
optoelectronic devices due to their unique structures and ex-
cellent photoelectric properties.!!'*! Among TMDs, the MoS;
has been extensively employed in phototransistors, and many
researches have shown that the MoS; phototransistors have
good photodetection performance in the visible region.!>!
However, the high dark current, slow photoresponse and high
power of the MoS, phototransistors limit their further de-
velopment. So, in order to improve these problems, re-
searchers have made a lot of efforts, such as inserting a
perovskite absorption layer,!®! Au nanoparticles or nanoar-
rays to enhance light absorption,!’™ decorating different
quantum dots (e.g., PbS, 10! MoSz,[“’lz] HgTe,[13]) to gain
high photoelectric detectivity, and constructing homojunctions
and different types of heterostructures (e.g., WSe,/WSe,,[!4]
PtS>/WSe,, 5! WSe,/BiySes, [0 CugSs/PtS,/WSe,, 1) to
improve photoresponse and achieve ultralow power or self-
driven detection, etc.[18-21]

Among the methods of boosting the properties of pho-
todetector, fabricating the van der Waals (vdW) heterostruc-
tures based on the vertical stacking of two 2D mate-
rials is a convenient and feasible approach, which can
combine the advantages of the two materials, and pro-
duce some unusual properties and phenomena.l??! A series
of MoS;-based vertical vdW heterostructure photodetectors,

such as SnSey/MoS,, 11 MoTe,/MoS,,23] Mo0O3/MoS,, 24
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GaSe/MoS,,2! and PdSe,/MoS,, 29 have exhibited excellent
photodetection performance. Recently, as another member of
the 2D TMDs family, HfSe; has also demonstrated excellent
electronic and photoelectronic properties due to its high car-

21,261 pyrthermore, it has a

rier mobility and suitable bandgap. !
good band alignment with the MoS,, which will be beneficial
for broadening spectral response range and improving the pho-
toresponse sensitivity. However, HfSe»/MoS, heterostructure
has not been well fabricated and studied for photodetector, and
its photoelectric properties still remain unknown.

In this paper, we fabricate a back-gated phototransistor
based on the vertical HfSe;/MoS; heterostructure. The results
indicate that the phototransistor exhibits gate tunable photore-
sponse and excellent photoelectric performances in a broad-
band ranging from near-ultraviolet (NUV) to near-infrared
(NIR). Especially under zero bias, the device displays re-
markable responsivity of 10.2 A/W, and ultralow dark cur-
rent of 1.22 fA. Therefore, the HfSe>/MoS, heterostructure is
an effective configuration for achieving high performance 2D
MoS;-based phototransistors.

2. Experimental details

Figure 1(a) shows a structure schematic diagram of the
HfSe,/MoS; vdW heterostructure phototransistor. The device
is mainly composed of multilayers MoS, and HfSe,, SiO;
dielectric layer, pT-Si substrate (back-gate electrode), and
Cr/Au source and drain electrodes. Figure 1(b) displays the
diagram of the preparation processes of the HfSe,/MoS; vdW
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heterostructure phototransistor. Firstly, the micromechanically
exfoliated multilayer MoS, and HfSe, were transferred to
heavily-doped p-type silicon substrate with 300 nm thermally-
grown Si0O; in sequence, then the UV mask lithography pro-
cess was applied to pattern the source and drain regions. Sub-
sequently, stacked Cr/Au (10 nm/50 nm) was deposited by us-
ing thermal evaporation, followed by a traditional lift-off pro-
cess. Lastly, all the fabricated devices were annealed at 200 °C
for 30 min in an Ar ambient to reduce the contact resistance.

HfSe;/MoS; vdW heterostructure were measured by using DI
Nanoscope IV atomic force microscope (AFM). The channel
size and surface morphology of the heterostructure were also
characterized by a metallographic optical microscope. The
Raman spectra were obtained from a LabRAM HR spectrom-
eter with a 532 nm laser. The electrical characteristics and
photoresponse of the heterostructure were measured with a
Keithley 4200-SCS and a CME-OPS1000 tunable monochro-
matic light source for the illumination in atmospheric environ-
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Fig. 1. (a) Schematic view of the HfSe,/MoS, phototransistor. (b) Diagram of the preparation processes of the HfSe,/MoS, phototransistor.

3. Results and discussion

Figure 2(a) presents the optical image of the HfSe,/MoS,
heterostructure. The smooth surface of the transferred 2D ma-
terials and the well surface morphology of the stacked het-
erojunction can be observed. The channel length (L) and
width (W) of the phototransistors are measured at 5.9 um and
1.9 um, respectively. Figure 2(b) shows the AFM image of
the HfSe>/MoS, heterostructure. The flat and level of the sur-
face morphology are more clearly observed. The inset shows
the thicknesses of multilayer MoS, and HfSe,, which are es-
timated to be 18 nm (about 30 layers) and 32.6 nm (about 54
layers), respectively.

Figure 2(c) displays the energy band alignment diagram
of the HfSe>/MoS, heterostructure. The bottom of the con-
duction band, the top of the valence band and the electron
work function of HfSe; (MoS;) are approximately —5.2 eV
(—4.2 eV), —6.3 eV (—5.4 eV) and —5.5 eV (—4.6 eV),

respectively, [27-2%) respectively. After HfSe; is in contact with
MoS,, a staggered (type II) band alignment is formed. The
offsets of the conduction band and the valence band are about
1.0 eV and 0.9 eV, respectively. The Raman spectra of multi-
layer HfSe; and MoS; as well as the HfSe,/MoS, overlapped
region are shown in Fig. 2(d), which are taken at room tem-
perature by using a 532 nm laser. The MoS, has two Raman-
active peaks located at 407 cm™! (Aj,) and 382 cm™! (E;g).
The interpeak separation or frequency difference between A

and E%g is 25 cm™!

. Compared to the frequency difference
of 16 cm™! for single-layer MoS,,*"! our micromechanical
stripping MoS, flake should be multilayer MoS,, which is in
agreement with the thickness measured by AFM. The HfSe,
shows a Raman-active peak located at 198 cm™! (A1g), and
lacks Eg peak at 146 cm~!, which indicates that the HfSe,
flake is multilayer.3"1 All characteristic peaks of both MoS,
and HfSe; are observed in the stacked region, implying good
formation of a vdW heterojunction.
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Fig. 2. (a) Optical image, and (b) AFM image of the HfSe,/MoS, heterostructure (inset: thicknesses of multilayer MoS, and HfSe, measured
by AFM). (c) Energy band alignment diagram of the HfSe;/MoS, heterostructure. (d) Raman spectra of HfSe;, MoS;, and their stacked region.
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Fig. 3. (a) Transfer characteristics of the HfSe;/MoS, phototransistor under dark at Vg = 0.5 V, 1 V, 2 V. The inset is shown on a linear scale.
(b) Output characteristics under dark at V; =0 V and £3 V. The inset is shown on a semi-logarithmic scale. (c) Transfer characteristic at
Vas = 0.5 V under dark and different wavelengths with 0.78 mW/cm?. (d) Output characteristics at Vg =0 V and £3 V under dark and 400 nm
illumination with 0.78 mW/cm?. The inset shows the output characteristics with the Vg from —25 mV to 25 mV.

Figure 3(a) shows the transfer characteristics of the pho- (Vin) is extracted as —3.1 V from the Ijs—V; curve of the pho-
totransistor under selected bias (Vys) of 0.5 V, 1V, and 2 V, totransistor at Vgg = 0.5 V by the linear extrapolation method,
and the inset is shown on a linear scale. The threshold voltage =~ which is marked in the inset of Fig. 3(a). It can be seen from
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the structure of the device (see Fig. 1(a)) that the HfSe;/MoS,
heterojunction is connected in series with HfSe; and MoS,, so
the transfer characteristics of the device are also co-modulated
by HfSe, and MoS, nanoflakes. When the back-gate voltage
(Vg) is less than the Vi, (—3.1 V), the channel will be fully de-
pleted and clamped off, resulting in the ultralow drain—source
current (I3s). When the V; increases from —3 V to 10 V, the
channel gradually turns on and the Iy increases sharply, in-
dicating that the device has strong gating control effect. The
output characteristics of the device for the Vy of =3 V, 0 V
and 3 V are shown in Fig. 3(b), and the inset is shown on a
semi-logarithmic scale. An obvious gate-modulated rectifying
behavior can be observed at the V; of —3 V and 0 V. The rec-
tification factor is about 41 at V, = —3 V and |Vgs| =2 V, and
decreases to about 13 as the V; decreases from 3 V to zero.
However, for V; = 3V, the device does not display the recti-
fication characteristic due to a large reverse current caused by
the conduction of the channel at negative reverse bias.

Figure 3(c) shows the transfer characteristics of the de-
vice under dark and different wavelengths illumination with
0.78 mW/cm? at Vgg = 0.5 V. The significant enhancement of
the photocurrent can be observed for the NUV and visible light
illumination. It has been reported that both multilayer MoS;
and multilayer HfSe, have relatively strong light absorption
from NUYV to visible region, >32-34! which induces an increase
of photogenerated carriers in the HfSe,/MoS; heterojunction,
resulting in a significant enhancement of the photocurrent.
Under the illumination of NIR, there is a slight increase in the
photocurrent, which is related to the weak absorption tail of
the indirect band gap semiconductors MoS, and HfSe,. [3-33-30]
Figure 3(d) displays the output characteristics under dark and
400 nm illumination with 0.78 mW/cm?. In semi-logarithmic
coordinate, it can be clearly observed that the HfSe,/MoS,
heterostructure has strong photoresponse and ultralow dark
current. Under zero bias, for V; = 3 V, the dark current is
about 3.09 fA and the photocurrent reaches 1.6 nA; while for
Vg = 0V, the dark current is as low as 1.8 fA and the pho-
tocurrent is as high as 0.9 nA; for V, = —3 V, the dark current
is further reduced to 1.22 fA, and the light-dark current on/off
ratio exceeds 107, indicating that the prepared heterostructure
not only has an ultralow dark current, but also exhibits gate
tunability for light-dark current. The output characteristics
of the device with bias voltage from —25 mV to 25 mV are
shown in the inset of Fig. 3(d). Under 400 nm illumination
with 0.78 mW/cm?, the photovoltaic characeristics of the de-
vice can be observed. The short-circuit current (Is.) and open-
circuit voltage (Vo) are 0.9 nA and 15 mV at Vo, =0 V, re-
spectively, implying that the vertically-stacked HfSe,/MoS;
heterostructure can also be applied to self-powered photode-

tection for the illumination of 400 nm. However, for other

wavelengths of light, the photovoltaic effect of the phototran-
sistor is very weak, especially for the illumination of 800 nm
and 900 nm, and no photovoltaic effect is observed.

To further clarify the operation mechanism of the pho-
totransistors based on the vertically-stacked HfSe»,/MoS, het-
erostructure, simplified energy band diagrams are shown in
Fig. 4. As shown in Fig. 4(a), in the absence of applied volt-
age and illumination, when the Cr/Au electrode is in contact
with MoS,, a Schottky contact will be formed between them
because the work function of the electrode is higher than that
of the MoS, (4.6 eV).[?] On the other hand, the HfSe, has a
high work function of 5.5 eV,[?728] 5o the electrode will form
a perfect ohmic contact with the HfSe,. Moreover, near the
HfSe;/MoS, heterojunction contact interface, there is a sta-
ble built-in electric field pointing from MoS, to HfSe;. As
shown in Fig. 4(b), under illumination, the built-in electric
field can drive the photogenerated electrons and holes to drift
in the opposite directions, forming a photogenerated current
from MoS; to HfSe, and resulting in the generation of pho-
togenerated electric field from HfSe, to MoS;. The direction
of the photogenerated electric field is opposite to that of the
built-in electric field, which is similar to adding a forward bias
to the heterojunction, so the intensity of the built-in electric
field is reduced. As a result, the current caused by carrier dif-
fusion is greater than the drift current, thus generating a net
forward current.

Figures 4(c)—4(e) show the schematic diagrams of simpli-
fied energy band under a forward bias and different back-gate
voltages without illumination. For V; = 0 V, when a forward
bias is applied, the built-in potential near the interface of the
heterojunction will drop. As a result, only a small number of
electrons with relatively high energy will move from MoS;
to HfSe, to form a low dark current, as shown in Fig. 4(c).
On the contrary, when a reverse bias is applied, the enhanced
built-in potential barrier can effectively suppress the reverse
current of the phototransistor, resulting in nonlinear rectifica-
tion characteristic (see Fig. 3(b)). If a positive back-gate volt-
age is applied, the quasi-Fermi level approaches closer to the
conduction band, forming a lower Schottky barrier near the
source end of the channel (see Fig. 4(d)) as compared to the
state at Vo = 0 V (see Fig. 4(c)),[*”! which contributes to the
generation of a relatively high dark current (see the inset in
Fig. 3(b)). Conversely, if a negative back-gate voltage is ap-
plied, the quasi-Fermi level is far away from the conduction
band, resulting in a higher Schottky barrier near the source
end of the channel (see Fig. 4(e)),’”! which further reduces
the dark current (see the inset in Fig. 3(b)). Under illumina-
tion, the valence band electrons are excited to the conduction
band, thus generating electron-hole pairs in MoS,, the deple-
tion layer and HfSe,, as shown in Fig. 4(f). When a forward
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bias voltage is applied, the triangular barrier in the heterostruc-
ture will be lowered and narrowed, resulting in a large number
of electrons to tunnel through the barrier.!'® Furthermore, the

togenerated carriers, which leads to the reduction of the Schot-
tky barrier height.38391 Thus, the photogenerated charges can
effectively move to the external circuit to generate a high pho-

surface states of the electrode/MoS; interface can capture pho-  tocurrent.
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Fig. 4. Simplified schematic energy band diagrams of the HfSe,/MoS, phototransistor (a) under open circuit without illumination, (b) under
short circuit and illumination, (c) under Vg = 0 V and Vg5 > 0 V without illumination, (d) under V; > 0 V and Vg4 > 0 V without illumination,
(e) under Vy <0V and Vg, > 0 V without illumination, (f) under Vg <0V, Vg > 0 V and illumination.
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Fig. 5. (a) Dependence of photocurrent on power density under 400 nm illumination at V; = 0 V and bias voltages of 0 V, 0.5 V, and 1 V,
respectively. The dependence is fitted using I, o< P*. (b) Responsivity (R), and (c) specific detectivity (D*) under different wavelengths with
0.78 mW/cm? at Vg =0V and bias voltages of 0 V and 0.5 V, respectively. (d) Dependence of R and D* on the back-gate voltage under 800 nm

illumination with 0.78 mW/cm? at Vgg = 0.5 V.

To study the relationship between photocurrent and illu-
mination power, we measured the photocurrent of the photo-
transistor under 400 nm illumination with different power den-
sities at Vy = 0 V and bias voltages of 0 V, 0.5 V, and 1V,
respectively, as shown in Fig. 5(a). The experimental data can
be fitted by the power law of I, o< P*, where « is an expo-
nent and P is the light power density. « is a key parameter
to reveal the photocurrent generation mechanism, which can

distinguish the photoconductive and photogating effects.[#041]

The fitted values of o are 0.78, 0.72 and 0.65 at V33 =0V,
0.5V, and 1 V, respectively. For the HfSe>/MoS, heterostruc-
ture phototransistor, photoinduced carrier excitation mainly
involves photoconductive effect, photovoltaic effect and pho-
togating effect, but its photovoltaic effect is relatively weak
(Isc /Voe = 0.9 nA/15 mV). Based on the transfer characteristic
curves in Fig. 3(a), when V, (0 V) > Vi, (3.1 V), the channel
is at on state. Therefore, the value of & < 1 indicates that the

photogating effect dominates the optical response.
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The responsivity (R) and specific detectivity (D*) are
critical parameters to evaluate the performance of a photo-
transistor. The R indicates the photoelectric conversion effi-
ciency of a phototransistor for light, which can be defined as
R =I/(P-S), where I, is the generated photocurrent, P is
the incident power density, and S is the effective photosensitive
area of the phototransistor. The D* shows the spectral detec-
tion rate of a phototransistor in unit surface area and unit band-
width. The higher D* means the better sensitivity of the detec-
tor. It can be defined by D* = R- §'/2/(2¢ - Igan)'/?, where
e is the elementary charge and g,k is the dark current. [25.42]
Figures 5(b) and 5(c) show the calculated R and D* of the pho-
totransistor in the spectral range from 350 nm to 900 nm, re-
spectively. At Vgs = 0.5 V and V; =0V, the R (D*) improves
from 38.7 A/W (3.79x10'3 cm-Hz!'/2-W~1) to a maximum of
1.42x10° A/W (1.39x10" cm-Hz!/2-W~1) with the illumi-
nation wavelength from 350 nm to 400 nm, and then reduces
to 30.8 mA/W (3.02x10'° cm- Hz!/2-W~") for 900 nm. The
change trend is basically consistent with the spectral response
of multilayer HfSe, and MoS;.*>3] In the absence of applied
voltage, the tendency of the R (D*) with wavelength is in ac-
cordance with that when the bias voltage of 0.5 V is applied,
but the R (D*) decreases by more than an order of magnitude
as compared to the calculated value at Vg = 0.5 V for the illu-
mination of the same wavelength. For example, the R (D*) is

— Vi4s=0.1
*Vds:O‘S
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10.2 A/W (1.43%x10' cm-Hz!/2-W~1) for the 400 nm illumi-
nation in the self-powered mode. Furthermore, for the illumi-
nation of 800 nm and 900 nm, the R decreases to 0.71 mA/W
and 0.15 mA/W, respectively, which is due to the weak pho-
toelectron conversion of HfSe, and MoS; for the NIR. Al-
though the HfSe,/MoS, heterostructure has relatively low re-
sponsivity in the NIR region, D* of the device can still achieve
9.94x10° cm-Hz'/2-W~! and 2.08x10° cm-Hz!/2-W~! with
no external voltage.

Figure 5(d) illustrates the dependence of R and D* on
the back-gate voltage under illumination of 800 nm with
0.78 mW/cm? at Vg = 0.5 V. The R increases gradually with
the increase of the back-gate voltage from —4 V to 5 V, which
is consistent with the increasing trend of photocurrent with
the back-gate voltage (see Fig. 3(c)). From Fig. 5(d), it can
also be seen that the D* gradually tends to a saturation with
the increase of the back-gate voltage. It is attributed to the
rapid increase of dark current and the saturation of photo-
generated current with the increase of the back-gate voltage
(see Fig. 3(c)). The above results show that the HfSe;/MoS,
heterostructure has an efficient gate tunability for the R and
D*, which is especially helpful in improving the sensitivity of
the NIR detection for the phototransistor operating in ultralow

power consumption.
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Fig. 6. (a) Time-dependent photocurrent response of the phototransistor under switched-on/off illumination of 400 nm with 0.78 mW/cm? at
Vg =0V and selected bias of 0.1 V, 0.5V, and 1 V. (b) Time-dependent photocurrent response of the phototransistor under switched-on/off
illumination of 400 nm for different power densities at V; =0 V and V4s = 0 V. (¢) and (d) Rising and falling edges of one-cycle photoresponse
under 400 nm illumination with 0.78 mW/cm? at Vg =0V and selected bias of 0.5 V and 0 V, respectively.
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The transient photoresponse is also a crucial performance
parameter for phototransistors. Figure 6(a) illustrates time-
dependent photoresponse under switched-on/off illumination
of 400 nm with 0.78 mW/cm? at Ve =0V and bias of 0.1 V,
0.5V, and 1 V, respectively. A nearly identical response can
be observed under periodically turning on and off light at each
bias, demonstrating that the device has good stability and re-
peatability. Figure 6(b) exhibits obvious time-dependent pho-
toresponse under switched-on/off illumination of 400 nm for
different power densities without bias and the back-gate volt-
ages. From Figs. 6(a) and 6(b), it can also be seen that the gen-
erated photocurrent increases with increasing bias voltage and
incident power density. Figures 6(c) and 6(d) show one entire
on/off cycle of time-dependent photoresponse under 400 nm
illumination with 0.78 mW/cm? at Ve =0V and selected bias
of 0.5 V and 0 V, respectively. According to the time when the
14 increases from 20% to 80% of the peak Iy and decreases
from 80% to 20%, the corresponding response/recovery time
of the phototransistor is 6.5 s/9 s (Fig. 6(c)) and 3.5 s/4 s
(Fig. 6(d)), respectively. It shows that the time-dependent
photoresponse of the phototransistor is relatively slow, but it

is acceptable. The comparatively slow photoresponse may

be mainly caused by the trapping effect and persistent pho-

43441 When the phototransistor is illu-

toconductivity effect. !
minated, the photogenerated holes are captured in the traps
located in thick HfSe; and MoS,, as well as at the interface of
the two materials and maintained for a rather long time, which
results in a long lifetime of the excited electrons in the con-
ducting channel. Compared with zero bias, more electrons are
attracted from the source into MoS, when a forward bias is
applied, and the channel current eventually takes longer to in-
crease to saturation. However, when the illumination is absent,
a large number of induced electrons cannot quickly recombine
with the trapped holes. Therefore, the response/recovery time
at Vgs = 0.5 V is greater than that at Vgg = 0 V. A similar result
has also been observed in photovoltaic photodetectors based
on MoTe,/MoS, vertical heterojunctions. !

To demonstrate the performance improvement achieved
by the HfSe,/MoS, heterojunction compared to the state-
of-the-art 2D material counterparts, we summarize the key
figures-of-merit, including responsivity, specific detectivity,
and response/recovery time, as listed in Table 1. It is obvi-
ous that the devices we fabricated exhibit considerable good
responsivity and specific detectivity.

Table 1. Comparisons of the performance of phototectors based on related materials.

Devices Wavelength (nm) R(AW™) D* (cm-Hz!/2.w—1) Rise/fall time Ref.
MoS, 466 ~ 200 ~1x10° ~ 450/350 ms (3]
HfSe, 473 252 ~ 10! 7.8/— ms [26]

SnSe»/MoS, 500 9.1x103 9.3x10'0 0.2/0.6 s [19]
MoTe,/MoS, 637 0.0436 1.06x 108 60/25 ps [23]
MoO3/ MoS, 600 0.67 4.77%10'0 several hundreds ps [24]
GaSe/MoS, 520 0.67 ~2.3x 101 155/205 ps [25]
PdSe,/MoS, NIR 0.651 5.29x10'! 41.7/62.5 us [20]
HfSe,/MoS, 400 1.42x103 1.39x101 3.5/4s this work

4. Conclusions

We successfully fabricate the HfSe,/MoS, heterostruc-
ture phototransistor based on the back-gate structure by the
micromechanical exfoliation method. The device exhibits ex-
cellent photoelectric performance in a wide broadband ranging
from NUV to NIR with/without external bias voltage and has
an efficient gate tunability for light-dark current with on/off
At a bias of 0.5 V, it exhibits a high re-
sponsivity of 1.42x103 A/W and high specific detectivity
of 1.39x10' c¢m-Hz!/2-W~! under 400 nm illumination of

0.78 mW/cm?. Moreover, the phototransistor can operate un-

ratio above 10°.

der zero bias with ultralow dark current of 1.22 fA, remarkable
responsivity of 10.2 A/W, relatively high specific detectivity of
1.43% 10" cm-Hz!/2-W~!, and acceptable response/recovery
time of 3.5 s/4 s. These results should be attributed to the
fact that the HfSe;/MoS, heterostructure not only improves
the broadband photoresponse of the phototransistor but also
greatly enhances its sensitivity. Therefore, the HfSe,/MoS;

heterostructure phototransistor has potential applications in
the fields of wide-spectrum response, self-driven photoelectric
devices, and high sensitivity detection.
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