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Abstract Two-dimensional (2D) layered materials have received significant attention owing to their unique

crystal structures as well as outstanding optical and electric properties in photoelectric detection. However,

most 2D materials are very sensitive to the environment. Adsorbates and traps introduced during the

preparation process have a negative effect on the performance of devices based on these materials. Here,

we focus on a molybdenum disulfide (MoS2) phototransistor gated by ferroelectrics, and insert a hexagonal

boron nitride (h-BN) layer between MoS2 and the ferroelectric film to improve the interface. To clarify the

role of h-BN in this device, two parallel devices are prepared on the same MoS2 flake. One device is

covered with h-BN, while the other is in direct contact with the ferroelectric film. The electronic and

optoelectronic properties of these two devices are then measured and compared. Experimental results reveal

that, compared to device without h-BN, the MoS2 phototransistor with h-BN exhibits higher carrier mobility

(average value: 85 cm2
·V−1

·s−1 and highest value: 185 cm2
·V−1

·s−1), larger responsivity (85 A·W−1), and

larger detectivity (1.76 × 1013 Jones). Thus, this strategy is significant for the interface engineering and

performance improvement of devices based on 2D materials.
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1 Introduction

Photodetectors, which are characterized by changes in conductivity under illumination, can convert op-
tical signals into electrical signals and are extensively used in military and national economy fields.
Moreover, photodetectors are also widely used in our daily lives, such as for video imaging, X-ray mea-
surements to generate biomedical images, night vision, remote sensing, and optical communication [1–3].
The phototransistor is one of the most important devices in the photodetector. It uses gate control to
improve the optoelectronic properties of semiconductors, including by reducing the dark current, increas-
ing the sensitivity, and improving the photoresponse speed. Nowadays, phototransistors are commonly
used in the development of novel and high-performance photodetectors, especially photodetectors based
on low-dimensional semiconductors, such as two-dimensional (2D) materials [4–7] and one-dimensional
(1D) nanowires [8, 9].

2D materials are characterized by many unique optical properties, and their band gap varies with
the number of layers. Among these materials, molybdenum disulfide (MoS2) has been extensively in-
vestigated with a focus on its outstanding electrical properties, optical properties, and stability at room
temperature [10, 11]. However, due to the disadvantages of high background carrier concentration and
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surface trap states, MoS2 is far inferior to traditional bulk semiconductors when used for photodetectors.
A phototransistor represents a practical approach for improving the MoS2 photodetection performance.
In 2013, Lopez-Sanchez et al. [12] developed a single-layer MoS2-based phototransistor with a photore-
sponsivity of 880 A·W−1. Subsequently, Wang et al. [13] proposed an ultrasensitive MoS2 phototransistor
driven by ferroelectrics. Under the modulation of a ferroelectric polarization field, this phototransistor
affords higher photoresponsivity and detectivity, faster photoresponse speed, and lower power consump-
tion than those obtained without the field. More recently, based on the negative capacitance effect of
ferroelectrics, Tu et al. [14] developed a MoS2 negative capacitance phototransistor with an ultra-steep
subthreshold of 17.64 mV·dec−1, and the photoresponsivity was improved.

However, 2D materials are very sensitive to the external environment, especially the adsorbates and
trapped charges in the substrates or neighboring dielectrics. Thus, research on methods for protecting
these materials from such factors is critical for fabricating excellent MoS2 devices. The dielectric shield-
ing effect of high-k dielectrics is commonly used to improve the interface characteristics of 2D mate-
rials [15–18]. Among such dielectrics, hexagonal boron nitride (h-BN) is commonly used in the inter-
face engineering of 2D materials owing to its atomic flatness, excellent stability, and absence of dangling
bonds [19–21]. In 2015, Cui et al. [22] reported that using h-BN to encapsulate MoS2 yields a maximum
Hall carrier mobility of 34000 cm2

·V−1
·s−1 at low temperature.

Here, based on the ferroelectric-gated MoS2 phototransistor structure, an h-BN layer is inserted be-
tween MoS2 and a ferroelectric film to build a better interface than that obtained without the layer. To
explore the role of h-BN, two parallel devices are fabricated on the same MoS2 flake. One of the devices
comprises h-BN-covered MoS2, while MoS2 is in direct contact with the film for the other device. A series
of comparative experiments reveal that the electronic and optoelectronic properties of the h-BN-modified
MoS2 phototransistor are superior to those of the bare MoS2 phototransistor. In particular, the h-BN
inserted in the phototransistor reduces the possibility of carrier scattering and prevents the p-doping
effect of P(VDF-TrFE). This study provides guidance for achieving a clean interface and improving the
performance of phototransistors based on 2D materials.

2 Results and discussion

The few-layer MoS2 is fabricated via mechanical exfoliation and then transferred to a silicon substrate
covered with 285-nm-thick SiO2. Thereafter, a thin layer of h-BN is obtained via mechanical exfo-
liation and used to encapsulate part of the MoS2. The thickness of the sample is measured using
atomic force microscopy (AFM). As shown in Figure 1(a), the thicknesses of MoS2 and h-BN are 3 and
5 nm, respectively. Furthermore, Raman spectra of MoS2 and h-BN (Figures 1(b) and (c)) are obtained.
Figure 1(b) shows the spectrum obtained for h-BN excited with a 514 nm laser (the inset shows the
crystal structure of h-BN). The distance between the MoS2 E1

2g and A1g is ∼20 cm−1, indicating that
the MoS2 sample comprises few layers [23,24]. Figure 1(d) shows the photoluminescence spectrum of the
sample. The photoluminescence peak of h-BN-covered MoS2 is sharper and has higher intensity than
that of bare MoS2. In addition, fluorescence spectroscopy results confirm that the h-BN-covered MoS2
exhibits a sharper fluorescence peak and a brighter fluorescence image than the bare material (Figure S1).
These results indicate that nonradiative recombination decreases when the surface of MoS2 is covered
with h-BN. In fact, h-BN is characterized by an atomically flat surface and is free of defects and dangling
bonds, thereby yielding a better interface with fewer charge traps than the interface formed without
h-BN [10,21, 25, 26].

Figure 2(a) shows the structural schematic of the MoS2 phototransistor gated by ferroelectric P(VDF-
TrFE), where part of the MoS2 is covered by h-BN. This device is placed on a Si/SiO2 substrate.
Chromium/gold (Cr/Au) is chosen for source and drain electrodes, which are obtained via successive
steps of electron beam lithography, thermal evaporation, and lift-off steps. The thicknesses of Cr and
Au are 15 and 35 nm, respectively. A 3-nm-thick h-BN is used to cover part of the MoS2 channel.
A ferroelectric functional film (50-nm-thick P(VDF-TrFE)) is spin-coated on the entire device and an-
nealed at 135◦C for 2 h in an oven to improve the crystallinity of the film. Subsequently, to polarize the
P(VDF-TrFE) and ensure the transmission of light, a 10-nm-thick aluminum (Al) film is evaporated on
the P(VDF-TrFE) as the gate electrode.

To investigate the effect of h-BN on the device performance, the electrical characteristics of the device
are measured and compared. Figure 2(b) shows the transfer characteristics of two devices with and
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Figure 1 (Color online) Structure and characterization of MoS2, h-BN, and their heterojunction. (a) Optical microscope image of

MoS2 covered with h-BN. The inset in the top-right corner shows an AFM image of the h-BN-covered MoS2 (measured thicknesses

of MoS2 and h-BN are 3 and 5 nm, respectively). Scale bar, 10 µm. (b) and (c) show the Raman shift of h-BN and MoS2,

respectively. (d) Photoluminescence spectra observed for MoS2, h-BN-covered MoS2, and h-BN.

without h-BN; the inset shows an optical microscope photograph of the device. In this electrical mea-
surement, the top gate voltage varies from −25 V to +25 V and back to −25 V at a drain bias of 1 V.
Consequently, a large hysteresis is observed for the bare MoS2 device, while a considerably narrower
hysteresis is observed for the h-BN-covered MoS2 device. The subthreshold swing (SS) can be calculated

as SS =
dVg

d(lg Isd)
. For these two devices, the SSforward is 2778 and 515 mV·dec−1 (SSreverse is 236 and

178 mV·dec−1) for the bare MoS2 channel and the h-BN-covered channel, respectively (similar results
can be found in Figure S2). According to previous studies, the hysteresis possibly results from charge
injection at the interfaces between MoS2 and P(VDF-TrFE) and traps originating from adsorbates, such
as oxygen and water molecules [27]. The h-BN covering isolates MoS2 from the surrounding environment
and a clean interface between MoS2 and P(VDF-TrFE) is maintained. Therefore, compared to the bare
device, a steeper subthreshold swing and narrower hysteresis are afforded in the transfer curve of the
h-BN-covered device.

The output characteristic (Isd-Vsd) curves of the two device types with different polarization states of
P(VDF-TrFE) are shown in Figure 2(c). The labels #1 and #2 represent the bare MoS2 device and h-
BN-covered MoS2 device, respectively, as indicated in the inset of Figure 2(b). When the P(VDF-TrFE)
is in the Pup state (Vtg = −15 V), both devices are in the depletion state and a low (of the order of
pA) dark current is noted. Conversely, when the P(VDF-TrFE) is in the Pdown state (Vtg = 15 V), both
devices are in the accumulation state and the drain current is one order of magnitude larger than that of
the fresh state. However, the current in the #2 device is larger than that in the #1 device owing to the
p-doping effect of P(VDF-TrFE) (further details are provided in Figure S3) [28]. Both devices can be
sufficiently depleted when the gate voltage is set to −15 V. Therefore, this state can be selected as the
working point and the devices can be employed as the phototransistor with an ultra-low dark current.

The field-effect mobility (µFE) of a field effect transistor can be determined as µFE = L
WCiVsd

( dIsddVtg
),

where L and W are the channel length and width, respectively, Vsd and Vtg are source-drain and top-
gate voltage, respectively, dIsd/dVtg is extracted from the transfer curve shown in Figure S4 (Figure S4
shows the transfer curve of MoS2 devices with and without h-BN in linear coordinates), and Ci is the
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Figure 2 (Color online) Structure and electrical characteristics of the device. (a) Schematic showing the device structure built

in this study. One channel is in direct contact with the P(VDF-TrFE) and the other channel is covered by atomically thin h-BN.

(b) Transfer characteristics of the two devices (device #1, bare MoS2 channel; device #2, h-BN-covered MoS2 channel) with Vsd

= 1 V. The inset shows the optical image of the device measured in this study. Scale bar, 10 µm. (c) The Isd-Vsd characteristics

of the two types of devices under three different states of P(VDF-TrFE): fresh state (P(VDF-TrFE) without polarization), Pdown

state (P(VDF-TrFE) polarized downward by a Vtg of 15 V), and Pup state (P(VDF-TrFE) polarized upward by a Vtg of −15 V).

(d) The extracted carrier mobility, where L = 4.29 µm and W = 5 µm are the channel length and width, respectively, of device

#1. L = 6.43 µm and W = 2.14 µm are the channel length and width, respectively, of device #2.

capacitance per unit area of the gate insulator. In our devices, Ci =
εP(VDF-TrFE)ε0

dP(VDF-TrFE)
for the #1 device

and Ci = (C−1
P(VDF-TrFE) + C−1

h-BN)
−1 for the #2 device, and the relative permittivity is 3.5 and 10 and

d is 3 and 5 nm for h-BN and P(VDF-TrFE), respectively [29]. Based on the above data and formulas,
the mobility of the two MoS2 device types is calculated (see Figure 2(d)). The average mobility is
∼2 cm2

·V−1
·s−1 for the #1 device and ∼50 cm2

·V−1
·s−1 for the #2 device. This significant (by more

than one order of magnitude) improvement in mobility results from the charge-trap-free h-BN dielectric
and clean interface between MoS2 and P(VDF-TrFE) [30, 31].

The optoelectronic properties of the bare MoS2 device are systematically investigated and compared
to those of the h-BN-covered MoS2 device. A monochromatic light source with a wavelength of 637 nm
is used to excite the phototransistor in a dark environment and room temperature. Figure 3(a) shows
the photocurrent switching characteristics of the two devices exposed to the same laser power. The
photocurrents in devices with and without h-BN are 1.2 and 0.6 µA, respectively, while the dark current
is only ∼20 pA. The photocurrent in these devices is mainly generated by the photoconductive effect of
MoS2. Furthermore, the low dark current is attributed to the application of a negative gate voltage and
a ferroelectric polarization field, which lead to a depleted state of the MoS2 channel. Under illumination,
the channel can absorb photons, thereby generating electron-hole pairs. The photogenerated carriers are
split under a drain bias and the photocurrent is generated. Once the light is turned off, the generation
of electron-hole pairs stops, and hence, the photocurrent will rapidly decrease. Figures 3(b) and (c)
show the specific numerical value of the turn-on/turn-off speed in the two types of devices, respectively.
For the h-BN-covered MoS2 phototransistor, as shown in Figure 3(b), the rise time (ton) and the decay
time (toff) are 40 and 70 ms, respectively. In contrast, ton and toff are 600 and 500 ms, respectively
(Figure 3(c)), for the bare MoS2 phototransistor. The photocurrent decay time is associated with the
interface between the semiconductor and gate dielectric. Some mobile electrons (or holes) are usually
captured by the traps in the semiconductor-ferroelectric interface [32]. Furthermore, the intrinsic n-type
characteristic of MoS2 has been attributed to Mo-vacancies and S-vacancies [33]. Some trap states are
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Figure 3 (Color online) Comparison of optoelectronic performance exhibited by the two MoS2 phototransistors. (a) Photocurrent

switching characteristics of the two MoS2 channel types at Vsd = 1 V and Vtg = −15 V. The actual laser power that illuminates

the device is ∼0.5 µW. The (b) rise (ton) and (c) decay (toff) times of the photocurrent associated with the two channels. For

the MoS2 covered with the h-BN channel, the ton and toff (40 and 70 ms, respectively) are both faster than those of the MoS2

channel (600 and 500 ms, respectively). (d) Responsivity and (e) detectivity of the two MoS2 device types. The h-BN-covered

device exhibits better responsivity and detectivity than the bare MoS2 device. (f) Comparison of the photocurrent on/off ratios

associated with the two types of devices.

introduced by the uncoordinated Mo atoms in MoS2 [34]. Moreover, some water molecules and oxygen
molecules will be adsorbed on the MoS2 surface, and they will introduce some trap states in the interface
between MoS2 and the dielectric layer. For the h-BN-covered MoS2 channel, the h-BN will help build
an ultra-clean interface in the MoS2 phototransistor, and hence, the transistor will be unaffected by the
trapped adsorbates. The photoresponse speed of the h-BN-covered phototransistor is therefore faster
than that of the bare phototransistor.

The dependence of the responsivity, detectivity, and photocurrent on/off ratio on the effective power
(Peff) of the incident light is shown in Figures 3(d), (e), and (f), respectively. The Peff refers to the actual
laser power absorbed by the MoS2 channel and is calculated from Peff = APπ

−1r−2 (A: area of the
MoS2 channel, r: radius of the laser spot size, and P : laser power). In Figure 3(a), the responsivity (i.e.,
R = IphP

−1
eff ) represents the magnitude of the photocurrent generated per unit incident light power on the

MoS2 channel. The highest responsivity of the h-BN-covered MoS2 device is ∼85 A·W−1, which is larger

than that of the bare MoS2 device (57 A·W−1). The detectivity, calculated as D∗ = RA
1
2 (2eIdark)

− 1
2 ,

indicates the capability of the photodetector to detect weak light. As shown in Figure 3(e), the device
with h-BN-covered MoS2 exhibits a high detectivity of 1.76×1013 Jones, performing considerably better in
detecting weak light than the bare MoS2 (detectivity of 1.48× 1013 Jones). In addition, the photocurrent
on/off ratio is an important parameter for evaluating a photodetector. This ratio increases with improving
the performance of the photodetector. The h-BN-covered MoS2 phototransistor with an on/off ratio of
1.2 × 105 exhibits far better photodetection ability than the bare MoS2 phototransistor (3.2 × 103), as
shown in Figure 3(f).

Low-dimension materials are vulnerable to the external environment and a clean interface is essential
for the performance of photodetectors based on 2D materials. P(VDF-TrFE) has a p-doping effect
(referred to as the enhanced p-channel characteristic effect) on 2D semiconductors (e.g., WSe2, MoTe2,
and BP) [28, 35–37]. We have also observed this phenomenon in MoS2 FET coated with P(VDF-TrFE)
(Figure S3). This effect may have resulted from electronegative F atoms in P(VDF-TrFE) [32,36]. Owing
to this electronegativity, the electron cloud between the C-F bond will move close to the F atoms. After
coating P(VDF-TrFE) on MoS2, C-F dipoles will deposit negative poles onto the MoS2 surface, and hence,
a certain number of holes will accumulate on the MoS2, thereby lowering the Fermi level of the material.
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Figure 4 (Color online) Analysis of the photodetection mechanism of MoS2 phototransistors. (a) Schematic showing the cross-
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channel, the photogenerated electrons and holes will be separated by an external bias, thereby generating a photocurrent. This

kind of device is fast and stable owing to a lack of traps in the interface. (d) The photocurrent on/off ratio and carrier mobility of

our device compared to those reported in previous studies.

The p-doping effect can help restrain the dark current in MoS2 photodetectors, but some trapped mobile
electrons at the MoS2-P(VDF-TrFE) interface will have a negative impact on the n-channel properties
after the spin-coating process [30]. Moreover, some contaminants such as the defective gum during
the mechanical exfoliation process will become attached to the MoS2 surface, thereby increasing the
probability of carrier scattering and reducing the carrier mobility and responsivity [38, 39]. To build a
clean interface for MoS2, we choose h-BN with an atomically flat surface to cover MoS2 and prevent direct
contact with P(VDF-TrFE) and, consequently, avoid the p-doping effect and some traps. Therefore, the
h-BN-coveredMoS2 device is considered a photodetector with a relatively perfect interface. The schematic
presented in Figure 4(a) shows the crosssection of the MoS2 phototransistor when the P(VDF-TrFE) is in
the fresh state. Figure 4(b) shows the photoresponse process of the bare MoS2 modulated by the P(VDF-
TrFE) polarization field. When the device is illuminated, photons with energy larger than the band gap
of MoS2 will be absorbed by the MoS2 channel and generate electron-hole pairs, which are separated
by a bias applied to the source and drain electrodes. However, parts of the photogenerated carriers will
be captured by the nonnegligible traps in the MoS2-P(VDF-TrFE) interface, consequently decreasing
the photocurrent. These traps will hinder the photoresponse speed of the devices. Under illumination,
the photogenerated electron-hole pairs separated by the drain bias will fill up these traps first, leading
to an increase in the relaxation time for rising photoconductance. When the light is off, the electrons
captured by the traps will escape and recombine with holes, resulting in a slower photocurrent relaxation
process than that occurring under illumination. A thin h-BN flake is inserted to isolate the MoS2 from
the ferroelectric film and environment (see Figure 4(c)). Therefore, the atomically flat h-BN protective
layer yields a better interface for this MoS2 phototransistor where charge traps are avoided and scattering
is suppressed (than the interface obtained without the layer). The improved photoresponse performance
of MoS2 mainly results from this improved interface. We compare our device performance with that of
other previously reported MoS2-based phototransistors. As shown in Figure 4(d), the h-BN-covered MoS2
phototransistor fabricated herein exhibits the largest carrier mobility (185 cm2

·V−1
·s−1). Moreover, the
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on/off ratio (1.2× 105) is higher than most of the values reported for other devices [13, 40–44].

3 Conclusion

In summary, we have proposed a reliable approach for improving the electronic and optoelectronic per-
formance of a ferroelectric-gated MoS2 phototransistor. This approach involves the introduction of a
thin h-BN that isolates the MoS2 channel from the ferroelectric film and the surrounding environment.
The h-BN coverage yields a clear shape and increased intensity in the photoluminescence spectrum of
MoS2. In terms of electricity, a maximum mobility of 185 cm2

·V−1
·s−1 is achieved. The h-BN-covered

MoS2 device exhibits better performance in all figures of merits (e.g., photoresponse speed, responsiv-
ity, detectivity, and photocurrent on/off ratio) than the bare MoS2 device. These results validate our
assumption regarding the role of h-BN in generating an improved interface for the MoS2 device. This
role will influence the development of future phototransistors and other functional devices based on 2D
materials.
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