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ABSTRACT: As compared with epitaxial semiconductor
devices, two-dimensional (2D) heterostructures oﬀer alternative facile platforms for many optoelectronic devices. Among
them, photovoltaic based photodetectors can give fast
response, while the photogate devices can lead to high
responsivity. Here, we report a 2D photogate photodiode,
which combines the beneﬁts of 2D black phosphorus/MoS2
photodiodes with the emerging potential of perovskite, to
achieve both fast response and high responsivity. This device
architecture is constructed based on the fast photovoltaic operation together with the high-gain photogating eﬀect. Under
reverse bias condition, the device exhibits high responsivity (11 A/W), impressive detectivity (1.3 × 1012 Jones), fast
response (150/240 μs), and low dark current (3 × 10−11 A). All these results are already much better in nearly all aspects
of performance than the previously reported 2D photodiodes operating in reverse bias, achieving the optimal balance
between all ﬁgure-of-merits. Importantly, with a zero bias, the device can also yield high detectivity (3 × 1011 Jones),
ultrahigh light on/oﬀ ratio (3 × 107), and extremely high external quantum eﬃciency (80%). This device architecture thus
has a promise for high-eﬃciency photodetection and photovoltaic energy conversion.
KEYWORDS: photogate, photodiode, black phosphorus, MoS2, perovskite, fast response
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materials have no interlayer dangling bonds such that they can
be conﬁgured in any arbitrary stacking sequences (i.e., van der
Waals (vdW) homo- or heterostructures) without the
restriction of lattice registration, making them superior
candidates for various optoelectronic applications.
Until now, the dominant operating mechanisms of these 2D
based photodetectors are usually due to the photovoltaic and
photogating eﬀects. For example, photodiodes based on
various p−n junctions are the most widely utilized photovoltaic
devices, which are purposely designed to operate under reverse
or zero bias condition. These junctions would contribute a
controllable barrier for the eﬃcient charge carrier transport
during photodetection that gives the fast speed, large signal-tonoise ratio (SNR), and simple two-terminal operation.

he ability of eﬃcient sensing of optical radiation can
enable many optoelectronic applications,such as
industrial and environmental monitoring,1 free-space
communication,2 remote-control scanning,3 medical imaging,4
etc. Regardless, all these utilizations require photodetectors
with fast response, high detectivity (D*), low power
consumption, and broad spectrum coverage as well as simple
two-terminal operation. Early eﬀorts have been focused on
using epitaxial semiconductors (e.g., group IV and III−V
compounds) as the active device materials, but the required
epitaxial synthesis methods make the device fabrication process
extremely complicated. In contrast, due to the advent of
nanotechnology, two-dimensional (2D) crystals based on
atomically layered semiconductors, including graphene,5,6
transitional metal dichalcogenides (TMDs),7−9 and black
phosphorus (BP),10,11 can oﬀer a facile platform for the
eﬀective photodetection because of their 2D nature, high
carrier mobility, layer number dependent band structure, and
more importantly their easy fabrication. In particular, these 2D
© 2019 American Chemical Society
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Figure 1. Design and characterization of the perovskite/BP/MoS2 photodiode. (a) Schematic illustration of the proposed device. (b) Band
diagram of the photogate photodiode and photocarriers transfer under laser illumination. (c) Optical image of a representative vertically
stacked BP/MoS2 photodiode. (d) Absorption spectra for the perovskite sample. (e) Raman spectra of the pristine and various hybrid
structures measured under 532 nm laser excitation. (f) PL spectra measured for the MAPbI3 perovskite ﬁlm and the various hybrid
structures.

platform, while the upper perovskite layer is used as a strong
light absorption medium to enhance the responsivity. Upon
457 nm laser exposure, the perovskite modiﬁed BP/MoS2
heterostructure can be operated as a reverse-biased photodiode
with a maximum responsivity of 11 A/W. This value is about
two orders of magnitude larger than those of other previously
reported BP/MoS2 photodiodes.12,18 Also, the corresponding
D* value can be as high as 1.3 × 1012 Jones. Because of the
built-in electric ﬁeld existing at the BP/MoS2 junction, the
photocarrier separation and collection can as well be very
eﬃcient with the rise/decay time as low as 150/240 μs,
respectively. It is worth mentioning that when this device is
employed as a self-driven photodetector under zero bias, it
exhibits a broadband photodetection ranging from all the way
from visible light to near-infrared regimes with a high
detectivity of 3 × 1011 Jones and an ultrahigh light on/oﬀ
current ratio of 3 × 107. Furthermore, these 2D photogate
photodiodes can also achieve an impressive photovoltaic power
conversion, which exhibits a maximum external quantum
eﬃciency around 80%, evidently demonstrating their promising potency for both high-performance photodetection and
highly eﬃcient light energy harvesting.

However, these photodiodes do not provide the high
photogain (G). Especially, for most 2D vdW heterostructure
based photodiodes, the conduction band oﬀset is typically
smaller than interlayer exciton binding energy, resulting in an
insuﬃcient driving force for the photogenerated exciton
dissociation. Combining with the relatively weak optical
absorption of ultrathin 2D heterojunctions, the responsivity
of these 2D photodiodes is hence limited to a range of 0.1 to 1
A/W under reverse or zero bias voltage.12−18 In this case, to
enhance their photoresponsivity, most of the 2D photodiodes
as reported in the literature are operated under forward bias,
which behave similar to a photoconductor, functioning with
the photogating eﬀect instead of the initially designed
photovoltaic mechanism. This photogating eﬀect is generally
referred to the trap-assisted photoconductivity, where the
photogenerated carriers would recirculate multiple times
within the device channel ﬁlled with trap charges before
recombination happens. In other words, these trapped charges
can signiﬁcantly prolong the recombination lifetime (τlifetime) of
photocarriers, leading to a high photogain according to the
relationship of G = τlifetime/τtransit. Here, τtransit denotes the transit
time. Inevitably, these long carrier lifetimes would yield the
relatively slow response speed (in the scale of seconds to
minutes)19−23 since the trapping time cannot be controllably
manipulated. In addition, the desired short transit time
requires a high-conductivity device channel, which would at
the same time give a large dark current. In view of all these
problems, it is important to develop a more eﬀective device
architecture that would not curtailed by the above-mentioned
operating mechanisms with photodetectors being either fast
but insensitive, or sensitive but slow.
In this Letter, we present a facile and rational design of a fast
and sensitive 2D photogate photodiode operating under
reverse or zero bias condition. The device architecture is
simply based on a vertically stacked BP/MoS2 photodiode
modiﬁed with a perovskite layer on the top. Speciﬁcally, the 2D
photodiode is employed as the fast and convenient detecting

RESULTS AND DISCUSSION
Speciﬁcally, Figure 1a presents the schematic diagram of a 2D
photogate photodiode proposed in this work. To achieve the
broadband photodetector with fast response and good
sensitivity, three criteria are necessary, which include the use
of (i) a cost-eﬀective photon absorption layer for the strong
and broad-spectrum light harvesting; (ii) a type I heterointerface between the light absorption layer and adjacent 2D
material to introduce suﬃcient photocarriers into the 2D p−n
junction region; and (iii) a type II vdW heterointerface
between the two 2D materials to enable eﬀective photocarriers
separation at the interface. In this regard, we come up with a
device structure as shown in Figure 1a to satisfy all of these
requirements. For details, few-layer MoS2 and BP crystals are
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Figure 2. Photoresponse of the 2D photodetectors before and after the perovskite decoration. The Ids−Vds characteristics of devices
measured under dark and light conditions based on (a) BP and perovskite/BP, (b) MoS2 and perovskite/MoS2, and (c) BP/MoS2 and
perovskite/BP/MoS2 structures, respectively. Dynamic response of the (d) perovskite/BP and (e) perovskite/MoS2 photogate devices. (f)
Dynamic response of the perovskite/BP/MoS2 photogate diode. The inset shows the τrise (τdecay) value of the device recorded by an
oscilloscope.

compact polycrystalline texture with a conformal surface
coverage. To further enhance the performance of these
photogate devices, the perovskite ﬁlm thickness is optimized
to be ∼200 nm for the most eﬃcient light harvesting22 (Figure
S2 inset). X-ray diﬀraction (XRD) measurement is as well
performed to investigate the crystallization characteristics of
the obtained perovskite ﬁlms. As presented in the spectrum in
Supporting Information Figure S3, there are strong diﬀraction
peaks located at 14.09°, 28.43°, 43.23°, and 58.90°, which are
indexed as (110), (220), (330), and (440) MAPbI3 planes,
respectively, conﬁrming the tetragonal structure there. Meanwhile, there are not any PbI2 or PbCl2 diﬀraction peaks
observed in the spectrum, suggesting that the reaction of
between PbCl2 and methylammonium iodide is complete and a
pure MAPbI3 phase is formed. Moreover, Figure 1d exhibits
the absorption spectrum of the as-fabricated perovskite ﬁlm, in
which strong and broadband light absorption in the UV−vis
range is observed, revealing the excellent light absorbing
characteristics of the MAPbI3 layer.
In addition, Raman scattering measurements are also
performed before and after perovskite decoration (Figure
1e). The observed Raman spectra from single BP or MoS2 are
consistent with the previous reports.12 Importantly, the
observed peaks of both BP and MoS2 at the overlapping
region have neglectable shift, indicating the good interface
quality between BP and MoS2 in the heterojunction. These
features are further retained even after the perovskite layer
capping, pointing toward that the perovskite ﬁlm deposition
via one-step method does not induce any structural damage to
the BP and MoS2 ﬂakes as well as their heterointerface quality.
The photoluminescence (PL) spectra of all diﬀerent samples
are as well measured (Figure 1f). It is anticipated the pristine
perovskite ﬁlm exhibiting a strong PL peak at 775 nm for its
bandgap transition of MAPbI3, while signiﬁcant PL quenching
eﬀects are is observed for perovskite/BP, perovskite/MoS2,

employed to form the p−n photodiode due to their suitable
band structure and superior carrier mobility.18,23,24 Since the
light absorption properties are anticipated to dictate the device
performance as well as push forward the further enhancement
on this particular device design, the research to achieve an
eﬀective light absorption layer here becomes very crucial.
Although the organolead triiodide perovskite methylammonium lead iodide (MAPbI3) has been widely explored as the
light harvesting layer in many previous works due to its
extraordinary optoelectronic properties for excellent photonto-electron conversion,21,23,25,26 its morphological development can be further improved with an assist from chlorine and
thus yields a longer photocarrier diﬀusion length (∼1 μm).27
As a result, we focus on the MAPbI3 perovskite with the use of
chlorine precursors in this study. Figure 1b demonstrates the
electronic band structure of our device, where the type I and
type II heterojunctions are formed at the perovskite/BP and
BP/MoS2 interfaces, respectively. For perovskite materials,
since the exciton binding energy is relatively small, this
contributes to the excellent device performance of the detector.
Explicitly, under illumination, when the photocarriers are
spontaneously generated in the perovskite ﬁlm, they would
diﬀuse into the BP layer followed by photocarrier separation
and collection due to the existence of built-in electric ﬁeld at
the BP/MoS2 junction. This way, the detector photocurrent is
simply determined by light harvesting in the upper perovskite
layer and photocarrier separation at the BP/MoS2 interface.
At the same time, the fabrication process of the vertically
stacked photogate BP/MoS2 diode is relatively straightforward
and schematically illustrated in Supporting Information Figure
S1, while Figure 1c exhibits the optical image of a
representative fabricated device. Also, as displayed in
Supporting Information Figure S2, ﬁlm morphology of the
as-prepared perovskite on silicon is characterized by scanning
electron microscopy (SEM). It is clear that the ﬁlm exhibits a
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Figure 3. Temperature-related electrical measurements of a vertically stacked BP/MoS2 photodiode before and after the perovskite
decoration. (a) Ids−Vds characteristics of the pristine BP/MoS2 vertical heterojunction measured at diﬀerent temperatures. (b) Ideality factor
calculated with the slope of semilogarithmic graph derived from the pristine BP/MoS2 heterojunction. (c) Semilog plot of ITE/T2 versus q/
kBT to extract the potential barrier height at the BP/MoS2 junction before the perovskite deposition. (d) Ids−Vds characteristics of the
perovskite/BP/MoS2 heterojunction measured at diﬀerent temperatures. (e) Ideality factor calculated with the slope of semilogarithmic
graph derived from the perovskite/BP/MoS2 heterojunction. (f) Semilog plot of ITE/T2 versus q/kBT to extract the potential barrier height at
the BP/MoS2 junction after the perovskite deposition.

and perovskite/BP/MoS2 heterostructures due to the eﬃcient
exciton dissociation and interlayer charge transfer.
Apart from the conﬁrmation of excellent light absorption
and photocarrier separation, the photogating eﬀect of these
heterointegrated perovskite/BP and perovskite/MoS2 hybrid
photodetectors is thoroughly evaluated. As given in Supporting
Information Figure S4, both pristine BP and MoS2 devices
exhibit linear and symmetric current−voltage (Ids−Vds) curves,
which designate good ohmic contact between 2D semiconductors and metal electrodes. After deposition of perovskite
layer onto BP device, the dark current is about an order of
magnitude higher than the one of the single BP (Figure 2a). In
this perovskite/BP heterostructured photodetector, the device
current is attributed to the carrier transport in both BP and
perovskite layers; however, the carrier mobility associated with
the perovskite layer is only in the order of 1 × 10−4 cm2/V s
(ref 22), being much lower than the BP layer of 417 cm2/V s
(Supporting Information Figure S5). In this case, the carrier
transport in perovskite layer is insigniﬁcant; therefore, the dark
current increase here can be attributed to the enhanced carrier
transport in the BP channel with the perovskite capping layer.
We then compare the transfer characteristic of the BP
transistor before and after the perovskite deposition (Supporting Information Figure S5). The pristine BP ﬁeld-eﬀect
transistor (FET) exhibits an excellent gate modulated current
with a high on/oﬀ ratio of around 104. After capping with the
perovskite layer, the FET characteristic is maintained but with
a more positive threshold voltage, suggesting the existence of a
p-type doping eﬀect. This is probably due to the hole transfer
from perovskite layer into BP, which subsequently lowers the
Fermi level of BP and induces the barrier reduction of hole
injection at the Au/BP interface. In the case of the perovskite/
MoS2 bilayer device, similar p-type doping is also observed.
Likewise, the Fermi level of MoS2 is lowered, which leads to
the barrier increase of electron injection at the Au/MoS2

interface. Therefore, the dark current is signiﬁcantly reduced
here (Figure 2b). In other words, under illuminated conditions
(e.g., light power density (Plight) = 119 mW/cm2 and
wavelength (λ) = 457 nm), electron−hole pairs would be
ﬁrst generated in the top perovskite layer, in which their
concentration is highly depended on the ﬁlm morphology.28
Subsequently, the electron−hole pairs would split due to the
ambipolar transport characteristic of perovskite ﬁlm and then
diﬀuse into the BP or MoS2 region. Also, there is an obvious
threshold voltage (Vth) shift of the device once upon
illumination. This Vth shift reﬂects the photogating eﬀect
playing a dominant role in the photocurrrent generation. On
the other hand, to assess the response of the device to the laser
power, the photo responsivity (R) is calculated by the
following analytical equation:
R=

Ilight − Idark
PlightS

=

Iph
PlightS

(1)

Here, Idark and Ilight are the output currents under dark and
illumination, respectively, Iph is the photocurrent, and S is the
illumination area. As a result, in comparison with the pristine
device, the responsivity of both perovskite/BP and perovskite/
MoS2 photodetectors are increased by about 79-times (11 to
872 A/W) and 11-times (120 to 1342 A/W), correspondingly
(Supporting Information Figure S6). This greatly enhanced
responsivity probably arises from the trap states that exist
either in the 2D materials or at the heterointerfaces. In general,
these trap states are mainly contributed by two sources,
including the impurities or vacancies existed in the 2D
materials as well as the surface contamination associated with
fabrication processes. In any case, under illumination, the
photocarriers would ﬁll most of the trap states and remain
there. Because of the long trapping time, the lifetime of the
photocarriers (i.e., of the opposite charge type of the traps) is
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photocurrent is highly dependent on the number of photoexcited minority carriers in depletion region, while the forward
current is dedicated by the velocity of charge carrier in the
device channel. Because of the weak optical absorption and
strong binding energy of interlayer excitons, the photoinduced
free-carriers are quite limited in the 2D heterojunction.
Therefore, the value of Ilight is expected to be low in the BP/
MoS2 photodiode and remained the same under the constant
incident laser power, where the value also does not vary with
the increasing reverse bias. In comparison, there are abundant
photocarriers generated in the top perovskite absorption layer
in the 2D photogate photodiode, in which these carriers are
subsequently transferred into the p−n junction region. Because
of the photogating eﬀect, the photoresponse is substantially
enhanced here. Importantly, the intrinsic issue of slow
response of p−n diodes is also resolved with this enhanced
device architecture. Figure 2f displays the on−oﬀ switching
characteristic of the perovskite/BP/MoS2 device, exhibiting the
reliable and fast on−oﬀ switching repetition in multiple-cycle
tests. In Figure 2f inset, the high-resolution temporal
photoresponse is measured by oscilloscope, where the τrise
and τdecay values are recorded to be 150 and 240 μs,
respectively. In this photogate p−n photodiode, the photocarrier separation and recombination are controlled by the
enhanced p−n junction as described above, in which this
process is known to be much faster than the one of trapassisted photocarrier separation and recombination. As a result,
it is understood that the response speed of the perovskite/BP/
MoS2 device is much faster than the conventional photogate
devices.
In addition, it is evident that the perovskite/BP/MoS2
device also exhibits an impressive photovoltaic behavior,
which is in a distinct contrast to the pristine BP/MoS2 device
without any perovskite capping. To understand the photovoltaic phenomenon, temperature (T) related electrical
measurements are thoroughly carried out to further our
insights into the interface characteristics of the vertically
stacked heterostructure device. Speciﬁcally, the barrier height
at the BP/MoS2 junction can be extracted from these
measurements. The heterojunction current before and after
perovskite capping can be understood with the thermionic
emission theory:29,30
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prolonged in these 2D channels, which eventually leads to the
substantially enhanced photogain. However, the issue of slow
response associate with the photogate device also emerges.
The temporal photoresponse characteristics of both perovskite/BP and perovskite/MoS2 devices are exhibited in Figure
2d and e, respectively. The rise time (τrise) and the decay time
(τdecay) are measured to be 1.3 and 5.7 s for the perovskite/BP
device, and 16 and 30 s for the perovskite/MoS2 device,
correspondingly. The rise (decay) time here represents the
period of the current to increase (decrease) from 10% to 90%
(from 90% to 10%) of the maximum value. These problematically slows response time arising from the persistent trapped
charges severely restricts the practical applications of photogate
devices.
Next, the hybrid 2D photogate photodiode is also
electrically characterized under the same condition. Figure 2c
shows the I−V curve of a typical p−n diode based on the
fabricated BP/MoS2 heterostructure, which exhibits an obvious
rectifying behavior with a rectiﬁcation ratio of 20. After
capping with the perovskite layer, the device dark current is
lowered by approximately two orders of magnitude than that of
the pristine BP/MoS2 device. This result well supports the pdoping phenomenon on the BP channel as described above.
Notably, since the BP and MoS2 ﬂakes form the type-II
heterostructure (will be discussed in details in Figure 3), some
electrons are transferred from MoS2 into BP to achieve the
electron potential balance, resulting in the built-in potential
formation across the BP/MoS2 interface. As a forward bias is
applied, this built-in potential would decrease and the
conducting electrons can be more easily drifted from MoS2
to BP, yielding the on-state. In comparison, as a reverse bias is
applied, the built-in potential would increase and fewer
electrons can ﬂow across the barrier, leading to the oﬀ-state
of the device. Simultaneously, because of the p-type doping in
BP, its Fermi level is lowered, in which the energy band
upshifts. Consequently, the energy band of MoS2 is shifted
down, thereby increasing the eﬀective barrier height at the BP/
MoS2 junction. This way, the carrier injection probability is
expected to be reduced under both forward and reverse bias. In
comparison, the inverted MoS2/BP photodiode exhibits an
increased dark current after the perovskite deposition
(Supporting Information Figure S7). This can be understood
by that the p-type doping of MoS2 reduces the barrier height at
the BP/MoS2 junctions, which will give the higher dark current
there. As a result, the perovskite/BP/MoS2 device architecture
is more suitable for the weak-light detection because of its
advantages of the lower dark current and higher p−n junction
electric ﬁeld for the eﬃcient carrier separation.
Interestingly, under a reverse bias of Vds = −2 V, the pristine
BP/MoS2 photodiode exhibits a slightly higher light-to-dark
current ratio (Ilight/Idark) than the one extracted at Vds = +2 V
(2.8 to 1.3), but a lower responsivity (8.1 to 31.5 A/W). The
virtue of the photogate p−n diode (i.e., perovskite/BP/MoS2)
can be immediately recognized when comparing the Ilight/Idark
values here. For example, under a bias of −2 V, the calculated
Ilight/Idark value of the photogate diode is ∼60 000, which is
∼20 000-times higher than the pristine BP/MoS2 device. Also,
the Idark value of the photogate diode is as low as 30 pA.
Meanwhile, the responsivity is increased by about 740-times
(1.7 A/W to 2.3 mA/W) after the perovskite capping. This
value is even higher than the one operated with the forward
bias condition of the pristine BP/MoS2 device (R = 1.4 A/W at
Vds = 2 V). In conventional p−n photodiodes, the reverse
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where ITE denotes the saturation current, kB denotes the
Boltzmann constant, n denotes the ideality factor, and q
denotes the electron charge. This way, we can extract the n
value and the Schottky barrier height (ϕB) at the BP/MoS2
junction. On the basis of the semilog plots of Ids/[1 −
exp(−qVds/kBT)] versus Vds (Figure 3b,e), the slopes of linear
regions give the ideality factor around 3 for all temperature
values. In terms of n value, the results are much better than
heterojunction p−n diodes conﬁgured with bulk materials (n
≫ 2)31 and TMDs (n ≈ 6.5),32 but worse than TMDs
homojunctions fabricated by chemical doping (n ≈ 1.6)33 or
gate modulation (n ≈ 1.9).34 The n value of any junction
provides the level to which defects inﬂuence carrier transport. n
4808

DOI: 10.1021/acsnano.9b01713
ACS Nano 2019, 13, 4804−4813

Article

ACS Nano

Figure 4. Optoelectronic characteristics of the perovskite/BP/MoS2 photogate photodiode operated under reverse and zero bias modes. (a)
Ids−Vds curves of the device at a reverse bias of −2 V under 457 nm laser illumination. (b) Extracted R and Ilight/Idark values on the basis of
measured incident power at a reverse bias of −2 V. (c) Normalized response loss of the device versus the light modulation frequency at a
reverse bias of −2 V. (d) Response of the device operated under zero bias mode with diﬀerent wavelengths of 457, 532, 660, and 808 nm.
The inset shows the corresponding responsivity. (e) Noise analysis of the perovskite/BP/MoS2 photodiode extracted from the Fourier
transform of the dark current. (f) Ids−Vds curves under diﬀerent power intensity. The Isc and Voc can be obtained from the intercepts of the
curves on Ids and Vds axes, respectively. The inset shows the power generated by the device as a function of Vds under diﬀerent laser power.

= 1 implies the ideal diode behavior with entirely thermionic
carrier transport across p−n junction. Here, the extracted n
values indicate the existence of interface charge traps in our p−
n diodes. More importantly, using the saturation current for
diﬀerent temperatures, a semilog plot of ITE/T2 versus q/kBT
(Figure 3c) would give a SBH value of ∼0.08 eV for the
standard BP/MoS2 diode, a substantially larger value of ∼0.25
eV with the perovskite capping (Figure 3f). All these indicate
that the BP/MoS2 forms type II p−n junction here, which is
favorable for achieving this improved photogate p−n photodiode. It can also be inferred that the enhanced barrier height
at the BP/MoS2 junction is responsible for the evident
photovoltaic behavior after perovskite deposition.
Furthermore, the optoelectronic properties of the photogate
p−n photodiode are examined in detail. Figure 4a exhibits the
output curves of the device upon 457 nm laser illumination.
Under reverse bias condition (Vds = −2 V), the responsivity
and Ilight/Idark values are observed to be strongly inﬂuenced by
the laser power (Figure 4b). For instance, the responsivity
decreased as the Plight value increased, which is probably due to
the enhanced photocarriers recombination with the increasing
light intensity. The highest responsivity at Plight = 0.02 mW/
cm2 is 11 A/W. This value is approximately two orders of
magnitude higher than the previously reported reverse-biased
BP/MoS2 photodiode, and much higher than that of typical
2D material reverse-biased photodiodes and the Si based
photodiodes (∼0.8 A/W).35,36 Meanwhile, the Ilight/Idark value
increases with the light intensity. At Plight= 119 mW/cm2, the
highest Ilight/Idark value is extracted to be ∼6 × 104.
Additionally, photogain is a critical parameter to evaluate the
detector performance, which determines the number of
photocarriers induced per incident photon, while it can always
be estimated with following equation:

G=

Iph/q
Plight /hν

=R

hc
qλ

(4)

where h is the Planck constant, c is the speed of light, and ν is
the incident photon frequency, respectively. With the extracted
maximum R value of 11 A/W, the photogain is determined to
be 30. Thus, the photocarriers can circulate multiple times in
the whole circuit before recombination, demonstrating a
decent photogating eﬀect associated with our perovskite/BP/
MoS2 devices. The temporal response bandwidth of the
photodetector operating at reverse bias mode is also evaluated
with the 3 dB bandwidth. The result represents a frequency
limitation that the photocurrent induced by the optical signal is
0.707-times the maximum value. As shown in the measured
frequency response in Figure 4c, the 3 dB point is located at
∼1 kHz using an illumination source of Plight= 119 mW/cm2.
Although this value is lower than the commercially available Sibased photodiode, these values still seem very attractive in view
of the early stage of the device development here. Substantial
improvement in the temporal response of photogate photodiodes can be further achieved by reducing the interface trap
density with the oxygen-free fabrication process and enhancing
the built-in electric ﬁeld at the p−n junction by exploiting
more suitable 2D materials.
Another important observation is that the photogate p−n
photodiode can also be performed as a high-performance selfdriven photodetector. In comparison with other photodetectors, this type of devices possesses the advantage in
weak signal detection due to their greatly suppressed dark
current with zero bias operation. Besides, the self-driven
photodetectors also exhibit several other merits, including ease
of operation, energy conservation, and suitable for working
under extreme conditions. Here, the self-driven operation of
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Table 1. Comparison of Diﬀerent Important Device Parameters of Various 2D Heterostructure Photodetectors
materials

wavelength (nm)

R (A/W)

Idark (nA)

Ilight/Idark

D* (Jones)

perovskite/BP/MoS2
BP/Monolayer MoS2
BP/MoS2
WSe2/MoS2
MoS2/WS2
WSe2/WS2
MoTe2/MoS2
GaTe/MoS2

457
633
532
532
633
633
470
633

11
0.42
0.17
0.17
1.42

∼0.03
∼2

∼6 × 104
∼19

1.3 × 1012

∼0.03
∼100

∼3 × 104
∼9

0.322
1.365

∼0.01

∼800

the perovskite/BP/MoS2 device is evidently witnessed. As
presented in the photocurrent switching performance at
diﬀerent incident wavelength (Plight = 100 mW/cm2) in Figure
4d, the photocurrent decreases with the increasing λ value.
This is probably due to the relatively poor light absorption
capacity and reduced photon energy at long wavelength.
However, obvious photoresponses are also observed without
applying any bias and can be modulated eﬀectively by the
incident light power. At a ﬁxed Plight value of 100 mW/cm2, the
responsivity is found to be 0.3, 0.2, 0.15, and 0.03 A/W at the
wavelength of 457, 532, 660, and 808 nm, respectively. In fact,
the spectral responsivity of the 2D photogate photodiode relies
heavily on the optical absorbance of perovskite layer. This
particular device structure is expected to be capable to detect
the incident light with an even longer wavelength by using the
top absorption layer with a smaller bandgap.
In addition to the above performance assessment, speciﬁc
detectivity is another key parameter to evaluate the device
capability of detecting weak light irradiation. The detectivity is
typically estimated by the following relationship:5,37−39
D* =

(SB)1/2
NEP

NEP =

in 2
R

ref

30
0.82
0.39
0.39
2.78

this work
12
18
14
15
16
17
13

<0.1/< 0.1
<20
∼25
<10

0.85
2.7

Jlight
Jdark

(8)

where Jdark is the dark current density, and Jlight is the current
density measured at Plight = 1 mW/cm2, respectively.40
Accordingly, the calculated SNR and LDR values of the
photogate diode at 457 nm wavelength are presented in
Supporting Information Figure S8. The device displays an
ultrahigh SNR value of 3 × 107 under zero bias, which arises
from the high photoresponsivity and low dark current. It is also
worth pointing out that the corresponding Ilight/Idark value is as
high as 3 × 107, which is much higher than that of the
previously reported 2D materials photodetectors even assisted
by ferroelectric ﬁeld and gate modulation.42,43 Moreover, the
LDR value is calculated to be 111 dB. This decent value is
already comparable with those of Si-based photodetectors of
120 dB and much higher than that of InGaAs-based
photodetectors of 66 dB.44 Table 1 presents the important
performance parameters of diﬀerent 2D heterostructure
photodetectors operated under reverse or zero bias condition.
It is evident that the present device performs much better than
those of previously reported 2D photodiodes, achieving the
optimal balance between all key performance parameters.
Besides photodetection, this photogate p−n photodiode is
also employed for the photovoltaic energy harvesting as shown
in Figure 4f. Here, the open circuit voltage (Voc) of the device
is relatively low at the weak light intensity, probably due to the
photocarriers recombination; correspondingly, as the incident
light intensity increases, the amount of photocarriers increases
simultaneously, inducing the rise of Voc value. In this case, the
device exhibits a maximum Voc value of 0.32 V and a short
circuit current (Isc) of up to 0.34 μA under 457 nm
illumination (119 mW/cm2). With the information, the
power generated in the photogate photodiode can be
estimated accordingly (Figure 4f inset). Also, the external
quantum eﬃciency (EQE) of the device at Vds = 0 V can be
evaluated by the following equation:

(5)

(6)

Here, NEP denotes the noise equivalent power, B denotes
1/2

the bandwidth, and in 2
denotes the root−mean−square
value of the noise current. In detail, Figure 4e shows the noise
level per unit bandwidth (1 Hz) of the device. Using the R
values of 11 A/W at Vds = −2 V and 0.3 A/W at Vds= 0 V, the
corresponding D* values can be calculated as 1.3 × 1012 and 3
× 1011 Jones, respectively. Here, the extracted values under
reverse or zero bias condition are superior to those of the
traditional silicon photodetectors.
Apart from responsivity and detectivity, the signal-to-noise
ratio and linear dynamic range (LDR) are also recognized as
two important parameters to evaluate photodetector performance. Speciﬁcally, the SNR value represents the ratio of external
signal to device background noise. Apparently, a higher SNR
value would give the less obtrusive background noise. On the
other hand, LDR gives the detecting region of incident light
power where the device can distinguish the incident light signal
and is usually described with decibels (dB).40 Providing the
measured output currents under dark and illumination, the
SNR and LDR values can be estimated with the following
equation:41

EQE =

Ischc
Plighteλ

(9)

The corresponding EQE value is calculated to be ∼80%,
which is signiﬁcantly higher than those reported previously 2D
heterojunctions devices.45,46 This impressive EQE value can be
mainly attributed to the high light absorption of the top
perovskite layer as well as the eﬃcient diﬀusion of photocarriers in the BP/MoS2 p−n diode. All these results clearly
demonstrate the promising potency of utilizing this device
structure for the highly eﬀective photovoltaic energy
conversion.

Ilight − Idark
Idark

gain

0.15/0.24

∼1.7 × 1010

LDR = 20 log

1/2

SNR =

Trise/Tdecay (ms)

(7)
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Material Characterization and Device Measurement. SEM
(JEOL 6510) is employed to characterize the perovskite ﬁlm
morphologies. The absorption spectra were performed with the
UV−vis spectrometer (Shimadzu UV-2550). XRD measurement was
carried out at room temperature employing the X-ray Diﬀractometer
(Rigaku SmartLab). PL was performed at room temperature
employing a excitation laser of 532 nm. Electrical and optoelectrical
measurements were carried out by employing a standard probe station
and the Agilent B1500A Semiconductor Parameter Analyzer. The
light sources were lasers with wavelengths of 457, 532, 660, and 808
nm, respectively.

CONCLUSIONS
In summary, we propose and develop a hybrid 2D photogate
photodiode based on perovskite and BP/MoS2 photodiode. As
compared with conventional detectors utilizing photovoltaic
and photogating mechanisms, this hybrid device exhibits both
high responsivity and fast response. At a reverse bias of −2 V,
the responsivity of perovskite/BP/MoS2 device can be greatly
improved to 11 A/W, while the device response time can be
optimized down to hundreds of microseconds, being few
orders of magnitude faster than those obtained in high-gain
photogate devices. The corresponding detectivity is as high as
1.3 × 1012 Jones. Also, due to the eﬀective light absorption of
perovskite and large electric ﬁeld established in the BP/MoS2
junction, this hybrid device is highly suitable for the self-driven
broadband photodetection. Under 457 nm laser illumination
and zero bias condition, the device shows a high detectivity of
3 × 1011 Jones and an ultrahigh Ilight/Idark value of 3 × 107. In
addition, the hybrid device as well demonstrates the eﬃcient
photovoltaic power conversion with a peak EQE value of 80%.
Evidently, this high-performance 2D photogate photodiode is
advantageous for practical applications, whereas its integration
capability of 2D heterostructures with strong optical
absorption layers would provide great opportunities for the
developing optoelectronic devices.
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METHODS
Atomic Layer Deposition (ALD) Growth of HfO2. ALD growth
of HfO2 was carried out employing tetrakis(dimethylamino)hafnium
(TDMAH) and H2O precursors at 95 °C. During the process, the
H2O source temperature was 25 °C, while the TDMAH source
temperature was 90 °C. High purity Ar2 was used as carrier gas. The
TDMAH purge was applied with Ar2 for 120 s, whereas the post H2O
purge was 100 s. The resulting growth rate was approximately 1.2 Å/
cycle.
Device Fabrication. Few-layer MoS2 and BP and ﬂakes were
obtained with mechanically exfoliated method and then transferred
onto the marked p+-Si/SiO2 substrates. Subsequently, poly(methyl
methacrylate) (PMMA) was spin-coated onto the substrates, and then
the electrode patterns were deﬁned by E-beam lithography. After that,
the Au electrodes were formed by metal evaporation and the lift-oﬀ
process. At the end, the fabricated BP and MoS2 transistors were
heated at 200 °C for 1 h in a nitrogen-ﬁlled glovebox to minimize the
contact resistance.
Similarly, the fabrication of vertically stacked BP/MoS2 p−n
photodiode was initiated by deﬁning a bottom Au electrode onto a
SiO2/p+-Si substrate. The electron beam lithography (EBL) process
was performed to have the square pattern (30 × 30 μm2) in the
PMMA resist precoated onto the processed substrate. A 15 nm thick
of HfO2 layer is then deposited by ALD. After that, unwanted HfO2
ﬁlm located within the square pattern could be removed by a lift-oﬀ
process using acetone. Few-layer MoS2 ﬂake was next transferred onto
the Au bottom electrode employing the polydimethylsiloxane
(PDMS) stamp. Consequently, the similar process was performance
to transfer few-layer BP nanosheet onto the MoS2/Au sample. At the
end, the top Au electrode was patterned onto the BP avoiding the BP/
MoS2 overlapping region via standard lithography and lift-oﬀ
processes.
For the preparation of the above-mentioned top perovskite layer,
MAI and PbCl2 (with a 3:1 molar ratio) were ﬁrst dissolved into
anhydrous N,N-dimethylformamide in a glovebox ﬁlled with nitrogen.
The mixture was then stirred at 45 °C for 8 h to obtain the precursor
solution. Subsequently, the obtained mixed halide perovskite solution
was deposited onto the prepared device substrates via spin-coating at
4000 rpm for 1 min. At the end, the sample was annealed for 1 h at
100 °C to form a MAPbI3 perovskite ﬁlm (∼200 nm) on the BP/
MoS2 device.
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