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Extensive research on photodetectors based on novel 2D materials such as graphene and transition metal dichalcogenides
(TMDs) have been carried out recently because of their wide
application in photodetection, imaging, and telecommunications.[1] It is of great interest to find novel functional materials
not only with high photoresponsivity (R), but also in a broadband spectral range.[2–4] Owing to the gapless nature, graphene
has a strong interaction with photons in a very wide spectral range.[5–15] However, the photoresponsivity of graphene
photodetectors are usually quite small because of the small
light absorption of 2.3% per layer, resulting in a limited photo
carrier generation. Many efforts have been spent on resolving
this bottleneck such as bandgap engineering and heterogeneous
integration with quantum dots.[16] Nevertheless, these methods
either require extensive nanopatterning or complicated fabrication process, which will affect not only their repeatability,
but also the throughput as well as large-scale integration. The
emerging TMDs such as single layer MoS2 exhibit excellent photodetection properties due to their direct bandgap.[17,18] However,
these photodetectors usually have limited use only in a narrow
visible spectral range because of the large bandgaps.[19–22]
Black phosphorus (BP) is an elemental 2D semiconducting
material,[23–26] with a direct bandgap of around 1.5 eV for mono
layer and down to 0.3 eV in bulk.[27] Such a narrow bandgap
covering the spectral range from visible to near-infrared makes
BP a very promising candidate for broadband optoelectronic
applications. In addition to the high carrier mobility, few-layer
BP has a direct bandgap and strong light absorption efficiency
in broadband spectrum, all of which are crucial factors for highperformance photodetection.[28–42] However, previous results
show that the largest R observed in BP photodetectors is only
several hundreds of mA W−1,[33–36] which is far below the TMDs
counterpart.[21,22] Recently, colossal ultraviolet R of 105 A W−1
has been demonstrated using BP photodetector.[37] Despite of
its high performance in the UV region, the photoresponsivity
dropped dramatically for almost five orders of magnitude as the
excitation wavelength increases beyond 500 nm. Furthermore,
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no photodetection on black-phosphorus photodetector at low
temperature has been carried out. In order to address these
issues, here we demonstrate high-performance BP photo
detectors with photoresponsivity in a broad range from 400 to
900 nm, as well as quantitative analysis photoresponse at different temperatures from 300 down to 20 K.
The BP photodetectors reported here are based on backgate field-effect transistor (FET) configuration as shown in the
schematic view of Figure 1a. Few-layer BP flakes are obtained
using mechanical exfoliation onto a 90 nm SiO2 substrate.
Then, source/drain electrodes were patterned by electron-beam
(e-beam) lithography and Ni/Au metal contact was deposited
by e-beam evaporation. The fabricated short channel transistors are shown in Figure 1b using atomic force microscopy
(AFM). The thickness of BP flake is measured to be 8 nm, corresponding to 15 layers as depicted in Figure 1d. Raman spectrum is shown in Figure 1c, where three Raman peaks at 362.2,
439.8, and 467.6 cm−1 agree well with previous observations for
multilayer BP.[35,38,43] In our experiment, the sample was put
in a cryogenic lakeshore probe station and all measurements
were carried out in high vacuum of 2 × 10−4 mbar. The optical
measurement was performed using a femtosecond laser guided
through an optical fiber and the probe arm was very close to
the sample. The laser wavelength was kept at 633 nm for most
measurements, and then changed to 400 and 900 nm for the
remaining measurements.
Output characteristics of the 1 μm BP FET in dark and
under illumination measured at 300 and 20 K are shown in
Figure 2a,b, respectively. The incident laser power density is
fixed at 250 mW cm−2 with a wavelength of 633 nm. It is clear
that the photocurrent generated increases when gate bias and
drain bias increase. Moreover, the photocurrent also increases
when the temperature is reduced to 20 K. The mechanism of
the photodetector is dominated by photoconductive effect in
our devices, because of the linear relationship of the output
current and drain voltage. This transverse-field dependence
becomes less linear when the temperature decreases to 20 K,
when the Schottky barrier at source/drain junction starts to
dominate the carrier transport.[44,45] More details can be seen
in Figure S1 (Supporting Information). To better characterize
the photocurrent dependence on gate bias and drain bias at
different temperatures, we carried out systematic photocurrent
measurements as depicted in Figure 2c,d. It can be seen that
the photoresponse increases greatly at low temperature, where
the photocurrent (Iph) is about 32 μA (Iph/Idark ≈ 18%) at 20 K
and 4 μA (Iph/Idark ≈ 3.5%) at 300 K. As stated above, the
linear dependence of photocurrent on the drain voltage can be
better visualized in these contour plots and further confirms
photoconduction model.[2–4] Photons with energy greater than
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Figure 1. Schematic view of the device. a) Cross-section view of the device fabricated in this work. The contact electrode metal is Ni/Au. The gate
dielectric is 90 nm SiO2. b) 3D topography of the device scanned in AFM. The scale bar is 1 μm. c) Raman measurement of the BP film. d) The measured data of the yellow line in (b) and the thickness is 8 nm corresponding to 15 layers of BP.

the bandgap can be easily absorbed and generate electron–hole
pairs in this direct bandgap semiconductor. Under a transverse
electric field, these excess carriers will be separated and drift to
the collecting ends.[2,3] Moreover, we notice that photocurrent

can only be clearly observed at the on-state and minimal
photoresponse exists at the off-state (Figure S2, Supporting
Information), which is different from some of the TMD-based
photodetectors.[20,21] The main reason is in this back-gated

Figure 2. Electronic and optoelectronic characteristics of the 1 μm device. a) The output characteristic curves of the device at 300 K. The blue and red
line represents the drain current in dark or under illumination (λ = 633 nm, P = 250 mW cm−2), respectively. The backgate voltage Vg changes from
−15 to 0 V, and the step is 5 V. b) Electronic and optoelectronic characteristics of the device at 20 K. All the detection conditions are the same as in
panel (a). c,d) Color contour plot of the photocurrent extracted from panel (a) and (b).
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Figure 3. Photoresponse of the 1 μm device. a) Photo-generated current in backgate-voltage-dependent photodetection under different laser power
density. A fair comparison between 20 and 300 K has been shown. The incident laser wavelength is 633 nm and the drain voltage is Vd = −0.2 V. b,c) R of
the device at different incident laser power. All data are extracted at the bias voltage of Vg = −15 V, Vd = −1 V. The wavelength of the incident laser is
633 and 900 nm in panels (b) and (c), respectively. At 300 K, the device shows weak response to 900 nm laser, and the cut-off point is 5 mW cm−2.
While at 20 K, they exhibit little difference. d) External quantum efficiency for different kinds of incident photons.

structure, the gate voltage not only modulates the carrier density in the channel, but also changes the Schottky barrier height
and shape near the source/drain contact.[31] At the off-state, the
Schottky barrier height is the highest and the probability of the
photogenerated carriers reaching the collecting ends becomes
negligible.
As shown in Figure 3a, the photoresponse of the same 1 μm
device with different incident laser power density are studied as
it decreases from 250 mW cm−2 down to 50 μW cm−2 at 633 nm
wavelength measured at 300 and 20 K. It is clear that the photocurrent increases with increasing laser power and moreover, distinct photocurrent can be observed even at the lowest
power density of 50 μW cm−2 at 20 K. This high sensitivity to
weak photosignal has surpassed all previous BP photodetectors,[33–37,40,46,47] where the power density is usually in the range
of 2 mW cm−2 or much higher. The photocurrent increases
several times when the measurement temperature is decreased
from 300 to 20 K, which can be attributed to the improved carrier generation-recombination rate and better carrier transport
at low temperatures which will be discussed in detail later.
Photoresponsivity and the quantum efficiency as well as
the photoresponse spectral range are among the most important figures-of-merit in photodetectors.[2,48,49] Here, two representative wavelengths at 633 and 900 nm are used and the
corresponding R of this device are plotted in Figure 3b,c,
respectively. At room temperature, it shows very strong photo
response to the incident photons from visible to near-infrared
spectrum. A high photoresponsivity R = 6.7 × 105 A W−1 for
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633 nm can be achieved, which is six orders larger than the
previously reported BP-based photodetectors at the same wavelength.[34,46,47] In the near-infrared region of 900 nm, a high
responsivity about 103 A W−1 at 300 K and 7 × 106 A W−1 at
20 K has been achieved for the first time. By fitting the experimental data using a simple power law dependence R ≈ Pα, we
can deduce the factor α to be about −0.90 that is close to the
ideal saturation factor α = −1 for all data except the 900 nm at
300 K, which may be disturbed by the environment. As summarized in Figure 3d, the external quantum efficiency shows
an increasing trend from 900 to 400 nm, which can be attributed to the increased photon energy. Compared to previous
work with the same device configuration, our devices show
much smaller contact resistance, which greatly improves the
on current and thus the photocurrent. By using a contact metal
like Ni which forms a good ohmic contact to BP under p-type
operation in our devices, the photogenerated carriers can be
collected at the source/drain end with a much higher efficiency.
We note here that metals with large work function such as Pd
may also lead to good ohmic contact for p-type operations and
better device performance can be achieved with further optimizations for ohmic formation.
For a narrow bandgap material like BP, another important
feature of the transistor is ambipolar behavior.[31] BP FETs can
be operated in both n-type and p-type regimes by changing
the backgate voltage. In order to better understand the photoconductive mechanism and the role of the Schottky barrier in
these ambipolar devices, we measured both p-type and n-type
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Figure 4. Length-scaling dependence on the photoresponse. a) Asymmetric photoresponse of the device featuring a very short channel length
L = 100 nm at the condition of T = 150 K, λ = 633 nm, P = 0.5 mW cm−2. b) Typical energy-band diagram of the semiconductor black phosphorus. The
left and right panel illustrates the hole and electron injection regions, respectively. The up and down panel shows the device under zero- and operating-bias
voltage, respectively. c) Channel-length dependence of the photogenerated current at 20 and 300 K. The channel width of the four devices is about the
same (4.5 μm). The incident laser power density is fixed at 0.5 mW cm−2. d) Photoresponsivity of the devices under the same driving voltage (Vg = −20 V,
Vd = −1 V). An improved optoelectronic characteristic with inverse channel length squared dependence has been observed.

photodetection of a short channel 100 nm device as shown in
Figure 4a. Interestingly, the photoresponse shows very asymmetric behavior where the photocurrent only exists in the
p-type FET. To further explore the mechanisms of the asymmetry, band diagrams of the device under both types of operations are illustrated in Figure 4b. The photoinduced carriers
can be easily generated at both p-branch and n-branch without
distinction, however, during the transport and collection, the
Schottky barrier height is much higher in the n-type region and
makes it much more difficult for electrons to travel from the
source end. As a result, the photocurrent is strongly suppressed
in the n-branch, which also explains the minimal photocurrent
in the off-state. As plotted in Figure 4c, the photocurrent of various devices with different channel lengths are measured at 300
and 20 K, and as the channel length decreases, the photocurrent increases mainly due to the larger transverse electric field
and smaller transit time. The calculated photoresponsivity for
various channel lengths has been plotted in Figure 4d. The
100 nm device shows a record-high R of 4.3 × 106 A W−1 at 300 K,
which is two orders of magnitude higher than that of the 1 μm
device. This improved photoresponsivity has a clear inversely
proportional dependence on channel length squared. Because
τ
, where τlifetime is the lifetime of the photoR ∝ EQE = τlifetime
transit
induced carrier, τtransit is the carrier transfer time, and this leads
to the linear dependence of photoresponsivity to the inverse
of carrier transit time. Meanwhile, the transit time can be
2

calculated by τ transit = µLV , where L is the channel length, μ is
ds
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the carrier mobility, and Vds is the drain-source voltage. Therefore, a simplified relationship of responsivity against channel
length can be deduced which is consistent with the above
results. This result confirms the photoconductive mechanism
and indicates that further performance enhancement can be
achieved by continuous scaling of the channel lengths to sub100 nm. The temperature dependent photoresponse can also
be observed in Figure 4c,d, which shows improvements in not
only photodetection, but also in sensitivity to low laser power.
We attribute this improvement to the freezing of interface
and bulk traps which easily captures the electron–hole pairs
and introduces extra scattering, and also the reduced phonon
scattering which affects the mobility.[45] We also note that this
device exhibits a very fast response time with τrise = 5 ms (the
resolution limit of the testing system) as shown in Figure S5
(Supporting Information).
In summary, we have demonstrated a high-performance
broadband BP-based photodetector in the wavelength range
from 400 to 900 nm. The record-high photoresponsivity
reaches up to about 7 × 106 A W−1 at 20 K and 4.3 × 106 A W−1
at 300 K for the 100 nm device in a broadband spectrum. A
systematic study of the photoresponse dependence on temperature, incident laser power density, photon energy, and
channel length for BP-based photodetectors is carried out for
the first time. These performance parameters are among the
best in the 2D materials-based photodetectors reported so far,
showing great potential of black phosphorus in the application
of broadband photodetection at a wide temperature range.
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Fabrication: Few-layer black phosphorus was mechanically exfoliated
and identified under a microscope in a glove box, where the oxygen and
water contents are always kept below 0.1 ppm. Standard electron-beam
lithography and electron-beam evaporation are used to form the device
structures and metal contacts. During the whole fabrication, the sample
was always kept in the glove box; in-between process steps the time of
exposure to air was minimized.
AFM: Atomic force microscopy (Shimadzu SPM-9700) was used to
determine the thickness of BP flakes. It was operated in tapping mode
to measure the topography and to determine the number of BP layers.
Optoelectronic Characterization: The device was placed inside an
electrically shielded and optically sealed probe station system (Lakeshore
CPX-VF). A 3D adjustable optical fiber was used to guide the laser from
a tunable Ti:Sapphire laser system onto the device. In the measurement,
the sample was placed inside an electrical shielded and optical sealed
probe station system. Mounts of photons were generated in a tunable
Ti:Sapphire laser (700–1000 nm, Mira 900, Coherent) or its harmonic
generator (360–460 nm). Then, they were directly guided onto the device
through an optical fiber. The electrical characterizations were carried out
using an Agilent parameter analyzer B1500A.

Supporting Information
Supporting Information is available from the Wiley Online Library or
from the author.
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