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ABSTRACT: The narrow band gap property of black phosphorus (BP) that bridges the energy gap between graphene and
transition metal dichalcogenides holds great promise for enabling broadband optical detection from ultraviolet to infrared
wavelengths. Despite its rich potential as an intriguing building block for optoelectronic applications, however, very little progress
has been made in realizing BP-based infrared photodetectors. Here, we demonstrate a high sensitivity BP phototransistor that
operates at a short-wavelength infrared (SWIR) of 2 μm under room temperature. Excellent tunability of responsivity and
photoconductive gain are acquired by utilizing the electrostatic gating effect, which controls the dominant photocurrent
generation mechanism via adjusting the band alignment in the phototransistor. Under a nanowatt-level illumination, a peak
responsivity of 8.5 A/W and a low noise equivalent power (NEP) of less than 1 pW/Hz1/2 are achieved at a small operating
source−drain bias of −1 V. Our phototransistor demonstrates a simple and effective approach to continuously tune the detection
capability of BP photodetectors, paving the way to exploit BP to numerous low-light-level detection applications such as
biomolecular sensing, meteorological data collection, and thermal imaging.
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■ INTRODUCTION

Short-wavelength infrared (SWIR, 1−3 μm) photodetectors
play a crucial role in the development of diversified applications
such as cancer detection,1 meteorological analysis,2 optical
telecommunication, and thermal imaging for night vision.3

Among the commercially available SWIR photodetectors, the
most common solution is InGaAs detectors with a typical
responsivity of ∼1.3 A/W.4 Despite the decent performance
and mature fabrication technology of InGaAs detectors, the
lattice mismatch makes it difficult to integrate InGaAs with
silicon-based integrated circuits.5 Nonetheless, black phospho-
rus (BP), a two-dimensional material with a layered lattice
structure, naturally eliminates the problem of lattice mismatch
and is compatible with both silicon and flexible substrates.6,7

Furthermore, a direct band gap of BP of 0.3 eV (when its
thickness is larger than 4 nm)8 enables broadband detection
from ultraviolet to mid-infrared, making it possible to build BP-
based photodetection systems with higher compactness and
better sensitivity compared to its III−V compound counter-
parts.
Following the early works of BP photodetectors,9−16 more

investigations on near-to-mid-infrared photodetection based on

BP have been reported recently.17−27 The first reported thin-
film BP photodetector achieved a responsivity of ∼4.8 mA/W
in the visible to 940 nm near-infrared spectrum.10 Recently, a
SWIR BP photodetector at 1550 nm has been demonstrated
with a responsivity of 5 mA/W.11 To improve the responsivity,
silicon waveguide and metallic nanoplasmonics were integrated
with BP, with an external responsivity of 0.214 A/W being
achieved for the 1550 nm wavelength.23 A recent work of a
polarization-sensitive BP photodetector at 3.39 μm has
extended detection spectrum of BP to mid-infrared.18 A
subsequent study on the time-resolved response of BP reveals
the fast response of the materials in the mid-infrared with the
rise/fall time on the order of pico-/nanoseconds.21 In addition,
successful integration of BP with silicon photonic crystals19 has
been reported for the 620−760 nm visible wavelengths. These
investigations disclose the great potential of BP for infrared
photodetection and have proven its compatibility with complex
photonic structures. However, little attention has been devoted
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to BP photodetectors at 2 μm wavelength, a SWIR wavelength
where unique applications exist. For example, some protein,
lipids, and DNA molecules exhibit a characteristic reflectance
peak at around 2 μm wavelength, which present useful
fingerprint for cancer diagnostic.1 Moreover, a detailed
investigation of the ability to tune the photoresponse in a BP
phototransistor by the electrostatic gating effect has not been
reported at 2 μm.
In this work, we demonstrate a back-gate BP phototransistor

with high sensitivity at 2 μm wavelength. The photocurrent
generation mechanisms are investigated under different electro-
static gating effects, where a tunable responsivity with a peak
value of 8.5 A/W is achieved. The tunable detection capability
can be utilized to adapt the phototransistor to varying detecting
conditions and requirements. In addition, the source−drain bias
dependence of the noise equivalent power (NEP) and
detectivity is analyzed and discussed. We show that the
performance of the phototransistor can be optimized by tuning
the gate and source−drain bias, and a NEP less than 1 pW/
Hz1/2 is obtained. High sensitivity is crucial for sensing
applications such as biomedical detection where the signal to
be identified might be extremely weak. On the basis of a simple
device configuration, our phototransistor achieved the highest
external responsivity and the lowest NEP among the reported
SWIR BP photodetectors, without the assistance from hybrid
systems such as waveguide or plasmonic structures, which
makes BP a promising candidate for low-light-level SWIR
detection.

■ EXPERIMENTAL METHODS
The BP thin flake was mechanically exfoliated from bulk BP crystals
and transferred to a 90 nm SiO2/n+Si substrate. The metal contacts
were patterned by electron beam lithography (EBL), followed by the
deposition of 3 nm Ni and 50 nm Au through magnetron sputtering.
After lift-off to form the electrodes, a 20 nm Al2O3 passivation layer
was grown by atomic layer deposition (ALD) at 200 °C, covering the
BP channel to protect it from ambient degradation.28 The photo-
transistor structure and BP flake characterization are shown in Figure
1. The atomic force microscopy (AFM) profile shows a uniform BP
flake with a thickness of 23 nm (Figure 1b). At such a thickness, the
flake possesses a small band gap close to the bulk, ensuring the
occurrence of photon absorption at 2 μm, whereas the active channel
maintains the gate control (Figure 1d) to tune the performance of the
phototransistor.

■ RESULTS AND DISCUSSION

For a start, we measured the transfer curve of the photo-
transistor under different illumination powers. The photo-
current Iph is extracted by the equation Iph = |Id,light| − |Id,dark|,
where Id,light and Id,dark are the source−drain current under
illumination and in dark condition, respectively. In Figure 2a,
the photocurrent, transconductance, and carrier concentration
as a function of gate bias Vg are presented. The photoresponse
dependence of the electrostatic gating effect is divided into
three distinct regions, as marked in the middle part of Figure
2a. Negative photocurrents are observed in region I, which
indicates a reduced transistor on-current under illumination.
Notably, the photocurrent is shown to peak in region II at Vg =

Figure 1. BP phototransistor structure and material characterizations. (a) Three-dimensional schematics. The laser is vertically illuminated from the
top. (b) AFM image and height profile (white solid line) along the dashed line, showing a uniform BP flake with a thickness of ∼23 nm. (c) Raman
spectrum of the BP flake. The three peaks of the out-of-plane (Ag

1) and in-plane (B2g and Ag
2) phonon modes are clearly presented. (d) Transfer

characteristic of the BP phototransistor under varied source−drain biases in log and linear scales. The source−drain current is linearly proportional
to the source−drain bias. The BP thickness of 23 nm maintains the gate control for tuning the phototransistor response. Hole conduction side shows
a lower resistance than the electron conduction side. Minimum conductance point occurs at Vg = 15 V, where the carrier concentration is the lowest.
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12.5 V when a lightly p-doped channel is induced near the off-
state. However, when the Vg increases further into region III,
photocurrent is observed to decrease monotonically. We show
that the photocurrent of our device is predominantly
contributed by two effects. The first one is the photoconductive

effect where conductivity is increased by the photogenerated
carriers. The photogenerated electron−hole pairs are then
separated by the source−drain bias, thus giving rise to an
elevated current. When the carrier concentration is low, there
are less carrier scattering and recombination, so photocarriers

Figure 2. Photoresponse tuned by the electrostatic gating effect. (a) Top: dependence of the photocurrent on the gate bias under varied excitation
powers. Middle: gate-dependent transconductance of the BP transistor. Bottom: gate-dependent carrier concentration in the BP channel. Three
regions (I, II, and III) are divided according to the behavior of the photocurrent. In the heavily p-doped region (region I), the photocurrent is
negative. The peak positive responsivity is achieved when the BP channel is lightly p-doped (region II). The photocurrent starts to drop
monotonically when Vg moves into the n-doped region (region III); (b) band alignment of the BP channel and Ni contacts for different regions of
the transfer curve, accounting for the distinct photoresponse characteristics in the three regions. EF stands for the Fermi level. Region I: high carrier
concentration and hole barrier because of band bending and large transconductance lead to negative photocurrent dominated by photogating effects.
Region II: photoconductive effect is dominant as a result of reduced carrier concentration, transconductance, and lowered hole barrier, giving rise to
a positive peak current. Region III: more positive gate voltage increases electron concentration and electron barrier. Therefore, a reduced
photocurrent is observed.

Figure 3. Performance of the BP phototransistor at a fixed source−drain bias (Vd) of −1 V. Temporal photoresponse for (a) different illumination
powers on the device and (b) different gate biases. Responsivity and photoconductive gain under varied (c) gate biases and (d) illumination power.
The phototransistor can be operated stably under nanowatt illumination power with the gate bias effectively tuning the photoresponse. Higher
responsivity is achieved at a lower excitation power.
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can be efficiently collected by the electrodes. As a result, the
photoconductive effect is most obvious at a low carrier
concentration. The second contributor lies with the photo-
gating effect29 where traps in the forbidden band of BP capture
electrons or holes and shift the threshold voltage of the
transistor. The photocurrent caused by the threshold voltage

shift ΔVth can be expressed as Iph = gm·ΔVth, where =g I
Vm

d
d

d

g
is

the transconductance of the transistor. Depending on the
region of transistor operation and the distribution of trap states,
the photocurrent originating from this effect can be either
positive or negative and is most prominent when the
transconductance reaches its maximum value.
To explain the mechanisms in these regions, the energy band

diagram of the BP channel and metal contacts is shown in
Figure 2b. In region I, when a large negative gate bias is applied,
the channel is heavily p-doped with the valence band bending
downward at the BP/drain interface, leading to a barrier for
holes moving from the channel to the drain contact. As a result,
the photogenerated carriers suffer from severe scattering and
recombination because of high carrier concentration and hole
barrier height, with the photoconductive effect being repressed.
Meanwhile, the empty electron traps in the forbidden band
capture the photogenerated electrons and become negatively
charged, resulting in a threshold shift to a more negative value.
The large transconductance in region I, in conjunction with the
negative threshold shift, gives rise to a dominating negative
photocurrent which overwhelms the weak photoconductive
effect. As the gate bias is increased in region II, a reduced
transconductance is observed wherein the threshold shift plays
a weaker role in contributing to the total photocurrent. At the
same time, band bending at the BP/drain interface decreases,
and the carrier concentration is considerably reduced by the

gate voltage, which enables photogenerated electron−hole pairs
to be efficiently collected by the electrodes before recombina-
tion. Therefore, in region II, the photoconductive effect is
dominant and we attribute the positive photocurrent peak to
the highly efficient photocarrier collection. When a larger
positive gate bias is applied, transconductance remains small, so
the photogating effect is negligible and the photoconductive
effect is still dominating. Meanwhile, negatively charged
electrons are induced in the channel and the conduction
band bends upward at the BP/source interface, acting as an
electron barrier which increases the probability of carrier
recombination. This leads to a lowered photocurrent in region
III. The behavior of gate dependence in the three regions
indicates the gate tunability functions through controlling the
carrier concentration in the BP channel, modifying the
transconductance of the transistor and adjusting the elec-
tron−hole barrier height. Although there are other methods
such as chemical doping30 to tune the sensitivity of BP
transistors, the electrostatic gating method in this work is a
more straightforward and effective approach and has the
advantage of being nondestructive and reversible. Figure 3a,b
shows that the device is capable of operating stably as the laser
is switched on and off under various illumination powers of
nanowatt levels and different gate biases, respectively.
As an initial step to evaluate the performance of the

phototransistor, we analyze the responsivity and photo-
conductive gain under a fixed source−drain bias (Vd) of −1
V. The responsivity is defined by R = Iph/P, where P is the
power illuminated on the BP channel region. Photoconductive
gain indicates how many carriers contributing to the photo-
current can be generated by one absorbed photon, and it is
calculated by the equation G = (Iph/Pabs)(hν/q), where Pabs is

Figure 4. Photoresponse under different source−drain biases and illumination power. (a) Photocurrent is linearly proportional to the source−drain
bias as a result of linearly increased lateral electric field in the channel as the source−drain bias increases. (b) Time response of the phototransistor as
the laser output power is modulated by a triangle wave. (c) Photocurrent as a function of the photon absorption rate. (d) Responsivity and (e)
photoconductive gain as a function of the illumination power, which are extracted from (b). Colored discrete data points: measured results. Black
solid line: Hornbeck−Haynes model fitting.
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the power absorbed by the channel, h is Planck’s constant, ν is
the frequency of the excitation light, and q is the elementary
charge. The absorbed power Pabs = ηP, where η is the
absorption percentage and is assumed to be 13.7% at 2 μm
wavelength for 23 nm BP (Supporting Information IV). Figure
3c shows the responsivity and photoconductive gain being
continuously tuned by the gate bias. An increased responsivity
was observed with reduced excitation power (Figure 3d),
possibly because of less frequent carrier recombination and
longer carrier lifetime at weaker illumination. At around 10 nW
illumination power, a peak responsivity of 8.5 A/W and a
photoconductive gain of 10.5 were achieved. The responsivity
of our device is a few times higher than the commercially
available InGaAs detectors.
Apart from the electrostatic gating effect, we next investigate

the source−drain bias dependence, another factor which
determines the performance of the device. Under different
source−drain biases, the photocurrent is shown in Figure 4a,
which confirms that the gate control of the photoresponse
remains effective for all the source−drain biases being studied.
Figure 4b presents the time-resolved photoresponse under
different source−drain biases when the output power of the
laser is modulated by a triangle wave, from which the
illumination power dependence of the photocurrent, respon-
sivity, and photoconductive gain for varied source−drain biases
is extracted and displayed in Figure 4c−e, respectively. The
Hornbeck−Haynes model is adopted to fit the measured
data.31 According to this model, the relationship between the
photoresponse and illumination power is described as

η
τ
τ

= ·
+ ( )

I q
F

1 F
F

nph
0

tr
0 (1)

η
τ
τ

= = ·
+ ( )

G
I

qF
1

1 F
F

n
ph 0

tr
0 (2)

where τ0 and τ =
μ

L
Vtr
2

h d
(L is the channel length, Vd is the

source−drain bias, and μh is the hole mobility, which can be
obtained from the transfer curve) are the carrier lifetime and

transit time; = η
ν

F P
h

is the photon absorption rate; F0 is the

photon absorption rate when trap saturation occurs; and n is a
fitting parameter. As illustrated in eq 2, a larger source−drain
bias would induce a stronger lateral electric field in the channel,
leading to an enhanced photoconductive gain. The fitting
curves are represented in black solid line in Figure 4c−e. From
the fitting results, a carrier lifetime τ0 of ∼1.02 μs is derived
(Supporting Information IV). As a result, the 3 dB bandwidth

=
πτ

f3dB
1

2 0
is calculated to be ∼0.156 MHz, indicating that the

device has the potential for high-speed operation.
To evaluate the detection limit of our device, we then analyze

the current noise, NEP, and detectivity of this phototransistor.
The noise of this phototransistor mainly consists of three parts:
1/f noise, shot noise, and Johnson noise. The 1/f noise mainly
originates from the defects in the channel acting as traps32 and
could be a dominating element in the total noise at low
frequencies. Shot noise is determined by the dark current
according to the equation

Figure 5. Noise and detection limit of the phototransistor. (a) Shot noise calculated from the dark current. (b) NEP tuned by the gate voltage,
indicating the detection limit of our phototransistor. With higher source−drain bias (Vd), the shot noise increases slower than the photocurrent;
thus, lower NEP is observed for larger Vd. A minimum NEP less than 1 pW/Hz1/2 was achieved at Vg ≈ 12.5 V, where the noise level is near the
lowest point and the photocurrent is optimized. (c) Detectivity at various operation conditions. A peak detectivity on the order of 109 jones was
achieved. Benchmark of reported SWIR (1−3 μm) BP photodetectors in terms of responsivity (d) and NEP (e).
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= ΔqI fShot noise 2 dark (3)

where Δf is the bandwidth. The shot noise of our photo-
transistor is shown in Figure 5, and it is in the same level as the
previously reported mid-infrared BP photodetector.18 Depend-
ing on the operating frequency and gate bias, the 1/f noise can
be either larger, comparable, or smaller than the shot noise.
Johnson noise is caused by the thermal agitation of charge

carriers in the channel and is expressed as Δk T f
R

4 B , where R is

the channel resistance and kB is the Boltzmann constant. At
room temperature, the Johnson noise of our device is negligible
because it is much smaller than the shot noise when Vd = −1 V
(Supporting Information V, Figure S4). Near the off-state of
the transistor when the dark current is largely reduced by the
applied gate bias, the value of the total noise gets closer to the
shot noise.18 Moreover, the 1/f noise decays as the operating
frequency increases. Hence, the shot noise is the lower limit for
the total noise of our phototransistor. In the following
calculations, we approximate the total noise with the shot
noise calculated from the measured dark current. The NEP is
defined as the excitation power needed to generate a signal
equal to the noise level in one hertz bandwidth; therefore, it
characterizes the detection limit of a detector.33 Detectivity is
the sensitivity normalized with the active area of a photo-
detector; thus, it can be used to compare the performance of
different photodetectors with varied sizes. The NEP and
detectivity are estimated and shown in Figure 5 according to
the following expressions.

=NEP
noise

responsivity (4)

= A
Detectivity

NEP (5)

where A is the device active area. Calculation shows that the
NEP of our device is on the order of picowatt per square root
of hertz, which is at least 1 order of magnitude lower than the
reported SWIR BP photodetectors.11,15,16,22,23 The gate
dependence of detectivity exhibits the same trend as that of
the photocurrent and responsivity, with a peak value at Vg =
12.5 V, where responsivity is optimized and shot noise is near
its minimum point. With increasing source−drain bias, the
photocurrent shows a faster increment than the shot noise.
When Vd is changed from −0.6 to −1 V, the photocurrent
increases by 52%, whereas only 28% increment is incurred in
the shot noise. Consequently, the detectivity is enhanced when
larger Vd is applied, suggesting that the source−drain bias can
be exploited as another degree of tunability for further
improvement of the performance of the device. At the optimal
operation condition, when Vg = 12.5 V and Vd = −1 V, a NEP
of less than 1 pW/Hz1/2 is achieved, implying that our device
has the potential to detect subpicowatt illumination power with
half a second integration time.

■ CONCLUSIONS
In conclusion, a high sensitivity BP phototransistor has been
demonstrated at a SWIR of 2 μm. The responsivity and NEP of
the phototransistor can be effectively modulated through the
electrostatic gating effect, which enables an instant and dynamic
control of the detecting capability to meet various photo-
detection requirements. This BP phototransistor outperformed
its III−V compound counterparts in terms of responsivity and

is capable of being further improved by readily achievable
methods such as reducing the channel length or adopting
interdigitated electrodes. Additionally, the NEP in the range of
picowatt per square root of hertz endows our BP photo-
transistor with a potential for weak signal detection applications
such as biomedical sensing. The high responsivity and low
NEP, together with good compatibility of BP with silicon
substrates, make it a potential alternative to the traditional
SWIR photodetectors and predict a promising future for the
high-performance integration of BP and Si photonics in the
infrared wavelengths.

■ METHODS
Device Fabrication and Characterization. The device was

fabricated on a heavily n-doped Si substrate covered with 90 nm SiO2.
After exfoliation and transfer of BP onto the substrate, the sample was
spin-coated with poly(methyl methacrylate) (950k A5) and baked for
2 min at 180 °C. Then, EBL (Nova NanoSEM 230) was used to
pattern the electrodes. Following the development of the e-beam resist
[developer: isopropyl alcohol/methyl isobutyl ketone (1:3)], 3 nm Ni
and 50 nm Au were deposited by magnetron sputtering to form the
metal contacts. Subsequent to the lift-off process in acetone, a 20 nm
Al2O3 layer was grown by ALD at 200 °C, covering the BP channel as
passivation. After the fabrication process is completed, AFM (Bruker)
was measured in a tapping mode to obtain the height profile of the
device. Raman spectroscopy was measured using a WITec Alpha 300R
instrument with the 532 nm laser.

Electrical and Photocurrent Measurement. Source−drain bias
and gate voltage were applied to the phototransistor through a probe
station (Micromanipulator). The source electrode was connected to
the ground, and the back-gate bias was applied on the heavily doped Si
substrate. A parameter analyzer (Agilent 4155B) was used to control
the biases and measure the source−drain current. The laser source is a
continuous wave laser diode with a 2004 nm output wavelength
(Eblana Photonics DX-01206 EP2004-0-DM-DX1-FM). The laser
output was guided to the top of the sample surface with a single-mode
fiber (Thorlabs SM2000). Illumination power on device is normalized

by the equation = ·P P0
device area

laser spot size
, where P0 is the laser output power.

The temporal response of the device was acquired by fixing the
source−drain and gate bias and modulating the laser diode with a
function generator.
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