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typically exploited for sensing in the ultra-
violet, visible, and near-infrared regimes 
while the detection of mid-infrared (MIR) 
wavelength generally relies on small-
bandgap semiconductor compounds 
such as mercury cadmium telluride, lead 
sulfide (PbS) or lead selenide. Thermal 
sensing techniques are utilized for detec-
tion in the far-infrared (FIR) regime. How-
ever, the rapid proliferation of connectivity, 
availability of cloud computing, and min-
iaturization of sensors and communica-
tions chips have made it possible for many 
devices to be networked together to create 
the internet-of-things (IoT). Although the 
number of deployments is still relatively 
small, the demand is set to rise and organ-
izations worldwide are pushing ahead for 
a broadband optical sensor that can covers 
as many important wavelength regimes 
as possible so that only one type of optical 
sensor is needed for the implementation 
of IoT. Recent years have witnessed many 
breakthroughs in the research on 2D lay-

ered materials (2DMs). Materials such as graphene,[1,2] semicon-
ducting di- and trichalcogenides,[3–5] II–VI compound gallium 
telluride (GaTe),[6] black phosphorus (b-P),[7–10] and black arsenic 
phosphorus (b-AsP)[11] are all examples of 2DMs that may have 
an impact in high speed flexible optoelectronics in the coming 
years.[12] While photodetectors based on 2D materials (2DMs)[13] 
have atomic thickness and are more flexible than bulk semi-
conductor, by far only graphene[14] and b-AsP[11] have the wide 

Photodetectors with broadband detection capability are desirable for sensing 
applications in the coming age of the internet-of-things. Although 2D layered 
materials (2DMs) have been actively pursued due to their unique optical 
properties, by far only graphene and black arsenic phosphorus have the wide 
absorption spectrum that covers most molecular vibrational fingerprints. 
However, their reported responsivity and response time are falling short of 
the requirements needed for enabling simultaneous weak-signal and high-
speed detections. Here, a novel 2DM, black phosphorous carbide (b-PC) 
with a wide absorption spectrum up to 8000 nm is synthesized and a b-PC 
photo transistor with a tunable responsivity and response time at an excita-
tion wavelength of 2004 nm is demonstrated. The b-PC phototransistor 
achieves a peak responsivity of 2163 A W−1 and a shot noise equivalent power 
of 1.3 fW Hz−1/2 at 2004 nm. In addition, it is shown that a response time of 
0.7 ns is tunable by the gating effect, which renders it versatile for high-speed 
applications. Under the same signal strength (i.e., excitation power), its 
performance in responsivity and detectivity in room temperature condition is 
currently ahead of recent top-performing photodetectors based on 2DMs that 
operate with a small bias voltage of 0.2 V.

Phototransistors

Photodetectors are a key component of many devices we use in 
our daily life. From metrology and imaging to optical commu-
nications, we rely on photodetectors to convert the information 
stored in light into electrical signals that can be processed by 
standard electronics. Today, different technologically important 
wavelength regimes are detected by separate photoactive semi-
conductors with appropriate bandgaps. For example, gallium 
nitride, silicon (Si), and indium gallium arsenide (InGaAs) are 
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intrinsic absorption spectrum ranging from the visible to the 
FIR spectrum. Here, we report a high-performance black phos-
phorus carbide (b-PC) phototransistor fabricated via a novel 
carbon doping technique,[15] which achieved a peak responsivity 
of ≈2163 A W−1 and a shot noise equivalent power (NEPshot) of 
1.3 fW Hz−1/2 at 2004 nm. In addition, we show that a min-
imum response time of ≈0.7 ns is tunable by gating effect for 
high-speed application, along with an extended spectrum with 
nonzero absorption up to 8000 nm. Under the same excitation 
power (≈13 nW), the responsivity and detectivity of the b-PC 
phototransistor in ambient and room temperature conditions 

are currently ahead of recently reported photodetectors based 
on 2DMs operating with a bias voltage of 0.2 V.

Figure 1a shows the schematic diagram of the b-PC 
phototransistor. Few-layer b-P is first mechanically exfoliated 
from a bulk single-crystal b-P (purity 99.998%, Smart Ele-
ment) onto a degenerately doped Si substrate with a pregrown 
thermal oxide (300 nm) at the surface. Immediately after the 
exfoliation, the sample is doped with hydrocarbons inside an 
atomic layer deposition (Savannah ALD) chamber at 0.3 Torr 
using only trimethylaluminum (TMA) precursor pulsing at 
a low substrate temperature of 120 °C for 15 ms and purged 
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Figure 1. The physical structure and material characteristics of b-PC phototransistor. a) Schematic diagram of the b-PC phototransistor. The metal 
contact is made of sputtered Au/Ni (30 nm/1 nm). b) The AFM of the b-PC phototransistor. The average thickness across the channel width of ≈10 µm 
is ≈7.5 nm. The micrograph shown in the inset is the magnified image of the b-PC phototransistor. The two yellow horizontal bars are the Au/Ni contact 
of the transistor. c) The XPS spectra of the P 2p core level in b-PC. The binding energy at 130.9, 131.3, 131.9, 132.2, and 132.1 eV can all be assigned 
to the PC bonds. The b-PC also exhibits the spin-orbit split doublet of an exfoliated b-P at ≈129.9 and 130.2 eV, consistent with previous XPS meas-
urements on a b-P bulk crystals.[15] d) The Raman spectra of the b-PC. The sample possesses a prominent b-PC phonon mode at 747 cm−1 in addition 
to the three phonon modes of b-P at 364, 442, and 469 cm−1. The PC bond stretching modes (670–780 cm−1), are based on theoretical calculations 
reported in the literature.[20] e) The absorption spectra of a b-P and b-PC taken using Fourier transform infrared spectroscopy (FTIR). Doped 15 referred 
to a doping cycle of 15 and vice versa for Doped 20 and Doped 35 (see the Experimental Section).
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with N2 at 20 sccm for 10 s. The pulsing and purging of TMA 
and N2 is then repeated for 20 cycles. The contact patterns on 
the channel are written using a Laser Writer (LW405B) and the 
Au/Ni (30 nm/1 nm) metals are deposited by sputtering (AJA 
ATC-2200 UHV Sputter). The sample is then bathe in acetone 
for 15 min during which, any unwanted metals will be lifted 
off from the sample, leaving only the patterned metal contacts 
on the channel. Lastly, the contact and the channel are ther-
mally treated to 200 °C for ≈53 min in an atomic layer deposi-
tion chamber while at the same time, an Al2O3 passivation layer  
(20 nm) is grown on the device with TMA (pulsed at 15 ms) and 
water (pulsed at 15 ms) as the precursors, and purged with N2 at 
20 sccm for 8 s (see the Supporting Information for process flow). 
An optical micrograph of the fabricated b-PC phototransistor 
is as shown in the inset of Figure 1b, where a sample (shown 
as a dashed gray line in the inset) of the physical profile of the 
channel is taken using an atomic force microscopy (AFM). From 
the AFM, we can see that the average thickness of the 5 µm long 
b-PC phototransistor is ≈7.5 nm and the width of the channel 
is ≈10 µm. Its hole field-effect mobility (µFE) is calculated to be  
382 cm2 V−1 s−1 at a drain-to-source bias voltage (VD) of −0.2 V 
(see the Supporting Information for computation details). The 
X-ray photoelectron spectroscopy (XPS) spectra of the P 2p core 
level of this b-PC sample are shown in Figure 1c. The binding 
energy at 130.9, 131.3, 131.9, 132.2, and 132.1 eV can all be 
assigned to the PC bonds based on references related to either 
carbon doped b-P,[15] or phosphorus-doped carbon materials.[16] 
Figure 1d shows the Raman spectra of the b-PC. The sample pos-
sesses a phonon mode of b-PC at 747 cm−1 in addition to the three 
phonon modes at 365, 444, and 469 cm−1 typically measured in 
b-P.[17–19] The PC bond stretching modes (670–780 cm−1)  
are based on the theoretical calculations reported in the litera-
ture,[20] whereas the G band of hybridized sp2 CC bonding is 
typically found in between 1500 and 1600 cm−1. Besides the 
Raman spectra, we have also measured the absorption spectrum 
of our b-PC sample. The absorption spectra taken using a Fou-
rier transform infrared spectroscopy are shown in Figure 1e. It 
displays the absorbance (expressed in terms of transmission) 
measured as a function of wavelengths for b-PC with different 
thicknesses and doping cycles. This absorption spectrum agrees 
well with the bandgap energy (≈0.12 eV)[15] calculated from the 
first principles for a monolayer and composite b-PC.[21]

The optical measurement was performed on a probe station 
in ambient condition using a laser diode guided through an 
optical fiber with a numerical aperture of 0.11 and a mode field 
diameter of 13 µm. The laser is placed vertically ≈3 mm away 
from the sample via a microprobe and the calculated spot size 
of the laser at this height is 673 µm (see the Supporting Infor-
mation for more details). The output and transfer characteris-
tics of the b-PC phototransistor are first measured without any 
illumination and then under illumination at different excitation 
power. Figure 2a,b shows the dark current (ID,dark) at different 
operating voltages (VG) and the changes in output drain cur-
rent (ID,illuminated) of the b-PC phototransistor when it is being 
excited by a laser with a wavelength of 2004 nm at VG = −40 V 
(see the Supporting Information for ID,illuminated at VG = 0 and 
+40 V). The photocurrent at different incident excitation power 
density (Pin) and VG are then extracted from the output charac-
teristic of the phototransistor, Iph = |ID,illuminated| − |ID,dark|, and 

plotted in Figure 2c,d, where the incident power on the active 
region (Pdevice) is defined as Pdevice = Pin × L × W, and both L and 
W are, respectively, the channel length and width of the pho-
totransistor. The observed photoconductive effect of our pho-
todetector with VG can be explained by a simple energy-band 
diagram as shown in Figure 2e. When there is no illumination, 
VG and VD, the device is in its equilibrium state, characterized 
by small Schottky barriers (ΦB) at the contacts. Illuminating 
the device in its OFF state (VG > VT), where VT is the threshold 
voltage of the phototransistor, results in light absorption 
and excitation of electron–hole pairs, which can be extracted 
by applying a VD. This OFF-state photocurrent would then 
increase with an increase in either Pin or VD, as any increase 
in excitation power will result in more excitation of electron–
hole pairs whilst an increase in VD will lead to a reduction of 

the carrier transit time, 
L

V
transit

2

FE D

τ
µ

= , where µFE is the transis-

tor’s hole field effect mobility, and L is the channel length. In 
contrast to Pdevice or VD, any increase in VG (i.e., more positive) 
increases the Schottky barriers at the contacts, resulting in a 
less efficient OFF-state photocurrent extraction. Similarly, the  
ON-state (VG < VT) photocurrent would also increase with 
either an increase in Pdevice or VD, or a decrease in VG.

Next, we study the photoresponse of the b-PC photo detector 
at different Pdevice for the same excitation wavelength of  
2004 nm. Figure 3a,b shows the responsivity (R), where 

R
I

P
ph

device

= , of the b-PC phototransistor to this excitation wave-

length at different Pdevice, VG, and VD. Unlike the photocurrent, 
the responsivity would increase with decreasing Pdevice at all VG 
as the photocarrier lifetime of the majority carrier (i.e., hole) is 
longer in a photoconductor under a lower excitation power.[22] 
This would allow the charge carrier to flow multiple times from 
the source to the drain before it recombines with a minority 
carrier (i.e., electron). In other words, when less electron–hole 
pairs (i.e., at low excitation power) are being created in the 
channel to fill up the trap centers, relatively more minority car-
rier traps would be available and thus the photocarrier lifetime 
of the majority carriers would be extended. This is because fewer 
minority carriers are available for recombination since they are 
being captured by the traps. On the other hand, just like the 
photocurrent, the responsivity would increase with VD at all VG 
due to a reduction of the carrier transit time when the biased 
voltage is increased. At room temperature, a high responsivity 
(R) of ≈2163 A W−1 for an excitation wavelength of 2004 nm 
can be achieved with a low VD of −0.2 V and Pdevice of ≈281 pW 
(i.e., the lowest limit of our lasing power, at ≈0.6 mW cm−2). 
This responsivity is not only higher than commercial solid-
state detectors like silicon photodiodes in the visible spectrum  
(≈0.5 A W−1),[23] and InGaAs detectors in the MIR spectrum 
(≈1.2 A W−1),[24] but also 2D broadband detectors like the gra-
phene photodetector (10 mA W−1),[12] and b-AsP photodetector 
(180 mA W−1 at an excitation power of 70 nW and wavelength 
of 3662 nm).[11] Although a hybrid graphene detector with PbS 
quantum dots has demonstrated so far the largest responsivity 
in the visible range (5 × 107 A W−1 at an excitation power of 
10 fW and wavelength of 600 nm),[2] the photocarriers lifetime 
via photogating effect has slowed its response time to 0.1 s and 
narrowed its detection window to 1600 nm due to the quantum 

Adv. Mater. 2018, 30, 1705039
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Figure 2. Electrical performance of the b-PC phototransistor at room temperature. a) The transfers characteristic and transconductance, gm (inset), of 
the b-PC phototransistor at a drain voltage of −0.2 V. b) The drain current (ID) of b-PC phototransistor at VG = −40 V with different Pdevice from a laser 
with an excitation wavelength of 2004 nm. c,d) The photocurrent (Iph) generated in the b-PC phototransistor from an excitation wavelength of 2004 
nm at different VD, VG, and Pdevice. e) The energy-band diagram illustrating the operation of b-PC phototransistor at different VG (ON and OFF state) 
with and without illumination.
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dots structure. Since responsivity depends directly on Pdevice and 
VD, Figure 3c shows the responsivity of b-PC phototransistor 
and all recently reported photodetectors at the same excitation 
power of Pdevice ≈13 nW. We can see the b-PC phototransistor 
as having the highest responsivity among all recently reported 
photodetectors that operate with a bias voltage of 0.2 V. Other 

than responsivity, we have also shown in Figure 3d the external 

quantum efficiency, 
n

n
EQE ,e

ph

=  of the b-PC phototransistor, 

where ne is the number of the charge carriers in the photocur-
rent and nph is the number of impinging excitation photons on 

the active region. The photoconductive gain is defined as n

n
e

ab

= ,  

where nab is the number of photons being absorbed (absorp-

tion ≈10%; see the Supporting Information for details). At VG =  
−40 V and VD = −0.2 V, Figure 3d shows the EQE and G peak at 
≈1.3 × 105% and 1.3 × 104, respectively. When the b-PC phototran-
sistor is set to operate in the OFF state where there is little or no 
transconductance gain, the magnitude of this photodetection 

gain can be quantified based on a simple physical picture 
incorporating the typical lifetimes for electrons and holes car-
riers. Photoexcited holes carriers in the b-PC channel are first 
separated from the photoexcited electrons and drift to the drain  

by the applied VD, with a typical timescale of 
L

V
transit

2

FE D

τ
µ

= .  

Some of the photoexcited electrons would inevitably be held 
up by the minority carrier traps at the surface with a timescale 
of τlifetime (see the Supporting Information for details). Charge 
conservation in the channel would lead to hole replenishment 
from the source as soon as a hole carrier reaches the drain. As 
a result, the same photogenerated hole carrier from a single 
electron–hole pair excited by a photon would get to circulate 

multiple times in the b-PC channel, leading to photoconductive 

gain where G lifetime

transit

τ
τ

= , indicating the importance of long life-

time and high carrier mobility.
Since a photoconductive detector may exhibit a high 

dark current and its photocurrent is also related to its active 
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Figure 3. The responsivity (R), external quantum efficiency (EQE), and photoconductive gain (G) of b-PC phototransistor at ambient room temperature. 
a,b) The R of the b-PC photodetector at an excitation wavelength of 2004 nm with different VD, VG, and Pdevice. c) The responsivity of b-PC as compared 
to recently reported 2DMs photodetectors measured at the same amount of incident power on the active region (Pdevice ≈ 13 nW). The x-axis represents 
the excitation wavelength of the laser and the voltage in bracket is the amount of bias voltage or drain voltage applied on the device. d) The G and 
EQE of the b-PC photodetector at an excitation wavelength of 2004 nm with different VD and VG. All dashed lines in the figures are drawn as an eye 
guide to show the variations of the parameters.
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detection area, a more complete assessment of the detector 
performance must include its noise equivalent power (NEP) 
and specific detectivity (D*). The NEP is defined as the lowest 
optical power that yields a unity signal-to-noise ratio for a nor-
malized bandwidth of 1 Hz and can be calculated by dividing 
the noise current spectral density (PSD) of the detector at a 
modulation frequency of 1 Hz by its maximum responsivity, 

i.e., 
R

NEP
PSD1Hz

max

= . The PSD can be obtained by measuring 

the dark current of the detector via a fast Fourier transform  
spectrum analyzer and the results reflect the overall noise effect 
due to thermal noise, flicker noise (1/ƒ),[25] and shot noise of the 

detector. For a photoconductive detector limited only by its shot 
noise, the equivalent noise current density of the shot noise 
(PSDshot) can be normalized from the root mean square of its 

dark current fluctuations as, 
q I f

f
PSD

2
shot

D=
∆

∆
, where Δf = 

1 Hz, ID is the drain current in the dark at maximum respon-
sivity, and q is the electron charge. With this expression, we can 

calculate the shot noise equivalent power, 
R

NEP
PSD

shot
shot

max

= , for 

the b-PC phototransistor at different VG (Figure 4a). At VD =  

−0.2 V and VG = −40 V, the NEPshot ≈ 1.3 × 10−15 W Hz−1/2, 

Figure 4. The photoconductive performance of b-PC phototransistor at ambient room temperature and recently reported photodetectors. a,b) The 
NEPshot and the detectivity (D*) of b-PC phototransistor against the operating gate voltage and other recently reported photodetectors based on 2DMs 
measured at the same amount of incident power (Pdevice ≈ 13 nW). The x-axis in (b) represents the excitation wavelength of the laser and the voltage 
in bracket is the amount of bias voltage applied on the device. c) The measured carrier lifetime and 3-dB cutoff frequency response of the b-PC photo-
transistor under different Pdevice and the fitted values from Hornbeck–Haynes model. d) The peak responsivity and minimum response time of b-PC 
phototransistor are achieved at VG = −40 V and +40 V, respectively, as compared to other recently reported top performing photodetectors based on 
2DMs. The values in bracket represent the applied bias voltage and the excitation wavelength. The respective reference values are obtained from the 
followings: G-tunnel (rise time from graphene with tunnel barrier),[1] b-P Inter (carrier lifetime from black phosphorus with interdigitated electrodes),[8] 
b-P (rise time from black phosphorus),[7] TiS3 ribbon (rise time from TiS3 nanoribbon),[4] MoS2 (rise time from monolayer MoS2),[3] GaTe (rise time 
from multilayer GaTe),[6] G-Dots (carrier lifetime from graphene with PbS quantum dots),[2] b-AsP (carrier lifetime from black arsenic phosphorus),[11] 
G-pn (carrier lifetime from graphene),[27] InGaAs (rise time from commercial InGaAs PIN),[24] and Si (rise time from commercial Si PIN).[23]
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indicating that infrared radiation in the femto-watt range can 
be detected above the shot noise level of this b-PC phototran-
sistor with an integration time of 0.5 s. Since the spectral  
density of thermal and shot noise are not frequency 
dependent,[25] and thermal noise is lower than the shot 
noise at all VD and VG (see the Supporting Information for 
details), NEPshot is a good white noise performance repre-
sentation for our b-PC phototransistor. This performance 
is better than the b-P detector with an optimized photocar-
rier collector (NEPshot ≈ 4.6 × 10−14 W Hz−1/2 with a dark 
current of 50 µA at VD = 0.5 V and VG = 5 V),[8] and the gra-
phene detector with a tunnel barrier that enhances its photo-
gating effect (NEPshot ≈ 4.3 × 10−15 W Hz−1/2 with an oper-
ating dark current of 190 µA at VD = 1 V and VG = −40 V).[1]  
To compare detectors with different geometries, we can com-

pute its specific detectivity, D
Active area
NEP

shot
*

shot

= . With the 

same amount of excitation power, Pdevice ≈ 13 nW, Figure 4b 
shows b-PC phototransistor as having the highest detectivity 
among all recently reported photodetectors that operate with a 
bias voltage of 0.2 V.

Lastly, we analyze the fundamental operating speed of this 
b-PC phototransistor. This can be determined from the average 
lifetime of the photocarriers in the channel. Using the transit 
time (τtransit ≈ 3.27 ns) calculated from our hole carrier mobility 
(≈382 cm2 V−1 s−1), we can obtain the carrier lifetime of our 
b-PC phototransistor from the photoconductive gain. Figure 4c  
shows the measured carrier lifetime and 3-dB cutoff fre-
quency of the b-PC phototransistor under different VG and 
Pdevice along with the respective fitted values from the Horn-
beck–Haynes model.[26] From the figures, we can see the 
b-PC photo transistor is having a calculated response time of  
≈0.7 ns (or ≈0.2 GHz) at VG = +40 V with VD = −0.2 V and  
Pdevice ≈ 207 nW. By using the model, we can extrapolate the car-
rier lifetime and 3-dB cutoff frequency of the b-PC phototran-
sistor to an excitation power, Pdevice, not available to us in our 
setup (see the Supporting Information for details). According 
to the model, the fundamental response time can reach up to  
≈14 ps (or ≈11 GHz) at Pdevice ≈ 1 mW with VG = +40 V and 
VD = −0.2 V. The carrier lifetime at low excitation power (τ0), 
which does not vary with Pdevice, is ≈0.3 ms (or ≈510 Hz). 
Figure 4d shows the maximum responsivity and minimum 
response time of our b-PC phototransistor and other 2DMs 
photodetectors regardless of their bias voltage, excitation wave-
length, and power. As is evident in Figure 4d, even though the 
b-PC phototransistor does not have the highest responsivity or 
the shortest response time, it is at the location nearest to the 
most desired region for a photodetector, where responsivity is 
high and response is fast. In fact, according to the Hornbeck–
Haynes model, the gain bandwidth product (GBW) of any 
photo transistor will depend only on the transit time (i.e., µFE) of 

the photo transistor, GBW
1

2 transitπτ
=  (see the Supporting Infor-

mation for details on Hornbeck–Haynes model).[26] This means 
that for the same responsivity, the b-PC phototransistor will 
always enjoy a speed advantage over other 2DMs as it currently 
has the highest theoretical carrier mobility, approximately five  
times larger than the maximum value in b-P, and among all 

known 2DMs except graphene.[15,21] Having said that, we also 
like to point out that carrier mobility is not an end to itself. 
As we all know, while graphene photodetector may have the 
shortest response time of ≈0.6 fs at Pdevice ≈ 3 mW[27] among 
all known 2DMs, its responsivity cannot be tuned to a level 
higher than the b-PC phototransistor due to ultrafast hot car-
rier recombination time, the small photoactive region, and 
weak optical absorption.[1] Although inserting a tunnel barrier 
into graphene[1] or hybridizing graphene with quantum dots[2] 
can greatly improve graphene’s responsivity by extending the 
photo carrier lifetime via traps engineering, the enhancement 
come with a price on its absorption spectrum which is short-
ened to 1600 nm,[2] and its response time which is lengthened 
from 0.6 fs to a range of 0.1 ms to 1 s[1,2] apart from its fabrica-
tion complexity.

In summary, we have demonstrated a novel b-PC photo-
transistor with a wide absorption spectrum up to 8000 nm and 
a tunable responsivity and response time at an excitation wave-
length of 2004 nm. The b-PC phototransistor can be tuned to 
operate with a peak responsivity of ≈2163 A W−1 for low light 
condition or with a minimum response time of ≈0.7 ns for 
high-speed applications. Its NEPshot ≈ 1.3 fW Hz−1/2 indicates 
that infrared radiation in the femto-watt range can be detected 
above the shot noise level of this phototransistor. Under the 
same excitation power, its performance in responsivity and 
detectivity in ambient and room temperature conditions are 
currently ahead of all recent top-performing 2DMs photo-
detectors that operate with a bias voltage of 0.2 V. It also has 
the best combination of maximum responsivity and minimum 
response time among all top-performing photo detectors based 
on 2DMs regardless of their bias voltage, excitation wave-
length, and power. We believe that the wide intrinsic absorp-
tion spectrum and operating versatility demonstrated in our 
b-PC phototransistor would make b-PC a very attractive mate-
rial for use as a sensor in flexible optoelectronics in the coming 
age of the IoT.

Supporting Information

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