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1. Introduction

A blackbody photoresponse is highly 
desired in 2D infrared photodetectors 
which determines their practical appli-
cations. State-of-the-art available black-
body response mid-wavelength infrared 
(MWIR) photodetectors are fabricated 
using HgCdTe,[1–4] PbSe,[5,6] and InSb.[7] 
However, these photodetectors need to 
operate at cryogenic temperatures to 
minimize thermally generated dark cur-
rent and noise, which not only increases 
the overall system size and cost but also 
limits their wide application. Therefore, 
developing next-generation MWIR pho-
todetectors that are suitable for chip-
scale integration and operation at room 
temperature is urgent. Fortunately, the 
discovery of 2D narrow-bandgap semicon-
ductors such as black phosphorus (BP), 
Te, PdSe2, and PtSe2, with high carrier 
mobility and strong infrared light absorp-
tion has opened up new opportunities 

Room-temperature-operating highly sensitive mid-wavelength infrared (MWIR) 
photodetectors are utilized in a large number of important applications, 
including night vision, communications, and optical radar. Many previous 
studies have demonstrated uncooled MWIR photodetectors using 2D narrow-
bandgap semiconductors. To date, most of these works have utilized atomically 
thin flakes, simple van der Waals (vdW) heterostructures, or atomically thin 
p–n junctions as absorbers, which have difficulty in meeting the requirements 
for state-of-the-art MWIR photodetectors with a blackbody response. Here, a 
fully depleted self-aligned MoS2-BP-MoS2 vdW heterostructure sandwiched 
between two electrodes is reported. This new type of photodetector exhibits 
competitive performance, including a high blackbody peak photoresponsivity 
up to 0.77 A W−1 and low noise-equivalent power of 2.0 × 10−14 W Hz−1/2, in 
the MWIR region. A peak specific detectivity of 8.61 × 1010 cm Hz1/2 W−1 under 
blackbody radiation is achieved at room temperature in the MWIR region. 
Importantly, the effective detection range of the device is twice that of state-
of-the-art MWIR photodetectors. Furthermore, the device presents an ultrafast 
response of ≈4 µs both in the visible and short-wavelength infrared bands. 
These results provide an ideal platform for realizing broadband and highly 
sensitive room-temperature MWIR photodetectors.
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for uncooled MWIR detection[8–16] with a thinner absorber 
and lower thermal noise.[17] In particular, 2D layered crystals 
without dangling bonds can reduce the noise generated by 
generation-recombination and avoid problems such as lattice 
mismatch.[18] To realize high photoresponsivity, many strate-
gies have been used to enhance light absorption, such as wave-
guide-integrated [19–21] BP photodetectors, induced plasmonic 
structures,[22] and Fabry–Pérot cavities.[23] Due to the narrow 
direct bandgap property, the BP phototransistor exhibits excel-
lent performance in MWIR photodetection. Under an MWIR 
wavelength of 3.39  µm, a photoresponsivity of 82  A  W−1 was 
demonstrated.[23] The detection spectral range of BP could be 
broadened by atom doping and external voltage application. 
The bandgap could be tuned down to 0.15 eV (corresponding to 
8.3 µm) by replacing 83% of the phosphorus atoms with arsenic 
atoms (b-As0.83P0.17), which covers the long-wavelength infrared 
(LWIR) spectral range of the 8–14 µm atmosphere window.[25,26] 
By applying a vertical electric field, the detection spectral range 
of the BP phototransistor could be broadened to 7.7  µm.[27] To 
date, only a few photodetectors based on 2D materials exhibit a 
blackbody response, such as BP and black arsenic phosphorus 
(b-AsP) phototransistors,[28] BP-MoS2 heterostructures,[29] BP/
MoS2/graphene unipolar barrier photodetectors (p–B–p),[30] 
and low-dimensional tellurium.[31] The blackbody photore-
sponse is still a major challenge since it requires not only high 
sensitivity but also fast speed which is difficult to simultane-
ously meet for most photodetectors based on 2D materials. 
An uncooled blackbody response was demonstrated based on 
BP and b-As0.91P0.09 during operation in photoconductive (PC) 
mode, with a high blackbody peak specific detectivity up to 
≈6 × 1010 cm Hz−1/2 W−1.[28] However, the BP and Te photodetec-
tors operating in PC mode suffer from a high dark current due 
to their narrow bandgap property. The dark current could be 
depressed to 15 pA by designing unipolar barriers (n–B–n and 
p–B–p) to block the majority carriers.[30] The most widely used 
strategy to suppress the dark current is to fabricate 2D mate-
rial p–n junctions to induce a built-in electric field. Due to the 
potential barriers at the interface of the vdW heterostructures 
or in the contact region with the metal electrodes, the photo-
current is also depressed especially in the MWIR range, which 
remains a great issue.

To realize high-performance MWIR photodetectors, light 
absorption should be enhanced, photocarrier separation and 
collection efficiency should be strengthened, and high dark cur-
rent and noise power density should be suppressed. Here, we 
propose a fully depleted self-aligned MoS2–BP–MoS2 (MPM) 
vdW heterojunction setting on a bottom mirror electrode to 
enhance light absorption. For the self-aligned top electrode con-
tact with the MoS2 flakes, 8 nm Bi and 2 nm Au were used to 
obtain good ohmic contact.[32] The self-aligned lateral electrode 
deposited on BP was used to shorten the lateral transport dis-
tance for fast photocarrier collection. The vertical MPM vdW 
heterojunction was manufactured using a dry-transfer tech-
nique.[33] The built-in electric field effectively suppresses the 
high dark current. In this vertical MPM vdW heterojunction, 
the infrared absorber layer of BP is fully depleted, allowing 
the photocarriers to be effectively separated. The transmission 
distance for photocarriers in the vertical direction, which con-
tribute to the photocurrent, is only tens of nanometres. This 

short vertical distance can result in fast photoresponse and a 
high photocurrent gain, thereby achieving a high-performance 
uncooled MWIR photodetector with a high blackbody peak 
photoresponsivity up to 0.77 A W−1, low noise-equivalent power 
of 2.0  ×  10−14  W  Hz−1/2, and a peak specific detectivity D* up 
to 8.61 × 1010 cm Hz−1/2 W−1 under 1073 K blackbody radiation. 
The effective detection range (proportion of the spectral specific 
detectivity higher than 75% of the peak D*) of our device is up 
to 75% which is twice that of other MWIR photodetectors.

2. Results and Discussion
A schematic diagram of the metal-mirror-enhanced MoS2/BP/
MoS2 heterojunction is shown in Figure  1a. The device was 
obtained by sandwiching a BP (p-type) flake between two MoS2 
(n-type) flakes via dry transfer technology. Here, the bottom 
electrode of the MPM vdW heterostructure was used to reflect 
the light and shorten the photocarrier transport distance. The 
fabrication process of the self-aligned MoS2/BP/MoS2 vdW pho-
todetector is shown in Figure S1 (Supporting Information). The 
details are presented in Note 1 (Supporting Information). For 
the top electrode, a process involving self-alignment and depo-
sition of 8 nm Bi and 2 nm Au was adopted to realize ohmic 
contact with MoS2 and shorten the lateral transport distance. 
The reflection top and bottom electrodes are used to increase 
the distance of the light transport to enhance light absorption 
as shown in Figure S2a (Supporting Information). According to 
the light absorption law, the absorption spectra can be expressed 
as A(λ) = 1 − e−α(λ)d, where α(λ) = π λ4 /k  is the light absorption 

coefficient, k =  ε ε ε( )+ − /22
1

2
2

1  is the index of refraction, and 

ε1 and ε2 are the real and imaginary parts of the dielectric func-
tion, respectively (see Note 2, Supporting Information). When 
light is incident on the device, the light absorption can be con-
siderably enhanced after multiple reflections, as sketched in 
Figure S2a (Supporting Information). We further proved the 
ultrawide spectral response source of the device through finite 
element electromagnetic (2D EM) simulation. The dielectric 
function of the materials in the simulation is referred to in 
previous works.[29,34,35] For direct bandgap BP, the light absorp-
tion of the 20  nm film is 8%, which corresponds to 0.4% per 
nanometer.[36] The energy-dispersive X-ray spectroscopy (EDS) 
mapping of Au, Mo, P, Mo, and Au for the Au–MoS2/BP/MoS2–
Au cross-section shown in Figure S2b (Supporting Information) 
and the Raman spectra of the BP, MoS2, and BP–MoS2 junc-
tion area in Figure S4a and Note 3 (Supporting Information) 
indicate that high-quality vdW heterojunctions are obtained. 
For the photovoltaic response, photogenerated electrons are 
dragged in two opposite directions of the top and bottom MoS2 
films by the built-in electric field of this MPM device and are 
collected by a metal electrode. The photogenerated holes are 
dragged to BP and then collected by another metal electrode. 
The two parallel p–n junctions can shorten the photocarrier 
transmission distance, and the two mirror electrodes act as a 
light reflector to increase the light absorption, which can also 
enhance the photocarrier collection efficiency. The energy 
band alignment of the MoS2, BP, and MoS2 before contact is 
presented in Figure 1b. During the MoS2 contact with BP, the 
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electrons were transferred to MoS2, and holes were transferred 
to BP that the work function of MoS2 ≈5.05 eV[37] is higher than 
that of BP ≈ 4.8 eV.[38] The energy band structure of the MoS2–
BP–MoS2 heterostructure device under equilibrium is shown 
in Figure  1c. The band structures of these MPM double junc-
tions with MoS2 flakes of different thicknesses are considered 
to possess symmetric structures because two MoS2 flakes of 
such thicknesses have the same bandgap as the bulk form.[39] 
The light absorption edge of these MPM double junctions 
depends on the bandgap of BP. The depletion region is crucial 
for a photovoltaic response. The high-resolution transmission 
electron microscopy (TEM) image of the cross-section of the 
MoS2/BP/MoS2 heterojunction in Figure  1d and the zoomed-
in TEM image of BP-MoS2 in Figure S2c (Supporting Informa-
tion) show that the two interfaces between MoS2 and BP are 
very clean, without any contamination during device fabrica-
tion. To observe the depletion region of the MPM device, the 
spatial potential distribution was simulated by the finite ele-
ment method with Sentaurus TCAD software. The vertical 
potential distribution at the cross-section of the MPM device is 
presented in Figure  1e. The electric field penetrates the entire 
device, indicating that the device is fully depleted in the ver-
tical direction. Built-in electric field profiles along the vertical 
direction, which were cut along the red dashed lines C1 to C4 
in Figure  1e, are presented in Figure  1f. Vertical electric field 
peaks up to 3.8 ×  106 V m−1 were observed at the BP near the 
top and bottom p–n junctions. To investigate whether the BP is 
fully depleted in these devices, we further carried out the Kelvin 

probe force microscopy (KPFM) and atomic force microscopy 
(AFM) measurements, as shown in Figure S3a (Supporting 
Information). The step between the top MoS2 and the BP is 
very sharp, as shown in Figure S3b (Supporting Information). 
The contact potential difference (CPD) between MoS2 and the 
BP flakes spacing along the lateral direction is ≈1 µm, as shown 
in Figure S3c (Supporting Information), indicating the depleted 
distance is much longer than the thickness of the BP, which 
further verified that the BP was depleted.

Then we studied the optoelectrical properties of the double 
p–n junction device. The optical micrograph of a typical self-
aligned MPM vdW heterojunction is presented in Figure S4b 
(Supporting Information), and the thickness of different layers 
in the heterojunction was checked by atomic force microscopy 
(AFM), as shown in Figure S4d–S4f (Supporting Information). 
The output curves with and without illumination are presented 
in Figure  2a. In the dark, rectification behavior is observed, 
indicating that a built-in electric field is formed. The incident 
light power is 1.86  µW for an MWIR laser (3300  nm). When 
the light is incident on the device, the current significantly 
increases. We then systematically investigated the photovoltaic 
response in the MWIR range and measured the temporal 
photovoltaic response under various light powers of a 3590 nm 
laser, as shown in Figure  2b. The light power dependence of 
the photovoltaic response from 1650 to 3951  nm is presented 
in Figure S5 (Supporting Information). The current sharply 
increases/decreases when the incident light is turned on/off, 
indicating that the photoresponse is very fast. We extracted the 

Adv. Mater. 2022, 34, 2203283

Figure 1. MPM vertical heterostructure photodetector. a) Schematic of the MoS2–BP–MoS2 self-aligned hetero-sandwiched vdW photodetector. b) Band 
structure of the BP, MoS2, and BP, respectively before contact. c) Band aliment of the MPM heterostructure in equilibrium. d) Cross-sectional TEM 
image of the heterostructure. e) Simulated vertical potential distribution of the MPM device under zero bias. f) Built-in electric field profiles along the 
vertical directions marked in (e).
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photocurrent IP = Ion − Ioff and calculated the photoresponsivity 
R = IP/Pin, where Pin is the light power incident on the device. 
Another figure-of-merit, the external quantum efficiency (EQE), 
is used to evaluate the performance of photodetectors, which is 
defined as the ratio of the number of photogenerated carriers 
(NI) to the number of incident photons (NP). EQE can be calcu-
lated by EQE = NI/NP = hcR/eλ. Figure 2c shows the extracted 
light power dependence of R under MWIR from 2611  to 
3781  nm. The photovoltaic R and EQE for a 3590  nm laser 
reach ≈0.73 A W−1 and 25.3% at 175.1 nW. As the light power 
increases to 3.5  µW, R, and EQE decrease to 0.21  A  W−1 and 
7.4%, respectively. All responsivities show a decreasing trend 
as the illumination power increases. EQE values ranging from 
2.3% to 50.7% are realized at zero bias in the MWIR range.

Then we measured the photoresponse from visible to short-
wavelength infrared (SWIR). In the SWIR range, we also 
measured the photoresponse near the optical communication 
SWIR wavelength of 1650  nm, and 1310  nm. The extracted 
photocurrent as a function of light power in the MWIR range 
is plotted in Figure 2d, and visible and SWIR are presented in 
Figure S6 (Supporting Information). Sublinear light power-
dependent photocurrent behavior (IP ∝ Pα, α < 1) is observed. 
The value α ranges from 0.98 to 1.0 in the visible range, range 
from 0.88 to 0.98 in the SWIR range, and from 0.54 to 0.77 

in the MWIR range. This sublinear light power dependence 
behavior was observed widely in previous works[40,41] in 2D 
materials. The sublinear behavior indicates that trap centers are 
present in the channel materials which can induce photogain. 
When the device operates under lighter power, most of the trap 
states (of the minority carrier) are filled. In this condition, the 
further increased light power cannot effectively increase photo-
gain and the recombination probability increased, causing the 
fall in responsivity.[42] The smaller the value of α is, realizing 
the higher photogain due to long decay time and more trap 
centers participate in the photoresponse.[43] In our device, the 
small value of α was realized in MWIR, the long wavelength 
range. In the MWIR range, due to the long lifetime of the 
trap states, the photoresponse time is much longer than that 
in the short-wave range. This behavior of α value correlated to 
response time, trap density,[43] and gate voltage[41] was observed. 
A photovoltaic responsivity of ≈0.61  A  W−1 and an EQE of 
≈45.8% are realized under a 1650 nm laser.

In the visible range, the photoresponse to a 637  nm laser 
was investigated. We systematically measured the incident light 
power dependence photoresponse. The I–V curves with various 
incident light powers of 637 nm laser and without light are pre-
sented in Figure S7a (Supporting Information). The incident 
light power ranges from 1.9 to 91.5 µW. Then we extracted the 

Adv. Mater. 2022, 34, 2203283

Figure 2. Photoresponse of a typical MPM device in the infrared region. a) I–V curves of a typical MPM device with and without illumination. b) Time-
resolved photovoltaic response under various incident light powers (3590 nm laser). c) Incident light power dependence of the R of typical MoS2/
BP/MoS2 vdW heterojunction photodetectors in the MWIR region at Vds = 0 V in ambient air. d) A sublinear power dependence of the photocurrents 
under MWIR (α < 1) at zero bias. e) Rise and decay times of the MPM device at a bias of 0 V under a 1550 nm laser. f) Normalized photoresponse as 
a function of the modulated frequency under 1550 nm laser at a bias of 0 V.
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light-power-dependent open-circuit voltage (Voc) and short-cir-
cuit current (Isc). The Voc versus the incident light power density 
is plotted in Figure S7b (Supporting Information). The optical 
image of the metal-mirror-enhance MPM device is shown in 
inset of Figure S7b (Supporting Information). As the bias at 
the open-circuit voltage, a balance between photogeneration 
(Gr ∝ PI) and interlayer recombination (Re) rates. The recombi-
nation rate can be expressed as the empirical equation Re = fnβ, 
where f is a prefactor determined by the actual recombination 
process, β is the recombination order, and n = p is the electron 
density. β =  1 for monomolecular (Shockley–Read–Hall, SRH) 
recombination and β  =  2 for bimolecular (Langevin) recombi-
nation.[44,45] For p–n junction the qVoc = Eg + kBTln(np/Nc

2),[45] 
the parameter β can be obtained at Gr = Re from the following 
express:

β
=

ln

2oc

I

BdV

d P

k T

q
 (1)

where Eg is the bandgap, Nc is the effective density of states, 
and kB is the Boltzmann constant. The β =  1.46 was extracted 
by fitting the experimental data as shown in Figure S7b (Sup-
porting Information) (red dashed line), indicating the interlayer 
recombination is dominated by the SRH process and further 
evidence of the existence of trap states in this device. The short-
circuit current as a function of incident light power is presented 
in Figure S7c (Supporting Information). The Isc increased line-
arly as the light power increased. No tendency of saturation was 
observed over the measured range of optical power. We also 
measured the photoresponse in the visible range of 637 nm at 
a bias of 2 V and 520 nm at a bias of 1 V. The response time of 
637 nm at a bias of 0 V is presented in Figure S7d (Supporting 
Information) with τr =  4.4 µs and τd =  3.6 µs. At lower power 
intensity, there are sufficient available carrier trap centers, 
which lead to a long photocarrier lifetime τL. At Vds = 2 V, the 
photoresponsivities tend to saturate at low power. At higher 
power intensity, the trap centers saturate, and the recombi-
nation rate increases due to more free electrons and holes, 
resulting in reduced photoresponsivity. The incident light 
power dependence of the photocurrent can be well fitted by the 
Hornbeck-Haynes formula[24,46]:

η τ
τ ( )= 



 +1 /

P
L

T 0

I e
F

F F
 (2)

where η is the light absorption efficiency, τT is the transit 
time, and F and F0 in units of s−1 are the photon absorption 
rates at unsaturated and saturated trap centers, respectively. 
The incident light power on the device can be expressed as 
Pin = hνF/η = hcF/(λη). The photoresponsivity can be derived 
from Equation (1):

λη τ
τ ( )= = 



 +

1

1 /
P

2
L

T 0

R
I

P

e

hc F Fin

 (3)

The R at a 2 V bias could be well fitted by Equation (3), shown 
as the olive dashed line in Figure S7e (Supporting Informa-
tion), indicating that the photogating effect dominates the 
photo response. The light power dependence R and EQE of 

520 nm laser at a 1 V bias, as shown in Figure S7f (Supporting 
Information). R of up to 124.3 A W−1 and a corresponding EQE 
of up to 29 648.7% are obtained at 520 nm. A high photogain 
is observed in 2D semiconductors and their heterostructures 
due to the trap states[24] and charge transfer at the interface.[47,48] 
Under high power intensity (PI  > 30 nW), the photorespon-
sivities are higher than the fitted values. In this range, the 
trap centers are saturated, and the traditional PC effect plays 
a major role in the photocurrent.[24] A fast photoresponse is a 
crucial figure of merit for a photodetector. Thus, we measured 
the response speed at a 0 V bias under a 1550 nm laser. The rise 
time (τr = 3.1 µs), i.e., the time for the photocurrent to increase 
from 10% to 90%, and the decay time (τd = 4.1 µs), i.e., the time 
for the photocurrent to decay from 90% to 10%, were obtained, 
as shown in Figure 2e. Furthermore, the −3 dB cutoff frequency 
of 0.23  MHz was obtained, which was extracted from the fre-
quency dependence photoresponse under 1550 nm laser at the 
modulation frequency when the signal drops to 70% of its ini-
tial value, as shown in Figure 2f. The raising time τr could be 
estimated using the equation τr = 0.35/f (−3 dB) to be 1.5 µs, a 
slit shorter than the response time measurement.

To investigate the wavelength-dependent photoresponse 
of such MPM devices, we measured the photoresponse while 
varying the wavelength of the excitation light. Figure 3a shows 
R and EQE versus the incident light wavelength at Vds  = 0  V. 
From the visible to MWIR spectral range (405–3951  nm), the 
PV responsivity ranges from 0.12 to 1.06 A W−1. EQE as a func-
tion of wavelength is shown on the right y-axis of Figure 3a. As 
the wavelength increases, EQE slowly decreases from 66.8%  
to 3.9%.

To realize high detectivity, both high photoresponsivity and 
low current noise power density are required. We measured 
the photoresponsivity at a low bias of 1  mV. The wavelength 
dependence of the photoresponsivity and EQE are presented in 
Figure S8. As the wavelength of the light increases (the energy 
of the photons decreases) from 0.405 µm to 1.65 µm, the pho-
toresponsivity slowly increases from 0.52 A W−1 to 0.79 A W−1. 
Then, R decreased slowly to 0.57 A W−1 as the wavelength 
increased to 3.366 µm and then sharply decreases to 0.9 A W−1 
as the wavelength increased from 3.95 µm. The rapid decrease 
in the photoresponse occurs at the absorption edge of BP, cor-
responding to a bandgap of ≈0.3 eV.

Finally, we investigated the sensitivity of the MPM hetero-
structure devices. The two most important figures of merit, 
the noise equivalent power (NEP) and the specific detectivity 
(D*) are used to evaluate the minimum light power that 
a device can pick up from the noise. To extract the NEP and 
D*, we measured the current noise power spectra at different 
biases. Figure  3b presents the current noise power spectra at 
0 V, 1 mV, 10 mV, and 100 mV. At low bias, Vds = 0 V, the noise 
power densities are much smaller than those at other biases. 
From the current noise spectra at 0 V, flicker noise (1/f) domi-
nates the low-frequency (1 Hz-1 kHz) noise power contribution 
which originates from the fluctuation of carriers being trapped 
and de-trapped by the defect centers. When the frequency is 
above 1  kHz, the current noise power density becomes inde-
pendent of frequency (white noise). Two types of white noise, 
shot noise and Johnson noise (also known as thermal noise), 
may dominate the noise contribution in the higher frequency 

Adv. Mater. 2022, 34, 2203283
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range. Shot noise can be evaluated by <in2> = 2eIdΔB,[49] where 
ΔB is the bandwidth. At Vds  = 1  mV, Id  = 57.2 nA, and ΔB  = 
1  Hz, <in2>  = 1.83 × 10−26 A2 Hz−1, which is very close to the 
measured value 2.99 × 10−26 A2 Hz−1. The Johnson noise level 
can be expressed as <in2>  = 4kBTB/R0, where kB is the Boltz-
mann constant, and R0 is the device resistance. The Johnson 
noise <in2> = 9.4 × 10−25 A2 Hz−1 is obtained at ΔB = 1 Hz, and  
R0  = 17.4 kΩ for the 1  mV bias, and T  = 300 K, which is one 
order of magnitude higher than the shot noise level. In the 
current noise spectrum at a 1 mV bias, when the frequency is 
higher than 300 Hz, the current noise power density is lower 
than that of Johnson noise <in2>  = 9.4 × 10−25 A2 Hz−1. The 
Johnson noise doesn’t the major contributes at 1  mV bias. At 
a higher bias, the Johnson noise is the major contributor since 
a higher bias drives a higher current and generates more heat. 
The NEP could be calculated by NEP = in/R.[49] From the meas-
ured current noise power spectra, we calculated <in2> using the 

formula <in2> = ∫
1

( )d
0

n
B

S f f
B

. Then we calculated the NEP at 0 V, 

and 1  mV bias, as shown in Figure  3c. The NEP at zero bias 
from 0.405 µm to 3.95 µm shows a slight fluctuation from 0.09 
pW Hz−1/2 to 0.18 pW Hz−1/2, indicating that this MPM device 

can distinguish a weak signal of 0.18 pW from noise when 
operating under the PV model. The NEP at a 0 V bias is lower 
than that at a 1 mV bias, indicating that the device operates at 
a low bias with high performance. At higher bias, high R can 
be realized, but the current noise power density also signifi-
cantly increases. Thus, a low signal-to-noise ratio will appear 
at a high bias. The NEP at 1  mV is lower than 1.8 pW Hz−1/2 
from 0.405  µm to 3.95  µm. To compare the performance of 
such MPM MWIR photodetectors, we summarize the figures 
of merit for 2D material MWIR photodetectors in Table 1 (Sup-
porting Information). The lower NEP indicates that the device 
has an excellent capability to distinguish between signal and 
noise, which can be realized at high photoresponsivity and low 
current-noise power density. Due to the high photocarrier col-
lection efficiency, such a dual p–n junction configuration can 
suppress the dark current noise and realize high photorespon-
sivity. After evaluating the performance of the MPM double 
p–n junction devices by the NEP, we can obtain another impor-
tant figure of merit, the specific detectivity D*. The formula D* 
= (AB)1/2R/in is used to calculate the specific detectivity, where 
A is the active area of the device, and B is the measurement 
bandwidth. In Figure  3d, the wavelength-dependent specific  

Adv. Mater. 2022, 34, 2203283

Figure 3. Broadband photoresponse from the visible to MWIR region of a typical MPM device. a) Wavelength dependence of the photoresponsivity and 
EQE at Vds = 0 V. b) Current noise power spectra of the MPM device at Vds = 0 V, 1 mV, 10 mV, and 100 mV for the black light circles, the red squares, 
green triangles, and the blue triangles, respectively. c) Wavelength dependence of NEP at Vds = 0 V (blue solid squares), and Vds = 1 mV (red solid 
circles). d) Wavelength and bias dependence of the specific detectivity D* of the MPM vdW photodetector, state-of-the-art other photodetectors based 
on 2D materials, and commercially available infrared photodetectors.
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detectivities at different biases are presented. For the PV 
response, D* shows slight fluctuations from 7.06 × 1010 to  
8.26 × 109 cm Hz1/2 W−1. The D* from the visible to MWIR 
region (0.405–3.951  µm) shows a slight increase from  
1.51 × 1010 cm Hz1/2 W−1 to 7.06 × 1010 cm Hz1/2 W−1, followed 
by a slow decrease to 4.86 × 1010 cm Hz1/2 W−1. Then rapidly 
drop to 8.26 × 109 cm Hz1/2 W−1 as the wavelength increases 
from 3.59  µm to 3.951  µm. The sharp decrease in D* stems 
from the rapid decrease in R near the BP absorption edge. The 
D* versus wavelength curves of our photodetector and state-
of-the-art MWIR photodetectors are shown in Figure  3d. The 
D* of our device is better than that in the previous literatures, 
including those for PtSe2, PdSe2–MoS2, and b-AsP-MoS2 in the 
MWIR region, as well as than that of commercial state-of-the-
art bulk PbS (PC, 295 K) and bolometer photodetectors.

Notably, this MPM vdW heterostructure photodetector shows 
a photoresponse under blackbody radiation at room tempera-
ture. We measured the blackbody radiation photoresponse of 
the MPM vdW photodetector at various blackbody tempera-
tures. To check if the major radiation power and dominant 

wavelength (λm) are covered by the absorption range of the 
device, the blackbody radiation intensity versus wavelength 
curves for various blackbody temperatures from 600 K to 1173 K 
are presented in Figure S9a (Supporting Information). The λm 
marked by the red dashed line is located at the absorption edge 
of BP when the blackbody temperature is raised to 700 K. To 
obtain more blackbody radiation power in the absorption region 
of the MPM device, we measured the blackbody response 
starting from 1073 K. A Fourier transform infrared spectrom-
eter was used to measure the relative response spectrum of the 
MPM devices. Figure S9b (Supporting Information) presents 
the relative response spectrum for the background at room tem-
perature, which was obtained using an internal deuterated tri-
glycine sulfate (DTGS) photodetector. Normalized relative spec-
tral response R(λ) of the n–p–n vdW photodetector enhanced 
by sandwiched metal mirrors under blackbody illumination is 
shown in Figure 4a. It presents an ultrawide spectral response, 
which is attributed to the absorption of BP (≈3.5 µm), the reso-
nance of upper and lower metal reflectors in the MPM region 
(≈1.3 µm), and the top electrode-induced resonance in the BP 

Adv. Mater. 2022, 34, 2203283

Figure 4. Blackbody response of typical MPM vdW photodetectors enhanced by sandwiched metal mirrors. a) Normalized relative spectral response 
of the n–p–n vdW photodetector under blackbody illumination (the blue line) and simulated normalized absorption of the n–p–n device with a metal 
mirror (the red line) and without a metal mirror (the dark line). b) Broadband spectral photovoltaic responsivity of the MPM device under 1053 K 
(blue line) and 1173 K (red line) blackbody radiation, the left axis. Temperature and wavelength dependence of the specific detectivity D* of a typical 
MPM vdW heterostructure photodetector, the right axis. c) Spectral specific detectivity of the MPM vdW heterostructure photodetector, other MWIR 
photodetectors based on 2D materials, and commercially available infrared photodetectors. d) Peak specific detectivity and effective detection range 
of MWIR photodetectors.
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region (≈2.6 µm). This excellent optical manipulation effect is 
proved with the finite element method electromagnetic (2D 
EM) simulation, where the sandwiched resonance structure is 
extracted from the optical image of the fabricated device. Figure 
S9c gives the blackbody responsivity at zero bias and small bias 
voltage with the blackbody temperature of 1073 K and 1173 K. 
The radiation powers incident on the device were calculated 
using the approximate formula in this method. The photore-
sponsivity fluctuates from 0.29 A W−1 to 0.32 A W−1 as the bias 
varies from −10 mV to 10 mV. We calculated the blackbody peak 
photoresponsivity RP(T) with the blackbody responsivity Rb(T) 
and g factors, which are extracted from the relative spectral 
response R(λ).

∫
∫

λ λ λ

λ λ

( ) ( )
( )

= = =
Φ

Φ

∗

∗

∞

∞( )
T, d

T, d

b

P

b

P

0

0

g T
R

R

D

D

R
 (4)

where Φ(T,λ) is the blackbody radiant power distribution. With 
the blackbody responsivity formula:

∫
∫
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we can acquire the blackbody peak photoresponsivity  
RP(T) = Rb(T)/g. Combination with the blackbody radiant power 
distribution Φ(T,λ) and normalized relative spectral response 
R(λ) in Figure 4a. The g factors of 0.39 and 0.44 were obtained at 
the blackbody temperatures of 1073 K and 1173 K, respectively. 
As a result, the blackbody peak photoresponsivity at 1073 K and 
1173 K were 0.77 A W−1 and 0.73 A W−1. The blackbody response 
spectrum is presented in Figure 4b on the left y-axis. The cut-
off wavelength λc  = 3.66  µm is extracted as the photorespon-
sivity drops by 50%. A peak specific detectivity up to 8.61 × 1010 
cm Hz1/2 W−1 is obtained under 1073 K blackbody radiation, as 
shown in Figure 4b (the right y-axis). The D* of our MPM vdW 
heterostructure under blackbody radiation is higher than those 
of many other commercially available and literature-reported 
MWIR photodetectors, as shown in Figure  4c. The perfor-
mance of state-of-the-art MWIR photodetectors is summarized 
in Table 1 (Supporting Information). Notably, our MPM device 
shows excellent performance in the SWIR range. For the state-
of-the-art MWIR photodetectors, the photoresponsivity and spe-
cific detectivity sharply drop as the wavelength deviates from 
the peak wavelength, as shown in Figure S10 (Supporting Infor-
mation). The effective detection range is defined as the ratio of 
the spectral range with a D* higher than 70% of the peak D* to 
the full detection range. To compare the detection ranges of dif-
ferent MWIR photodetectors, the peak D* and effective detec-
tion range was extracted, as shown in Figure 4d. The effective 
detection range of this MPM photodetector is up to 75%, which 
is much larger than those of other commercially available and 
2D-based MWIR photodetectors, ranging from 10% to 35%, 
marked by the red dashed circle. Our photodetector shows high 
D* (from the SWIR to MWIR region) and broad spectral detec-
tion capability and has great potential application in infrared 
imaging. It is worth mentioning that this metal-mirror-
enhanced MPM heterostructure device sealed by a PMMA layer 

exhibits good stability in ambient air. As shown in Figure S11 
(Supporting Information), the performance of the device didn’t 
decrease when the device was exposed to air for 50 days.

3. Conclusion

We report a room-temperature-operating self-aligned MWIR 
MPM vdW heterojunction photodetector enhanced by sand-
wiched metal mirrors. An ultra-broadband photoresponse from 
0.405 to 3.951  µm was demonstrated. A fast photoresponse  
τr = 3.1 µs and τd = 4.1 µs and −3 dB cutoff frequency 0.23 MHz 
were realized under a 1550  nm laser. The MPM photode-
tector exhibited a high blackbody peak photoresponsivity up to 
0.77 A W−1, a low noise-equivalent power of ≈2.0 × 10−14 W Hz−1/2 
and a high specific detectivity up to 8.61 × 1010 cm Hz1/2W−1 in 
the MWIR region under 1073 K blackbody radiation. An effec-
tive detection range of up to 75% was demonstrated.

4. Experimental Section
Device Fabrication: The bottom electrodes were patterned using 

electron-beam lithography and then electron-beam evaporation 
deposition of 5 nm Cr and 25 nm Au on a low resistance Si substrate 
with 300  nm SiO2. Using standard mechanical exfoliation methods, 
MoS2, and BP flakes were prepared and then sequentially transferred to 
the preprepared bottom electrode. To obtain a high-quality MPM vdW 
device, the thin film MoS2 and BP flake preparation and heterostructure 
fabrication processes were carried out in a high-purity nitrogen-filled 
glove box, where there was a very low (<0.1  ppm) concentration of 
oxygen and water. A self-aligned metal electrode of 8 nm Bi and 2 nm Au 
was then evaporated using standard electron beam evaporation.

Characterization Methods: The thicknesses of the BP and MoS2 
flakes were examined by atomic force microscopy (HITACHI, AFM 
5500 M). Raman spectra were measured using a 532 nm laser as an 
excitation source by a Renishaw invia-Reflex system. The interface of 
the stacked structure of the MoS2/BP/MoS2 vdW heterojunction was 
examined by field-emission TEM (JEOL, JEM-F200). The cross-section 
specimen was prepared using a focused ion beam system (ZEISS, 
crossbeam 550), and then, a thin layer of Au was coated to protect 
the sample.

Electrical and Photoresponse Measurements: Electrical transport 
measurements were carried out using a dual-channel digital source 
meter (Keithley 2636B). A homemade wavelength-tuneable multichannel 
MWIR laser (2.5–4.2 µm) was used to study the MWIR performance of 
the photodetector. The diameter of the MWIR laser beam was 3  mm. 
The laser, with a wavelength from 405 to 1550 nm, was focused on the 
device using a 20× objective lens. The blackbody response measurement 
was performed using an HFY-206A calibrated commercial blackbody 
source. The diameter of the aperture was 10 mm. The device was placed 
15  cm from the aperture without a focusing lens. The radiation power 
incident on the device was calculated using the approximate formula 
PB  = αεσ(TB

4  − TR
4)ARA

2/L2, where α is the modulation factor, ε is 
the average emissivity of the blackbody radiation source and σ is the 
Stefan-Boltzmann constant. Here, α = 0.35 and ε = 0.9. TB and TR are 
the temperature of the blackbody source and the ambient temperature, 
respectively.

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