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ABSTRACT

Uncooled long-wavelength infrared photodetectors based on two-dimensional materials have wide applications, such as remote sensing, missile
guide, imaging, and night vision. However, realizing high-performance photodetectors based on 2D materials with high photoresponsivity and
fast response speed is still a challenge. Here, we report an ultra-broadband photodetector based on the PdSe,/BP van der Waals heterodiode
with a fast response speed. The detection range of the PdSe,/BP heterodiode is covered from visible to long-wave infrared (0.4-10.6 um). A
high photoresponsivity of 116.0 A/W and a low noise equivalence power of 8.4 x 10~' W/Hz"? and D* of 2.05 x 10° cm Hz""*/W were dem-
onstrated. Notably, the heterodiode exhibits a very fast response speed with 7, =2.9 and t4=4.0 us. Our results introduced a promising appli-

cation in broadband and fast photoresponse at weak light intensity.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0097044

Since the discovery of two-dimensional (2D) material graphene,
black phosphorus (BP) and transition metal dichalcogenides (TMDs) are
the most widely studied 2D semiconductor materials. BP is a typical p-
type 2D layered semiconductor with direct bandgap," high mobility for
both electrons and holes,” * and widely tunable bandgap.”® Numerous
works have studied the photodetectors based on BP and BP heterostruc-
tures with fast response,”” with polarization-sensitive photodetection,”’
and integrated with a waveguide.''* The photovoltaic photoresponse of
BP p-n junctions was fabricated by local electrostatic gating,"” Al dop-
ing,"* and vertical p-n junction induced by an ionic gel gated.'’ The layer
number dependent bandgap of BP shown in the previous literature indi-
cates that the bandgap is very close to the bulk form of 0.3eV as the
thickness of BP flake is larger than 6.5 nm. The photodetectors based on
BP exhibit high sensitive mid-wave infrared (MWIR) response, with a
photoresponsivity of 82 A/W at 3.39 um."” Photodetectors based on BP

with fast photoresponse allow the black-body radiation response.”'®
However, BP is unstable in the ambient air,'”” which hindered the wide
application of BP photodetectors. TMDs have also been heavily investi-
gated in recent years due to strong light-matter interaction'® bandgap
covering a wide range from 0 to 2.5eV,'” tunable electronic transport
properties, and good stability in the air.”’** Narrow bandgap TMDs,
such as PtSe,””* PtTe,” *' PdSe,”* and PdTe,,” are promising for
uncooled MWIR and LWIR photodetection.”’ PdSe, is one of the most
promising materials in uncooled MWIR and LWIR photodetection due
to the properties of a narrow bandgap of 0.03 eV in the bulk form,”* high
mobility (~216cm?/Vs), and tunable ambipolar characteristics,” in-
plane anisotropic.”' Broadband photodetection based on PdSe, and its
heterostructure from visible to near-infrared were demonstrated.””” The
polarization-sensitive photodetection based on PdSe, was demonstrated
with a high dichroic ratio of 2.2.” Based on PdSe,, polarization-sensitive
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and broadband photodetection were demonstrated.”* The performance
of the PdSe, detector can be enhanced by ozone treatment.”” PdSe,
has been proposed in several electronic applications, for instance, in
ambipolar transistors™® and field emission devices.”” Moreover, high-
performance LWIR detection based on PdSe, and its heterostructure
were demonstrated with 42.1 A/W at 10.6 um.”’ However, room temper-
ature operation 2D material MWIR and LWIR photodetectors are suffer-
ing the low photoresponsivity, slow speed, and high current noise power
intensity. To overcome these issues, we designed the BP/PdSe;, hetero-
diode set on a metal electrode. To date, the uncooled MWIR and LWIR
photodetection based on BP/PdSe, van der Waals (vdW) p-n junction
remains elusive. The large bottom electrode is used as a mirror electrode
to enhance light absorption. Furthermore, the bottom electrode can short
the carrier lateral transport distance and realize a high efficiency in pho-
tocarrier collection and fast photoresponse.

To study the photoresponse of the BP/PdSe, van der Waals het-
erodiode, the high-quality BP/PdSe, device was fabricated. For the
details, see the supplementary material. The high-quality PdSe, single-
crystal was grown using the self-flux method. The quality of the crystal
was checked by energy-dispersive x-ray spectroscopy (EDX) and XRD
spectral, as shown in Figs. S1(a) and S1(b), respectively. PdSe, field-
effect transistors (FET) were fabricated using the standard electron
beam lithography (EBL) followed by electron beam evaporation elec-
trodes, as shown in Fig. S2(a). The thickness of the PdSe, FET is
~60 nm, which was checked by atomic force microscopy (AFM), as
shown in Fig. S2(b). The transfer curve of the device at a bias of 0.1V
is presented in Fig. S2(c). A bipolar transport characteristic is
observed.” The electron mobility of the PdSe, of ~37.8cm?/V's is
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obtained. The bipolar transport characteristic is also observed in
another FET device with different thicknesses of ~32 nm, as shown in
Figs. S2(d)-S2(f). At first, we designed a vdW heterodiode of the BP/
PdSe, photodetector, which was placed on a predisposed gold elec-
trode to enhance the light absorption, as shown in Fig. 1(a). The left
panel of Fig. 1(b) shows the band profile of the PdSe, and BP before
contact. The work function of BP (~4.8¢eV)™ is larger than that of
PdSe, (~4.7eV)."" After contact, electrons were transferred from
PdSe, to BP. The bandgap of BP (0.3 eV)' and PdSe, (0.03eV)™ is
absorbers of MWIR and LWIR, respectively, as shown in the right
panel of Fig. 1(b). Raman spectra of PdSe, and BP of a device are
shown in the upper panel of Fig. 1(c), which is well consistent with the
previous works.””" Figure 1(d) shows the AFM image of a typical
PdSe,/BP heterodiode device. The thickness of PdSe, is ~54.8 nm,
and BP is ~20.6 nm as shown in Figs. S3(a) and S3(b), respectively.
Next, we investigate the photoresponse of the BP/PdSe, hetero-
diode at the visible range. Figure 2(a) presents the I-V curves of differ-
ent incident light powers (4.0 nW-3.18 yW) and at dark. As the light
power increased, the current increased notably. To evaluate the perfor-
mance of the detector, we measured the time-resolved photoresponse
at 1V bias by varying the illumination powers of the 637-nm laser, as
shown in Fig. 2(b). The extracted photocurrent vs light power is shown
in Fig. 2(c). A sub-linear light power dependence behavior I ox P* is
observed with o= 0.98. Then, we calculate the photoresponsivity (R)
and external quantum efficiency (EQE), which are defined as the ratio
of photocurrent Ip to the incident light power and the number of pho-
toexcited charge carriers forming photocurrent to the number of inci-
dent photographs, respectively. The R=1Ip/P and EQE can be
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(d)

FIG. 1. PdSe,/BP heterodiode photodetector structure. (a) Schematic image of the PdSe,/BP heterodiode photodetector. (b) Band aliment of the PdSe,/BP heterostructure.
(c) Top panel and bottom panel shows the Raman spectrum of PdSe; flake and BP flake, respectively. (d) Atomic force microscopic image of the PdSe,/BP heterostructure.
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FIG. 2. Photoresponse of the PdSe,/BP heterodiode device in the visible range. (a) Output curves of the PdSe,/BP heterodiode device in the dark and under various incident
light powers of a 637-nm laser. The incident light power ranges from 4 nW to 3.18 uW. (b) The temporal photoresponse under various incidence light powers of the 637-nm
laser at a bias of 1V. (c) Incident light power dependence photocurrent of a PdSe,/BP heterodiode devices at a bias of Vg =0V. (d) R (left axis) and EQE (right axis) of a typ-
ical PdSe,/BP heterodiode device vs incident light power at a bias of 1V. (€) The rise time of 7, = 2.9 us and decay time of 74 =4.0 us for a typical PdSe,/BP heterodiode at
a bias of Vys = 1 mV under the 637-nm laser. (f) R and response time summary of 2D material photodetectors.

expressed as EQE = Rhc/eA, where h is Planck’s constant, ¢ is the speed
of light, e is the elementary charge, and / is the wavelength of the inci-
dent light. Figure 2(d) plots the light power-dependent R and EQE of
the device at 1V bias. The R of 60.3 A/W and EQE of 11742.1% are
obtained at 3.3nW. As the light power increasing, the R decreased to
4.5 A/W and EQE decreased to 881.4% as the light power increased to
2.65 W. The speed of the photoresponse is one of the most important
figure-of-merit for photodetectors. The response speed of the device is
usually evaluated by rising time (t,) and decay time (t4), which are
defined as from 10% to 90% of the stable photocurrent as the laser was
switched on and from 90% to 10% of the stable photocurrent as the
laser was switched off, respectively. The rise time t,=2.9 us and the
decay time 74=4.0 us were obtained under a 637-nm laser in Fig.
2(e). The speed of this device is much faster than those of the other 2D
material photodetectors, as shown in Fig. 2(f). The performance of the
2D-base photodetectors is summarized in Table S1 in the support
information. The time-resolved photoresponse under various incident
light powers of 405-nm laser at a bias of 1V is presented in Fig. S4(a).
The extracted R and EQE are plotted in Fig. S4(b). When the device is
under an incident light power of 50 nW, the R of 3.0 A/W and the
EQE of 918.5% were realized. The temporal photoresponse of the 405-
nm laser at a bias of 1 mV is presented in Fig. S4(c). The frequency of
switching on/off the light is 1 kHz. After a few tens of cycles of the
switch on/off the light, the photoresponse was very fast and stable. The
response time of the PdSe,/BP heterodiode is presented in Fig. S5(d).

The rise time of 7,=3.0 us and the decay time of 7q4=4.8 us were
demonstrated at a bias of 1mV under a 405-nm laser. The fast
response speed could be attributed to the vertical device structure with
a very short transport distance and large mirror electrode realizing
good Ohmic contact.

Next, we investigate the performance of this device in the near-
infrared region from 830 to 1310 nm. The temporal photoresponse of
940 nm at a bias of 1 V under varying incident light power is shown in
Fig. 3(a). The photocurrent of 21.7 uA is obtained as the incident light
power is1.16 uW. Figure 3(b) is the power dependence of R and EQE
at a 1V bias of the 940 nm laser. The photoresponsivity of 116.1 A/W
and the EQE of 15302.1% was demonstrated at incident light power
of 0.6 nW. As the incident light powers increase, a decreasing tendency
of the R and EQE is observed. The R drop from 116.1 to 3.44 A/W as
the light power increases from 0.6nW to 1.16 uW, corresponding
EQE decrease from 15 302.1% to 453.8%. The I-V curves with varying
the incident light power of a PdSe,/BP heterodiode are plotted in Fig.
S5(a). The temporal photoresponse with varying the incident light
(830 nm laser) power is shown in Fig. S5(b). The photocurrent of 12.1
UA was realized under 8.48 yW illumination. The sharply increased
photocurrent as the laser switch on indicates the fast photoresponse of
the heterodiode. Then, we measured the response time of the device
under the illumination of an 830-nm laser. As shown in Figs. S5(c)
and S5(d), the rise time is 7,=22.4pus and the decay time is
Tq=122pus at a bias of 1V, respectively. The performance of the
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device in the SWIR range of 1310 nm was investigated. As presented
in Fig. S6(a), the I-V curves at different incident powers and dark
were measured. As the light power increases, the photocurrent
increased considerably. To evaluate the performance of the detector in
this range, the time-resolved photoresponse at a bias of 1 V with vary-
ing incident light powers is presented in Fig. S6(b). A photocurrent of
18.8 uA 1is realized under 1.3 yW illumination at a bias of 1 V. The
incident light power dependence R and EQE are presented in Fig.
S6(c). The R of 71.4 A/W and the EQE of 6760.4% were demonstrated
when the light power is 1.4nW at a bias of 1 V. As the incident light
power increases, a decreasing tendency of the R and EQE is exhibited.
The R decreased to 3.2 A/W, and the corresponding EQE decreased to
306.7% as the light power increased to 1.3 uW.

Next, we investigate the photoresponse of the device in the MWIR
range from 2611 to 4117 nm. Figure 3(c) presents the time-resolved
photoresponse of a 3098 nm laser with varying illumination powers at a
bias of 1V. The photocurrent of 1.5 A is obtained as the device was
exposed to the illumination of 0.46 uW. The incident light power
dependence R and EQE at a bias of 1V are plotted in Fig. 3(d). The R
and EQE decreased as the illumination power increased. As the incident
power decreased to 30 nW, the R of 23.3 A/W and the EQE of 933.8%
are realized. The temporal photoresponse with various incident light
powers of 2611 and 3662 nm is shown in Fig. S7(a) and S7(b), respec-
tively. Figure S7(c) presents the time-resolved photoresponse under

Power (W)

various incident powers of the 3662-nm laser at a bias of 10 mV. The
extracted R and EQE vs light power of 2611 and 3662 nm are presented
in Figs. S7(d) and S7(e), respectively. The R up to 30.1 A/W and the cor-
responding EQE of 1424.7% were demonstrated under 40 nW illumina-
tion. For the 3662 nm laser, the R of 8.9 A/W and the EQE of 304.1%
are obtained under 90 nW illumination at a bias of 1 V. The speed of
the device in the MWIR range was measured, as shown in Fig. S7(f).
The rise time 7,=1.3ms and decay time 4= 1.5ms were demon-
strated at a bias of 10mV. For the temporal photoresponse in the
MWIR range, the response includes two parts, as shown in Fig. S8. The
fast response of the initial rising process with a speed of 0.507 11A/s and
the slow response process with a speed of 0.022 pA/s could be attributed
to the photothermal effect. The mechanism of the photocurrent genera-
tion for this range may originate from the photo-bolometer effect.”” The
response time is much lower than the thermal time constant of 15 ms.
Then, the performance of the PdSe,/BP heterodiode at the LWIR 10.6
mm was characterized. The temporal photoresponse at a 1V bias with
varying incident illumination power is shown in Fig. S9(a). The
extracted R and EQE vs illumination powers are presented in Fig. S9(b).
The R of 2.2 A/W and the EQE of 26.3% were realized at a bias of 1V
under the illumination of 80 nW. The temporal photoresponses at
biases of 1 mV and 0V varying the wavelengths of incident laser from
1310 to 4117nm are shown in Figs. S10 and S11, respectively. The
extracted R and EQE as a function of wavelength at a bias of 1 mV are
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plotted in Fig. S12. The R of 1.84 A/W and the corresponding EQE of
73.6% were demonstrated under the illumination of 38.0 nW. The wave-
length dependence R and EQE at 1V bias are presented in Fig. 4(a).
From visible 520 to 940 nm, the R increased from 55.1 to 116.0 A/W, the
corresponding EQE increased from 13 115.4% to 15 302.1%. Then, as the
wavelength increases, a decreased tendency of R and EQE was exhibited.
The R decreased from 30.1 to 3.4 A/W from 2611 to 4117 nm and then
decreased to 2.2 A/W as the wavelength increased to LWIR 10.6 um. To
evaluate the noise equivalence power (NEP), which is used to assess the
detection limit of a detector, we measured the current noise power spectra
at various bias voltages, as shown in Fig. 4(b); for the details, see the sup-
plementary material. Figure 4(c) presents the NEP as a function of wave-
length at a bias of 1 mV. The dashed red line is placed on 1 pW/Hz"?,
From visible to the LWIR, the NEP is lower than the 1 pW/HzU 2line. In
the telecommunication range of 1310 nm, the device exhibits a very low
NEP of 8.4 x 10~ W/Hz"2. Then, we calculated the specific detectivity,
which is one of the most important figures of merit of a photodetector, by
D* = (AA)""*/NEP, where A is the active area of the device and Afis the
measuring bandwidth. For the PdSe,/BP heterostructure device, D" of
845 x 10" em Hz"*/W is realized at 1310 nm, of 1.1 x 10'*cm Hz"*/W
in MWIR range 2611nm, and 2.05 X 10°cm Hz"*/W was obtained
at LWIR 10.6 um in ambient air, as shown in Fig. 4(d). In the MWIR
range, the D" ranges from 1.09 x 10 to 1.21 x 10° cm Hz"*/W, which is
slightly higher than that of commercially available PbSe MWIR

photodetector, bolometer D* of 10° cm Hz"*/W,"" and 2D LWIR PtSe,
7 x 10°em Hz"*/W."

In summary, we demonstrated an ultrabroad band photores-
ponse from the visible to LWIR range (520 nm-10.6 um) based on a
PdSe,/BP heterodiode. The high photoresponsivity of 116.0 A/W, the
specific detectivity of 8.45 x 10! cm Hz"%/W, and a low NEP of
8.4 x 10" W/Hz"? were realized at the 1310-nm laser. The photo-
response speed of the PdSe,/BP heterodiode is very fast with 7,=2.9
and 74 =14.0 us. The device exhibits a room temperature response. The
photoresponsivity up to 2.2 A/W and D* of 2.05 x 10° cm Hz"?/W
were obtained in the LWIR 10.6 um. Our proposed device architecture
provides a strategy to design high-performance photodetectors with
promising applications in broadband and fast-speed response
photodetection.

See the supplementary material for the XRD, EDX, and AFM
characterization of the quality of PdSe, single-crystal, the transport
curves of PdSe, FETs, and additional data for the performance of pho-
todetector at 405 and 830-nm laser and the performance from the
short-wave infrared 1310 nm to long-wave infrared 10.6 um spectra
range.
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