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Asymmetric Contacts on Narrow-Bandgap Black
Phosphorus for Self-Driven Broadband Photodetectors

Kai Tang, Chaoyi Yan,* Xinchuan Du, Gaofeng Rao, Miao Zhang, Yang Wang,

Xianfu Wang,* and Jie Xiong*

Self-driven broadband photodetectors based on two-dimensional (2D)
materials have attracted considerable interest for their outstanding
optoelectronic properties. Asymmetric contact induced potential barrier on 2D
narrow-bandgap materials is a feasible scheme for self-driven broadband
photodetectors, but has not been constructed untill now due to the band
structure mismatch of the channel and metal electrodes. Herein, a self-driven
broadband photodetector is reported covering from visible to infrared
spectrum by well designing the band structure of the Cr/BP/WTe,
heterostructure with asymmetric contact architecture, constructing a huge
potential barrier at the two ends of the black phosphorus (BP) channel due to
the perfect ohmic and Schottky contacts at the WTe,-BP and Cr-BP interfaces,
respectively. The as-fabricated device exhibits responsivity of ~283 and

~193 mA/W under 532 and 1550 nm illumination, respectively, under zero
bias with corresponding detectivity of ~2.3x10"" and ~1.2x10"" Jones. The
results demonstrate that the well-designed band structure can be adopted to
construct ideal Schottky and ohmic contact on 2D narrow-bandgap materials

dipartite bandgaps like Ga, 0, Si, HgCdTe
to match the separated spectral branches
would lead to demerits in circuit de-
sign and integration.>®! Exploring a
suitable strategy to realize a self-driven
broadband photodetector with low power
consumption, therefore, has become an
insistent need to meet the increasing
demands. Owing to their considerable
light-matter interaction and super inte-
gration, two-dimensional (2D) materials
have been granted great potential for
self-driven broadband photodetectors.[*12]
Unfortunately, the self-driven broadband
photodetectors based on 2D materials
are usually working in visible spectrum,
which hampers their further applications
in biomedicine, night driving, gas de-
tection and other fields where infrared
spectrum detection is necessary.*! Indeed,

to realize a self-driven broadband photodetector. These findings highlight a
simple and novel strategy for constructing predesigned band structure for

further electronic and optoelectronic applications.

1. Introduction

As the key component in the optoelectronic integration system
which including light emissions, optical waveguides, optoelec-
tronic receivers and electronic circuits, high-performance pho-
todetectors are regarded as the core of modern communication
and imaging systems.[!] Particularly, a photodetector capable of
operating over broad spectrum is invaluable to cope with many
scenarios such as unmanned vehicle, military reconnaissance
and target tracking.[>*] However, commercial broadband pho-
todetecting technique usually requires external power supply to
implement the devices, and the combination of materials with
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narrow-bandgap 2D materials such as black
phosphorus (BP), black arsenic (b-As), and
tellurium (Te) are of interest to researchers
because they allow the photodetectors to
extend their detection range further into
the infrared spectrum.['*17] Therefore, the
exploration of state-of-the-art self-driven broadband photodetec-
tors covering from visible to infrared spectrum by implementing
narrow-bandgap 2D materials will greatly simplify the detection
system and bring great convenience in complex visual informa-
tion processing.

Asymmetric contact strategy is widely applied for self-driven
photodetectors with Schottky junction.'®! For the common 2D
materials, Schottky barriers are usually established between
metal electrodes and channel, and band bending occurs at their
interface creating a strong electronic field due to the huge
work function differences of metal electrodes. In this case, the
separation of photo-generated carriers is determined by the
electric field and produces a photovoltaic (PV) effect for self-
driven photodetector. Interestingly, the sharp interface of 2D het-
erostructures has led some studies to turn their attention to the
contact of 2D semimetals and layered channels.['>?? For in-
stance, an inherent potential barrier is observed at graphene-
transitional metal dichalcogenides (Gr-TMDCs) interface, high-
lighting a novel strategy for constructing high-sensitivity Schot-
tky photodetectors.!1*23-25] In addition, semimetal Gr can also be
applied to construct ohmic contact with several TMDCs due to
their close Fermi level. For example, perfect ohmic contact was
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Figure 1. a) Schematic diagram of the self-driven broadband photodetector based on BP nanosheet with Cr and WTe, as electrodes. b) Band diagram
before band alignment of Cr, BP and WTe,. c) Optical image of BP/WTe, heterostructure and Raman mapping images of the A; mode for WTe, and the
A%1 mode for BP, scale bar: 2 um. d) Raman spectrum of BP, WTe, and BP/WTe, heterostructure. e) Raman shifts of the A, (212.2 eV), B,, (436 eV),
A’ (463 eV) peaks of WTe,, BP and the heterostructure. f) The Iy—V/ characteristics of the symmetric BP and WTe, devices.

formed at the Gr-InSe interface in the asymmetric Au/InSe/Gr
heterostructure, which accelerates the rapid carrier transit to
the Gr electrode, rendering an ultrafast and sensitive self-driven
photodetector.[*®! Furthermore, several 2D semimetals such as
Mo, C, NiTe,, NbTe, and PtTe, have also been developed succes-
sively to achieve good ohmic contact with numerous 2D semi-
conductor channels for self-driven photodetectors.*-??1 Regret-
tably, these self-driven photodetectors with asymmetric contacts
are usually based on large-bandgap TMDCs, which limits the de-
tectable range in visible spectrum. Although narrow-bandgap 2D
materials can extended the detection range to infrared spectrum,
asymmetric contact with conventional metal electrodes makes it
difficult to generate a strong potential barrier at the two ends of
the channel. The combination of Schottky and ohmic contacts
makes a better choice for narrow-bandgap 2D materials to fab-
ricate self-driven broadband photodetector covering from visi-
ble to infrared spectrum, however, which has not yet been re-
alized because the ideal ohmic contact is difficult to construct
due to the band structure mismatch of the channel and metal
electrodes.[3031]

Herein, we report a self-driven broadband photodetector based
on narrow-bandgap BP nanoflakes with detectable spectral range
from visible to infrared spectrum by constructing good asymmet-
ric Schottky and ohmic contacts at the Cr/BP/WTe, interfaces,
where Cr metal and WTe, semimetal act as the electrodes. In
the well-engineered band structures, the photo-generated holes
are driven to the metal electrode owing to the self-limited de-
pletion region induced by Schottky junction, and the electrons
can flow rapidly to WTe, electrode, rendering the photodetector

Adv. Optical Mater. 2024, 12, 2301350

RIGHTSE LI MN iy

2301350 (2 of 8)

broadband response from 532 to 1550 nm without external po-
tential supply. The broadband photoresponse of the self-driven
photodetector is confirmed from 532 to 1550 nm, and the re-
sponsivity (R) is up to ~283 mA/W with corresponding detec-
tivity (D”) of ~2.3x10'! Jones under 532 nm illumination. The
responsivity and the measured detectivity also remain higher
than ~193 mA/W and ~1.2x10"! Jones, respectively, when illu-
minated by the incident light with a wavelength of 1550 nm. Due
to the robust depletion region induced by the Schottky barrier, an
ultralow dark current noise of ~107** A is observed contributing
greatly to the high detectivity of BP broadband self-driven pho-
todetector. Our results show that the well-designed band struc-
ture is suitable to construct ideal Schottky and ohmic contacts for
narrow-bandgap 2D materials to realize self-driven broadband
photodetectors from visible to infrared spectrum and can be used
for wide-range multispectral imaging.

2. Results and Discussion

In order to enable a self-driven broadband photodetector to work
in the infrared wavelengths, 2D BP with a narrow bandgap of
0.3 eV was chosen as the photosensitive medium. Figure 1a de-
picts the architecture of the self-driven BP broadband photode-
tector, in which the Cr/Au layer (5/50 nm) and a few-layered T;-
phase WTe, nanosheet are adopted as electrodes and expected
to construct Schottky and ohmic contact with BP, respectively.
Figure S1 shows the typical optical image of the device, where
vertical BP/WTe, heterostructure is fabricated by mechanically
exfoliating the crystals followed with being stacked on SiO,/Si
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Figure 2. a,d) Device structures, b,e) energy band diagrams after band alignments and c,f) corresponding I ,,—V, characteristics as a function of different
lasers of BP photodetectors with symmetric Cr/Au electrodes and asymmetric Cr/Au and WTe, electrodes, respectively. The power of the lasers is 5 nW.

substrate. To elaborate the asymmetric contacts, the work func-
tions of Cr (4.6 eV) and WTe, (4.39 eV), and the Fermi level of
BP (4.37 V) are referred from the reported literatures.??-34 The
energy band diagram before the Fermi level equilibrium is illus-
trated in Figure 1b. Accordingly, owing to the huge difference in
the band structure, a robust Schottky contact can be formed at the
Cr-BP interface. Instead, a good ohmic contact can be formed be-
tween BP and WTe, layers owing to their nearly equal Fermi lev-
els. Consequently, an asymmetric contact barrier is constructed
at the two ends of BP channel driving the separation of photo-
generated electron-hole pairs.

The Raman mappings of the BP/WTe, heterostructure are
demonstrated in Figure 1c, homogeneously distributed A; mode
at 216 cm™" and A," mode at 360 cm™" reveal the the smooth
and clean interface between BP and WTe, layers. Meanwhile, an
obvious Raman quenching effect occurs in overlapping area, ex-
hibiting a photo-generated carrier recombination through a non-
radiative way.['#3>36] The crystalline quality and vibration modes
of BP, WTe, and vdW heterostructure was confirmed by Ra-
man spectroscopy under excitation of 532 nm laser (Figure 1d).
In the WTe, region, seven peaks located at 85.3, 96.3, 111.6,
116.3, 133.4, 163.1, and 212.2 cm™! are specified as the A, A,,
A,, A, A, A, and A, phonon modes, respectively.’”3# Three
strong peaks located at 360, 436 and 463 cm™! are observed in
BP region, which are consistent with the results reported in the
literatures.*? It's worth noting that the Raman peaks of WTe,
and BP in the overlapping region show a negligible shift behav-
ior (Figure 1le), indicating the good interface quality in the het-
erostructure, which is conductive to the formation of ohmic con-
tact at the interface.l*”) In addition, to investigate the metallic
behavior of WTe,, pristine WTe, and BP devices with symmet-
ric Cr/Au electrodes were fabricated on SiO,/Si substrates, re-
spectively. The output characteristic curve (I;—Vy) of pristine
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BP device shows a current on ~nA level with the V, varying
from —0.1 to 0.1 V, confirming the semiconducting properties
of BP (Figure 1f). A symmetric and linear output characteristic
curve and large current are observed in WTe, device, verifying
the strong conductivity of T;-phase WTe,. Else, for the pristine
WTe, device, the drain current is independent of the back-gate
voltage as shown in the transfer characteristics (Figure S2), fur-
ther proving that the selected T4-phase WTe, can be used as metal
electrodes. In addition, the BP device with symmetric WTe, elec-
trodes is also prepared, and a very linear behavior is found in
the output characteristic curve, confirming the ohmic contact be-
tween WTe, and BP (Figure S3).

Asymmetric contact with built-in electric fields for self-driven
photodetector was achieved by manufacturing Schottky and
ohmic contacts at the two ends of the BP channel, respectively.
Initially, for comparison, the devices with symmetric and asym-
metric structures (Cr/Au-BP-Cr/Au, Cr/Au-BP-WTe,) were fabri-
cated and measured as well (Figure 2a,d). The corresponding en-
ergy band diagrams are studied according to the equation: @, =
® — y, where @, @ and y represent the Schottky barrier, work
function of the metal and the electron affinity of semiconduc-
tor, respectively. On account of the above band structure, a strong
Schottky contact and a good ohmic contact would be formed at
Cr-BP and WTe,-BP interface, respectively. As a result, an energy
barrier emerges due to band bending at the Cr-BP interface while
it is absent at the WTe,-BP interface. Thus, in symmetric BP de-
vice, a large number of photo-generated electrons are blocked by
the high Schottky barrier and cannot be collected by external elec-
trodes under zero bias (Figure 2b). Under light illumination, only
a negligible photocurrent under zero bias (named short-circuit
current, I) can be achieved, and a bias voltage is usually required
to change the energy band structure and produces a measurable
photocurrent (Figure 2c). By contract, in the asymmetric BP de-
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Figure 3. Photodetecting performances of the self-driven broadband photodetector. The IV, characteristics of the photodetector with variable light
power intensity: a) 532 nm, b) 808 nm, and c) 1550 nm. d) The corresponding time-dependent photocurrent response under switched-on/off light
illumination with 5 nW. e) Time-dependent photocurrent response under 1550 nm illumination with different power intensities. f) Fitted photocurrent,
g) responsivity, h) detectivity, and i) EQEs of devices as a function of the illumination intensity of lasers with different wavelengths.

vice, after the Fermi levels are aligned, a band bending occurs at
the Cr-BP interface because of the gap between the work func-
tion of Cr (4.6 eV) and the fermi level of BP (4.37 eV). Instead,
no band bending occurs at the WTe,-BP interface because the
value of equal Fermi level of BP (4.37 eV) is close to that of the
work function of WTe, (4.39 eV). Thus, in such an energy band
structure, a unilateral built-in electric field is established. When
the device is exposed to incident light, the photo-generated holes
and electrons can be rapidly separated by the built-in electric field
under zero bias (Figure 2e). Hence, a reliable and stable short-
circuit currents are achieved under light illumination with vari-
ous wavelengths, indicating the great potential of asymmetric BP
device for self-driven broadband photodetector (Figure 2f).

The performance of asymmetric BP device was measured by
illuminating lights with variable power, and the short-circuit cur-
rents were recorded to evaluate the self-driven photodetection
capability of the device in a broadband spectrum from 532 to
1550 nm. As shown in Figure 3a, under 532 nm illumination,
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the drain-source current shows a dramatic increase, and signifi-
cant short-circuit currents are observed which can reach the max-
imum value of 3.3 nA under 10.21 nW illumination, demonstrat-
ing the excellent photodetecting properties under zero bias. In
addition, the asymmetric BP photodetector exhibits an ultralow
dark current because of the large depletion region around Cr-BP
interface (Figure S4). Therefore, an ultrahigh photoswitching ra-
tio over 10* can be achieved for 532 nm wavelength under self-
driven mode (Figure S5). Because of the weak light absorption of
BP for 808 nm wavelength, relatively low photocurrent is gener-
ated within this wavelength (Figure 3b). When the wavelength of
incident light is extended to infrared 1550 nm, a significant in-
crease in photocurrent is detected again (Figure 3c), which can
be attributed to the photon energy in the infrared band being
closer to the band gap absorption of BP. Figure 3d shows the
time-resolved photoresponse of the self-driven broadband pho-
todetector under light illumination with various wavelengths.
As demonstrated, the photodetector can be switched reversibly
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with good stability and reproducibility along with the continu-
ous switching of the laser. In addition, the photocurrents of the
device under light illumination of 532 and 1550 nm laser with
power of 5 nW are much higher than that of device at the inci-
dent wavelength of 808 nm, corresponding well with the above
results. Figure 3e shows the time-resolved responses under in-
frared 1550 nm illumination with various light powers. It can be
seen that the self-driven broadband photodetector shows the abil-
ity of free switching for infrared 1550 nm in a wide power range.
The rapid photoresponse reveals that the photocurrent of the self-
driven photodetector under broadband incident light illumina-
tion is generated by the photovoltaic effect rather than the ther-
moelectric or radiant heat effect. It is worth noting that the pho-
tocurrent expressed here is actually negative. For convenience,
the photocurrent values here are treated as their absolute values.
In order to quantitatively evaluate the photodetection perfor-
mance of the self-driven broadband photodetector, key quality
factors including responsivity (R) and specific detectivity (D¥*)
were calculated. Figure 3f-i depicts the variation trend of pho-
tocurrent, responsivity, detectivity and external quantum effi-
ciency (EQE) under laser illumination of 532, 808 and 1550 nm
with various powers. To investigate the light power dependence
of self-driven photocurrent, the power-law relation I, o« P* was
used to fit the experimental datas.[*!] For an ideal photovoltaic de-
vice, the photocurrent theoretically depends linearly on the power
density of incident light, where a = 1 in the power-law relation.
In the range of light powers, the photocurrent (Figure 3f) exhibits
a very linear relationship with the incident light power, and the
value of index « is 0.99, 0.85 and 0.81 for 532, 1550 and 808 nm
illumination, respectively, indicating that the self-driven broad-
band photodetector has excellent linear response for broadband
wavelengths without external power supply. Since photocurrent
is linearly correlated with incident light power, responsivity can
be expected to be constant. As can be seen from Figure 3g, under
zero bias, responsivity has little change in the whole range of the
light powers. It is worth noting here that the constant responsiv-
ity can be regarded as one of the characteristic attributes of photo-
voltaic effect. The responsivity can reach 283 and 193 mA/W un-
der 532 and 1550 nm illumination, respectively, due to the large
number of photo-generated carriers being separated, which can
be comparable to that of the most reported Schottky photodetec-
tor based on 2D semiconductors. Furthermore, the normalized
responsivity with the incident light wavelength of 500-1550 nm is
shown in Figure S6. The peak response can be observed at the ex-
citation wavelength of ~680 and ~1400 nm, and the overall trend
is consistent with the results under separated wavelengths.
Detectivity is another key parameter that can be used to eval-
uate the sensitivity of photodetectors for weak signals. When the
dark current is the major occupation of noise floor, detectivity can
be calculated according to the formula: D* = RAY?/(2q1,,..)"?,
where A, q, I, represent the effective area, electronic charge
and dark current, respectively.l’) Similar to responsivity, detec-
tivity presents power-independency, and the corresponding val-
ues of approximately 2.3x10'!, 3.50x10%, and 1.2x10'! Jones
are obtained at 532, 808, and 1550 nm wavelengths, respectively
(Figure 3h). In addition, EQE is the ratio of the number of charge
carriers in the photocurrent n, and the total number of incident
photons n,,, and can be used to better explore the intrinsic pho-
toresponse. EQEs of the self-driven broadband photodetector un-
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der zero bias were calculated according to the formula: EQE =
n,/n, = R,hc/qA, where h is Planck’s constant, ¢ is the speed of
light in vacuum, q is the electronic charge, and 2 is the photon
wavelength. It can be found that EQE of the self-driven broad-
band photodetector is 67% in visible region (4 = 532 nm), while
EQEs decrease to 8% and 15% at 808 and 1550 nm wavelengths,
which are much larger than that of other self-driven 2D Schottky
photodetectors.

The spatially resolved photocurrent map of the self-driven
broadband photodetector was collected to study the photore-
sponse mechanism under zero bias. During spot scanning us-
ing a 1550 nm focused laser, the short-circuit current is recorded
as a function of position (Figure 4a). The photocurrent mapping
image exhibits that the photocurrent originates around the Cr-
BP contact edge, proving the photovoltaic effect generated from
the Schottky contact at Cr-BP interface and a good ohmic con-
tact at BP-WTe, interface. The same result is observed under
520 nm illumination, which exhibits a brighter response around
the metal electrode owing to the higher incident photon energy
(Figure S7). Considering the optoelectronic mechanism induced
by the Schottky junction at the Cr-BP contact edge, it is neces-
sary to simulate the potential distribution in the asymmetric self-
driven photodetector. Figure 4b and Figure S8 show the differ-
ent views of the potential distribution for the self-driven broad-
band photodetector. A depletion region with a potential gradient
is observed near Cr-BP interface due to the unequal distribution
of electrons and holes. The lateral depletion region drives the
rapid separation and transfer of photo-generated carriers, which
matches well with the band structure mechanism and scanning
photocurrent mapping results. Considering the above results, it
can be concluded that the large lateral depletion region practi-
cally dominates the photoresponse in the self-driven broadband
photodetector.

As is well known, infrared detection depends largely on the
working temperature, as loud noise will be produced due to the
high energy electrons induced by temperature which inevitably
confuse the true photocurrent. Therefore, low working temper-
atures can be expected to favor infrared detection. Figure 4c de-
picts the time-resolved photocurrents of the self-driven photede-
tector for 1550 nm wavelength at 198, 248 and 298 K, respectively,
and increased infrared photoresponse is discovered at lower
working temperature. The sensitivity for the device grows with
the decrease of working temperature (Figure 4d), as the R value
(637 mA/W) at 198 K are nearly 3.5 times higher than that mea-
sured at room temperature. Therefore, it can be inferred that low-
temperature working conditions can greatly improve the photore-
sponse of the self-driven broadband photodetector, bringing it
closer to the criterion of commercial infrared photodetectors.

Furthermore, the height of Schottky barrier is one of the deci-
sive factors affecting photoresponse. The extra bias can strongly
change the Schottky barrier and accelerate the separation of
photo-generated carriers. Figure 4e shows the dependence
of photocurrent on various bias voltages under illumination of
1550 nm with 4.89 nW. As demonstrated, the direction of the pho-
tocurrent is opposite when the open-circuit voltage changed from
positive to negative. Furthermore, from Figure 4f, it can be seen
that the responsivity of the photodetector under negative bias
are obviously superior to those at positive bias. The results are
consistent with the behaviors of optoelectronic devices with

© 2023 Wiley-VCH GmbH
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Figure 4. a) Scanning photocurrent mapping of the device under 1550 nm laser illumination with the laser spot size of ~2 pm at V4 = 0V, scale bar:
2 um. b) Simulated lateral potential distribution of the device under zero bias. c) Time-dependent photocurrent response under switched-on/off light
illumination and d) responsivity of the device under different working temperatures, the laser wavelength is 1550 nm. e) Time-dependent photocurrent
response under switched-on/off light illumination and f) responsivity of the device under different biases.

Schottky junction, which implies that the self-driven broadband
photodetector operates mainly at the photovoltaic mode. At a
bias of -100 mV, the responsivity can be further enhanced to
1484 mA/W, about 8.3 times higher the value measured under
zero bias.

Given the prominent photosensitivity in infrared region, it can
be expected that the self-driven broadband photodetector demon-
strates outstanding potential in infrared image sensing. In or-
der to prove its feasibility in practical optical applications, we ex-
plored the infrared imaging capability of the self-driven broad-
band photodetector. Figure 5a shows the schematic diagram of
imaging system for a single pixel imaging measurement. With
the movement of mask, the position-resolved photocurrent was
recorded sequentially. The self-driven broadband photodetector
can work well at room temperature, which is expected to solve the
bottleneck of existing power consumption and operating temper-
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ature problems for future scientific and industrial applications.
A 5XS5 array device was prepared on the Si/SiO, substrate. Be-
cause of the randomness of the exfoliated 2D material, the size
and distribution of the pixels are not uniform. The preparation of
perfect array devices based on 2D materials depends on the large-
area synthesis and etching technology of 2D materials, which is
still a challenge to be solved. Therefore, a mask of demo letters
“UESTC” are designed and used to irradiate the array device in
sequence (Figure 5b) to evaluate its potential application in an
integrated light detection system. By moving the mask to control
whether each pixel is irradiated by 1550 nm light, and the pho-
tocurrent and the dark current are recorded from pixels under
the exposed area and the shaded area, respectively. Photocurrent
imaging is shown in Figure 5c-h, and these results confirm that
the self-driven broadband photodetector exhibits great potential
in infrared imaging applications.

© 2023 Wiley-VCH GmbH

85U8017 SUOWILLIOD @A 18810 3|ced![dde 8Ly Aq peusenob ae sajoie YO ‘85N JO s3I0} ARIqiT8UIIUO AB|IM UO (SUOTHIPUOO-PUR-SWLB 00" A8 1M AReql 18U [UO//:SANL) SUORIPUOD pUe SWid | 8u188S *[7202Z/TT/T0] Uo AriqiTauljuo A(1m ‘Diuonde (3 JO AiseAlun Ad 0SETOEZ0Z WOoPe/Z00T 0T/I0pAL0D" A8 M Ake.d1jpuluo//:SAny Wouy pepeojumod ‘2 ‘720z ‘TL0TS6TZ


http://www.advancedsciencenews.com
http://www.advopticalmat.de
https://onlinelibrary.wiley.com/action/rightsLink?doi=10.1002%2Fadom.202301350&mode=

ADVANCED
SCIENCE NEWS

ADVANCED
OPTICAL
MATERIALS

www.advancedsciencenews.com

(a)

(b)

(c) (d) (e)

Photocurrent (pA) Photocurrent (pA)

00 o200
7560
0 s
3680
o0 °

5

1 2 3 4 5 1

1 2 3 4

Photocurrent (pA)

4

www.advopticalmat.de

Detector

Masks moved

sequentially
(f (2)

Photocurrent: (pA) Photocurrent (pA)
nso 0o s

80

g

0
<0 swn a0
0 040 a0
wo w20 o

o000 oo 0000
s 1 2 3 4 5 1 2 3 4 s

Figure 5. The imaging sensing application of the asymmetric self-driven broadband photodetector. (a) Schematic diagram of imaging system at zero
bias under 1550 nm. (b) Schematic diagram of metal masks and experimental operation. c—g) Imaging results of letters (UESTC) with 5x5 pixels under

1550 nm illumination.

3. Conclusion

In summary, we designed a good asymmetric Schottky and
ohmic contacts in the Cr/BP/WTe, heterostructure by well-
designing the band structure to realize self-driven photodetec-
tor with outstanding broadband photodetection performance for
visible to infrared spectrum. The self-driven broadband photode-
tector shows a sensitive responsivity of ~283 mA/W and detec-
tivity of ~2.3x10'! Jones under 532nm illumination, and re-
mains ~193 mA/W and ~1.2x10" Jones when illuminated by
1550 nm laser under zero bias at room temperature, due to the
asymmetric contact barrier formed at the two ends of BP chan-
nel driving the fast separation of photo-generated electron-hole
pairs. Our results show that the well-designed band structure
contributes to constructing good Schottky and ohmic contact on
narrow-bandgap 2D materials, and the as-fabricated self-driven
photodetector can achieve great optoelectronic performance cov-
ering a broadband spectrum. These findings highlight a simple
and novel strategy for constructing predesigned band structure
for further electronic and optoelectronic applications.

4. Experimental Section

Sample Fabrication: The self-driven broadband photodetectors are
constructed based on BP/WTe, heterostructure, and a wet transfer tech-
nique is used to vertically stacked BP and WTe, nanoflakes exfoliated from
bulk crystals with PDMS in a glove box filled with argon gas (Shanghai On-
way Technology Co., Ltd.). WTe, nanoflakes with thickness of ~10 nm was
first stacked on Si/SiO, as the bottom electrode. Then the BP nanoflakes
with a thickness ~ 15 nm was exfoliated on a flexible PPC substrate coated
with a PDMS thin film. The selected BP nanoflakes were transferred onto
WTe, nanoflake by utilizing optical microscopy and a homemade align-
ment transfer system. Finally, two Cr/Au electrodes were fabricated by the
electron beam exposure and thermal evaporation techniques.
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Device Characterization: The structure of the self-driven broadband
photodetector was observed using an optical microscope (Olympus
BX41). Raman spectra and mappings were measured via utilizing a Horiba
micro-Raman system (Labraxm HR Evolution) with 532 nm laser excita-
tion. The electric and optoelectronic performances were studied on the
semiconductor parameter analyzer (Keithley, 4200-PA SCS). In our work,
the effective area of the device was identified as the BP region between
the Cr/Au and WTe, electrodes, and this area and the power density of the
laser are used to calculate the responsivity. Detectivity can be calculated ac-
cording to the formula: D* = RAY2/(2ql,.)/?, where A, q, 4, represent
the effective area, electronic charge and dark current, respectively. EQEs of
the self-driven broadband photodetector under zero bias were calculated
according to the formula: EQE = n,/n, = R;hc/qA, where h is Planck’s
constant, ¢ is the speed of light in vacuum, g is the electronic charge,
and A is the photon wavelength. A dark probe station (Lakeshore) was
used to reduce the light interference from the external environment dur-
ing the tests. The scanning photocurrent mappings were performed using
a modulated laser beam (520 nm with a frequency of 100 Hz and 1550 nm
with a frequency of 100 Hz) scanning over the device utilizing a scanning
micromotion platform (Thorlabs GVS212). The lock-in technique (Signal
Recovery model 7270) was employed to amplify the obtained photocur-
rent signals. The light power density was measured using a power meter
(OPHIR, VEGA ROHS). The finite element method (FEM) with COMSOL
Multiphysics software was used to model heterostructure devices in three-
dimensional space, and spatial potential distributions in the device were
simulated according to the electrical parameters of electrodes and semi-
conductors.
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