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Abstract

Black phosphorene (BP), a newly discovered elemental two-dimensional material, is
attractive for optoelectronic and photonic applications because of its unique in-plane
anisotropy, thickness-dependent direct bandgap and high carrier mobility. Since its
discovery, black phosphorene has become an appealing candidate well-suited for
polarization-resolved near- and mid-infrared optoelectronics due to its relative narrow
bandgap and asymmetric structure. Here, we employ benzyl viologen (BV) as an
effective electron dopant to part of the area of a p-type few-layer BP flake and achieve an
ambient stable, in-plane P-N junction. Chemical doping with BV molecules modulates
the electron density and allows acquiring a large built-in potential in this in-plane BP P-N
junction, which is crucial for achieving high responsivity photodetectors and high
quantum efficiency solar cells. As a demonstrative example, by illuminating it with a
near-infrared laser at 1.47 um, we observe a high responsivity up to ~180 mA/W with a
rise time of 15 ms, and an external quantum efficiency of 0.75%. Our strategy for
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creating environmentally stable BP P-N junction paves the way to implementing high
performance BP phototransistors and solar cells, which is also applicable to other 2D
materials.

Keywords: Few-layer black phosphorene; chemical doping; P-N junction; photodetector;

solar cells.

1. Introduction

Two-dimensional (2D) crystals have emerged as a novel class of materials with a
wide range of remarkable electronic and optoelectronic properties [1]. For example,
graphene and transition metal dichalcogenides (TDMCs) have rapidly established
themselves as intriguing building blocks for photonic and optoelectronic applicationsin
such as photodetection [2, 3]. Graphene-based photodetectors exhibit broadband and
ultrafast photoresponses, however suffering from the low absorption and short
photogenerated carrier lifetime due to the gapless nature. [4] Consequently, significant
efforts have been devoted to exploring photosensitive TMDCs such as single layer MoS,,
a widely investigated 2D semiconductor with a direct bandgap and strong absorption
coefficient [5, 6]. One of the enduring challenges in MoS, photodetectors is the large
band gap that limits its operation only in the visible and ultraviolet ranges [7]. As a result,
novel 2D materials with a direct, small band-gap together with high mobility have been
the long pursuit for extending high-performance photodetector in the infrared range.

Very recently, black phosphorene, the most stable allotrope of element
phosphorus with strong anisotropy and a direct bandgap ranging from 0.3 eV to 2 eV [8,
9] depending on the number of layers, has been isolated by both mechanical cleavage

strategy and chemical methods, which was demonstrated to exhibit a mobility up to 1000



cm?/V s [10-12]. Fast and broadband photoresponse in the visible and near infrared
ranges of few layer black phosphorene has been achieved, filling the gap between zero
bandgap graphene and large bandgap TDMC [13-15]. However, the performance is
limited by the low light absorption and photogenerated carrier separation efficiency. In
previous reports, a photovoltaic P-N junction photodetector with high responsivity and
detectivity has been realized by applying separate gates to form electrostatically induced
P-N junction in other 2D materials [16]. The photogenerated electron/hole pairs can be
separated by the internal electric field via a photovoltaic effect, which is analogous to
photodetectors based on dual-gated graphene [17] and WSe, P-N junctions [18-21].
However, the carrier density and carrier mobility in the n-doped region by the
electrostatic gating of few layer black phosphorene is relatively low [22, 23], which
limits the built-in electrical potential and the separation efficiency of photogenerated
carriers, thus limits the performance of phototransistors. In addition, the gate-induced
stress effect in dual-gated FET devices on SiO, wafer reduces the performance and
stability of the P-N junctions [16].

Other strategies such as contact engineering and thickness engineering are
promising to fabricate n-type BP FETs with high mobilities, however, are not capable of
being integrated into P-N junctions [24]. In this regard, several theoretical works have
alternatively been proposed to achieve n-doping of black phosphorene utilizing charge
transfer from chemical dopants [25]. Notably, in comparison with conventional
substitutional doping methods, the chemical doping can obtain a high carrier
concentration while still maintain the high carrier mobility of BP as the processes do not

induce defects in the crystal lattices. Up to date, however, only a few experimental works



have been carried out to investigate, control and modulate the electrical and optical
properties of the single layer or few-layer black phosphorene by chemical modifications
[26, 27].

In this work, we incorporate n-type doping of few-layer black phosphorene using
benzyl viologen (BV) as the surface charge transfer donor and achieve a P-N junction by
protecting selective regions of the channel with Al,O3. A theoretical model is developed
to analyze the chemical doping effects of BV and to achieve n-type few-layer black
phosphorene. Formation of the P-N junctions is crucial in determining the photoresponse
in our black phosphorene photodetectors as the photogenerated carriers can be separated
by the built-in electrical field. Our devices display a high responsivity of up to ~180
mMA/W in the near infrared range (1.47 pm) together with a response time of ~15 ms. As a
demonstration example, we also realized few-layer black phosphorene solar cells based
on the fabricated P-N junction structures, with remarkable power conversion efficiency of
0.75% under continuous white light illumination.

2. Results and discussion

2.1 N-type doping mechanism and design.
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Figure 1 N-type chemical doping mechanism of black phosphorene. (a) Relative band
alignment of BV molecule and phospherene corresponding to the standard hydrogen
electrode (SHE). The energy level of BV molecule was reported in previous reports [28].
(b) The charge quantity transferred from a BV molecule to phospherene. We also mapped
out the respective density profile of the electron at conduction band maximum (CBM)
and donor state of BV doped monolayer phospherene. (c) Partial charge density of the
conduction band minimum (CBM) and (d) the donor state of BV doped monolayer
phospherene.



Molecule doping is a flexible and effective method towards modulating the
electronic properties of 2D materials [28-31]. Here, we obtain n-type doing of few-layer
black phosphorene by using a typical benzyl viologen (BV) for surface charge transfer.
Based on the previously reported redox potentials for BV[28] (-0.79 V vs. SHE for
BVYBV* and -0.30 V vs. SHE for BV*/BV?, respectively) and the conduction band
maximum (CBM) and valence band minimum (VBM) for bulk BP [32], we can depict
energy diagram of the few layer BP and BV as shown in Figure 1(a). Even though the
VBM and CBM of few layer BP would be different from monolayer BP (the bandgap of
few layer BP is narrower than that of monolayer BP), the BV reduction potentials are still
at a higher energy level than the CBM of few layer BP. As a result, the Fermi level shifts
to the conduction band minimum, and a flat band appears just below the Fermi level after
doping with BV molecules. It is obvious that the flat bands may act as the donor states in
the BV doped phosphorene system, as shown in Figures (b). In addition, to achieve a
deeper insight into the electronic properties of the BV-doped phosphorene, we also
mapped out the respective density profile of the electron at valence band maximum
(VBM) and donor state of BV doped monolayer phospherene, as shown in Figure 1(c)
and (d), respectively. The efficient electron transfer and shallow donor state suggest that
the BV as an excellent donor doping in phosphorene system, can form a typical n-type
semiconductor.

2.2 Few-layer BP P-N junction fabrication and characterization

In our experiments, reduced BV is synthesized and extracted by using a biphase

of toluene and viologen-dissolved water [30] (Figure S2). The yield is confirmed by the

absorption spectra where the peak intensity at ~405 nm was changed but no peak shift is



observed with various BV concentrations (Figure S3). Few-layer black phosphorene on a
SiO; (285 nm)/Si substrate is peeled off via a modified mechanical exfoliation method
and identified by optical microscopy and characterized by AFM (Figure S4) [33]. Black
phosphorene FET is fabricated through standard e-beam evaporation after a
photolithography process and the optical image of the device is shown in Figure S5. Note
that few-layer black phosphorene is unstable in air and in water, we use a high
concentration developer (>75%) and avoid the over-development of the photoresist. In
order to obtain lateral P-N junction in the channel, we first cover half area of the black
phosphorene with Al,O3 which is in-situ oxidized by placing the thermal evaporated 10
nm Al in O, ambient for 6 hours while the other part of the device is protected by
photoresist. The AFM image (Figure S6) and XPS (Figure S7) demonstrate that uniform
Al,Os film is obtained by this simple strategy. Consequently, the photoresist is removed
by acetone and kept in a vacuum chamber before further treatment. Lastly, the device is
immersed in the BV solution (in toluene) and BV molecules are absorbed on the surface
of the exposed area, forming a P-N junction while the Al,O3 covered region remains p-

type as shown in Figure S8.
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Figure 2 BV doping effect of few-layer black phosphorene. (a) Transfer characteristic
curve of the source-drain current (lg) versus gate voltage (V) of the BP FET recorded at
the indicated source-drain voltages (V). (b) Source-drain current (l4) versus source-drain
voltage (Vy) of the BP FET recorded at different gate voltages (V) ranging from -30 V to
30 V with a step of 10 V. (c) Transfer characteristic curve of the source-drain current (ly)
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versus gate voltage (Vg) of the BV doped BP FET with different doping times. (d)
Source-drain current (lg) versus source-drain voltage (V4) of the BV doped BP FET
recorded at different gate voltages (Vg) ranging from -30 V to 30 V with a step of 10 V,
the doping time for this measurement is 60 min. (e) Raman spectrum of the BP flake
before (undoped, black curve) and after BV doping with 60 min (doped, red curve). (f)
Reversibility of the BV doping effect of black phosphorus.

The few-layer BP flake of ~20 umx1.4 um is exfoliated from bulk BP crystal and

transferred to a heavily doped silicon substrate with a 285 nm SiO, capping layer. The
thickness of the flake is ~2.9 nm (5 layers), which is measured by atomic force
microscopy (AFM) as shown in Figure S5. The Raman spectrum of the channel area of

the BP FET is depicted in Figure 2(e). The peaks at ~361 cm™, ~440 cm™, ~468 cm™

originate from the vibrations of the crystalline lattice, which is attributed to the A;, B;

and AS phonon modes and matched well with the Raman spectroscopy in bulk black

phosphorus [34] and recent studies of single and few-layer phosphorene [27, 35, 36]. The
I-V output of the few-layer BP FET shows a clear signature of p-type transistor behavior
as shown in Figure 2(a) and 2(b). The drain current varies linearly with small source-

drain biases, indicating a Schottky-like contact at the metal/BP interface. The mobility

can be calculated byy:;xdixi , Where L=1.7 um, W=1.4 um and d=285 nm
W x(ge, /d) dV, V,

denote the channel length, width and the thickness of SiO, layer (285 nm in our
experiments), respectively. Vg4, I and V,, denote the source—drain bias, source—drain
current, and bottom gate voltage in the linear region in the 14—V curve. g and & are the
vacuum dielectric constant and the dielectric constant of SiO; (e = 3.9), respectively. The
calculated mobility of our device is about 180 cm?V s, which is on a par with the

previous reports [37-39]. On the other hand, the hole concentration can be estimated



based on the transfer plot by the formula below: n=-—

M, where C. is the

capacitance per unit area between BP and the back gate is given by C, = gy¢, /d and V,,

is the threshold voltage of the device. For example, the electron concentration under Vg =
60 V bias can be estimated to be ~2.5x10% cm™, which is much higher than those
obtained by dual-gated BP P-N junctions "® and WSe, P-N junctions [21]. This
demonstrats the unique advantages of the chemical doping strategy proposed in this work.

After BV doping, the carrier type is converted from p-type (hole carrier) to n-type
(electron carrier) as shown in Figure 2(c) and 2(d) that the BV doped BP FET exhibits
high on-current as positive gate bias while negligible off-current at negative gate bias.
The mobility of the FET is ~100 cm?/V s for the device doped in BV solution for 240 min,
which is about half of the pristine BP FET. However, the electron mobility of our devices
is much higher than those obtained by the conventional electrostatic gating method [16,
38], presenting a unique feature of BV based n-type doping method. To furher explore

the mechanism to the doping strategy, the doped samples are also characterized by

Raman spectroscopy (Figure 2(e)). Compared to pristine samples, the Ag shifts to a

lower wavenumber due to the softening of Ag vibrations at high electron concentrations,

indicating a Fermi level shift in the few-layer BP flake. Furthermore, the full width at
half maximum (FWHM) of the AS peak shows a clear broadening, which is analogous to
G-peak broadening in doped graphene [40]. All these indicate that the doping effect can
be ascribed to the electron donation of BP during the charge state conversion of viologen

from V° to VV?* as shown in Figure 1(d) and Figure S2. Another unique property of this

method is that the BV molecule can be desorbed by immersing in toluene solution. The
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dopant molecules gradually desorb from the surface and dissolve in toluene after
immersion for 24 hours, and the doping effects are converted back to the original state as
shown in Figure 2(f). The dependence of mobility on doping times and the reversibility
of the doping effect indicate that the carrier type and concentration can be controllably
engineered by the dopant amount and time, making it promising to fabricate N-type black
phosphorne and further P-N junctions within the channel.

2.3 Electrical characterization of few-layer BP P-N junction
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Figure 3 Electrical characterization of partially BV-doped BP P-N junction. (a)
Transfer characteristic curve of the source-drain current (lg) versus gate voltage (V) of
the BP FET immersed in BV solution for 60 min. (b) Source-drain current (lq) versus
source-drain voltage (Vq) of the BV doped BP FET recorded at different gate voltages
(V) ranging from -30 V to 30 V with a step of 10 V, the doping time is 60 min. (c)
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Transfer voltage of the BV doped BP FET as a function of the doping time. (d) Band
diagrams illustrating the different device configurations with various gate voltages.

Covering the BP channel partially can independently control the carrier type and
density on the left and right side as shown in Figure 1(d). The partially doped BP FET
shows low off-current down to 10 %% A and large on-current in both p-region and n-region
(Figure 3(a)), indicating good control of the doping type and concentration in the BP
channel. By varying the bottom gate, the channel can be converted from PP type to NN
type. In Figure 3(b), device located in the NN (V4= —30 V) and PP (V4= 40 V) region
exhibit much higher current values compared to those of NP region (0 < V< 40 V). On
the other hand, the negligible current in the NP configuration with a reverse bias and the
high rectification (>10°) factor in the |-V characteristic indicate the formation of a
junction diode. The origin of the strong current modulation induced by gating can be
explained by the band diagram in Figure 3 (d). The PP and NN regions show higher
current because the hole (or electron) conduction is dominant as the homogeneous
electric field formed in the channel.

Figure 3(c) shows the controllability of the doping efficiency on the channel,
which is essential in designing the mobility of various semiconductor devices. Analogous
to other two dimensional materials, we define the voltage where the carrier changes from
n-type (p-type) to p-type (p-type) with the transfer voltage (V). With an increasing
doping time, V1 decreases from 31 V to 15 V, which is consistent with the results in BV
doped BP FET as shown in Figure 3(c) and shows a higher doping level with longer
doping time. Therefore, the transfer voltage of the formed P-N junction can be tuned
flexibly by controlling the doping time. By fitting the 1-V curve of the p-n junction in

Figure 3(b) with a modified Schottky diode equation based on Lambert W-function [41]
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(see Supplementary Information) and extended to include a series resistance (Rs):

:”R—V‘ {';53 exp((vd:\l/sRS)j}—lo , Where n is the diode ideality factor (n=1 is the ideal

t t

Iy

case), W is the Lambert W function. We also obtain n = 2.28~2.63 for the devices
operating in the P-N configuration, which is higher than that of the dual-gated WSe, P-N
junctions.”® 21 The high ideal factor might be attributed to high defect scatterings
induced by chemical doping processes and also indicates that the source-drain current is
mainly limited by the recombination rather than diffusion [42]. On the other hand, we
obtain Rs~2 MQ due to the contact resistance at the BP/electrode interface. The series
resistance (Rs) is one order smaller than the dual-gated BP or WSe, P-N junctions [16,
21], and also smaller than WSe, P-N junctions capped with a high-k HfO, layer[20]. This
demonstrates another advantage of our strategy of chemically doped P-N junction. Our
observation also agrees well with the previous report that the contact resistance can be
reduced by ~3 times through BV doping of MoS; [28]. Another effect that contributes to
the small R; is the passivated Al,O3 layer which decreases the contact barrier of the BP/
Al,O3 interface. As reported before, the negative fixed charges originated from the Al,O3
layer induces band bending in the BP/ Al,O; interface [43]. The in-situ oxidized
amorphous Al,O3; layer may induce negative fixed charges by the following two
mechanisms. Firstly, the Al,O3 layer could be dissociated into negative AlOy," structures

compensated by positive AI**

. Secondly, the OH groups as indicated in the XPS spectrum
(Figure S7) would be trapped in the Al,O3 layer. Investigating the effects of chemical
doping and a passivation layer on the contact resistance and FET device performance will
be the focus of future works.

2.4 Optoelectronic properties of few-layer BP P-N junction
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Figure 4 Optoelectronic performance of BV-doped BP P-N junction. (a) Gating
response (lg-Vg) of BP P-N junction photodetector in dark (red dots) and under 1.47 pum
fiber laser illumination (black dots), acquired for backgate voltage V4 between -50 V to
50 V. lllumination power density is 50 W/cm?. (b) Time-resolved photocurrent under
modulated laser excitation (~5 Hz, P=50 W/cm?), recorded for bias voltage V4 = 5mV
and gate voltage Vg = 30 V. The sample measured in (a) and (b) are the same sample

which is doped for 30 min. (c) Zoom on a single switching cycle at 5Hz frequency. Rise
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(fall) times are defined as the time for current rising from 10% to 90% (90% to 10%) of
the maximum photocurrent. (d) I-V characteristics in P-N configuration under
illumination with different power densities (10 to 50 W/cm?) on the device. The
intersections of the 1-V curve with the coordinates are defined as open-circuit voltage V.
(X-axis) and short-circuit current ls. (Y-axis). (e) Dependence of open-circuit voltage
(Voc) and photocurrent on doping time, recorded for bias voltage at V4 = 5mV and
illumination power density of 10 W/cm?. (f) Dependence of open-circuit voltage (Vo)
and photocurrent on illumination density. The sample is doped for 30 min.

The efficient and tunable P-N junction is critical to the separation of photoexcited

electron/hole pairs and thus allows us to investigate the properties of optoelectronic
devices such as photodetector and solar cell based on BP P-N junction diodes. The whole
device is illuminated by a laser beam (A = 1.47 pum) with a diameter of ~500 um. The
photocurrent dependence on backgate voltage as shown in figure 4(a) clearly indicates
that the off-current increases ~4 orders, demonstrating that the photocurrent dominates
over thermionic and tunneling currents in the photodiode operation with backgate voltage
ranging from =50 V to 50 V. In Figure 4(b) and (c), we explore the time-resolved photo-
switching by a modulated laser beam (A = 1.47 um) via a mechanical chopper with a
frequency of 5 Hz (see Supplementary Information). This demonstrates that BP based
devices are can be operated in the near-infrared range, which is superior to other 2D
materials based photodetectors limited in the visible or ultraviolet range due to their
larger bandgap [6, 7, 21, 44]. The responsivity (R) is obtained byR =1, /PR, , where the
photocurrent 1, =1, -1, and Pj, is the input power incident on the device area. We
measure responsivity up to 180 mA/W under power density of 50 W/cm? with a small
source-drain bias (Vq=5 mV), and find that the responsivity increases with the decrease

of excitation laser power density (Figure 4f). By fitting the responsivity vs power density
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with R =cP,*(C is constant) we get oo = 0.82, indicating that the high recombination of

the photogenerated carriers is attributed to the trap states and electron/phonon
interactions [45]. In our experiments, the recombination efficiency can be greatly reduced
by the built-in electric field (P-N junction barrier). As a result, the photocurrent, under a
constant illumination, increases exponentially with the increasing of doping time which
controls the doping level and thus tunes the formed built-in electric field.

The response time (t) and detectivity (D) of the photodetector are other key
specifications for the BP P-N junction photodetector. As shown in Figure 4(c), we
measure the 10%-90% rise and fall times are 1; = 15 ms and 1, = 30 ms, respectively. The
response times are on a par with previous BP based photodetectors and can be further
enhanced by optimizing the doping process and the device architectures. The slower fall
time observed in our experiment might be related to the relaxation of deeply trapped
states. From the practical point of view, specific detectivity is a measure of detector

sensitivity and given by D=1, /P, [2el,, , Where1, is the dark current generated by the

thermionic and tunneling effect. The detectivity for our devices under 1.47 um is in the
range of 10*-10" cm Hz"4W and increases with the increasing of doping time, which
could be explained by the fact that longer doping time forms the higher barrier that
blocks the thermionic and tunneling current. The detectivity of the BP P-N junction
photodetectors is on a par with common near infrared photodetectors based on Si,
InGaAs and polymer having a detectivity of ~10"*~10" cm Hz"%W, which is limited by
shot noise of the dark current [46].

We now turn to the specifications of the power conversion properties of the BP P-

N junction. Figure 4(d) displays 1-V characteristics in P-N configuration under
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illumination (A=1.47 pm) with various power densities. The open-circuit voltage (Voc)
which is determined by the barrier height shows a linear dependence on the doping time
and thus could be tuned by the BV doping as shown in Figure 4(e). Furthermore, the
open-circuit voltage (Voc) increasing logarithmically and short-circuit current (lsc)
increasing linearly with the increase of power density as shown in Figure 4(f) are in good
agreement with ideal solar cell configuration, demonstrating the photocurrent generation
is dominated by the photovoltaic effect [21].

To investigate the power conversion efficiency (n) of the fabricated BP P-N
junction diode as a solar cell, we consider the active area to be the entire BP channel
region between the source and drain electrodes as an estimate. According to the
configuration of a conventional solar cell, the output electric power can be calculated by

P

out

=V, x I xFF , where FF is the filling factor and determined by the ratio of the area

covered by the I-V curve to the maximum output power P =V, x I, and can be defined

asFF = J‘Ovm 1(V)d, / (Vo xIg.) . The power conversion efficiency (1) is defined asn =P

out / Pin *
For instance, we obtain 1~0.75% for the input power density of 10 W/cm? which is
higher than previous reports even though it is underestimated as we assume the whole

channel is the active region rather than the depletion region only [16].

3. Conclusion

In summary, we have demonstrated that few-layer BP P-N junction
phototransistors fabricated by partially BV doping show strong rectifying current. The
barrier height of the P-N junction can be controlled by the doping time and efficiently
separate the photogenerated electron/hole pairs. Under near infrared laser illumination on

the junction, the diodes produce considerable performance with high detectivity of ~10*-
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10" Jones and responsivity of ~180 mA/W at a low bias of 5 mV via photovoltaic effect.
Furthermore, we have also demonstrated that the fabricated BP P-N junction diode can be
employed as a photovoltaic solar cell with power energy conversion efficiency of ~0.75%.
Our results are expected to fabricate flexible and transparent photodetectors and solar
cells that could be compatible with glass and polymer substrates, promising for new
generations of high performance charge-coupled devices (CCD), image sensors, displays
and solar cells. We also expect our environmental encapsulation techniques to be

applicable to the research of other two-dimensional materials.

Supporting Information
Supplementary data associated with this article can be found in the online version.
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Supporting Information

Lateral Black Phosphorene P-N Junctions Formed via Chemical Doping for High
Performance Near-infrared Photodetector

Xuechao Yu?, Shengli Zhang®, Haibo Zeng”*, and Qi Jie Wang®*

& Centre for OptoElectronics and Biophotonics, School of Electrical and Electronic
Engineering, Nanyang Technological University, 50 Nanyang Avenue, 639798,
Singapore

b Country Institute of Optoelectronics & Nanomaterials, Herbert Gleiter Institute of
Nanoscience, College of Materials Science and Engineering, Nanjing University of

Science and Technology, Nanjing, 210094, China

Computational methods

The computations were performed by using the DMol® code with all-electron method,
under periodic boundary. Geometry optimization and band structure calculations were
under the exchange correlation term of generalized gradient approximation (GGA)® . The
double numerical plus polarization (DNP) basis set®* and Perdew, Burke, and Ernzerholf
(PBE) functional* were adopted in all computations. It is known that the framework of
standard PBE functional don’t contain weak interactions, so PBE+D2 (D stands for
dispersion) method with the Grimme vdW correction was adopted to describe the weak
interactions®. To ensure high quality results, convergence criterion on the total energy and
electronic computations was chosen as high as 10° a.u. and the real-space global orbital
cutoff radius was 4.7 A in all the self-consistent field (SCF) computations. To study TTF
and BV doping of phosphorene, we adopt an 8x6x1 supercell with a large vacuum gap of
25 A in the z direction. The Brillouin zone was sampled with a 3x3x1 I'[Jcentered k
points setting in geometry optimization.
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Figure S1. The optimized possible configurations for the adsorption of BV molecule

on the basal plane of phosphorene.
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Figure S2. Reversible redox reactions of BV with Gibbs free energy differences.
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Figure S3. Absorption of the synthesized BV with various concentrations.
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Figure S4. AFM height profile and image of few-layer black phosphorene.

/

Figure S5. Optical image of few-layer BP p-n junction device. The scale bar is 100 pm.
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Figure S6. AFM image of in-situ oxidized Al,Os.

(a) . (b) ﬂ\ o1s

Intensity (a.u.)
Intensity (a.u.)

76 75 74 73 535 534 533 532 531 530 529 528
Binding energy (eV) Binding energy (eV)

Figure S7. XPS spectrum of in-situ oxidized Al,Os. (a) Al 2p core level. (b) O 1s core
level.
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Figure S8. Schematic illustration of fabricating BV doping of few layer black
phosphorene into P-N junction. (a) Few layer black phosphorene is isolated on SiO,/Si
wafer, the thickness of SiO; is 285 nm, heavily p-doped Si is also used as the bottom gate
electrode. (b) Ti/Au (20 nm/80 nm) electrode is deposited by e-Beam evaporator after a
photolithography process. (c) Half of the black phosphorene channel is covered by
thermal evaporated Al which is oxidized into Al,O; under ambient. (d) The Al,O3
covered black phosphorene field effect transistor (FET) is immersed in BV solution, the

exposed area is n-doped by the BV molecule.
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Figure S9. Optical images of few layer BP before (a) and after oxidation (b).
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Figure S10. Energy band diagram of the formed black phosphorene P-N junction.

Device analysis:
The barrier height can be estimated by fitting the rectifying I-V curves with the modified
Shockley equation

Lo expletaRey g Ve slaRe VO VR,
d
) th RP RPZ RPlRPZ
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I, :n_VtW IsRs exp (V,+15Rs) 1,
R nv, nv,

t t

With V, =k,T /q
In the calculation of responsivity (R), B, =P, xS . For example, when Pgensity = 50
W/cm?, Pin=0.9 uW. so we can estimated the R~180 mA/W.
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