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Metal-semiconductor diodes constructed from two-dimensional (2D) van der Waals heterostructures
show excellent gate electrostatics and a large built-in electric field at the tunnel junction, which can
be exploited to make highly sensitive photodetector. Here we demonstrate a metal-semiconductor pho-
todiode constructed by the monolayer graphene (Gr) on a few-layer black phosphorus (BP). Due to the
presence of a built-in potential barrier (~0.09 + 0.03 eV) at the Gr-BP interface, the photoresponsivity of
the Gr-BP device is enhanced by a factor of 672%, and the external quantum efficiency (EQE) increases to
648% from 84% of the bare BP. Electrostatic gating allows the BP channel to be switched between p-type
and n-type conduction. We further demonstrate that excitation laser power can be used to control the
current polarity of the Gr-BP device due to photon-induced doping. The versatility of the Gr-BP junctions
in terms of electrostatic bias-induced or light-induced switching of current polarity is potentially useful
for making dynamically reconfigurable digital circuits.

© 2021 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Black phosphorus (BP) has attracted strong interests beyond
graphene due to its high carrier mobility and layer-dependent
bandgap (~0.3 eV for bulk and ~2.0 eV for monolayer) [1-3]. Few-
layer BP has been considered as an excellent platform for pho-
totransistors due to light-driven thermoelectric, photobolometric
and photovoltaic processes [4]. Previously, few-layer BP photode-
tectors have been demonstrated to exhibit fast and wide-spectrum
responses with a photo-responsivity up to 4.8 mA/W [3,5]. The
shortcomings of using few-layer BP as a photodetector include the
unintended p-doping of BP, which reduces the photocarrier mo-
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bility through electron-electron scattering [4]. Moreover, the small
bandgap of few-layer BP results in a high dark current [4,6,7]. To
improve the photoconductive response, the barrier height at the
BP-metal interface needs to be tuned by doping BP and shifting
its Fermi level [4]. For instance, chemical doping and other surface
modifications (photoresponsivity of 2.56 A/W after 8.0nm MoO;3
coating and 1.88 A/W after 8.0 nm Cs,CO5; doping, respectively)
have been applied to enhance the photoresponsivity, although
chemical modifications are typically disadvantaged by their chem-
ical instability [8,9]. Alternatively, electrostatic doping and photo-
induced doping, which are continuously tunable, non-destructive
and implementable in ambient atmosphere, may be more suitable
to tune both the polarity and magnitude of the photocurrent in 2D
materials [10,11]. Theoretical simulation predicts that the electrical
and optical properties of ultrathin BP can be effectively tuned by
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electrostatic doping. Arising from the puckered honeycomb struc-
ture of BP, its band edges are mainly contributed by localized P 3p,
orbitals, which have a strong response to the external perpendicu-
lar electric field [12-14].

Recently, van der Waals (vdW) heterostructures based on 2D
materials have been used to fabricate optoelectronic devices owing
to the abrupt tunneling junction and strong photon-matter inter-
actions [15-19]. A ladder-type band structure in such heterojunc-
tion can be exploited to separate photo-excited electrons and holes
(e-h) pairs, thereby reducing the recombination probability. More-
over, due to the absence of Fermi pinning effect that is universally
observed at the traditional metal-semiconductor interface [1,3,13],
the weak screening effect [12] and the ultrathin nature of 2D het-
erostructures allow the reversible modulation of band alignment
via applying a perpendicular electric field, which opens a new av-
enue to tune the optoelectronic properties of 2D heterostructures
[20-26].

Herein, we studied the photoresponsivity of a bipolar photo-
transistor using a vdW-stacked monolayer graphene (Gr) on a few-
layer BP flake. The photoresponsivity of the Gr-BP phototransis-
tor is improved by a factor of 672% and its corresponding EQE
is increased from 84% to 648% compared to that of a device us-
ing a bare BP. In addition, both photoresponsivity and the polar-
ities of photocurrent of the Gr-BP heterojunction could be tuned
by electrostatic gating. We further demonstrate that n- or p-type
dominated transport in the device can be manipulated by laser
power through photo-induced doping, which is unreachable for
neither the bare BP device nor heterostructure with all Gr above
BP flake in the previous reports [2,3,6,8,10,14]. Our results suggest
that Gr-BP heterostructure shows great potentials as a platform for
broadband photodetectors, photoinverters and reversing commuta-
tors [6,11,19,21,25].

The exfoliations of graphene and black phosphorus were car-
ried out in a glovebox filled with argon gas (O, < 0.5 ppm and
H,0 < 0.5 ppm). Typically, thin BP flakes were directly mechani-
cally exfoliated onto Si/SiO, (300 nm oxide layer) substrate from
bulk BP crystal (HQ graphene) using blue “magic” tape. After that,
the desired rectangle shape (length >30 pm, thickness ~5-20 nm
BP flakes were located under optical microscopy for further stack-
ing. Monolayer graphene was exfoliated onto PDMS films and then
partially transferred onto BP flake with a dry transfer method via
a home-built transfer platform in an argon glovebox. The Gr-BP
stacks were then annealing at 180 °C in the glovebox for 30 min
to remove possible air bubbles and form good contact. After these
processes, the Gr-BP heterostructure was spin-coated with a PMMA
layer both as a protective layer and a photoresist layer for electrode
fabrications. In this work, Cr/Au (2 nm/60 nm) was chosen as metal
electrodes, respectively.

The Gr-BP heterostructure (Fig. 1a) was fabricated on a silicon
wafer (with 300 nm SiO,). Monolayer Gr and few-layer BP flake
were precisely stacked together using a dry-transfer method (see
Experimental section in Supporting information) [11,25]. To avoid
oxidization of BP, all the exfoliation and transfer processes were
conducted in a glovebox filled with argon gas. Fig. 1b shows the
atomic force microscopy (AFM) image of a completed Gr-BP de-
vice. From the topography, the BP flake is smooth, and the thick-
nesses of BP and Gr were determined to be ~8.0nm and ~0.5 nm,
respectively (see Fig. S1 Supporting information for height pro-
file). To investigate the interfacial quality and charge transfer of
Gr-BP heterostructure, spatially resolved Raman was employed [2].
As shown in Fig. 1c, the G peak (the high-frequency E;; phonon
at I' point) redshifts from 1580 cm~! to 1572 cm~! and the fre-
quency of 2D peak (second-order Raman scattering by two optical
phonons) blueshifts from 2677 cm~! to 2688 cm~!, a clear indica-
tion that graphene is n-doped by underlying BP flake [2,27]. Fig. 1d
displays the integrated intensity of Ag! peak of few-layer BP flake
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after measurement. The Ag! signal is uniform throughout the en-
tire BP flake, and its Ag!/A¢? intensity ratio > 0.9 is typical for a
pristine BP flake [28]. It is worth noting that phosphorene oxides
and suboxides (bandgap ~4.6 eV from PBE method) typically give
an Ag'/Ag? ratio < 0.6 (Fig. S2 in Supporting information), thus we
can conclude that these oxides are absent in our studies [14,29].

Fig. 2a shows the schematic illustration of the Gr-BP device.
For comparison, bare BP device with similar thickness was also
tested. As shown in Fig. 2a, the electrode attached with Gr was
chosen as drain throughout the whole measurements unless oth-
erwise specified. Fig. 2b shows the plot of photo-induced current
density (I,,) versus bias (Vgs) of bare BP and Gr-BP devices under
global irradiation (532 nm, 1 mW/mm?). It is seen that Gr-BP de-
vices show higher output Iy, over a Vg4 range from —0.05 V to
+0.05 V and fast on-off photoresponse (Vy; = +0.05 V, Fig. 2c).
To assess the performance of our device, photoresponsivity (R) and
external quantum efficiency (EQE), the figures of merit of photode-
tector devices, are calculated according to the following equations
[3,8]:

R = Iyn/(PS) (1)

EQE = hcR/(el) (2)

where I, is the photocurrent induced by incident light, P stands
for the light intensity, S is the effective area under illumination, A
is the wavelength of the incident light, h, c and e represent the
Plank constant, the velocity of light and the charge of the electron,
respectively. Based on Eq. 1, the photoresponsivity of Gr-BP hetero-
junction is significantly enhanced (~672%) over the bare BP device,
increasing from 3.6 x 102 mA/W to 2.8 x 10> mA/W and the cor-
responding EQE increases dramatically up to 648% from 84%, which
are higher than previously reported metrics of BP-based photode-
tectors (Table S1 in Supporting information) [3,8].

In order to investigate if the Gr-BP interface contributes to
enhanced photoresponse by charge separation or built-in poten-
tial, a scanning photocurrent microscope (SPCM) equipped with a
focused laser beam was used to identify individual contribution
(sketched in Fig. 2d). Fig. 2e shows the J-V (where J represents
current density) curves with the laser-focused at five regions (as
marked in the right insert). All five regions show photo-response
but with different magnitudes (Fig. S4 in Supporting information).
A weak rectifying behavior was observed with photocurrent in-
creasing at V4, > 0 V but decreasing at V4, < 0 V, revealing
the existence of a small potential barrier that modulates the po-
larity of current flow. Among the five regions, the Gr-BP junc-
tion shows the highest photocurrent of 3.4 x 10° mA/cm? (Jyap
~1.96 x 10°> mA/cm?, V4, = +0.05 V), thus it is responsible for the
dramatic differences in photocurrent between bare BP and Gr-BP
devices (as exhibited in Figs. 2b and c). Notably, the output of the
Gr-BP device presents photovoltaic characteristic. Fig. 2f shows the
short-circuit current (Isc) and open-circuit voltage (Voc) acquired
under light illumination with a power of ~1.2 mW. Among them,
the Gr-BP heterojunction shows the highest photocurrent, espe-
cially at its edge region, might be due to energy band depletion
at the edge that generates potential at the edge and contributes
to the output current (Figs. S4 and S5 in Supporting information).
The existence of Vo (—0.013 V) and Is (0.6 pA) proves that the
photoresponse behavior of the Gr-BP device is dominated by the
photovoltaic effect rather than thermal driven processes [4].

To determine the band alignment between Gr and BP, ultravi-
olet photoelectron spectroscopy secondary electron cut-off ener-
gies of bare BP flake, bare graphene films, and Gr-BP heterostruc-
ture (Fig. 2g). Accordingly, their work functions are measured to be
Dpp = 447 eV, &g = 4.50 eV and Pg.pgp = 4.37 eV (see Experi-
mental section in Supporting information for calculation details),
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Fig. 1. Schematic drawing and characterizations of Gr-BP heterostructure device. (a) Schematic diagram of Gr-BP heterostructure. Exfoliated graphene and BP flakes are
partially overlapped in order to study the origin of photoresponsive enhancement. (b) AFM image of Gr-BP device. The graphene flake is marked in a white dashed line,
while BP is enclosed in a green dash line. The white spots in graphene-covered region represent air-trapped bubbles/wrinkles. The scale bar is 5 pm. (c) Corresponding Raman
spectra from three selected regions marked in (b) for comparison. For visualization, the signal of Gr (on BP flake) is enlarged by a factor of 10 to cancel the intensity loss
from varied interference phenomena. The bottom BP and Gr symbols represent the intrinsic signals of BP (pink region) and Gr (purple region), respectively. For clarification,
the peak at ~520 cm~! origins from the underlying silicon substrate. (d) Raman spatial mappings of representative Ag' of black phosphorus.

respectively, which are in good agreement with the previous re-
ports [30-32]. Based on the above values, we can conclude that
graphene is n-doped (~0.13 eV), and BP flake becomes highly p-
doped with Er ~0.02 eV above the valence band maximum (Eygy ).
With this information, the energy band diagrams are constructed
as shown in Fig. 2h. For Gr-BP device, due to the initial p-doping
of BP (possibly originating from impurities and defect, Figs. S6 and
S7 in Supporting information for XPS and STM data), downward
band bending occurs at the interface to create a built-in poten-
tial (@y,;) proportional to @g;-Eygy (~0.09 £+ 0.03 eV). Due to the
built-in potential, Gr-BP heterojunction shows a rectifying behav-
ior (Fig. 2i). Upon photo-excitation, e-h pairs are generated in BP;
after exciton dissociation, electrons are injected into a more con-
ductive graphene layer, while the Schottky barrier at the interface
blocks hole transport to graphene [32-34].

Next, the photoresponse of Gr-BP heterojunction is electrostat-
ically modulated using a back gate. Fig. 3a shows the -V, data
of the Gr-BP device with and without ~1.4 mW laser illumination
(Vgs = +0.1 mV). In the dark, the Gr-BP device shows ambipo-
lar and hole-dominant characteristics with hole mobility ~1320
cm2 V 1 s -1 and electron mobility ~745 cm=2 V ~1 s ~1, These
values are two times larger than those of the bare BP device with
the similar thickness (see Fig. S9 in Supporting information for
bare BP device). Upon photo-irradiation, the photocurrent mono-
tonically decreases with Vg ranging from —50 V to around +27.5 V;
this is followed by a sharp decline, and then the photocurrent
becomes negative when Vy; > ~36.3 V. Fig. 3b shows the gate-
tunability of output I-V characteristics from the same device (see
the dark and illuminated current comparison in Fig. S10 in Sup-
porting information). Fig. 3c shows that the polarities of photocur-
rents (I, here V4o = +0.05 V) are opposite at negative and posi-
tive gate regimes; there is a higher current at negative gate volt-
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age compared to positive gate voltage, which allows the types and
heights of Schottky barrier across the Gr-BP junction to be deter-
mined. When V; < 0 (Fig. 3d), the accumulation of holes at BP
increases the downward band bending. Therefore, the wider de-
pletion region (W) and larger potential barrier height (@y;) pre-
vent the tunneling or thermal injection of holes from BP into
graphene. In this regime, the photocurrent increases monotonically
with the magnitude of the negative gate voltage. In contrast, a
positive gate voltage (0 < Vg < Visa» Fig. 3e) reduces the bar-
rier height as well as the depletion width in the BP layer, thus
allowing holes to overcome the barrier through thermal emission
process and recombine with electrons, as a result, the photocur-
rent gradually decreases at higher positive gate voltage. At even
higher positive gate voltage (Va1 < Ve, Fig. 3f), the Eg is shifted
closer to the conductance band, and the band bending reverses,
thus the channel becomes n-type. The Schottky barrier height (@")
at the CB and depletion region in the BP flake gradually dominates
the charge transfer at the interface by suppressing photo-excited
electron from BP, leading to a reversal of the direction of the
photocurrent.

We performed density functional theory (DFT) calculation to
investigate gate-modulated electronic properties of Gr-BP het-
erostructure to gain more insight. The interlayer distance between
graphene and bi-layer BP (Fig. 3g) is calculated to be 3.45 A. This
vdW gap confirms the weak nature of the interfacial interaction, in
good agreement with previous studies [35-37]. Fig. 3h shows the
electronic band structure of Gr-BP heterostructure, from which it
is clear that both the projected band structures of graphene and
BP maintain the characteristics of the isolated counterparts upon
their contact. The VBM of BP is close to the Fermi level of graphene
and a p-type semiconductor/metal Schottky barrier is present. Due
to the weak screening effect of BP and Gr, the contact barrier at
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Fig. 2. Photoresponse behavior and Gr-BP heterostructure. (a) Sketches of G-BP heterostructure under global illuminations. For the Gr-BP device, single-layer graphene was
used as a source electrode. (b) I,,-Vys characteristics of bare BP and Gr-BP device under global laser irradiation with the same laser intensity. (c) Photoresponse behavior
comparison between bare BP and Gr-BP devices. (d) Schematic diagram of Gr-BP heterostructure. (e) J-V curves of Gr-BP device with laser focusing on different regions.
Inset shows the optical image of the device marked with different color spots for clarification. (f) Voc and Isc of the Gr-BP device with various parts exposed to laser
illumination. (g) UPS data of bare Gr, bare BP and Gr-BP heterostructure. (h) Thermal equilibrium energy band alignment of the separated integral parts with V4 = 0 V. (i)

Power-dependent photoelectric behavior of Gr-BP heterostructure.

the BP-Gr interface can be surmounted effectively by applying an
external perpendicular electric field (Eext) [35]. By considering Gr
as the metal contact and few-layer BP as the semiconductor chan-
nel, the Schottky barrier height (SBH) could be estimated following
Schottky-Mott rule, Eg = q&P + q&", where &P and @" represent
the barriers against the hole and electron flow between Gr and BP,
respectively [38]. Fig. 3i depicts the evolution of the contact barri-
ers as a function of the applied electric field strength (see Fig. S11
in Supporting information for the evolution of band structure as a
function of Eext). Subjected to a negative electric field (Eext < 0 V),
the Dirac cone of graphene shifts towards the VB of the BP, render-
ing the contact ohmic. In contrast, for increasing positive Vg, the
Dirac cone gradually moves towards the CB of BP. When the elec-
tric field is larger than 2 eV/nm, the contact barrier @ becomes
smaller than @", turning the contact into n-type. These theoretical
findings agree well with our experimental observation. We would
like to point out that the layer-dependent bandstructure of BP, ini-
tial p-doping level and the approximation of exchange-correlation
functionals render it highly challenging to calculate the exact bar-
rier height, but the trend of the charge transfer and barrier vari-
ation with applied electric field is valid and consistent with the
experimental observation.
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In Gr-BN [34], BP-ZnO [39] and BP-TiOx [40] system, a tun-
able photo-induced electron transfer has been reported at the in-
terface. Spatial segregation of holes and electrons occurs at dif-
ferent layers, which rearranges the band alignment between two
components. Similarly, we found that the Gr-BP heterostructure
is capable of showing photo-induced electron transfer. Since ab-
sorbents and moisture easily contaminate graphene, all measure-
ments were conducted in a vacuum cell, and thermal annealing
was carried out to remove any impurities. Figs. 4a and b illustrate
the origins of the photo-doping induced inversion. In the dark state
(Fig. 4a), when BP is positively biased, the direction of the cur-
rent is from BP to graphene. Upon laser illumination (Fig. 4b), elec-
trons are photo-excited from donor-like defects in BP to the con-
duction band; some of these electrons compensate the holes in BP,
while excess electrons created by higher laser photoexcitation mi-
grate to graphene and gives rise to a reverse current. In addition,
this migration lifts the Er of graphene while lowering the Er of BP,
as a result, band realignment occurs. A direct proof of the photo-
induced doping effect is the shifting of Dirac point of graphene in
Gr-BP FET device (all graphene placed on top of BP flake, Fig. S13
in Supporting information) upon illumination, where the charge
neutral point of graphene shifts to higher negative gate voltage



Y. Liu, M. Yang, J. Lu et al.

Chinese Chemical Letters 33 (2022) 368-373

a b c
— 10 p=t4mw - 20 12
light L ] % sov — .
< 081 g2 < 10°] — % s o1
3 I e ov z |z
- -30 vo (V?O ' . 1 | I =4 " 0 =1
S 04 (] S 10 . ) 8 ) . = = 210 =
g s ’ } dark N o . | -
S dark O ]
QS golm—m - 1074 10+ . « dark 17
light |
. ‘ . . 10,‘,‘ ' ' ‘ ' 20{ . .. Ig. |2
40 20 0 20 40 -50 25 0 25 50 40 20 0 20 40
Ve (V) Voltage (mV) Ve (V)
d e f
Vg= Veitical
\
W\ /
\/
/
A f
/ \
g h i
Top view Side view 0.9
—o_,
e
0.6 , - ®.
; q‘pn \.\.\
Qo ; *~e. ]
2 0.3 N
S /l/'<o
g 4 -
W ~ 0.0 q(pp /./.
/l/-
—u"
-0.3 T T T T T

E . (VInm)

Fig. 3. Gate-dependent photoelectric behavior of Gr-BP heterostructure. (a) R(V,) data in Gr-BP device with and without light illuminations. Vg = +0.1 mV. Inserted is the

plot of conductance vs gate curve of Gr-BP device in dark. FET mobility is given by puper = ﬁ %

gTZ where L and W are the length and width of the channel, respectively. C

denotes the capacitance. (b) Igs-Vys curves measured in the dark and under light illuminations at various gate voltages. (c) Plots of Voc and Iy, as a function of gate voltages.
for I, Vgs = +0.05 V. (d-f) Band alignment of BP and Gr under different gate voltages. (g,h) Lattice and electronic band structure of Gr-BP heterostructure. (i) Evolution of
the band edges as a function of the electric field with respect to the Dirac point of graphene.

(A ~6 x 10" cm~2), illustrating graphene becoming n-doped and
the occurrence of photo-induced charge transfer. Fig. 4c shows the
power-dependent J-T curves of Gr-BP heterojunction (edge region)
under Vg, = —0.01 V. In the dark, a current flow from BP to Gr
with the value of 9.0 x 10* mA/cm? is initially observed when the
BP side is positively biased; this current gradually decreases with
increasing laser irradiation power and becomes closed at 2.0 mW
laser exposure. Most interestingly, the direction of photocurrent re-
verses at higher laser power (P > 2.0 mW). When the laser moves
into the center region of Gr-BP heterostructure, ~3.0 mW laser
power or larger is required to invert the current flow direction (see
Fig. S14 in Supporting information for J-T curves) [41]. Moreover,
this trend could be extended to a larger negative bias. For instance,
under V4, = —0.05 V, an excitation laser with a power larger than
~12 mW (Fig. 4d) is required to reverse the polarity of current flow.
The ability to control the polarity of the current by adjusting the
power of the laser is a unique feature of the Gr/BP junction, which
is not shared by monolayer graphene or BP flake (Fig. S13d). For
bare BP, although the photocurrent is proportional to the intensity
of irradiation due to thermal driven effects, the polarity of current
remains the same with the initial current flow for all laser inten-
sity range.

372

There are several reasons why the Gr/BP interface is unique
in terms of its gate tunability. The small band gap (~0.3 eV) and
absence of interfacial pinning effect allow multilayer BP to be
switched readily between the hole and electron-dominated trans-
port under a moderate electric field, thus giving rise to ambipo-
lar transport. In accordance with nonlinear Thomas-Fermi the-
ory [12,13], the electrostatic screening behavior of multilayer BP
(thickness < 10 nm) is intermediate, thereby allowing the elec-
tric field from the back gate penetrating BP multilayer to influ-
ence the properties of graphene in Gr-BP heterostructure. In ad-
dition to maintain similar response time (Fig. S15 in Support-
ing information), the encapsulation of BP flake by the graphene
layer not only overcomes the air instability of BP but also in-
creases the photoresponsivity of BP via the formation of a Schottky
barrier [42].

We have demonstrated that Gr-BP heterostructures can be used
as photodetectors and photoinverters. Comparing with bare BP de-
vice, the photoresponsivity increases to 672% (R ~2.8 x 103 mA/W)
due to the presence of a Schottky barrier at the interface of p-
type BP and graphene. The height of the Schottky barrier can be
modulated by either electrostatic doping or photo-induced doping,
allowing the initial p-type conducting channel to be converted to
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/

Fig. 4. Photo-inverter behavior of Gr-BP heterostructure. (a) Band alignment of BP and Gr device with a negative source-drain bias in dark. The current flow is from
BP to graphene. (b) Band re-alignment of BP and Gr heterostructure due to photo-induced doping effect. Under intense light irradiation, a reverse current flow occurs
from graphene to BP. (c) Photogenerated current of Gr-BP device under different laser power density at V4, = —0.01 V. (d) Photogenerated currents of Gr-BP device with

Vgs = —0.05 V under 3, 6 and 12 mW laser exposure.

n-type. The highly tunable nature of the Gr-BP interface suggests
its potential application in future optoelectronic and logic applica-
tions.
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