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Two-dimensional (2D) semiconductors have attracted 
significant attention in the past several years since 
the discovery of graphene [1–5]. However, the lack 
of a band gap in graphene and a combination of low 
charge-carrier mobility and large contact resistance in 
transition-metal dichalcogenides (TDMCs) as a result 
of Fermi level pinning have greatly constrained their 
applications in digital electronic devices [4, 6–9]. As 
a result, new layered 2D materials with a sizable band 
gap and high carrier mobility have been continuously 
investigated. One such material is black phosphorus 
(BP). BP is a p-type semiconducting nanomaterial 
with sizeable band gap from ~0.3 eV in bulk form 
to ~1.2 eV in monolayer form, hole mobilities of 
~200–1000 cm2 (V−1 * s−1) at room temperature, and 
anisotropic transport characteristics [9–17]. Based on 
these superior properties, various BP devices, such as 
FET, phototransistors, heterojunctions, gas sensors, 
complementary logic inverters and so on, have been 
demonstrated since its discovery [10, 18–27].

Rectifiers, based on PN junctions and convention-
ally fabricated either by selectively chemically doping 
a bulk semiconductor to form a graded junction or 
by growing one type of semiconductor onto another 
type to form abrupt junction, are widely used rectifier 
circuits, detection circuit, voltage regulator circuits 
and modulation circuits [21]. Since the discovery of 
2D materials such as graphene, TMDCs, and BP, vari-
ous PN junctions based on them have been fabricated, 
featuring gate-tunable unipolar current rectification 
capability, photoelectric property, and much smaller 
device scale [18, 19, 21, 28–33]. Recently a new kind of 
three-terminal device called bidirectional rectifier was 
introduced, showing a unique bidirectional current-
rectifying ability [34]. The BP bi-directional rectifier 
contains a back-gate tunable horizontal homojunc-
tion created by combining two gated BP diodes back-
to-back in series. During its operation, the properties 
of BP and its high current rectification ability could be 
maintained.
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Abstract
In complementary metal oxide semiconductor (CMOS) technology, well-defined unipolar transport 
in field-effect transistors (FETs) is a basic requirement for logic operations, which can be realized 
by controllable doping of the semiconductor with electrons (n-type) or holes (p-type). However, 
recent demonstration of polarity controllable transistors in 2D semiconductors provides a flexible 
way in circuit design with increased circuit integration density. Here we demonstrate the conversion 
of a bidirectional rectifier to a polarity-controllable transistor in black phosphorus (BP) by dual 
gate modulation. Electrical characterization of the BP bidirectional rectifier reveals a current 
rectification of ~35 at room temperature that increases to ~350 upon lowering the temperature to 
110 K. Employing cross-linked PMMA as a top gate and combining it together with the global back 
gate of the SiO2 substrate, well-defined unipolar transport (n- or p-type) in BP could get accessed. 
This successful realization of polarity-controllable transistor in BP provides an alternative design for 
development of BP logic electronics.
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In order to use 2D semiconductor materials in com-
plementary-metal-oxide-semiconductor (CMOS) cir-
cuits, control over the polarity, either p type or n type, is 
a basic requirement. Various methods, such as surface 
charge transfer, changing contact metal, local electro-
static gating, and using an electric double layer, have 
been developed to control the polarity of conduction in 
BP FETs [8, 29, 35–42]. Most of these methods yield BP 
FETs with fixed polarities (either n- or p-type) and can-
not be tuned after their fabrication process. Recently, 
however, the concept of polarity-controlled transistor 
has been introduced, where the polarity of the tran-
sistor can be reversed by an electrical signal [43–45]. 
Achieving polarity-controllable transistors through 
electrical control may reduce the integration density 
of transistors compared to those with specific polar-
ity (either electron- or hole-type) in the conventional 
semiconductor industry, but it provides an option for 
flexible design of logic circuits [4, 43, 44, 46]. Similar to 
ambipolar transistors, the key to realize the polarity-
controlled FET through electrical modulation is the 
injection of electrons and holes to the transport chan-
nel through the same Schottky junction, where the car-
rier injection could be enhanced both by thermal emis-
sion and tunneling through a thinner the barrier [8, 38, 
47, 48]. In BP bidirectional rectifiers, a potential barrier 
is introduced into the middle of the transport channel 
through charge-transfer doping of cross-linked PMMA 
and the barrier height could be tuned through a global 
back gate bias [34], suggesting such a device structure 
could be a potential candidate for polarity-controllable 
transistors.

In this work, we demonstrate the realization of 
polarity-controllable transistors in BP, from a bidirec-
tional rectifier through a dual gate modulation. The BP 
bidirectional rectifier has been fabricated by placing a 
strip of cross-linked PMMA in the central part of an 
ordinary BP FET. Electrical characterization reveals its 
gate-tunable bidirectional rectifying capability with a 
 rectification ratio of ~35, which increases to 3.5 * 102 
when the temperature is lowered from 300 to 110 K. By 
employing the cross-linked PMMA as top gate, the on/off  
state of BP bidirectional rectifier can be controlled. 
When the width of the cross-linked PMMA strip is 
decreased, rectification capability of the BP bidirec-
tional rectifier is disappeared and it works the same 
as an ordinary BP FET. By applying a positive top gate 
voltage bias Vtg  =  40 V, the current rectification capa-
bility emerges again, indicating the conversion of BP 
FET into BP bidirectional rectifier by top gate modu-
lation. Finally, by combining cross-linked PMMA top 
gate with the global back gate, the polarity of the BP 
transistor can be electrostatically reversed, realizing 
unipolar n-type or p-type conduction. The success of 
polarity-controllable BP transistors may contribute to 
the flexible design of logic circuits.

BP thin flakes (8–10 nm) were mechanically exfo-
liated using the Scotch tape method in a glove box 
environment and transferred onto a degenerately 

p-doped Si/SiO2 (300 nm) substrate. The target BP 
flakes were then identified in situ by an optical micro-
scope. To minimize the BP degradation, before taken 
out for device fabrication, the exfoliated flakes were 
immediately covered with a layer of PMMA (950, A5) 
which acts as a resist in the microfabrication process. 
Electron-beam lithography was employed to define the 
electrical contact, and a metal stack of Ni/Au (5/60 nm) 
was deposited by thermal evaporation. After lift-off in 
acetone, the Si/SiO2 was quickly covered with a layer 
of PMMA (950, A5) at 4000 rpm for 60 s and baked 
at 180 °C. On the selected region of each BP flake, the 
PMMA was irradiated by 10 KV electrons at a dose 
of 15 000 µC cm−2, forming the cross-linked PMMA 
strips that functions as dielectric for the top gate. The 
unexposed PMMA can be removed by soaking the chip 
in acetone for 10 min. Finally, a top gate electrode of 
Ni/Au (5/60 nm) was evaporated onto the cross-linked 
PMMA after a standard electron beam lithography pro-
cess. Although the device fabrication process consists of 
many steps, the device features are well reproduced in 
most devices that are deemed identical (>80 %). In the 
devices from the same batch (same exfoliation process), 
over 90% of devices show the same device features. 
Room temperature measurements on the devices are 
performed in a vacuum chamber with pressure lower 
than 10−5 Torr using a Keithley 4200-SCS system. The 
low-temperature measurements on the devices are per-
formed in a home-designed four-probe scanning tun-
neling microscope with a cryostat using liquid N2 or 
helium in continuous flow as cooling media.

A BP bidirectional rectifier is fabricated via selec-
tively doping with cross-linked PMMA as the previ-
ous description [34]. A schematic diagram and optical 
image of it are shown in figures 1(a) and (b), respec-
tively. Due to the doping effect of cross-linked PMMA, 
two obvious minima can be seen in the transfer curve of 
the device as shown in figure 1(c), which can be viewed 
as the superposition of the transfer curve of bare BP 
and the n-doped BP covered with cross-linked PMMA 
[49]. A potential barrier is inevitably formed between 
the bare BP and the PMMA-covered BP, which can 
be tuned by back gate modulation [34]. Figure 1(d) 
shows the linear plot of the output characteristics of 
this bi-directional rectifier at room temperature, and 
figure 1(e) is the corresponding logarithmic plot. When 
the back gate voltage is swept from  −3 to 1 V, the cur-
rent rectification ratio (defined as the ratio of satur-
ation cur rent at positive voltage bias to that of nega-
tive current bias) increases from ~10 to ~102. However, 
when Vbg is further increased to 3 V, a decrease of the 
rectification ratio is observed, indicating the tun-
ability of the barrier height by back-gate voltage bias. 
Output characteristics of the device with Vbg  =  0 V at 
temperature from T  =  110 K to T  =  300 K is shown in 
figure 1(f). The current rectification reaches its maxi-
mum of ~3.5 * 102 at T  =  110 K, and decreases to ~35 
at room temper ature with temperature increasing, due 
to the fact that at low temperatures much fewer charge 
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carriers can gain enough energy to overcome the barrier 
within the channel.

In practical applications, a well-defined unipolar 
transport in FETs is essential for logical operation. To 
get access to the unipolar transport in BP, a BP FET 
with both top gate and back gate modulation is fabri-
cated, in which cross-linked PMMA is employed as top 
gate dielectric, as schematically shown in figure 2(a). 
Although a narrower cross-linked PMMA strip is fab-
ricated compared to that of figure 1(b), the transfer 
curve still shows two typical current minima as shown 
in figure 2(c). This is the result of the initial doping 
effect of the cross-linked PMMA dielectric. When a top 
gate voltage Vtg  =  −20 V is applied, the current mini-
mum in the transfer curve on the hole conduction side 
(Vbg  >  0) disappears, while the one on the electron 
conduction side (Vbg  <  0) is shifted toward the electron 
doping side, indicating the suppression of electron dop-
ing in BP by depletion of interfacial charges between 
cross-linked PMMA and BP. The output character-
istics of the device at top gate voltage bias of 0 (blue) 
and  −20 V (black) is shown in figure 2(d), respectively. 
The current rectification behavior almost disappears 
when Vtg  =  −20 V, demonstrating that the top gate 
voltage can be utilized to control the on/off state of the 
bidirectional rectifier. Moreover, when the width of 
the cross-linked PMMA strip is decreased, as shown in 
figure 3(a), the transfer curve at zero top-gate voltage 
bias shows p-type dominated ambipolar behavior like 
a pure BP FET. This is attributed to the smaller inter-
facial charges introduced to the interface between the 
BP flake and cross-linked PMMA and cannot effectively 
shift the threshold voltage to the electron conduction 
side. An optical micrograph of this device is shown in 
the inset. When a positive top gate voltage Vtg  =  40 V is 

applied, the current minimum on the electron doping 
side (Vbg  <  0) appears again, showing that by apply-
ing a positive top gate voltage, a BP bidirectional recti-
fier can be realized in an ordinary BP FET, as shown 
in  figure 3(b). The output curve of the device under 
different top gate voltage bias is shown in figure 3(c), 
indicating different current rectifying behavior. The 
output characteristics shown in figure 3(d) reveal that, 
at the specific top gate voltage Vtg  =  40 V, the rectifica-
tion behavior of the device can be tuned by the back 
voltage sweeping from  −6 to  +6 V.

Moreover, by combining the global back gate and 
the local top gate together, electrostatically reversible 
polarity transport in BP can be obtained. Figure 4(a) is 
a color contour showing how the current through the 
channel changes with both the top gate and the back 
gate voltage biases, which clearly reveals that through 
top and back gate voltage modulation, unipolar trans-
port in BP can be realized. The current reaches its 
extreme values with the condition of Vtg  <  0, Vbg  <  0, 
and Vtg  >  0, Vbg  >  0, respectively, in which the top and 
back gate bias induce the same type of charge carriers 
labeled as P/P/P and N/N/N. However, with Vtg  <  0 
and Vbg  >  0 bias condition, the carriers in the channel 
can be labelled as N/P/N, and with Vtg  >  0, Vbg  <  0, the 
carriers can be identified as P/N/P (light blue region in   
figure 4(a)), where the current minimum can be 
observed. The current minimum has two origins: 
(1) The top gate voltage bias induces depletion of the 
charge carriers in the channel, i.e. the carrier den-
sity within the channel is decreased; (2) A junction is 
formed at the interface between the BP underneath 
the top gate and the pure part, which will prevent the 
charge carriers flowing from the source to the drain. As 
a result, the channel resistance increases. Figures 4(b) 

Figure 1. Characterization of BP bi-directional rectifier. Schematic image of the BP bi-directional rectifier. (b) Optical micrograph 
of the BP bi-directional rectifier. (c) Transfer curve of the BP bi-directional rectifier with back-gate voltage swept from  −50 V to 50 V 
at a step of 0.8 V at Vds  =  100 mV. (d) Current–voltage curves of the device in (b) at varying back-gate voltage bias ranging from   
−3 V to 3 V at a step of 1 V. (e) Logarithmic plot of the current–voltage curves in (d). (f) Current–voltage curves of the device in  
(b) with Vbg  =  0 V at varying temperature, T  =  110 K, 150 K, 200 K, 250 K, 300 K.
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Figure 2. Control the on/off state of bi-directional rectifier by top gate. (a) Schematic image of the BP dual gate device. (b) Optical 
micrograph of the dual gate device. (c) Transfer curve of the device at different top gate voltage, black: Vtg  =  0 V, and blue: Vtg  =  −20 V. 
(d) Current–voltage curve of the device at different top gate voltage, black: Vtg  =  0 V, and blue: Vtg  =  −20 V.

Figure 3. Conversion of BP FET into bi-directional rectifier by top gate voltage bias. (a) Transfer curve of the dual gate device at 
Vds  =  100 mV, Vtg  =  0 V. The inset is the optical micrograph of the device. (b) Transfer curve of the dual gate device at Vds  =  100 mV, 
Vtg  =  40 V. (c) Output characteristics of the device at different top gate voltage Vtg  =  40 V and Vtg  =  0 V both in linear and log plot. 
(d) Current–voltage curves of the device in (b) at varying back gate voltage bias ranging from  −3 V to 3 V at a step of 1 V. The inset is 
the logarithmic plot of the current–voltage curves.

2D Mater. 4 (2017) 025056
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and (c) show how the resistance changes with the dual 
gate modulation (Vbg  =  20 or  −20 V, while Vtg varies 
from  −30 to 30 V), indicated by red and green circles 
in figure 4(a), respectively. From figure 4(b) we can see 
that the resistance of the channel increases with the top 
gate voltage bias and can be varied by three orders of 
magnitude when the top gate is biased from Vtg  =  −30 
V to Vtg  =  30 V at constant back-gate voltage bias 
Vbg  =  −20 V. Apparently, unipolar p-type transport 
can be achieved when the back gate is negatively biased 
and sweeping the top gate from  −30 to 30 V, as shown 
in the transfer curve of figure 4(d). A schematic of the 
energy band diagram is shown in figure 4(e). Simi-
larly, when the back gate volt age is positively biased, 
by varying the top gate voltage from  −30 to 30 V, uni-
polar n-type transport can also be achieved, as shown 
in the transfer curve of figure 4(f). Figure 4(g) shows 
the energy band diagram under these bias conditions. 
Therefore, through dual-gate modulation, both n-type 
and p-type unipolar transport in BP can be obtained.

In summary, polarity-controllable transistor in BP 
has been successfully realized by electrical reversal of 
a BP bidirectional rectifier via dual gate modulation, 
where cross-linked PMMA is employed as a top gate 
dielectric. This device configuration is expected to be 
applicable to other 2D semiconductors and may con-
tribute to the flexible design of electronics in the future.
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