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A novel electrically controllable volatile memory
device based on few-layer black phosphorus†
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Liantuan Xiao,ac Suotang Jiaac and Jian Wang b

Exploiting the unique property of two dimensional material black phosphorus (BP), we theoretically

propose a novel volatile memory device based on pure few-layer BP from atomic first principles

calculations. When the vertical gate is applied in the system, the semi-conducting few-layer BP can be

driven into the metallic phase. By investigating the local density of states (LDOS) under the gate voltage,

we find that the metallic electronic states around the Fermi level mostly localize in the topmost or

bottom layer depending on the sign of the gate voltage. Through designing a two-probe device with

dual vertical gates applied in the electrode region, a metal–semiconductor–metal tunnelling device can

be formed. Two states (‘‘ON’’ and ‘‘OFF’’) are realized by the different tunnelling effects of the metallic

states from the topmost layer to the topmost layer or the topmost layer to the bottom layer. Due to the

anisotropy property of few-layer BP, the relative current ratios of the two states along the armchair

direction and zigzag direction are both large and quite different. We predict a giant ‘‘ON/OFF’’ current

ratio that can be over 5000% along the zigzag direction, which indicates that the few-layer BP is a

potential candidate in atomically-thin volatile memory devices.

1 Introduction

As one of the most promising 2D materials, few-layer black
phosphorus (BP) has attracted great attention both experi-
mentally and theoretically due to its fascinating electrical and
optical properties.1–20 One of most attractive features is its
tunable direct bandgap (from visible to infrared) in a wide
range. With increasing the thickness of layered BP to its bulk
limit, the band gap decreases from 2.0 eV to 0.3 eV, making
it an attractive 2D material for photo-electronic and photo-
detective devices.11 Besides the layer degrees of freedom, the
band gap of few-layer BP can also be engineered through
applying strain and pressure in the system21–24 and the electronic
structure of phosphorene nanoribbons can be affected by the
edge reconstruction.25–27 In addition, researchers have found
that the charge-carrier mobility of the few-layer BP transistor is

extremely high and can reach B1000 cm2 V�1 s�1 in experiment.1

Therefore, they are also deemed as great potential candidates in
future field effect transistors (FET). Compared with other two
dimensional materials, such as, graphene,24,28,29 another unique
property of BP is its anisotropic electronic property due to the
puckered honeycomb lattice structure.29 This unique property
can lead to the highly desirable interesting anisotropic thermal,
optical, and electronic transport properties of few-layer BP.30,31

More recently, researchers found from theoretical investiga-
tions that the few-layer BP’s conduction and valence band can
be shifted downward and upward when an external electric field is
applied perpendicular to the layer.32 The external electric field
induces the giant Stark effect that can produce the band inversion,
which makes the few-layer BP experience a phase transition from
the normal semi-conductor into the topological insulator or the
Dirac semi-metal state.33 The few-layer BP can finally enter into the
metallic phase by further increasing the strength of the electric
field. In an angle-resolved photoemission spectroscopy (ARPES)
experiment, Kim et al. observed a widely tunable band gap and the
few-layer BP could be driven into the Dirac semi-metal state by
using potassium atomic doping on its surface.34,35 Actually, the
potassium atomic doping on the surface also generates a vertical
electric field in the system, which plays the same role as the
external electric field. These findings further proved the feasibility
and superiority of the BP which can be used to prepare opto-
electronic devices. Then a natural question arises, can we utilize
this unique property in future nano-electronic devices?
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In this work, we propose a novel nano-scale atomically-
thin volatile memory device based on few-layer BP. Under the
vertical gate voltage, the few-layer BP transits from semi-
conductor to metal at a large electric field strength. According
to our theoretical investigation, we find that the metallic states
at the Fermi level may mainly localize in the topmost or bottom
layers depending on the sign of the vertical gate voltage. Based
on this property, the metal–semiconductor–metal (MSM) device
can be built based on the multi-layer BP (see Fig. 1). Physically,
due to the existence of the semiconducting central scattering
region, the quantum tunneling effect occurs during the electric
transport. More importantly, we shall show that the electrons
can tunnel relatively easily between the metallic states in the
electrodes both localized in the topmost layer, which is denoted
as the ‘‘ON’’ state. However, it becomes much more difficult
when the electrons tunnel between the metallic states localized
in the topmost layer and bottom layer and this is regarded as
the ‘‘OFF’’ state. Our first principles analysis shows that for this
device, the ‘‘ON/OFF’’ tunneling resistance ratio can reach over
5000% along the zigzag direction at low temperatures. Thus, an
atomically-thin volatile memory device based on the few-layer

BP can be designed, which should be a very attractive system
for practical applications.

The rest of the paper is organized as follows. In Section 2,
we present the device model, computational details and
theoretical formula. The transport properties of the MSM device
based on few-layer BP and the analysis are presented in Section 3.
Section 4 serves as the conclusion and discussion section.

2 Computational details

As shown in Fig. 1(a), the proposed volatile memory device
is based on two dimensional few-layer BP. There are two top
vertical gates applied in the system and the sign of the voltage
can be either positive or negative. In our numerical simulation, the
model device (the side view as shown in Fig. 1(b)) consists of three
parts, i.e., the central scattering region, and the left and right
electrodes which extend to the electron reservoir into infinity.

Before presenting the quantum transport study of the
proposed device, the atomic structures of few-layer BP are fully
relaxed when the residual force on each atom is smaller than
0.01 eV Å�1 by using VASP.36 The quantum transport calcula-
tions are carried out by using the Keldysh nonequilibrium
Green’s function (NEGF) formalism combined with DFT,37–39

as implemented in the first principles quantum transport
package Nanodcal.37,40,41 In our NEGF-DFT self-consistent
simulation, a linear combination of atomic orbital basis (LCAO)
at the double-z polarization (DZP) level is used to expand the
physical quantities; the standard norm-conserving nonlocal
pseudo-potentials42 are used to describe the atomic core. 13 k
points are employed for k-sampling along the transverse direction.
The NEGF-DFT self-consistency is deemed achieved when the
monitored quantities such as every element of the Hamiltonian
and density matrices differs less than 1 � 10�5 eV between
iteration steps. We refer interested readers to ref. 37, 40 and 41
for further details of the NEGF-DFT formalism, and to ref. 43 for
details of the software.

In practice, the signs of the dual gates applied in the two
electrodes can be switched individually by the external electric
field. Therefore, the device can have four configurations, i.e.,
positive and positive (PP), positive and negative (PN), negative
and positive (NP), negative and negative (NN). Since the physical
effect should be the same for the NN (NP) and PP (PN) configura-
tions, in the following, only the NN and NP configurations will be
considered. We will show that electrons can easily tunnel through
the central semi-conducting region when both gates have negative
signs, while the conductance is rather small when the gates have
negative and positive signs. Consequently, such a device can be
switched between two configurations of electrical resistance, one
with low and the other one with very high resistance, which can
serve as a volatile memory device.

To quantitatively estimate the change in resistance between
the NN and NP states, we introduce the relative tunneling
resistance (TR)

TR ¼ RNP � RNN

RNN
¼ GNN � GNP

GNP
; (1)

Fig. 1 (a) Schematic plot of the proposed volatile memory device based
on few-layer BP. The orange area represents few-layer BP and two vertical
gates are placed on top of it. (b) The side view of the simulated system in
the first principles calculations. There are three parts, the central scattering
region, and the left and right leads. Two vertical gates are placed in the lead
region and part of the central region. The gate voltage in the left lead is
fixed as Vg and it can be �Vg in the right lead. Here L characterizes the
length of the central scattering region without applying the vertical gate.
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where GNN and GNP are the conductances when both the vertical
gates of the two electrodes have the same and opposite signs,
respectively. In the linear response regime, the conductance
can be obtained by using the Landauer–Büttiker formula,

GNN=NP ¼
e2

h
TNN=NP Efð Þ; (2)

where T(Ef) represents the transmission of the system at the
Fermi energy Ef

T Efð Þ ¼
ð
dktTr Ga ktð ÞGr ktð ÞGb ktð ÞGa ktð Þ

� �
; (3)

where Ga = i(Sr
a � Sa

a) is the linewidth function of the ath lead;

Gr ktð Þ ¼ Ga ktð Þ½ �y¼ Ef þ iZ�H ktð Þ � SaSr
a Ef ; ktð Þ

� ��1
; are the

corresponding retarded and advanced Green’s functions at
the transverse kt point, where Sr

a is the retarded self-energy
due to the presence of leads and Z is a small imaginary number.
Note that the transverse kt is equal to kx or ky when the
transport is along the armchair or zigzag direction, respectively.

3 Results and discussion

Before analyzing the quantum transport properties of the
proposed device, we first briefly discuss the important bulk
properties of few-layer BP in the presence of the vertical gate.
As shown in Fig. 2(a), we know that the bandgap of three-layer
BP is gradually closed with the increase of gate voltage. This
indicates that the three-layer BP undergoes a transition from a
semi-conducting phase to the metallic phase. Note that the
conduction and valence band touch point moves from the G
point to the X point in the momentum space as the gate voltage
increases. Furthermore, we compare the bandgap Eg evolution

of few-layer BP with the layer number ranging from 3 to 6. From
Fig. 2(b), when Vg = 0, the bandgap decreases with the increase
of the layer number, which is consistent with previous studies.11

Compared with three-layer BP, it needs a smaller voltage magni-
tude to drive the thick few-layer BP into the metallic phase. For
example, the bandgap of six-layer disappears when Vg = �3 V
while the bandgap of three-layer BP disappears when Vg = �6 V.

Having known that the few-layer BP can be driven into the
metallic state, we now investigate their electronic properties by
firstly investigating the local density of states (LDOS) projected
in real space. Fig. 3(a–d) present the side view of the atomic
structures of few-layer BP (from three to six layer) and the
corresponding contour plot of LDOS at the Fermi level when
different vertical gates are applied. Note that the gate voltage is
applied in the direction of [0 0 �1] or [0 0 1]. At first glance,
we can see that the LDOS are mainly localized either at the top
or the bottom layer of the system. Taking five-layer BP as an
example, the LDOS distribute in the upper and lower layers
when Vg = �20 V and becomes mainly localized in the bottom
layer when Vg further increases (see Fig. 3(c)). When Vg is fixed,
compared with the LDOS of the odd and even layers of the
BP system, we can clearly see that the localization of the LDOS
is different. When Vg changes from �40 V to 40 V, the LDOS
changes its distribution from the bottom (topmost) layer to the
topmost (bottom) one for even (odd) layer BP.

In the following, we present the quantum transport study of
a two-probe device model as shown in Fig. 1(b) by including two
vertical gates in the electrode region. As a demonstration, we
suppose that the gate voltage Vg at Gate 1 is fixed at Vg1 = �40 V
and the gate voltage magnitude at Gate 2 is the same as Gate 1
while its sign can be either positive or negative. By applying
such a large vertical gate voltage, the few-layer BP in the

Fig. 2 (a) Band structure of three-layer BP (Brillouin zone with high symmetry points) at different vertical gate voltages Vg. (b) Band gap Eg of few layer BP
(from three-layer to six-layer) versus the applied vertical voltage Vg in the system. The square, triangle, circular, and pentagram points are obtained from
DFT calculations and the solid lines are fitted curves based on the calculated points.
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electrode region becomes metallic. Since there is no gate voltage
applied in the central scattering region, the few-layer BP is still an
intrinsic semi-conductor and the whole device forms a metal-
semiconductor–metal (MSM) structure. When Vg1 = Vg2 = �40 V,
we know that the LDOS distribution of the metal state is mainly
on the same side (upper or lower depending on the layer number
of the system as shown in Fig. 3) of the left and right electrodes
from the above discussion. Thus, electrons injected from the
metal electrode will tunnel from one side to the other through
an intra-layer path. For simplicity, we denote this process as
the NN state and record this process as the ‘‘ON’’ state. When
Vg2 = 40 V, the distribution of LDOS is mainly localized in the
opposite layer of the system, for example, the LDOS (Vg =�40 V) is
in the bottom layer while the LDOS (Vg = 40 V) is localized in the
top layer as shown in Fig. 3(a). Thus the metallic states are in
different sides of the left and right electrodes. In this case, the
electrons have to overcome the inter-layer tunneling from one side
of the left (right) electrode to the other side of the right (left)
electrode. It is expected that the electrons are hard to tunnel
through the vertical inter layers due to the VdW like inter-layer
interaction in the BP system44 and we recorded this process as the
‘‘OFF’’ state. Thus, by varying the sign of Gate 2, we can achieve
the NN (‘‘ON’’) and NP (‘‘OFF’’) mutual state conversion for the
device, which can be used as a potential candidate in volatile
storage.

Fig. 4(a–d) present the transmission coefficients at the Fermi
level versus the central scattering length for four different few-
layer BP systems (from three to six layer). When Vg1 = Vg2 =�40 V,
the transmission coefficients along the armchair and zigzag

directions are plotted in (a) and (c). It is seen that the transmis-
sion decreases monotonously as the central scattering length
increases, since the tunnelling effect become more difficult
when the semi-conductor length increases. Secondly, the
transmission coefficients increase with increasing layer
number when the central region length is fixed. Compared
with (a and c), the (b) and (d) subplots show the transmission
when Vg1 =�Vg2 =�40 V and they are much smaller than that of
the Vg1 = Vg2 = �40 V case. This indicates that the intra-layer
tunneling transport is far greater than the inter-layer tunneling
effect, which is due to the weak bond interaction between the
inter-layers in BP.44 Furthermore, the transmission of six-layer
BP along the armchair direction is larger than that of the other
thinner BP as shown in Fig. 4(b), which is mainly due to the
DOS increase of the system. However, the transmission along
the zigzag direction with different layer numbers becomes very
complicated. For example, the transmission of the three-layer
BP is larger than that of the four-layer BP when the central
region length is shorter than 8 unit cells. However, it is reversed
when the central region length is longer than 8 unit cells.

By calculating the relative tunneling resistance (TR) defined
in eqn (1), we find that the TR in both transport directions have
impressive values. Generally speaking, the TR along the zigzag
direction is much larger than that along the armchair direction.
More importantly, the maximum TR (290%) is achieved at Y = 5
of the three-layer in the armchair direction, while that at Y = 6
of the four-layer in the zigzag direction can be larger than
5000%. Compared with the monotonously decreasing behaviour
of TR along the armchair direction, the relationship between the

Fig. 3 Contour plot of the local density of states (LDOS) at the Fermi level when different vertical gate voltages are applied in the electrode.
(a–d) Schematic plot of BP atomic structure from three to six layers and the side view (z–y plane) of the corresponding LDOS that is taken as the
summation over the x direction.
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TR and central region length is complicated when the transport
direction is along the zigzag direction.

In order to understand this complicated behaviour, we
further investigate the transmission and DOS of the central
scattering region versus the transverse direction kt when
Vg1 = �Vg2 = �40 V. The numerical results with the fixed central
scattering length of Y = 6 are presented in Fig. 5. From Fig. 5(a),
we know that the transmission along the armchair direction
only contributes from the channels around kt = [0, 0.2] � 2p/a0

and kt = [0.8, 1] � 2p/a0. However, we also see that the DOS
along this direction is non-zero in the whole transverse kt

region as shown in Fig. 5(c). Furthermore, for the zigzag
direction, not only the non-zero transmission regions in the
kt space becomes narrower (see Fig. 5), but also their values are
much smaller than that of the armchair direction due to the
anisotropic property of few-layer BP. By increasing the layer
number, the transmission along the armchair direction always
increases monotonously with layer number for different kt

points. However, for transport along the zigzag direction, the
magnitude order of transmission for different layer numbers
may change with the specific kt point, which leads to the
complicated behaviour of the total transmission and hence
the TR ratio along this direction.

Last but not least, we have further studied the scattering
states in the central scattering region at the Fermi level to give a

Fig. 4 (a–d) The transmission coefficients T(Ef) versus the scattering region length (5–12 unit cell) for few-layer BP along the armchair and zigzag
direction. (a and b) are the transmission along the armchair direction when Vg1 = Vg2 = �40 V and Vg1 = �Vg2 = �40 V, respectively. (c and d) are the
transmission along the zigzag direction when Vg1 = Vg2 = �40 V and Vg1 = �Vg2 = �40 V, respectively. (e and f) The relative tunneling resistance versus
the scattering region length (5–12 unit cell) along the armchair (e) and zigzag (f) directions. Here, the black square, red triangular, blue circle and pink
five-star curves represent the numerical results of three to six layer BP. The unit cell length is a0 = 4.58 Å along the armchair direction and a0 = 3.3 Å along
the zigzag direction.

Fig. 5 (a and b) The transmission coefficients versus transverse kt points
along the armchair and zigzag directions, respectively. (c and d) The
density of states (DOS) of the central scattering region versus the
transverse kt points along the armchair and zigzag directions, respectively.
The central scattering region length is set as the Y = 6 unit cell and the gate
voltages are Vg1 = �Vg2 = �40 V. Here, the black dashed line, red dash-dot
line, blue dotted line and pink solid line represent the numerical results of
three to six-layer BP.
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vivid picture of the tunnelling process. Here we take the
transport of three-layer BP along the zigzag direction as an
example and suppose the electrons with the transverse momen-
tum kt = 0.02 � 2p/a0 are injected from the left electrode as
presented. For simplicity, the momentum is expressed in the
units of 2p/a0 in the following discussion. From Fig. 6(a and b),
we know that there are four incoming channels along the zigzag
directions when the transverse momentum kt = 0.02 is fixed.
When the two gates have the same sign Vg1 = Vg2 =�40 V, all of the
channels contribute to the transmission and transport through
the intra-layer. Note that the third channel (k = (�1.45, 0.02))
nearly completely transmits through the central scattering region,
i.e., T E 1 as presented in Fig. 6(c). In contrast, as shown in

Fig. 6(b), we clearly see that the scattering states get reflected and
do not penetrate through the whole scattering region when the
external gates have different signs. In this case, only one channel
(k = (�1.45, 0.02)) largely contributes to the total transmission and
the other three channels are nearly all blocked (see Fig. 6(d)).
Moreover, the isosurface plot of this channel clearly shows the
inter-layer transport of the NP state that we mentioned above.

Finally, we calculate the relative tunneling resistance versus
the vertical gate voltage of the few-layer BP along the zigzag
direction as shown in Fig. 7. Due to the computational cost, we
chose the central scattering region length as the Y = 6 unit cell
when the TR of the four-layer BP reaches the largest value along
the zigzag direction when Vg1 = �40 V. From Fig. 7, we know
that the TR increases as the gate voltage increases for four, five
and six layer BP. The TR can reach as large as 8000% for five
and six layer BP. While for the three-layer BP, the TR decreases
a little and then increases when the gate voltage increases.

4 Conclusion

In summary, we theoretically propose a novel nanoscale
atomically-thin volatile memory device based on few-layer BP.
The two terminal metal–semiconductor–metal tunnelling device
is formed when the vertical gate voltage is applied in the
electrodes. By changing the sign of one vertical gate, two
different states of ‘‘ON’’ and ‘‘OFF’’ can be realized. The tunnel-
ling of the metallic states between the topmost layer to the
topmost layer or the topmost layer to the bottom layer give
substantially different transmission coefficients. The dramatic
largest ‘‘ON/OFF’’ current ratios are found in the armchair and
zigzag directions. In particular, the ‘‘ON/OFF’’ current ratio can
be over 5000% along the zigzag direction, which indicates that
the few-layer BP can be used as a potential memory device in
the nanoscale.

Fig. 6 (a and b) Isosurface plot of four scattering states of three-layer BP at the Fermi level in the central scattering region along the zigzag direction
when Vg1 = Vg2 =�40 V and Vg1 = �Vg2 = �40 V, respectively. Note that the momentum k = (kx,ky) is in the units of 2p/a0. (c and d) are the corresponding
transmissions of four channels.

Fig. 7 The relative tunneling resistance versus the vertical gate voltage Vg1

applied in the left lead along the zigzag direction. The central scattering
region length is set as the Y = 6 unit cell. The square, triangle, circular, and
pentagram points are numerical results and the solid lines are fitted curves
based on the calculated points.
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