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Tuning the electronic properties of gated multilayer phosphorene:
A self-consistent tight-binding study
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By taking account of the electric-field-induced charge screening, a self-consistent calculation within the
framework of the tight-binding approach is employed to obtain the electronic band structure of gated multilayer
phosphorene and the charge densities on the different phosphorene layers. We find charge density and
screening anomalies in single-gated multilayer phosphorene and electron-hole bilayers in dual-gated multilayer
phosphorene. Due to the unique puckered lattice structure, both intralayer and interlayer charge screenings are
important in gated multilayer phosphorene. We find that the electric-field tuning of the band structure of multilayer
phosphorene is distinctively different in the presence and absence of charge screening. For instance, it is shown
that the unscreened band gap of multilayer phosphorene decreases dramatically with increasing electric-field
strength. However, in the presence of charge screening, the magnitude of this band-gap decrease is significantly
reduced and the reduction depends strongly on the number of phosphorene layers. Our theoretical results of the
band-gap tuning are compared with recent experiments and good agreement is found.
DOI: 10.1103/PhysRevB.97.155424
I. INTRODUCTION

Phosphorene is a single layer of black phosphorus (BP),
a relatively new two-dimensional (2D) material which was
realized experimentally in 2014 [1–4]. Due to its unique
properties, this 2D material has drawn a lot of attention from
the research community. For instance, it has a reasonably
large band gap combined with a relatively high carrier mobility [5], which is very promising for practical electronic
applications in, e.g., field-effect transistors. Moreover, it has a
puckered honeycomb lattice formed due to sp3 hybridization
[6], which gives rise to highly anisotropic electronic, optical
and transport properties [5], such as anisotropic effective
mass, optical spectrum and electrical mobility. The highly
anisotropic optical properties of phosphorene make it very
promising for practical optoelectronic applications in, e.g.,
polarization-sensitive photodetectors [7,8].
Due to the successful isolation of phosphorene layers from
bulk BP, the electronic, optical and transport properties of
multilayer phosphorene have been extensively investigated
[9–16]. This is primarily because these properties can be significantly tuned by the number and the type of stacking layers
[9,13]. For instance, the band gap of phosphorene decreases
when increasing the number of layers due to the interlayer
electronic coupling [9]. The application of external strain,
electric field, and magnetic field has also a significant influence
on the electronic, optical, and transport properties of multilayer
phosphorene [17–21]. In particular, it was shown that by
applying a perpendicular electric field, a semiconductor-tosemimetal transition can be induced in bilayer phosphorene
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[18–21], leading to the appearance of unconventional Dirac
fermions with linear energy spectrum and zero-energy Landau
levels [19,21].
It is known that applying an external electric field perpendicular to a multilayer system induces a charge redistribution over
the stacked layers, which produces an internal electric field
that counteracts the externally applied one (i.e., the electricfield-induced charge screening). Although the influence of
a perpendicular electric field on the electronic properties of
multilayer phosphorene was widely investigated, the electricfield-induced charge screening effect, which was shown to
be of significant importance in multilayer graphene [22–26],
remains poorly understood in multilayer phosphorene. Up to
date, there are few studies exploring the screening effect on the
electronic properties of multilayer pshophorene in the presence
of a perpendicular electric field [27,28]. In Ref. [27], the
electronic structure of bilayer and trilayer phosphorene was
obtained by first-principles calculations, where the screening
effect was induced by the additional doping of charges;
whereas in Ref. [28], the band gap of multilayer phosphorene
was obtained by tight-binding calculations, where the screening effect was introduced by assuming a band-gap-dependent
dielectric constant. However, the charge screening induced
by the perpendicular electric field was not included in these
studies.
In the present work, we investigate theoretically the electronic properties of gated multilayer phosphorene by taking
into account the electric-field-induced charge screening within
an experimental setup, where an electrostatic gating (with
top and/or bottom gates) is applied to produce a perpendicular electric field. Our theoretical study is based on the
tight-binding (TB) approach to calculate the band structure
of gated multilayer phosphorene. A self-consistent Hartree
approximation within this TB framework is employed to obtain
the gate-induced charge densities on the different layers of
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phosphorene. Due to the unique puckered lattice structure, we
found both intralayer and interlayer charge screenings that are
present in gated multilayer phosphorene, which is different
from the result observed in gated multilayer graphene, where
only interlayer charge screening is present [22–26]. We also
found that the electric-field tuning of the band structure of
multilayer phosphorene is distinctively different in the absence
and presence of charge screening. For instance, it is shown that
the unscreened band gap of multilayer phosphorene decreases
dramatically with increasing field strength. However, in the
presence of charge screening, the magnitude of this band-gap
decrease is significantly reduced and the reduction is more
significant for the case of larger number of phosphorene layers.
Moreover, we observe electron-hole bilayers in symmetrically dual-gated multilayer phosphorene with tunable layerdependent electron/hole densities. This could be interesting for
the exploration of electrically tunable Wigner crystallization,
charge density waves, excitonic condensation, and superfluidity in multilayer phosphorene [29].
This paper is organized as follows. In Sec. II, we present
the self-consistent TB approach for multilayer phosphorene in
the presence of an electrostatic gating. In Sec. III, the main
results are presented and analyzed for the electronic properties
of gated multilayer phosphorene. We also present a comparison
with recent experiments on the electric-field tuning of the
multilayer band gap. Finally, we make a summary and give
concluding remarks in Sec. IV.
II. SELF-CONSISTENT TB MODEL

Multilayer phosphorene is modeled as N coupled phosphorene layers which are AB stacked on top of each other, as shown
in Fig. 1. From density-functional-theory (DFT) calculations
[13], we know that this type of layer stacking is energetically
the most stable for bilayer and trilayer phosphorene. In the
presence of an electrostatic gating, low-energy electrons and
holes in this N-layer system are described by the following TB
Hamiltonian:
 †
  †


†
†
H =
εi ci ci +
tij ci cj +
tij⊥ ci cj +
Ui ci ci ,
i

i=j

i=j

i

(1)
where the summation runs over all lattice sites of the system,

εi is the on-site energy at site i, tij (tij⊥ ) is the intralayer
(interlayer) hopping energy between sites i and j, Ui is the
†
electrostatic potential energy at site i, and ci (cj ) is the
creation (annihilation) operator of an electron at site i (j ).
For simplicity, the on-site energy εi is set to zero for all
the lattice sites. It was shown [16] that with ten intralayer
and five interlayer hopping parameters, this TB model can
well describe the band structure of multilayer phosphorene
in the low-energy region when compared to that obtained by
DFT-GW calculations. The ten intralayer hopping parame


ters (in units of eV) are t1 = −1.486, t2 = +3.729, t3 =




−0.252, t4 = −0.071, t5 = +0.019, t6 = +0.186, t7 =



−0.063, t8 = +0.101, t9 = −0.042, t10 = +0.073, and the
five interlayer hopping parameters (in units of eV) are t1⊥ =
+0.524, t2⊥ = +0.180, t3⊥ = −0.123, t4⊥ = −0.168, t5⊥ =
+0.005 [16]. These hopping parameters are illustrated in
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FIG. 1. (a) and (b) Sketch of the trilayer phosphorene system, on
the top (bottom) of which a positively (negatively) charged gate Vt
(Vb ) with charge density nt > 0 (nb < 0) is placed. (c) and (d) Illustration of the ten intralayer hopping parameters ti (i = 1,2, . . . ,10) and
the five interlayer hopping parameters ti⊥ (i = 1,2, . . . ,5) used in the
TB model, where the rectangle indicates the unit cell of phosphorene.
Due to the puckered lattice structure, trilayer phosphorene has six
atomic sublayers depicted by red (A, D) and blue (B, C) atoms, where
the distance between the two adjacent sublayers is equal to either
the interlayer separation (dinter ) or the intralayer one (dintra ). The top
and bottom gates induce a total carrier 
density distributed over the
different sublayers, i.e., n = nt + nb = 6i=1 ni , with ni the carrier
density on the i-th sublayer. Ft (Fb ) is the electric field produced by
the top (bottom) gate, and Fi,i+1 (i = 1,2, . . . ,5) is the total electric
field between the two adjacent sublayers.

Figs. 1(c) and 1(d). In the following, we show how to obtain
the electrostatic potential energy U within a self-consistent
Hartree approximation.
We consider undoped multilayer phosphorene in the presence of an electrostatic gating. This situation can be realized
in an experimental setup with external top and bottom gates
having opposite voltages applied to multilayer phosphorene
[28]. As shown in Fig. 1, a positively (negatively) charged
gate is placed on the top (bottom) of multilayer phosphorene
of N layers (N = 3 in the figure). The top (bottom) gate is
assumed to have a positive (negative) charge density nt > 0
(nb < 0) on it. These two gates are used to generate and control
the carrier densities in the system. Because a single layer
of phosphorene can be viewed as consisting of two atomic
sublayers due to its puckered lattice structure, both of these
two sublayers can be treated as individual layers and thus the
number of individual layers of N -layer phosphorene is 2N .
This is significantly different from multilayer graphene, where
the number of individual layers is just N for N -layer graphene.
Therefore, in the N -layer phosphorene system a total carrier
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density n = nt + nb = i ni is induced, where ni is the carrier
density on the i-th sublayer and the summation is over all the
2N sublayers.
In our model, we assume that the top (bottom) gate produces
a uniform electric field Ft = ent /(2ε0 κ) [Fb = enb /(2ε0 κ)],
which can be obtained from fundamental electrostatics, where
e is the elementary charge, ε0 is the permittivity of vacuum, and
κ is the dielectric constant. The induced charge carriers on the
phosphorene sublayers, in its turn, produce a uniform electric
field Fi = ni e/(2ε0 κ) (i = 1,2, . . . ,2N ), which counteracts
the electric field produced by the external gates. The inversion
asymmetry between the two adjacent sublayers i and i + 1 is
determined by a potential energy difference i,i+1 , which is
given by
⎛
i,i+1 = αi,i+1 ⎝

2N


⎞
nj + |nb |⎠,

(2)

j =i+1

where αi,i+1 = e2 di,i+1 /(ε0 κ) with di,i+1 the distance between
the two adjacent sublayers. In multilayer phosphorene, this
intersublayer distance is not constant due to the puckered lattice
structure of phosphorene: it is di,i+1 = dintra if the sublayers
i and i + 1 are within the same phosphorene layer while it
is di,i+1 = dinter if these two sublayers belong to different
phosphorene layers, with dintra = 0.212 nm and dinter = 0.312
nm. The total electric field between the two adjacent sublayers is given by Fi,i+1 = i,i+1 /di,i+1 (i = 1,2, . . . ,2N −
1). Finally, the electrostatic Hartree energies Ui , which are
added to the ith sublayer on-site elements of the N -layer TB
Hamiltonian (1), can be obtained as
Ui = 0 (i = 1); Ui =

i−1


j,j +1 (i > 1).

(3)

j =1

Here we assumed zero electrostatic potential energy on the
top-most sublayer (i.e., the sublayer that is closest to the top
gate).
Due to the in-plane translational invariance of the system,
a Fourier transform is performed to convert the N -layer
TB Hamiltonian (1) into momentum space, and then the
converted Hamiltonian is numerically diagonalized to obtain
the eigenvalues and eigenvectors of the system. All numerical
calculations are performed using the recently developed TB
package PYBINDING [30]. Because there are four inequivalent
basis atoms (labeled as A, B, C, and D) in an unit cell of
phosphorene, the dimension of the Fourier-transformed TB
Hamiltonian of the N-layer phosphorene system is 4N × 4N .
Therefore the corresponding eigenvectors are the column
vectors of dimension 4N consisting of the coefficients of the
TB wave functions,

c = cA1 ,cB1 ,cC1 ,cD1 , . . . ,cAN ,cBN ,ccN ,cDN

T

,

(4)

where cAi , cBi , cCi , cDi are the ith layer coefficients for basis
atoms A, B, C, D, respectively, and the symbol T denotes the
transpose of a vector or matrix. Note that these TB coefficients
depend on the in-plane wave vector k. The total TB wave

function of the N -layer phosphorene system is then given by
=

N


cAi ψAi + cBi ψBi + cCi ψCi + cDi ψDi ,

(5)

i=1

where ψAi , ψBi , ψCi , ψDi are the four components of the ith
layer TB wave function. With the obtained layer-dependent
coefficients ci = [cAi ,cBi ,cCi ,cDi ], the carrier densities on the
sublayers of phosphorene are given by

2
2
f [E(k)] cAi + cDi ,
n2i−1 = 2
k

n2i = 2



f [E(k)] cBi

2

+ cCi

2

,

(6)

k

where i = 1,2, . . . ,N, the factor 2 in front of the summations
accounts for the spin degeneracy, E(k) is the energy spectrum
obtained by numerically diagonalizing the TB Hamiltonian (1)
in momentum space, and f [E(k)] is the Fermi-Dirac function
describing the carrier distribution in the energy spectrum. In
the presence of electrical gating, the carrier densities in fully
occupied energy bands are changed and one has to take into
account the charge density redistribution in the valence bands.
The TB Hamiltonian (1) depends on the gate-induced carrier
densities through Eqs. (2) and (3), which in turn are calculated
based on the full eigenstates of the TB Hamiltonian (1) in
momentum space. Therefore a self-consistent calculation using
Eqs. (1), (2), (3), and (6) is required to obtain the carrier
densities ni and the Hartree energies Ui on the different
sublayers of phosphorene. Since the carrier densities on the
different sublayers are not known in advance, an initial guess
of these densities is needed, e.g., assuming them to be equal
at the beginning. Then the calculations are performed selfconsistently until the carrier density per sublayer is converged.
The number of self-consistent iterations depends on the total
carrier density n and on the number of stacking layers N .
When convergency is reached, the Fermi energy EF and band
structure Ek of multilayer phosphorene can be obtained, from
which we can further calculate the electronic properties such
as the fundamental band gap and the carrier effective mass.
III. RESULTS AND DISCUSSION

In the present work, we consider three different gate
configurations applied to multilayer phosphorene: (i) only
positive top gate Vt > 0, Vb = 0 (nt > 0, nb = 0); (ii) only
negative bottom gate Vt = 0, Vb < 0 (nt = 0, nb < 0); and
(iii) both top and bottom gates Vt = −Vb > 0 (nt = −nb > 0).
We calculate self-consistently the band structure of gated
multilayer phosphorene and the gate-induced charge densities
on the different phosphorene layers. In our self-consistent
calculations, we varied the number of phosphorene layers N
and set the temperature to T = 10 K. The charge density nt
(nb ) on the top (bottom) gate was changed between 0 and
2 × 1013 cm−2 . By using the simple relation between the gate
voltage potential Vg and the gate charge density ng [24], Vg =
eng d/(2ε0 ε) with d (ε) the thickness (relative permittivity) of
the dielectric material, and by taking the experimental values
of d and ε [28], the chosen charge-density range for the top
(bottom) gate was found to correspond to the top (bottom) gate
voltage between 0 and 10 V (40 V), which are experimentally
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the band-gap region. As can be seen, applying only a top
(bottom) gate enables to tune the Fermi energy of the system
into the conduction (valence) band region and so the electron
(hole) density of the system can be tuned with varying gate
charge density. However, with both top and bottom gates
applied, it is possible to tune the Fermi energy of the system
into the band-gap region with no net carrier density when
varying gate charge density. Notice that in the presence of only
a top or bottom gate, the Fermi energy variation with the gate
charge density is smaller in three-layer phosphorene than that
in three-layer graphene [23,24]. This is due to the fact that the
carrier effective mass of multilayer phosphorene is larger than
that of multilayer graphene. We also observe similar results for
other multilayer phosphorene (e.g., two-, four-, and five-layer
phosphorene).
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Top & Bottom
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B. Charge distribution and screening
FIG. 2. (a)–(c) Band structure of gated multilayer phosphorene
obtained by the self-consistent TB model: (a) in the presence of only
top gate (nt = 1.5 × 1013 cm−2 ), (b) in the presence of only bottom
gate (nb = −1.5 × 1013 cm−2 ), and (c) in the presence of both top
and bottom gates (nt = −nb = 1.5 × 1013 cm−2 ). (d) Fermi energy
EF as a function of the gate charge density ng for top gating (ng = nt ),
bottom gating (ng = nb ), and both top and bottom gating (ng = nt =
−nb ). In (a)–(c), the horizontal dashed lines are the self-consistently
determined Fermi energies. The inset in (a) denotes the first Brillouin
zone (BZ) of phosphorene, where , X, and Y are the three most
important high-symmetry points. The shaded region in (d) represents
the band-gap region.

accessible [28]. Furthermore, in our numerical calculations, we
took the dielectric constant κ = 6 for multilayer phosphorene.
We have chosen this κ value because (i) it is close to the
dielectric constant of bulk BP (κ = 8.3), (ii) it is within the
range of the κ value of multilayer phosphorene determined by
DFT calculations [31], (iii) there are not yet experimental κ
values reported for multilayer phosphorene, and (iv) it leads to
a qualitatively good agreement between theory and experiment
(as will be shown later).
A. Band structure and Fermi energy

In Figs. 2(a)–2(c), we show the self-consistently obtained
band structure and Fermi energy of three-layer phosphorene
in the presence of (a) only a top gate, (b) only a bottom gate,
and (c) both top and bottom gates. The gate charge densities
are assumed to be nt = 1013 cm−2 in (a), nb = −1013 cm−2
in (b), and nt = −nb = 1013 cm−2 in (c). As can be seen, in
the presence of only a top (bottom) gate, the Fermi energy is
located in the conduction (valence) band due to nt > 0 (nb <
0), which indicates a finite density of electrons (holes) in the
system; whereas in the presence of both top and bottom gates,
the Fermi energy is located in the band gap due to nt + nb = 0,
which indicates no excess carriers in the system.
In Fig. 2(d), we show the dependence of the Fermi energy
(EF ) of three-layer phosphorene on the gate charge density (ng )
for the cases of only a top gate (ng = nt ), only a bottom gate
(ng = nb ), and in the presence of both top and bottom gates
(ng = nt = −nb ). The shaded region in this figure represents

With top and/or bottom gates applied to multilayer phosphorene, the gate-produced electric field induces a charge distribution over the phosphorene layers, which in turn produces
an internal electric field between the layers that counteracts
the external (gate-produced) electric field (i.e., the electricfield-induced charge screening). Although the gate-produced
(unscreened) electric field is uniform, the screened electric field
between the different phosphorene layers is expected to be not
uniform, because the induced charge densities on these layers
are generally not equal to each other.
In Fig. 3, we show the carrier densities ρi (i = 1, . . . ,N) on
the different layers of N -layer phosphorene (N = 2,3,4,5) as a
function of the gate charge density ng : (a)–(d) in the presence of
only a top gate (ng = nt ), and (e)–(h) in the presence of both top
and bottom gates (ng = nt = −nb ). The relation between the
layer and sublayer densities is given by ρi = n2i−1 + n2i . The
results are very similar in the presence of only a bottom gate
(ng = −nb ), and can be mapped into each other by reversing
the layer index and changing the carrier type, and thereby we
do not show them.
We see that in the presence of only a top gate, as shown
in Figs. 3(a)–3(d), the top-most layer has the largest carrier
density (i.e., ρ1 ) for the case of N = 2 layers. But this is no
longer true for the cases of N = 3,4,5 layers. For instance,
for N = 4, the carrier density is largest on the second-topmost layer (i.e., ρ2 ). This carrier-density anomaly in N -layer
phosphorene (with N  3) is induced by the charge transfer
between the different layers due to the significant interlayer
coupling. Our numerical calculations show that if the strength
of the interlayer coupling is reduced below a critical value,
the top-most phosphorene layer will regain the largest carrier
density. In order to see this more clearly, we show in Fig. 4
the carrier densities on the top-most and the second-top-most
phosphorene layers (ρ1 and ρ2 ) as a function of the interlayer
hopping scaling factor (fs ) for the cases of N = 3,4,5 layers,
where fs = 0 (1) indicates the turning off (on) of the full
interlayer hopping. As can be seen, there is indeed a critical
value of the interlayer hopping strength (indicated by fsc in
the figure), below (above) which we have ρ1 > ρ2 (ρ1 < ρ2 ),
and the value of fsc depends on the number of layers N
(for instance, it is found to be fsc = 0.45,0.39,0.37 for N =
3,4,5). This indicates the importance of the interlayer coupling
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FIG. 3. Layer carrier densities ρi (i = 1, . . . ,N ) of gated multilayer phosphorene as a function of the gate charge density ng for N = 2,3,4,5
layers: (a)–(d) in the presence of only a top gate (ng = nt ), and (e)–(h) in the presence of both top and bottom gates (ng = nt = −nb ).

strength in the determination of the carrier densities over the
different phosphorene layers.
Furthermore, we find that in the presence of both top and
bottom gates, as shown in Figs. 3(e)–3(h), the carrier densities
on the different layers exhibit an odd-even layer dependence:
for the case of an even number of layers (N = 2,4), the upper
and lower layers with respect to the centro-symmetric plane
have carrier densities opposite in sign but equal in magnitude,
thereby leading to the appearance of electron-hole bilayers;
whereas for the case of an odd number of layers (N = 3,5),
there is an additional feature that the middle layer (at the centro-

fsc

FIG. 4. Layer carrier densities ρ1 and ρ2 of top-gated multilayer
phosphorene as a function of the interlayer hopping scaling factor
fs for N = 3,4,5 layers. The short arrow indicates the critical value
(fsc ) of the interlayer hopping strength, below (above) which ρ1 > ρ2
(ρ1 < ρ2 ) is satisfied.

symmetric plane) has zero carrier density. The layer carrier
densities ρi increase with the gate charge density ng in either
a linear or nonlinear fashion.
In Fig. 5, we show the total electric fields Fi,i+1 (i =
1, . . . ,2N − 1) between the two adjacent sublayers of N -layer
phosphorene (N = 2,3,4,5) as a function of the gate charge
density ng , where (a)–(d) and (e)–(h) are for the same gating
configurations as in Fig. 3. For comparative purposes, the
gate-produced (unscreened) electric field F0 = Ft + Fb is also
presented in each panel. As can be seen, in all the gating
configurations, most of the electric fields Fi,i+1 are significantly smaller as compared to the fields F0 due to the charge
screening effect, and the magnitudes of Fi,i+1 are different
from each other, because the carrier densities on the different
sublayers that can screen the electric field F0 are different (see
Fig. 6). Therefore the screened electric field across multilayer
phosphorene is not uniform, whose magnitude depends on the
phosphorene sublayers.
Notice that in the presence of only a top or bottom gate
and for the cases of N  3 layers, some electric fields Fi,i+1
shown in Fig. 5, e.g., F2,3 , F4,5 and F6,7 , are not screened and
even larger than the unscreened one F0 . This charge-screening
anomaly is induced by the fact that there are emerging minority
carriers (with opposite sign to the majority ones) on the sublayers in the presence of only a top or bottom gate. For instance, for
the case of N = 4 layers, and in the presence of only top gate,
as shown in Fig. 6(c), they are the carrier densities n2 and n4 on
the second- and fourth-top-most sublayers, which are opposite
in sign as compared to the other densities. With increasing N ,
the minority carriers appear on more sublayers. The emergence
of minority carriers is induced by the intralayer charge transfer

due to the very strong out-of-plane hopping strength (i.e., t2 )
in phosphorene. The emerging minority carriers produce an
electric field, which counteracts that produced by the majority
carriers and thus leads to the charge-screening anomaly.
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FIG. 5. Electric fields Fi,i+1 (i = 1, . . . ,2N − 1) between the two adjacent sublayers of gated multilayer phosphorene as a function of the
gate charge density ng for N = 2,3,4,5 layers: (a)–(d) in the presence of only a top gate (ng = nt ), and (e)–(h) in the presence of both top and
bottom gates (ng = nt = −nb ). In each panel, F0 (black curve) is the electric field produced by top and/or bottom gates.

We also note that in the presence of only a top gate, as shown
in Figs. 5(a)–5(d), some of the electric fields Fi,i+1 exhibit a
nonlinear screening with respect to the gate charge density
(or gate electric field) while others show a linear screening.
However, this is different in the presence of both top and
bottom gates, as shown in Figs. 5(e)–5(h), where all the electric
fields Fi,i+1 show a linear screening with gate charge density.
This difference occurs due to the either linear or nonlinear
increase of the layer carrier densities with the gate charge

(a)

(b)
N=2

(c)

N=3

(d)
N=4

N=5

FIG. 6. Sublayer carrier densities ni (i = 1, . . . ,2N ) of top-gated
multilayer phosphorene as a function of the gate charge density nt for
N = 2,3,4,5 layers.

density, as shown in Fig. 3. Moreover, in the presence of dual
gates, the screened electric fields Fi,i+1 are symmetric with
respect to the centrosymmetric plane due to the symmetric
carrier distribution in this gating configuration.
It is worth to point out that in previous studies of multilayer
graphene [22–26], the charge screening induced by the gate
electric field is only present between the graphene layers (i.e.,
interlayer screening). Here, we find that it can also be present
within the phosphorene layer (i.e., intralayer screening), which
arises due to the puckered lattice structure of phosphorene.
Therefore both intralayer and interlayer charge screenings are
present in multilayer phosphorene, which is fundamentally
different from multilayer graphene.
It should also be noted that the present TB model takes
into account only one atomic orbital (i.e., the pz orbital)
per lattice site and thus only the electrons on the pz orbital
contribute to the charge screening effect. When more atomic
orbitals (e.g., s, px , py orbitals) are included in the model,
the electrons on these orbitals may also contribute to the
charge screening effect. Therefore the charge screening effect
is probably underestimated by the current TB model. However,
it was shown in Ref. [16] that when compared to the DFT-GW
approach, this single-orbital TB model reproduces well the
electronic band structure of multilayer phosphorene in the
low-energy region and (ii) the pz orbital that was included in
the model has the predominant contribution to the electronic
band structure in the low-energy region. Therefore the present
TB model is expected to be qualitatively accurate in describing
the charge screening effect in multilayer phosphorene. With
the inclusion of more atomic orbitals, the magnitude of charge
screening could be changed, which, however, might not change
the main conclusions on the charge screening effect obtained
by the present TB model.
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(a)
N=2

(b)

N=3
N=2

(c)

(d)

N=4

N=3

(c)

(d)

N=5
N=4

FIG. 7. Screened (full curves) and unscreened (dashed curves)
band structures of multilayer phosphorene in the presence of both top
and bottom gates with fixed charge densities of nt = −nb = 1.5 ×
1013 cm−2 for N = 2,3,4,5 layers.

N=5

FIG. 8. Screened (full curves) and unscreened (dashed curves)
electron effective masses of multilayer phosphorene in the presence
of both top and bottom gates with varying gate charge density for
N = 2,3,4,5 layers, where m0 is the free electron mass.

C. Effective mass and band gap

Now we turn to the effect of charge screening on the gateelectric-field tuning of the effective mass and the band gap of
multilayer phosphorene. To proceed, we first show how the
band structure of gated multilayer phosphorene is different in
the absence and presence of charge screening. In Fig. 7, we plot
both the screened and unscreened band structures of N -layer
phosphorene in the presence of both top and bottom gates with
fixed charge densities (nt = −nb = 1.5 × 1013 cm−2 ), where
(a)–(d) are for N = 2-5 layers, respectively. It can be clearly
seen from this figure that in the presence of charge screening,
the band structure is significantly changed, and that the change
is more pronounced for the case of larger number of layers.
From the electronic band structure E(k), the carrier (electron or hole) effective mass can be calculated by 1/mij =
∂ 2 E(k)/(h̄2 ∂ki ∂kj ), with i,j = x,y and mij the effective mass
tensor. In Fig. 8, we show the electron effective masses of
N-layer phosphorene along the armchair and zigzag directions
(mexx and meyy ) with varying gate charge density (ng ) in the
presence of both top and bottom gates (ng = nt = −nb ), where
(a)–(d) are for N = 2−5 layers, respectively. As can be seen,
the electron effective mass along the armchair direction mexx
changes more significantly with varying gate charge density ng
than that along the zigzag direction meyy . This is primarily due
to the band anisotropy of multilayer phosphorene. In addition,
the gate-induced charge screening has different consequences
on the electron effective masses mexx and meyy : it has a more
significant effect on meyy than mexx . However, the variations
of both the electron effective masses mexx and meyy with gate
charge density ng are not significantly influenced by the
gate-induced charge screening, as can be verified by the band
dispersion curvatures shown in Fig. 7. Similar results are also
obtained for the hole effective masses mhxx and mhyy .
In Fig. 9, we show both the screened and unscreened band
gaps (Eg ) of N -layer phosphorene (N = 2,3,4,6) as a function

of the gate charge density (ng ) in the presence of (a) only a
top gate (ng = nt ) and (b) both top and bottom gates (ng =
nt = −nb ). As can be seen, the gate-charge-density (or gateelectric-field) tuning of the band gap is distinctively different in
the absence and presence of charge screening. The unscreened
band gap decreases dramatically with increasing gate charge
density (or gate electric field). However, in the presence of
charge screening, the magnitude of this band-gap decrease is
significantly reduced and the reduction is more significant for

N=2

N=2

N=3

N=3

N=4

N=4

N=6
N=6

(a)

(b)

FIG. 9. Screened (full curves) and unscreened (dashed curves)
band gaps of multilayer phosphorene as a function of the gate charge
density ng for N = 2,3,4,6 layers: (a) in the presence of only a top
gate (ng = nt ) and (b) in the presence of both top and bottom gates
(ng = nt = −nb ).
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larger number of layers. For instance, for the case of N = 6
layers and in the presence of both top and bottom gates, the
unscreened band gap Eg becomes zero when the gate charge
density ng reaches the critical value ncg ∼ 1.5 × 1013 cm−2 ;
however, due to the charge screening, the critical gate charge
density ncg is significantly increased, which becomes larger
than 2 × 1013 cm−2 and thus increases by more than 33%. The
effect of the charge screening on the band-gap tuning with the
gate electric field is qualitatively the same for all the gating
configurations, as shown in Figs. 9(a) and 9(b), i.e., it always
tends to increase the band gap. We are able to fit the band
gap (Eg ) of gated multilayer phosphorene as a function of the
gate charge density (ng ) by using a simple polynomial Eg =
an2g + bng + c with a, b, and c the polynomial coefficients.
As an example, these three parameters are fitted for the case of
dual (top and bottom) gates and they are listed in Table I. As can
be seen, for all the cases of N = 2,3,4,6 layers, the presence
of charge screening affects a and b significantly but has no
effect on c. The values of a, b, and c depend sensitively on
the number of layers N . This polynomial fitting can be useful
for the estimation of the band gap of gated multilayer phosphorene under ambient gate charge density (or gate electric
field).
We note that in Ref. [27], similar results were obtained for
this band-gap tuning in multilayer phosphorene by using firstprinciples calculations. However, the obtained results were
restricted to the cases of bilayer and trilayer phosphorene
and the screening effect was induced differently, i.e., by
considering a charged system (our screening effect is induced
by the gate electric field).
D. Comparison with experiment

In order to verify the capability and accuracy of the present
self-consistent TB model, we compare our theoretical band
gaps of gated multilayer phosphorene with recent experimental
results [28]. We consider multilayer phosphorene in the presence of dual (top and bottom) gates as in Ref. [28], and take
from this experimental work all the necessary parameters for
theoretical modeling and calculations, including the number of
layers and the displacement field. The experiment considered
the charge-neutrality condition [28], i.e., there are no excess
carriers in the multilayer structure and thus the displacement
field (denoted by D) is approximately uniform across the
entire structure. This condition corresponds to our theoretical
model where the charge densities of top and bottom gates

are opposite in sign but equal in magnitude. By using the
relation between the gate charge density and the gate electric
field Ft,b = e|nt,b |/(2ε0 κ), the displacement fields of top and
bottom gates can be written as Dt,b = κFt,b = e|nt,b |/(2ε0 ). At
the charge-neutrality condition (nt + nb = 0), D = Dt = Db
where D is the displacement field of multilayer phosphorene,
and we calculate the displacement-field tuning of the band
gap of multilayer phosphorene, as was done experimentally in
Ref. [28]. The magnitude of this band-gap tuning is computed
as Eg = Eg (D = 0) − Eg (D = 0).
In Fig. 10(a), we show our theoretical results (solid lines)
of Eg as a function of D for N -layer phosphorene (N =
4,5,6,8) and for comparative purposes, the theoretical (dashed
lines) and experimental (circle dots) ones from Ref. [28]. As
can be seen in Fig. 10(a), our theoretical results are in good
agreement with the experimental ones for the 2.5 nm-thick
sample (corresponding to N = 5 layers), while the simple
theoretical model presented in Ref. [28] overestimates the
band-gap change with displacement field. However, the 4-nmthick sample (corresponding to N = 8 layers) exhibits a much
smaller decrease in the band gap when compared with theory.
The experimental results compare favorably with our results
for N = 6 layers. This discrepancy could possibly be due to the
uncertainty in (i) the sample thickness in the experiment and
(ii) the value of the dielectric constant of the sample. In spite
of this discrepancy, our theoretical results are able to capture
qualitatively the main feature of the band-gap variation with
displacement field (i.e., the nonlinear decrease with increasing
displacement field). Notice that by increasing the dielectric
constant κ from 6 to 10, we are able to fit the experimental
results for the 4-nm-thick sample, as shown in the inset of
Fig. 10(a).
The band-gap reduction with displacement field is even
more pronounced for multilayer phosphorene with N = 20
layers (corresponding to the 10-nm-thick sample), as shown
in Fig. 10(b). In order to fit the experimental results, we have
to further increase κ from 10 to 15. This increase of the
κ value is reasonable because multilayer phosphorene with
larger number of layers was shown to have a larger dielectric
constant [28,31]. The physical reason is that as the band gap
decreases with increasing number of phosphorene layers, the
multilayer phosphorene system becomes more metallic and
so the dielectric screening of the system becomes stronger,
which indicates an increased dielectric constant. Therefore,
with only one adjustable parameter (i.e., the dielectric constant
κ), which is varied within reasonable values, our self-consistent

TABLE I. The fitting parameters a, b, and c for the gate charge density (ng in units of cm−2 ) dependence of the fundamental band gap (Eg
in units of eV) Eg = an2g + bng + c for N -layer phosphorene (N = 2,3,4,6) in the presence of both top and bottom gates (ng = nt = −nb ),
where a, b, and c are in units of eV cm2 , eV cm, and eV, respectively.
Model
Unscreened

Screened

Parameters

N =2

N =3

N =4

N =6

a
b
c
a
b
c

−1.583×10−4
−1.541 × 10−4
1.151
−9.422 × 10−5
−5.315 × 10−5
1.151

−4.219×10−4
−7.772 × 10−4
0.855
−2.517 × 10−4
−2.722 × 10−4
0.855

−7.663×10−4
−3.268 × 10−3
0.704
−4.815 × 10−4
−1.277 × 10−3
0.704

−1.741×10−3
−1.243 × 10−2
0.571
−9.177 × 10−4
−9.415 × 10−3
0.571
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IV. CONCLUDING REMARKS

(a)

10

Band-gap Tuning ΔEg [meV]

κ=6

8

(b)
Displacement Field D [V/nm]

FIG. 10. Our theoretical results of the band-gap tuning Eg
of N -layer phosphorene (N = 4,5,6,8,20) as a function of the
displacement field D (solid lines). Dashed lines and circle dots are,
respectively, the theoretical and experimental results of Ref. [28] for
Eg as a function of D. The inset in (a) shows Eg for the case of
N = 8 layers for different dielectric constants κ as indicated.

TB calculations are able to reproduce the experimental
results.
Moreover, our theoretical results are qualitatively consistent
with the theoretical ones presented in Ref. [28], as shown by
the solid and dashed curves in Fig. 10(a). The quantitative
difference between our model and the one used in Ref. [28] is
due to the fact that: (i) the screening mechanism is different:
ours is induced by the gate electric field while theirs was
introduced by considering a band-gap-dependent dielectric
constant; and (ii) our band gaps are obtained within a selfconsistent Hartree scheme while their band gaps were obtained
by self-consistently iterating a uniform dielectric constant of
the multilayers via the band-gap dependence.
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