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Charge transfer in the vertical structures formed by two-dimensional

layers
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simple scheme for estimation of interlayer charge transfer is proposed. As an example, layers of graphene and
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After the advent of graphene topics the intensive search
for new two-dimensional (2D) compounds and heterostruc-
tures based on them was initiated [1-3]. Now there are
hundreds of known 2D-materials [4-6] possible in theory
and different schemes to grow superlattices (SL) of 2D-
layers (hereinafter referred to as 2DSL) [7-9]. In [10]
proposed a simple scheme to describe the electron spectrum
of 2DSL making it possible to take into account the
interlayer interaction. In this work we use results of [10] to
determine the charge transfer between the layers of 2DSL.

Let us consider a vertical structure composed of alternat-
ing sheets 1 and 2 that can be described in the isolated form
by Green’s functions Gj 2(k12; w), where w is the energy
variable, k1, are wave vectors for the electron movement in
the plane (X, y, pd) of the sheet (p=0, 1, 2,... N; d is the
distance between layers in the 2DSL). Now we include the
interlayer interaction V. In the mode of weak interplanar
coupling in the diagonal approximation (see [10]) Green’s
functions Gy »(k1,2Kz; ) of the 2DSL layers can be written
as follows

Gis(k12, kg 0) = G5 (K125 0)

— 4cos?(k,d)Ag 1 (@) +i07, (1)

where

Al,z(a))zvz f pl,z(w’)(w are

energy-shift functions of layer 2 (1) under the influence
of layer 1 (2) [10], p12(w) = 71’1N,;112 > ImG(ky ) are
K

1,2
densities of states of free layers 1 and 2 (Ng, , are numbers

of states ki), K, is the wave vector for the electron
movement in vertical direction (along the SL). As far as we
are not aimed here at obtaining precise results, but only
estimating the charge transfer between layers, we average

w/)—ldw/
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expression (1) over k. Then, instead of (1) we get

(Gl (K12, K3 0))k, = Gy 5 (K125 0)

= G, (K1.20) — 2A21(w) +i0". (2)
Note that this substitution is reasoned in the mode of weak
coupling interaction, because the z-band can be considered
narrow (dispersion-free) as compared to 2D-band.

Let us consider graphene (Gr) and graphene-like com-
pounds (GLC) as layers that compose the 2DSL. In the low-
energy approximation the density of states of free-standing
GLC and shift function AgLc(w) can be respectively written

as follows

2IQ/&%, A<|QI<R
Q) =
poLc(€) {o, Q| <A, |9Q| > R,
2v29 A
AgLe(R2) = In ‘ R (3)

where Q =w — ¢, & =/27V3t, R= /&2 + A2, t is the
electron hopping energy between the nearest atoms in a
layer, 2A is the band gap width of the free-standing GLC,
¢ is the energy of the band gap center [11]. Assuming
A=0 and & =¢p, where ¢p is the Dirac point, we
get the density of states of the free-standing graphene
per(®).  Let us consider that the density of states
of lattice layers pgrc is determined by expression (3),
where Q is to be replaced with Q =w —&, where
€ =c¢+2Ann (w) and Appn). (@) is the shift of electron
states caused by the nearest neighboring layer. Let us make
the approximation, which is widely used in the theory of
adsorption [12] and assume & = € + 2An . (¢). Occupation

numbers of atoms in layers at zero temperature are
u
Ni2=2 [ pi2(w)dw, where y is the chemical potential,

oo
which position is determined from the charge conseervation
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condition n; + Ny =n; +np, where n;, are occupation
numbers of layers without interaction. The charge transfer
between layers is vy = Ny ; — Ny», from which we get
V1 = —V)o.

Let’s start from the lattice formed by layers Gr and
GLC, and let’s consider Gr and GLC undoped, so that
n=m=1 If ep <& —A, electrons transfer from GLC
layers to Gr layers. In this case vgr = 2(u — &p)?/&2&, and
vore = —2(u — €)? /€%, from which

_epéaLe + eéor

or +&oLe
(€ —ep)?
vgr =2————. 4
& “(Eer + orc)? @
If ep>e+A, electrons transfer from Gr layers

to GLC layers. Then vgr = —2(u — &p)?/€3, and
voLe = 2(u — €)% /€2, ¢, from which we again get expres-
sion (4) for u, and for vg, a plus to minus change
is needed. In the case when ¢ —A <é&p <&+ A, no
charge transfer occurs. If € =¢&p (which approximately
corresponds to graphene and hexagonal boron nitride [10]),
there is no charge transfer between layers as well. Estimates
of tgr and tgrc, A for A4B4 and A3;Bs 2D-compounds are
presented in [13], values of —¢ and —ep with respect to the
vacuum are equal to corresponding work functions. Due
to the variety of parameters, the conclusion on how exactly
the consideration of coupling interaction affects the charge
transition can only be made for specific 2DSLs.

For 2DSLs composed of GLC1 and GLC2 layers,
Vi = :|:2(/1 — 8_1,2)2/512’2, so that

_ab +eé
aL+é&
(&1 — &)
" 2(51 + &) )
If & — Ay < & — Ay, electrons transfer from GLC2 layers
to GLC1 layers, and if & + A; > & + A,, the reverse
process takes place. If &1 = &, (which is approximately valid
for AIN and GaN sheets [10]), there is no charge transfer.
Now let us estimate the charge transfer in planar
encapsulated structures. For this purpose let us consider
N vertically arranged arbitrary 2D-layers enclosed between
massive top and bottom slabs. Using the results of [14],
we get the following representation for Green’s functions of
layers gp(w), where p is the layer number

where Agopor) (@) is the shift of electron states induced
by the top (bottom) slab. Let us consider as an example

an encapsulated layer of graphene located between the top
metal slab (contact pad) and bottom slab — a substrate
made of semiconductor (for example, Si, SiC) or dielectric
material (for example, BN, SiO,). In case of nonmagnetic
transition metal (TM) we can write the following

PIMICT =90, Q| > Wa/2,
Qm+Wy/2
A — (Dy/r) In| 22m + Wa/ 2
(o) = (T G ER0RL )

where Qm=w — &m; I'm = IOnV,%/Wd; &m is the energy of
the center of d-band of the TM, which width is Wy; Vi, is
the matrix element of metal—graphene interaction (Friedel

model) [15]. For the semiconductor (dielectric) we can
write the following
, 12| = Eg/2,
psc ((1)) _ Ps | Sl g/
0, Q] <Eg/2,
Qs — B /2}
A = (T In| ————|, 8
selw) = (1ofm) | 220 ®)

where Qs =w — &g, ['s = 4;7[V32/W3; W is the width of the
conduction band and the valence band; &s is the energy
of the band gap center Ey; Vs is the matrix element of
the substrate—graphene interaction (Haldane—Anderson
model) [16]. Assuming &ep = ep + Arm(ep) + Asc(ép),
we get |vor| =2(u —&p)?/&%,, where the position of
u is determined by the slabs. If u < ep, we have
ver < 0, ie. outflow of electrons from the graphene
layer; if u > ep, we have vgr > 0, ie. inflow of electrons
into the graphene layer. Also, a case is possible when
ATM(SD) +ASC(5D) =0 and ep = ¢p.

Thus, a simple scheme to estimate the charge transfer is
proposed in the work that allows obtaining analytical results.
The weak-coupling regime (van der Waals interaction) was
considered not only because of simplicity considerations,
but also on the ground that Gr and GLC retain their original
properties in this case only.
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