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ABSTRACT: It remains a remarkable challenge to develop
practical techniques for controllable and nondestructive doping
in two-dimensional (2D) materials for their use in electronics and
optoelectronics. Here, we propose a modulation doping strategy,
wherein the perfect n-/p-type channel layer is achieved by
accepting/donating electrons from/to the defects inside an
adjacent encapsulation layer. We demonstrate this strategy in the
heterostructures of BN/graphene, BN/MoS,, where the previously
believed useless deep defects, such as the nitrogen vacancy in BN,
can provide free carriers to the graphene and MoS,. The carrier
density is further modulated by engineering the surroundings of
the encapsulation layer. Moreover, the defects and carriers are
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naturally separated in space, eliminating the effects of Coulomb impurity scattering and thus allowing high mobility in the 2D limit.
This doping strategy provides a highly viable route to tune 2D channel materials without inducing any structural damage, paving the

way for high-performance 2D nanoelectronic devices.

KEYWORDS: 2D materials, modulation doping, encapsulation layer, channel layer, high mobility, p-type MoS,

B INTRODUCTION

Doping of semiconductors, the way of modulating charge
carriers (including type and concentration) and controlling
electrical conduction, has been the key technology for the
development of electronics and optoelectronics.' > Highly
tunable doping levels and negligible structural damage to the
materials are both desirable for realizing controllable and
effective doping. The great potential of two-dimensional (2D)
materials for applications in microelectronics and nano-
electronics has promoted the progress of several doping
techniques, such as electrostatic doping,4’5 where carriers are
provided by the electric field without changing the channel
material chemical composition, and molecular doping, %7 which
relies on the charge transfer between the surface molecules and
the 2D layer. However, the practical applications of such
doping techniques are limited by the electrical breakdown (or
sophisticated device fabrication)®” and molecular instabil-
ity,”'" respectively. The widely utilized doping technique in
semiconductors is ion implantation. Nonetheless, it has also
proved to be challenging for 2D materials because of their
atomically thin nature.'”'” The process of bombarding the
semiconductor with energetic alien atoms (or impurities) may
cause serious damage or induce considerable and undesirable
defects to the 2D structure.

What is worse, because of the weak screening, defects in 2D
materials are predicted to be generally deep with ionization
energy much larger than the thermal energy.”'*~"” Deep-level
defects are usually not appreciated in electronics since they
serve as scattering centers (decreasing carrier mobilities) or
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charge recombination centers (reducing carrier lifetime),
resulting in degraded performance of devices.'"”*° This
suggests even with a stable doping technique for 2D materials,
defects in such materials may not be utilized to achieve
satisfiable electrical conductivity. Field-effect transistors made
of 2D materials, in general, suffer from retarded carrier
mobility. This has been recognized as a main limiting factor by
the industry like TSMC>"** for harvesting the potential of 2D
materials in next-generation nanoelectronics. Thus, it is highly
advisable to develop a new doping strategy for 2D electronics,
to maintain structural integrity while at the same time obtain
high carrier density and mobility by converting deep-level
defects to shallow defects.

In this paper, we propose such a doping strategy based on
heterostructure engineering. Instead of introducing defects into
the channel 2D material, we place the defect only in the
encapsulation 2D material that forms a heterostructure with
the channel material. The encapsulation layer prevents the
channel layer from being impaired during the process of defect
formation such as the ion implantation. Meanwhile, the defect
in the encapsulation layer donates/accepts its electron to/from
the channel layer, allowing modulation of conductivity in the
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Figure 1. (a) Band structure of Vj in isolated BN. (b) Projected band structure of V in the heterostructure of BN/Graphene with red and black
colors indicating weights of graphene and BN atomic orbital projections. The thick lines stand for the defect states induced around the Fermi level

as indicated by the 0-eV line.

channel layer. Through first-principles calculations, we
successfully predicted the electron/hole transfer from the
deep-level nitrogen/boron vacancy in monolayer BN to
monolayer graphene, demonstrating robust n-/p-type doping
of the graphene. The charge transfer still holds even with the
system where one more perfect BN layer is inserted between
the graphene and the defective BN layer. Moreover, by
adopting this strategy, we achieved a perfect n-type and p-type
MoS, in the heterostructure of BN/MoS, (the BN is with a
nitrogen-vacancy) and ZrS,/MoS, (one NO molecule
adsorbed on one sulfur vacancy of ZrS,), respectively. Our
strategy opens up a way to obtain perfect n-type or p-type 2D
materials with tunable carrier concentration and mobility,
suitable for integrated circuit and optoelectronic device
fabrication.

B METHODS

The calculations were performed using the density functional
theory (DFT),”>** as implemented in the VASP codes.”>*°
The electron exchange and correlation were treated using the
Perdew—Burke—Ernzerhof functional”” The 6 X 6 X 1
supercell was used for BN and graphene. The lateral lattice
constant of BN was strained by —1.7%, to meet the
commensurability criterion. An in-plane strain of roughly
+1.5% was applied to BN for the heterostructure of 4 X 4
MoS,-5 X 5 BN supercell. The 2 \/ 3X2 \/ 3 ZrS, supercell is
strained by 0.2% to match the 4 X 4 MoS, in the
heterostructure of ZrS,/MoS,. The cell size in the z-direction
is 20 A for the BN/graphene and BN/MoS, and increases to
23 A for the systems of BN/BN/graphene and ZrS,/MoS,. All
atoms are relaxed until the Hellmann—Feynman forces on
individual atoms are no greater than 0.02 eV/A. The cutoff
energy of the plane wave basis is 520 eV. The 3 X 3 X 1 and 2
X 2 X 1 Monkhorst—Pack mesh grids were used for the k-point
sampling of the heterostructure of BN/MoS, and other
systems. The effects of spin polarization were included in all

calculations. The Grimme DFT-D2 method was used for
correcting the van der Waals interactions.”®

B RESULTS AND DISCUSSION

We start by validating the doping strategy on the
heterostructure of defective BN and perfect graphene (BN/
graphene). Here, the defects in BN are boron vacancy (Vy)
and nitrogen vacancy (Vy) since they can be preferentially
formed under an electron beam,”” but the doping strategy is
not limited to vacancies. Figure 1 involves the band structure
comparison between V5 in the free-standing BN and Vy in BN/
graphene heterostructure. Vg induces one spin-up defect state
denoted as dI_up and two spin-down defect states marked as
dl_dn and d2_dn within the band gap in the free-standing BN,
as shown in Figure la. They are all above the Fermi level and
thus empty. However, we find that the dI_up becomes
occupied, and the Fermi level shifts below the Dirac cone of
the graphene layer in BN/graphene, as shown in Figure Ib,
demonstrating the charge of electron transfer from graphene to
the dl_up state and hence achieving the perfect p-type
graphene without inducing any defects in it.

Since electronic devices are often bipolar,”"”** which
necessitates the critical ability to dope the material sufficiently
both p- and n-types, we also examine the inverse charge
transfer, that is, from the defect in the BN layer to graphene, as
shown in Figure 2 where the defect is V. For Vy, there is one
filled spin-up state (d1_up) below the Fermi level and one
empty spin-down state (d1_dn) above the Fermi level in the
free-standing BN, whereas they become degenerate, locating
above the Fermi level and being empty in BN/graphene, see
the dI state in Figure 2b. This is ascribed to the charge transfer
from the dI_up state to graphene, which at the same time
moves the Fermi level above the Dirac cone of the graphene.
Since oxygen often exists during the graphene synthesis
process, we also placed one bridge oxygen atom on the
graphene surface in the heterostructure of defective BN/
graphene and found the oxygen adsorption has negligible
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Figure 2. (a) Band structure of Vy in isolated BN. (b) Projected band
structure of Vy in the heterostructure of BN/Graphene with red and
black colors indicating weights of graphene and BN atomic orbital
projections. The thick lines stand for the defect states induced around
the Fermi level as indicated by the 0-¢V line.

effects on the charge transfer between the V3/Vy and the
graphene (see Figures S1 and S2 in the Supporting
Information). It should be noted that for free-standing BN,
both nitrogen and boron vacancies are very deep defects with
an ionization energy of more than 1 eV;'® thus, they are usually
considered to be useless to offer an effective concentration of
carriers for their parent material. However, now they can act as
shallow donors and acceptors in the heterostructure by
providing carriers to graphene. Moreover, we got the perfect
n-type graphene in the heterostructure of defective BN/
graphene with a point defect complex, in which a nitrogen
vacancy is coupled to a nitrogen antisite defect (NgVy) in the
BN layer, revealing that the defect complex is also able to
realize the charge transfer (see Figure S3 in the Supporting
Information).

It should be pointed out that in the heterostructure, the
electron (or hole) and ionized Vi (or V}) are confined into
two different adjacent layers, allowing a remarkable reduction
in the influence of ionized defect scattering,‘”’34 which is
supposed to be the most critical cause for low carrier mobility
in the 2D devices.*>® To further suppress the Coulomb effects
of the ionized defects, we increase the spatial separation
between the ionized defects and the carriers by inserting one
more perfect BN layer between the defective BN and the
graphene. The insertion of the perfect BN layer leads to a
lower charge transfer efficiency but can still be effective to offer
carriers, as shown in Figure 3. On the basis of Bader analysis,
the electrons and holes transferred from Vy and Vj to
graphene in the system of defective BN/perfect BN/graphene
are 57% and 77% of those in the system of defective BN/
graphene. Meanwhile, the Fermi level shifts relative to the
Dirac cone of the graphene are smaller because of the insertion
of the extra BN layer. More interestingly, the percentage
further drops to 35% and 63% when the perfect BN layer is
removed, but the distance between the defective BN and
graphene is kept. This reveals the insertion of the perfect BN
layer is like putting a “ladder” between the defective BN and
graphene separated by a long distance, which makes it easier
for the charges in the defective BN to land the graphene (see
Figures S4 and SS in the Supporting Information for details).
These results indicate the carrier density and mobility in this

Figure 3. Comparison of the charge transfer in defective BN/
graphene (a) and (c), and defective BN/perfect BN/graphene (b)
and (d). In each figure, one side shows the schematic diagrams of the
electron transfer from the native defect (Vyy or V) in BN to graphene
(Gr.) and the other side shows the Dirac cone of the graphene. The
blue color shows the electron occupation. Light blue, green, and gray
balls are N, B, and C atoms, respectively.

heterostructure doping strategy can be tuned by engineering
the surrounding environment.

To extend the doping strategy to other 2D materials with a
significant band gap, we also put the defective BN (with Vy)
and one perfect MoS, layer together, aiming to achieve the n-
type doping of MoS,, which is one of the most extensively
studied 2D systems.””*® Figure 4 shows the band structure of
Vy in BN/MoS,, wherein the defect state (dI, blue line) is
above the Fermi level and across the lowest conduction band
of MoS, (purple line). The electronic wave functions of the
two states are shown in the inset of Figure 4. This means the
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Figure 4. Band structure of Vy in BN/MoS,. The blue line is the
defect level from which the electron is transferred to the lowest
conduction band of MoS, which is denoted by the purple line. Insets
show the electronic wave functions associated with the I" point of the
blue line and K point of the purple line (i.e. the conduction band
minimum (CBM)) with red-color isosurfaces at 0.0025 e/A% The
Fermi level is indicated by the 0-V line. Light blue, green, purple, and
yellow balls are N, B, Mo, and S atoms, respectively.
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electron originally occupying the d1_up state in isolated BN
(see Figure 2a) has transferred to the lowest conduction band
of MoS,, resulting in a perfect n-type MoS,.

MoS, has been reported to exhibit the unipolar characteristic
and the achievement of p-type MoS, is a challenge.””*" With
the modulation doping strategy, we gain a perfect p-type MoS,
in the heterostructure of defective ZrS,/MoS,. Figure Sab

(a) (NO)s in isolated ZrS,  (b) (NO)sin ZrS,/MoS, (c) ZrS,/MoS,
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Figure 5. (a) Band structure of (NO)g in isolated ZrS,. (b) Projected
band structure of (NO)g in the heterostructure of ZrS,/MoS,. (c)
Projected band structure of the heterostructure of perfect ZrS,/MoS,.
Red and black colors in (b) and (c) indicate weights of MoS, and
ZrS, atomic orbital projections. The inset figures show the
corresponding atomic structures. The Fermi level is indicated by
the 0-eV line. Bright green, purple, yellow, light blue, and red balls are
Zr, Mo, S, N, and O atoms, respectively.

show the band structure comparison between the defect
((NO)s, one NO molecule adsorbed on one sulfur vacancy) in
free-standing ZrS, and (NO)g in ZrS,/MoS, heterostructure.
The (NO)jg introduces no defect states within the band gap of
ZrS, but moves the top two valence band-edge states up across
the Fermi level, making them partially occupied, as shown in
Figure Sa. The partially occupied valence bands become almost
fully occupied in the defective ZrS,/MoS, heterostructure, and
the valence band maximum (VBM) of MoS, gets unoccupied,
as shown in Figure Sb, revealing the electron transfer from
MoS, to the defective ZrS, and the realization of the perfect p-
type MoS,. It is important to emphasize that this charge
transfer is impossible to occur in perfect ZrS,/MoS,
heterostructure, the band structure of which is shown in
Figure Sc. The defects in BN described in the systems of BN/
graphene and BN/MoS, act as the source of electrons and
holes for doping graphene or MoS,, whereas, in this
circumstance, the defect in ZrS, is not directly involved in
the charge transfer process but plays an essential role in
modifying the occupation of band-edge states of the
encapsulation layer and then promoting the charge transfer.
For MoS,, most of the experimentally reported mobilities are
much smaller than the theoretically predicted value and one of
the reasons for the discrepancy is believed to be the Coulomb
impurities s,cattering.%’41 In principle, our proposed strategy is
advantageous in improving the experimental mobility because
of the significant suppression of the Coulomb impurities
scattering inside the MoS,. The doping strategy is not unique
to a certain 2D material, but can be readily applied for any
other 2D material, as we have demonstrated for both zero-
bandgap graphene and the semiconducting MoS,. This is of
particular importance since the strong Coulomb impurities

scattering is inevitable if one follows the traditional way of
doping in 3D semiconductors wherein the defects are created
inside the channel layer.

It would also be straightforward for this doping strategy to
be implemented in experiments, since the techniques of
synthesizing 2D heterostructures (such as mechanical exfolia-
tion,** molecular-beam epitaxy,” and chemical vapor deposi-
tion**) and fabrication of 2D devices with an encapsulated
material on the channel layer*>™** have been widely reported.
Meanwhile, it is recommended to choose easy-to-formed
defects for the encapsulation layer, such as vacancies (usual
products of electron-beam irradiation®”) or defects that can be
simply obtained by adjusting the growth environment of the
2D material. To be specific, a chalcogen vacancy and a
transition metal vacancy are usually observed in transition
metal dichalcogenides,””>* and oxygen-related defects can be
easily introduced into black phosphorus since it has a high
sensitivity to oxygen.”* Although the irradiation may induce
unintentional damage, this only happens to the encapsulation
layer but not the channel layer. The energy of the electron
beam can also be a way to engineer the defects in the
encapsulation layer and thus the carrier concentration and
mobility in the channel layer. Moreover, the van der Waals
stacking of 2D materials is advantageous in designing intended
properties, showing another engineering route. The strategy
demonstrated hereby is not only effective to control the
conductivity but also practical for the current 2D electronic
material manufacturing process. In the current work, the
channel layer is assumed to be perfect. For the channel
material with unintentional defect, the defect may act as the
acceptor of the electron/hole donated by the encapsulation
layer. The system of defective BN/MoS, with Vg (sulfur
vacancy) is such an example, where the electron is transferred
from Vy in BN to Vg in MoS, (see Figure S6ab in the
Supporting Information). Under this circumstance, providing a
sulfur-rich condition to suppress Vs or exposing the sample in
an oxygen-rich condition to passivate Vg would be the practical
way to recover the charge transfer between the encapsulation
layer and the band-edge states of the channel layer (see Figure
S6c in the Supporting Information).

B SUMMARY

In conclusion, we have proposed a doping strategy that
depends on the charge transfer between the 2D channel layer
and defects in the adjacent 2D encapsulation layer. The
encapsulation layer allows no damage to the channel layer and
the deep-level defects inside it play an important role in
providing free carriers to the channel layer. The spatially
separated carriers and ionized defects significantly suppress the
Coulomb impurities scattering and thus improve the carrier
mobility. The strategy is demonstrated for the cases of
defective BN/graphene, defective BN/MoS,, and defective
ZrS,/MoS,. It is also found that engineering the environmental
screening of the defective encapsulation layer can tailor the
carrier density. As an example, inserting one more perfect BN
layer between the defective BN and graphene adjust the
number of electrons transferred between them. The strategy
could be widely used to produce other perfect n-type/p-type
2D materials with their original high mobility in channel
materials retained, which will be a very promising way to
overcome the current doping problem for 2D material
electronics, such as in integrated circuits and optoelectronic
devices.
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1. Oxygen adsorption on graphene in defective BN/graphene

Fig. S1 shows the band structure comparison of the Vg in BN/graphene and the Vg in BN/graphene
with O; (one oxygen is adsorbed on the bridge site of graphene). In both cases, the d1_up state is
occupied and the Fermi level is below the Dirac cone of graphene, indicating the charge transfer
between d1_up of Vg in BN and the graphene is not affected by the existence of Oi. Also, the
inverse charge transfer from Vn in BN to graphene keeps successful before and after the bridge
oxygen is adsorbed on graphene, as shown in Fig. S2.
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Figure S1 Projected band structure of (a) BN/graphene with Vg (one boron vacancy) in BN and (b)
BN/graphene with Vg in BN and O; (one epoxy group, i.e., bridge oxygen) in graphene. The red and black
colors indicating weights of graphene and BN atomic orbital projections. The Fermi level is indicated by
the 0-eV line. The inset figures show the corresponding atomic structures. Light blue, green, gray, and red
balls are N, B, C, and O atoms, respectively.
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Figure S2 Projected band structure of (a) BN/graphene with Vy (one boron vacancy) in BN and (b)
BN/graphene with Vy in BN and O; (one epoxy group, i.e., bridge oxygen) in graphene. The red and black
colors indicating weights of graphene and BN atomic orbital projections. The Fermi level is indicated by
the 0-eV line. The inset figures show the corresponding atomic structures. Light blue, green, gray, and red
balls are N, B, C, and O atoms, respectively.

2. A point defect complex in BN/graphene

We can also achieve the perfect n-type graphene in the heterostructure of defective BN/graphene
with a point defect complex, in which a nitrogen vacancy is coupled to a nitrogen anti-site defect
(NsVn) in the BN layer, as shown in Fig. S3. NgVn in isolated BN induces three spin-up and spin-
down states within the band gap, among which the d2_up is fully occupied. The d2_up becomes
partially occupied in the heterostructure of BN/graphene and the Fermi level shifts above the Dirac
cone of graphene, revealing a charge transfer from the d2_up of NgVn in BN to the graphene and
hence achieving an n-type graphene.
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Figure S3 (a) Band structure of NgVy in isolated BN. (b) Projected band structure of NgVy in the
heterostructure of BN/Graphene with red and black colors indicating weights of graphene and BN atomic
orbital projections. The Fermi level is indicated by the 0-eV line.

3. Charge transfer efficiency between defective BN and graphene

Figs. S4 and S5 show the projected band structure of defective BN/graphene, defective BN/perfect
BN/graphene, and defective BN/graphene with a large interlayer spacing (same with that between
the defective BN and graphene in the system of defective BN/perfect BN/graphene). The defects
in BN are Vn and Vg, respectively. Based on Bader analysis, the number of electrons transferred
between the defective BN and graphene in such three systems are in descending order, as labeled
at the bottom of the figures.



(a) V, in BN/Gr. (b) V, in BN/BN/Gr.

. ——— Nl ————,
e e Y VA ——— .
e awat— | 2

E-E, (eV)

Spin up

BN

Figure S4 Projected band structure of (a) defective BN/graphene, (b) defective BN/perfect BN/graphene,
and (c) defective BN/graphene with large interlayer distance (same with that between the defective BN and
graphene in the system of defective BN/perfect BN/graphene). The defect is Vn. Red and black colors
indicate weights of graphene and BN (including both defective and perfect layers) atomic orbital projections.
The Fermi level is indicated by the 0-eV line. The number of transferred electrons is shown at the bottom.
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Figure S5 Projected band structure of (a) defective BN/graphene, (b) defective BN/perfect BN/graphene,
and (c) defective BN/graphene with large interlayer distance (same with that between the defective BN and
graphene in the system of defective BN/perfect BN/graphene). The defect is Vs. Red and black colors
indicate weights of graphene and BN (including both defective and perfect layers) atomic orbital projections.
The Fermi level is indicated by the 0-eV line. The number of transferred electrons is shown at the bottom.



4. Vnin BN/MoS: (with Vs and Os in MoSz)

Fig. S6 (a) shows the band structure of Vn in BN/MoS:. The blue line is the defect level of Vn from
which the electron is transferred to the lowest conduction band of MoS; (the purple line), showing
a perfect n-type MoS,. The most common defect in MoS; is reported to be sulfur vacancy (Vs). To
explore its influences on the charge transfer process, we introduce one Vs in the MoS; and calculate
the band structure of the heterostructure, as shown in Fig. S6 (b). Vs induces three spin-up and
spin-down states within the band gap (see the dotted lines), among which the green one (d2_up) is
empty in isolated MoS;!and becomes occupied in the heterostructure, proving charge transfer from
the defect state d1_up of Vn (see Figure 2a in the main text) to d2_up of Vs. Vs can be easily
passivated by oxygen atom both during material growth and exposure to ambient conditions?™.
The band structure of the heterostructure with oxygen passivation is shown in Fig. S6 (c), wherein,
the gap states of Vs are disappeared and the lowest conduction band of MoS; successfully accepts
the electron from Vn, showing an n-type MoS; again.
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Figure S6 Band structure of (a) BN/MoS; with Vy (one nitrogen vacancy) in BN, (b) BN/MoS; with Vy in
BN and Vs (one sulfur vacancy) in MoS,, and (c) BN/MoS; with Vy in BN and one substitutional defect Os
(one sulfur is replaced by one oxygen) in MoS,. The blue line is the defect level of Vy, the purple line is the
lowest conduction band of MoS;, and the dotted lines in (b) are the defect levels of Vs. The Fermi level is
indicated by the 0-eV line. CBM is short for conduction band minimum.
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