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Antimonene, monolayer antimony, was recently predicted to be a two-dimensional (2D) semiconductor

with a blue photoresponse. N- and p-type doping of this material is essential for its future application in

optoelectronic devices, but has not yet been carried out. Here, we introduce tetrathiafulvalene (TTF) and

tetracyanoquinodimethane (TCNQ) as electron and hole dopants to attain n- and p-type antimonene

semiconductors. Then, the electronic properties of the chemically doped antimonene are investigated

based on comprehensive first-principles calculations. Through TTF modified antimonene, we acquire an

n-type semiconductor with a deep donor state of 0.73 eV. Importantly, through TCNQ functionalized

antimonene, a p-type semiconductor is achieved with a shallow acceptor state of 0.27 eV. Moreover, the

co-adsorption of TTF and TCNQ on antimonene can significantly decrease the band-gaps to 0.15 and

0.12 eV in the one- and two-side configurations, respectively, exhibiting n-type semiconductance with

shallow donor states. Such n- and p-type antimonene semiconductors may widen the application of

two-dimensional semiconductors in electronics and optoelectronics.
1. Introduction

Two-dimensional (2D) crystals have emerged as a novel class of
materials with a wide range of extraordinary electronic and
optoelectronic properties.1 For example, graphene,2,3 transition
metal dichalcogenides (TMDCs),4,5 and phosphorene6,7 have
rapidly become fascinating building blocks for photonic and
optoelectronic applications. Currently, much attention is being
paid to different kinds of photodetection platforms.8–11

Graphene-based photodetectors possess broadband and ultra-
fast responses, but undergo short photogenerated carrier life-
times because of lacking an intrinsic bandgap.9,10 Therefore,
materials scientists and chemists have committed themselves
to exploring photosensitive TMDCs such as monolayer MoS2
eld effect transistors (FETs), which are extensively studied 2D
semiconductors with suitable bandgap.12,13 However, limita-
tions exist with these MoS2 devices such as a low carrier
mobility of 200 cm2 V�1 s�1, improvable up to 500 cm2 V�1 s�1,12

which is still lower than that of graphene. Thus, there is an
urgency to search for new 2D materials.

Recently, phosphorene has been synthesized through
mechanically exfoliating black phosphorus crystals14–20 and
used to fabricate the channel material in a FET with a superior
mobility of up to 1000 cm2 V�1 s�1.21–23 Quite recently,
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motivated by such advantages on phosphorene, the elemental
materials arsenene and antimonene of group-V, regarded as
being chemically similar to phosphorene, have also been
studied.24–29 For example, Zhang et al.24 theoretically reported
two new atomically thin 2D semiconductors, namely arsenene
(As monolayer) and antimonene (Sb monolayer), with high
stability and wide band-gap. Therefore, a honeycomb of single-
layer antimony is expected to possess comparable or even better
properties than phosphorene.

In 2014, it was shown that a 2D monolayer semiconductor
with an adsorbing molecule can generate effective n-doping, as
well as construct a p–n junction with an excellent perfor-
mance.30 Therefore, chemical doping is an effective approach to
obtain an in-plane 2D p–n junction. Remarkably, in comparison
with routine doping methods,31 chemical doping will preserve
the structural integrity and excellent properties of 2D materials.
Meanwhile in recent years, several theoretical and experimental
studies have alternatively put forward n- or p-doping of 2D
materials utilizing charge transfer using chemical dopants.
Indeed, many researchers have theoretically predicted that
modifying a substrate with organic molecules, such as tetra-
cyanoquinodimethane (TCNQ), tetracyanoethylene (TCNE),
tetrathiafulvalene (TTF) and benzyl viologen (BV), etc., can turn
the substrate into a p- or n-type semiconductor.32–35 Until now,
however, few theoretical reports have been implemented to
understand, control and modulate the electronic properties of
monolayer antimonene through chemical modications.

In this work, a theoretical model of antimonene is developed
to analyze the chemical doping effects of TTF and TCNQ using
comprehensive rst-principles calculations. We investigate the
chemical doping of single-atom-thick antimonene by using TTF
and TCNQ molecules, and achieve n- or p-type monolayer
This journal is © The Royal Society of Chemistry 2016
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antimonene semiconductors. Formation of the n- or p-type
semiconductor is crucial in becoming p–n junctions which
determines the photoresponse in antimonene photodetectors.
Moreover, the doping effect can be ascribed to the inuence of
the electron donor or acceptor on antimonene during the
charge state conversion, as shown in Fig. 1(a). It is found that
the doping of these two organic molecules results in a sharp
decrease in the bandgap, and converts antimonene into an n- or
p-type semiconductor corresponding to a deep or shallow
energy level, respectively. In addition, the co-adsorption of TTF
and TCNQ on antimonene can also achieve an n-type semi-
conductor with a shallow energy level.
2. Computational details

Plane-wave density functional theory (DFT) calculations were
employed by using the Cambridge sequential total energy
package (CASTEP) code.36 The generalized gradient approxi-
mation (GGA) of Perdew, Burke, and Ernzerhof (PBE) for the
exchange–correlation functional was used,37 as well as the
norm-conserving pseudopotentials38 being depicted in the core
valence interactions (valence electrons included in this study
for distinct atoms are Sb 5s2 5p3, O 2s2 2p4, S 3s2 3p4, C 2s2 2p2

and N 2s2 2p3). For introducing the van der Waals (vdW)
interactions, we adopted the semiempirical dispersion correc-
tions using the DFT-D approach with the Grimme scheme.39

During the geometry optimization, the models were relaxed
until the total energy tolerances and forces were less than 5 �
10�6 eV per atom and 0.01 eV Å�1, respectively. The plane wave
basis set with a cutoff energy of 500 eV was adopted. A larger
grid of 5 � 5 � 1 was sampled for band structure and scanning
tunneling microscopy (STM) simulations.
Fig. 1 (a) Schematic illustration of the antimonene device used for TTF
and TCNQ surface electron and hole transfer doping studies. The
lowest-energy configurations of (b) TTF/antimonene and (c) TCNQ/
antimonene are shown in side view. Additionally, the charge transfer
between the molecules and antimonene, and the twisting distance of
the antimonene nanosheet are displayed.

This journal is © The Royal Society of Chemistry 2016
On the basis of our current understanding, the buckled
system, Fig. S1,† is the most stable conguration.24 The relaxed
lattice constants for antimonene are a ¼ b ¼ 3.94 Å. To inves-
tigate the chemical doping of 2D antimonene using TTF and
TCNQ molecules, a 5 � 5 � 1 antimonene supercell including
50 atoms is applied. The nearest distance between two chemical
molecules (i.e., TTF and TCNQ) in adjoining supercells is�10 Å,
and a bigger vacuum layer of 20 Å is adopted to forbid the
interaction between two adjoining unit cells. In order to esti-
mate the most favorable congurations of the chemical doping
in antimonene, the adsorption energy per molecule is delin-
eated as:

Ea ¼ Emolecule/antimonene � Eantimonene � Emolecule

where Emolecule/antimonene, Eantimonene, and Emolecule stand for the
total energy of the molecule (TTF and TCNQ) functionalized
antimonene, the pristine antimonene, and the single molecule,
respectively.
3. Results and discussion

The structure of monolayer antimonene is presented in Fig. S1†
from three perspectives. Each unit cell of antimonene is
composed of two Sb atoms, which are all bonded with three
adjacent Sb atoms. The buckling height and angle of the
buckled antimonene are measured to be 1.55 Å and 91.31�,24

respectively. So the two neighboring bond connected Sb are
regarded as different atoms, and we label them T1 and T2, as
presented in Fig. S1.† On the other hand, due to the highly
symmetrical geometries of our considered organic molecules
(TTF and TCNQ), four chemical doping positions were chosen
for each molecule (Fig. S1, S2(a), and S3(a)†): the top sites 1 and
2 (T1 and T2), the center of a Sb–Sb bond (B), and the central
hollow ring (H). For each of these sites, we squared up the
orientations of the twomolecules, respectively, i.e., the long axis
of the molecules being along the armchair- or zigzag-direction
in TCNQ/antimonene. However, for TTF/antimonene, except
for the above-displayed two situations, an extra two situations
exist such as the long axis of TTF deviating 30� away from the
positive direction of the x- or y-axis. The doped molecules of
TCNQ and TTF were rstly set parallel to the monolayer
antimonene.

The relaxed structures of TTF/antimonene and TCNQ/
antimonene, together with the relative total energy of the
lowest-energy conguration are shown in Fig. S2(b) and S3(b).†
Following this, we only include further detailed discussion on
the most stable modied antimonene monolayers with the side
views which can be seen in Fig. 1(b) and (c) (the top views are
shown in Fig. S2(b) and S3(b)†). For the nucleophilic molecule
TTF (Fig. 1(b)) the most favorable geometry is the T2 site, with
its long axis deviating 30� away from the positive direction of the
x-axis in the unit cell, and the perpendicular distance between
TTF and antimonene is �3.20 Å. In addition, the adsorption
energy of TTF/antimonene is �0.61 eV, implying an interaction
between TTF and antimonene, which leads to a serious twisting
of TTF deviating from the at plane of the TTF molecule, and
RSC Adv., 2016, 6, 14620–14625 | 14621
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the maximal variation (corresponding to the original at-type
TTF molecule) of the atoms in the TTF molecule is 0.76 Å.
Meanwhile, the single-layer antimonene is negligibly tumbled
0.09 Å from the origin plane of antimonene (with an origin
height of 1.55 Å). The lowest-energy functionalized structure for
the electrophilic molecule TCNQ is also the T2 site, with its long
axis along the x-direction of the monolayer antimonene, and the
separation between the organic molecule and monolayer anti-
monene is �3.15 Å, as presented in Fig. 1(c). Furthermore,
owing to the adsorption of TCNQ (adsorption energy reaches
�1.70 eV), both TCNQ and the single-layer antimonene are
seriously deformed. For the relaxed TCNQ/antimonene model,
the TCNQ molecule and monolayer antimonene are 0.31 Å and
0.32 Å away from the original at plane of the TCNQ molecule
and antimonene (with an origin height of 1.55 Å), respectively.

In order to inspect the inuence of non-covalent molecular
doping on the electronic properties of antimonene, the elec-
tronic band structures of free-standing and functionalized
antimonene were computed (in Fig. 2(a)–(c)). It is obvious that
the at energy levels emerge above and below the Fermi level
(EF) corresponding to the TCNQ and TTF adsorbed antimonene,
respectively. Herein, we designate these two bands as the
acceptor and donor energy levels in the TCNQ/antimonene, and
TTF/antimonene congurations, respectively. Evidently, the
isolated antimonene is a semiconductor with a bandgap of 1.77
eV, as shown in Fig. 2(a). In comparison with pristine
Fig. 2 Electronic band structures and the side views of partial charge de
antimonene, and (c and f) TCNQ/antimonene, respectively. Additionally,
maximum (VBM) and the conduction band minimum (CBM), respectively

14622 | RSC Adv., 2016, 6, 14620–14625
antimonene, the band gaps of the doped systems are dramati-
cally decreased by 0.73 eV and 0.27 eV for TTF/antimonene and
TCNQ/antimonene, respectively. As we all know, Kohn–Sham
DFT oen underestimates bandgaps, so we recomputed the
band structure of freestanding antimonene and TCNQ/
antimonene, resulting in 2.62 eV and 0.66 eV, using the
Heyd–Scuseria–Ernzerhof (HSE06)40 method as shown in
Fig. S5.† Herein, for chemically doped systems, we take TCNQ/
antimonene as an example. The VBM and CBM positions with
respect to the high symmetry point are in good accordance with
the PBE level. On account of the interaction between the organic
molecule (TTF or TCNQ) and single-layer antimonene, the
renewed band structure of the doped samples can be treated as
a recombination aer adsorption of the molecules onto anti-
monene, besides the recombination of the energy levels creates
the decreased band gaps.

The above-mentioned new energy levels (acceptor and donor
energy levels) in the molecule-modied antimonene are quite
different to those in pristine antimonene. Here, we dene the
concept En as the new bandgap between the highest occupied
molecular band (HOMO) of TTF and the conduction band
minimum (CBM) of monolayer antimonene aer doping.
Similarly, the new bandgap Ep stands for the lowest unoccupied
molecular band (LUMO) of TCNQ and the valence band
maximum (VBM) of antimonene aer doping. It is well known
that a p- or n-type semiconductor determines the Fermi level EF,
nsity for CBM and VBM of (a and d) pristine antimonene, (b and e) TTF/
the red and blue lines indicate the located bands of the valence band
. The horizontal dotted lines indicate the Fermi level.

This journal is © The Royal Society of Chemistry 2016
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Fig. 3 Simulated STM images (+0.6 and �0.6 V) for (a) pristine anti-
monene, (b) TTF/antimonene, and (c) TCNQ/antimonene, shown by
top views.
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which moves down or up aer doping. For the TTF doped
conguration, the Fermi level EF moves up compared to the
isolated antimonene, as can be seen by comparing Fig. 2(a) with
2(b). Actually, EF is close to CBM which stems from the mono-
layer antimonene (analyzed later) rather than VBM, so it is an n-
type semiconductor. However, according to the band gap of 0.73
eV (En ¼ 0.73 eV), it is geared to a deep gap level. Actually, only
0.11|e| transforms from the organic molecule TTF to the anti-
monene nanosheet, revealed by the Hirshfeld charge analysis. It
is illustrated that TTF as an electron dopant can be used to
attain n-type antimonene. In comparison with the electrophilic
TCNQ molecule doped sample, Fig. 2(c), EF decreases and
denitely approximates VBM, together with the calculated Ep
being small with a band gap of 0.27 eV, implying that it creates
a shallow gap level, so it is a typical p-type semiconductor.
Similarly, there is an appreciable 0.62|e| charge transfer from
antimonene to TCNQ, calculated using Hirshfeld charge anal-
ysis. Thus, it is evident that TCNQ as a hole dopant can be used
to achieve a typical p-type antimonene.

To verify the above conclusions about TTF/antimonene and
TCNQ/antimonene, side views of the partial charge density of
the CBM and VBM for these two structures are shown in
Fig. 2(d)–(f). The top views of the favorable samples are shown
in the ESI Fig. S4.† Comparing Fig. 2(d) with 2(e), both the CBM
and VBM of the pristine antimonene sheet are combinations of
mainly 5p orbitals, but the VBM is coupled with small amounts
of 5s states. For the electron-donating sample, the presented
CBM is indeed due to monolayer antimonene, and the VBM, i.e.,
donor energy level here, is attributed to the highest occupied
molecular orbital (HOMO) of TTF. Fig. S6(a)† presents that the
new energy level below EF, i.e., the VBM of TTF/antimonene, is
indeed contributed by the TTF molecule (mainly p orbital, i.e.,
the contribution set of each atom (p-orbital) in TTF). The result
is in satisfactory accordance with the analysis of the partial
charge density and band structure in TTF/antimonene. Never-
theless, as shown in Fig. 2(f), for the electron-withdrawing
molecule doped antimonene, the VBM of this system comes
from single-layer antimonene, and the CBM, that is the acceptor
energy level herein, originates from the lowest unoccupied
molecular orbital (LUMO) of TCNQ. Meanwhile, the introduced
new energy level above EF, i.e., the CBM of TCNQ/antimonene,
indeed stemmed from the TCNQ molecule (mainly p orbital,
i.e., the contribution set of every atom (p-orbital) in TCNQ), as
presented in Fig. S6(b).† This is in good agreement with the
conclusion that an n-type semiconductor can be procured
through encapsulating nucleophilic molecules into anti-
monene, and electrophilic molecules doped into antimonene
can create a typical p-type semiconductor.

STM has been used to explore the atomic-realm of surfaces
in real space, observing surface defects, surface reconstruction,
the shape and position of surface adsorbents, and surface
reconstruction caused by the adsorbent. The STM images of
pristine antimonene, TTF/antimonene, and TCNQ/antimonene
were simulated at +0.6 V and �0.6 V bias (Fig. 3). The negative
and positive biases of STM correspond to the VBM and CBM of
the structure, respectively. As shown in Fig. 3(a), the STM image
is in good accordance with the CBM and VBM in pristine
This journal is © The Royal Society of Chemistry 2016
antimonene. Now, through comparison of Fig. 3(b) with 3(c), it
is easy to observe that the STM images of TTF-modied anti-
monene (at positive bias (+0.6 V)) and TCNQ-modied anti-
monene (at negative bias (�0.6 V)) show buckling of the
antimonene. Meanwhile, TTF-modied antimonene (�0.6 V) is
ascribed to the electron-donating molecule (TTF), while TCNQ-
modied antimonene (+0.6 V) is owing to electron accepting
molecule (TCNQ). These conclusions are all consistent with the
above analysis. This will give information to future experiments
about the chemical doping of antimonene.

Based on the above-displayed behaviour of a single type of
molecule (TTF or TCNQ) adsorbed on antimonene, how about
the co-adsorption of TTF and TCNQ on antimonene? In order to
answer this question, the co-adsorption of TTF and TCNQ on
antimonene was studied. Considering the lowest-energy
congurations of TTF/antimonene and TCNQ/antimonene, we
exhibit these two structures using the 8 � 8 supercell anti-
monene. The optimized congurations and band structures for
co-adsorbed TTF and TCNQ on one-side (a) and two-sides (b) of
antimonene are displayed in Fig. S6† and 4, respectively (for
detailed captions refer to the ESI†).

The calculated results show that both the one- and two-side
congurations for the co-adsorption of TTF and TCNQ on
antimonene are n-type semiconductors. The bandgaps are 0.15
eV and 0.12 eV corresponding to the one-side and two-side
congurations, respectively. Both of them are less than the
single molecule [TTF (0.73 eV) or TCNQ (0.27 eV)] adsorbed on
the substrate. Meanwhile, we nd that both of these two
systems have shallow gap levels. Actually, for the one-side
structure, the charge 0.29|e| (larger than 0.11|e|, compared
with the single adsorbed TTF/antimonene) transforms from
TTF to the antimonene nanosheet. Simultaneously, 0.42|e|
RSC Adv., 2016, 6, 14620–14625 | 14623
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Fig. 4 Electronic band structures for the co-adsorption of TTF and
TCNQ on (a) one-side and (b) two-sides of antimonene. Additionally,
the red and blue lines indicate the located bands of the VBM and CBM,
respectively. The horizontal dotted line indicates the Fermi level.
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(smaller than 0.62|e|, compared with the single adsorbed
TCNQ/antimonene) transfers from the antimonene nanosheet
to TCNQ, revealed using Hirshfeld charge analysis. The same as
the two-side situation, 0.28|e| transfer from TTF to monolayer
antimonene and 0.43|e| transfer from monolayer antimonene
to TCNQ.
4. Conclusions

In summary, we have investigated the chemical doping of TTF
and TCNQ on monolayer antimonene through DFT calcula-
tions. It was found that chemical doping with organic molecules
(TTF and TCNQ) can modulate the electrical properties of
antimonene. Meanwhile, owing to the interaction and charge
transfer, the surface doping of electron-donating (TTF) and
electron-accepting (TCNQ) molecules can efficiently reduce the
band gap of antimonene. In this way, we attain an n-type
semiconductor (TTF/antimonene) with a deep donor state of
0.73 eV. Notably, a p-type semiconductor with a shallow
acceptor state of 0.27 eV is achieved through TCNQ function-
alization of antimonene. Furthermore, the co-adsorption of TTF
and TCNQ on antimonene with one- and two-side models, can
attain n-type semiconductors with shallow donor states of 0.15
eV and 0.12 eV, respectively. Hence, it is possible to construct
antimonene-based devices which may broaden the application
of 2D semiconductors in optoelectronics through surface
doping molecules.
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