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As the first-principles calculations using the supercell approximation give widely scattered results in
a two-dimensional charged system, making the evaluation of defect ionization energy difficult, here
an alternative constrained excitation is applied to overcome this problem for defect analysis. As an
example in graphene oxide with 50% oxygen coverage (according to the popular epoxy-chain-plus-
hydroxyl-chain model), the structures, stabilities, and electronic properties of nitrogen and boron
dopants are investigated. Generally, boron prefers to replace carbon in the sp* region as an acceptor
while nitrogen has a tendency to substitute the sp® carbon close to the boundary between the sp*
region and the sp® region as a donor. Their ionization energies are 0.24-0.42eV for boron and
0.32-0.67 eV for nitrogen. However, a special case of nitrogen doped in the boundary-sp” carbon
can change to be an acceptor with the assistance of its neighboring (epoxy) oxygen “Lift-off,” lead-
ing to the shallowest ionization energy of 0.12eV and the best candidate for p-type conductivity.
The present study offers the detailed pictures of boron and nitrogen defects in graphene oxide for

the potential n- and p-type conductivity. Published by AIP Publishing.

[http://dx.doi.org/10.1063/1.4967981]

As silicon-based electronics is facing the challenge of
maintaining the Moore’s Law through dimensional scaling,'
our attention has been drawn to nanomaterials, such as gra-
phene due to its fantastic properties.”® However, the zero
bandgap brings more challenges to the appli(:ations.l’4’7’8 To
open the bandgap, different methods have been proposed,
such as quantum confinement effect,g_12 chemical modifica-
tion,"*~'® substrate,''® and applying electric field.*"? Among
them, graphene oxidation is much easier to achieve and con-
trol the energy gap.20 Moreover, graphene oxide (GO) mani-
fests many unique properties in electronic devices.?' > It
would be expected that GO can be applied in semiconductor-
based devices. To realize eventual industrialization, it is
important to develop systematic understandings on the defect
or doping properties of this material, in particular, the ability
of defect to supply free carriers. However, charged defects in
two-dimensional (2D) semiconductors have been very diffi-
cult to model theoretically when the traditional Jellium
method is used due to the well-known energy divergence.zé"25

In this letter, we adopt the constrained excitation (CE)*®
to explore the possible n-type or p-type conductivity by
nitrogen or boron doping in GO (with 50% oxygen cover-
age), which is composed of the well-accepted epoxy chains
and hydroxyl chains from many theoretical studies.”’>° The
present GO model has a direct bandgap of 1.80eV. The

»Author to whom correspondence should be addressed. Electronic address:
lixianbin@jlu.edu.cn

0003-6951/2016/109(20)/203113/5/$30.00

109, 203113-1

doping forms include substitution (N, No, B¢, and Bg) and
interstitial (N; and B;). Generally, boron prefers to replace
carbon in the sp® region as an acceptor whereas nitrogen has
a tendency to substitute the sp” carbon close to the boundary
between the sp” region and the sp region as a donor. Their
ionization energies are 0.24—0.42 eV for B and 0.32-0.67 eV
for N. A special case named N¢4 is nitrogen replacing a car-
bon, which is linked to an epoxy group. This nitrogen acts as
an acceptor with the shallowest ionization energy of 0.12eV
above the valence band maximum (VBM). This phenomenon
is attributed to the cooperating interaction between nitrogen
and the original epoxy oxygen by the “Lift-off” mechanism.
Compared to earlier studies of 2D graphene oxide, the pre-
sent calculations provide an analysis of convergent ioniza-
tion energy of boron/nitrogen defects for their potential n- or
p-type conductivity.

The calculations are performed based on density func-
tional theory (DFT),30 with Perdew-Burke-Ernzerhof func-
tional,>’ a kind of generalized gradient approximation, as
implemented in Vienna Ab initio Simulation Package
(VASP) codes.>® There is no doubt that the electrostatic
interactions can be better described by a better functional
(such as hybrid functional) or many-body correction,* >
which will recover the band-gap-underestimation problem
and then refresh the energies. But the methodology used in
this work is applicable to any functional. In addition, time-
dependent density functional theory is an important theory
for excited states, especially for cluster or molecule systems

Published by AIP Publishing.
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in small size. We expect that it can be used to further
improve the defect evaluation scheme in the near future.
The GO model is constructed according to the theoretical
works®" 2?3 and nuclear magnetic resonance experiments.>’®
A graphene supercell with 96 carbon atoms is adopted as
shown in Fig. 1(a). 24 hydroxyl groups and 12 epoxy groups
(arranged in chains) are added on both sides of the graphene
sheet with a total of 156 atoms [see Fig. 1(c)]. Along the z
direction, a vacuum space of 13.6 angstrom is used to make
sure that no interaction occurs between the model and its
images. All atoms are allowed to relax until Hellman-Feynman
force is less than 0.01eV/A. The effects of spin polarization
were included. The cutoff energy of the plane wave is 450 eV,
and the Monkhorst-Pack k-point mesh grid is 2 x 1 x 1 for the
Brillouin zone integration.

To determine the electron ionization ability of impuri-
ties, the formation energies and transition levels of defects
are calculated. The formation energy of a dopant in host,
which determines the possibility of its existence, can be
expressed as® !

AEf(q-,d) = AEWd) nglly + qger, M
where

AE@D) = @) (host + d) — E(host) 4 nguy(solid) 4 geyay.
)

Here, E(¢4) (host + d) is the total energy of the supercell con-
taining a defect d with charge ¢, and E(host) is the total
energy of the pristine supercell. n, is the number of atoms
being exchanged during defect formation. For example,
nc=1 and ny = —1 for the creation of nitrogen substitution
for carbon. p, is the chemical potential of the reservoir refer-
enced to its most stable element form, such as p, (solid), the
chemical potential of d at the solid form. &7 is the Fermi
energy measured from the VBM denoted by &ypy. The Fermi
energy at which two different charge states (¢ and ¢’) of

FIG. 1. (a) and (b) The geometry and band structure of graphene. (c) and (d)
The geometry and band structure of the GO with 50% oxygen coverage.
Numbers and Greek letters indicate the different substitution doping sites.
Interstitial forms are shown in the inset in (d). Grey, red, white, and blue balls
represent the carbon, oxygen, hydrogen, and dopant atoms, respectively.
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the same defect d has the same formation energy AEf(q’d>
= AE;(79) defines the defect transition level &(¢/q'). Hence

e(q/q) = [AE“WD — AEYD] /(¢ - q). 3)

For charged states, the periodic boundary condition in the
first-principles calculation can introduce artificial long-range
Coulomb interactions between the defect and its images. As a
consequence, it introduces divergence in the total energy.
Usually, a homogeneous counter charge (the so-called Jellium
background) is introduced to neutralize the cell.** Such a
computational scheme for charged defects has been widely
used for three-dimension (3D) solids. However, the Jellium
charges extend to vacuum in 2D systems [see Fig. 2(a)] result-
ing in strong Coulomb interactions with charged defects. This
Coulomb energy diverges with the vacuum dimension, so the
results for charged defects with such a way can scatter widely
as elucidated.”* As

AE; 1) = AE/©) + gler—e(g/0)], @

where the formation energy of neutral defect AEf(O'd) can be
readily calculated without any errors, so, finding AEf(q*d) is
equivalent to finding &(¢/0) and the two have the same
divergence in 2D systems. The ionization energy here means
the energy required to ionize electrons from the impurity
level into the conduction band minimum (CBM) for the
donor-type defect or holes from the impurity level into the
VBM for the acceptor-type defect. This is different from the
formal definition of ionization energy, i.e., the energy to
remove an electron from the system. The CE is applied here
to avoid divergence. In that way, the ionized carrier is
removed from the impurity level and is also constrained at
the corresponding band edge (take donor as an example, see
Fig. 2(b)).?® The system is kept in the neutral state through
all calculations, and thus the ionized carrier just localizes

i Jellium Approach

(a) -

Condgction Band

=
2
9_>5 Donor Leve!
[0}
=
w |

e

[
Valence Band electron
(b) Constrained Excitation

Conduction Band

_Donor Level

Valence Band

FIG. 2. Schematic diagram of ionized-electron distribution in reciprocal
(left) and real space (right) in (a) Jellium method and (b) Constrained
Excitation method. The blue ball on the right represents the defect position
in a two-dimensional sheet and the shadow areas display the ionized carrier
distribution.
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around the 2D sheet. Finally, convergent ionization energy
can be obtained by the energy difference between the ground
state and excited state. Then, the charged formation energy
can be derived from Equation (4). In CE, only the Gamma-
point in the Brillouin zone is used, and the spin of the system
is also kept. The ionization energies obtained by the CE
method here are different from those obtained by the extrap-
olation method of Ref. 24. The difference comes from the
Coulomb binding between the ionized electrons/holes and
charged defects in the 2D system.43 However, such binding
can be weakened by high-dielectric environments (e. g., from
substrate) with enhanced screening.**~*> Therefore, the ioniza-
tion energies given here are of significance in exploring the
defect pictures of nitrogen-/boron-doped graphene oxide.

The detailed chemical structure of GO remains unclear
in experimental synthesis. It is generally accepted that a
significant amount of carbon atoms of GO remains in the
sp® form along with a part of sp” carbon atoms bonded to
either epoxy (i.e., bridge oxygen) or hydroxyl (i.e., -OH)
groups.’”*® The arrangement of these functional groups has
been identified by a lot of first-principles calculations from
the energetic point of view.?’23¢ Three rules can be sum-
marized to choose the GO model. First, hydroxyl groups
tend to form chains to maximize the interaction via hydrogen
bonds, and the epoxy groups are also grouped next to the
hydroxyl chain. Second, armchair chains are always more
stable than the zigzag chains. Third, the functional groups
prefer to aggregate on both sides of the carbon sheet to main-
tain its flatness without vertical distortion.

According to the above rules, as shown in Fig. 1(c), we
construct a model of GO with 50% coverage (number of sp3—
carbon/total number of carbon atoms x 100%) on the basis
of the pure sp” carbon sheet [Fig. 1(a)]. 24 hydroxyl groups
and 12 epoxy groups constitute its chemical formulas as
Co6012(OH)»4. In Figs. 1(b) and 1(d), we show the band dis-
persions for graphene and GO, respectively. The GO has a
direct band gap of 1.80eV at the Gamma point, which is the
same order of magnitude with other 2D semiconductors in
calculations. Three kinds of doping sites for nitrogen and
boron according to the different chemical environment are
considered in Fig. 1(c). For nitrogen/boron replacing carbon
(N¢ and B¢), 1-2, 3—4, and 5-8 indicate the substitutions for
the hydroxyl-functioned carbon, the substitutions for the
epoxy-functioned carbon, and the substitutions for the bare
sp? carbon, respectively. For nitrogen/boron replacing oxy-
gen (Ng and Bg), f§ indicates the substitution for epoxy oxy-
gen while o and y indicate substitution for hydroxyl oxygen.
For nitrogen/boron interstitial (N; and B;), A/B (N;a, N;g,
B;a, and B;p) are the sites between oxygen and its connected
carbon; C (N,c and B,c) are the bridge sites between two
connected bare carbon; and D (N,p, B;p) are the sites above
the center of a carbon hexagon, respectively. The optimized
local configurations of nitrogen-related (N¢, No, and N;) and
boron-related defects (B¢, Bo, and B;) are shown in Figs. S1
and S2 of the supplementary material.

To evaluate the stability, we calculated the neutral for-
mation energies of all the cases as shown in Table SI.
For nitrogen-related defects, N (1.04-1.55eV) generally
have lower neutral formation energies than Ng and N;
(3.06-4.48 eV) except N, (3.69eV) and N¢3 (2.88eV), in

Appl. Phys. Lett. 109, 203113 (2016)
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FIG. 3. Calculated formation energies as a function of Fermi level for the
(a) boron-related defects and (b) nitrogen-related defects. The Fermi level
varies from 0 at VBM to 1.80eV at CBM according to the calculated
bandgap of the GO.

which the fourfold coordination of nitrogen increases the
energy. In addition, the formation energies of Ncs and N¢g
are 1.14eV and 1.04 eV, which are lower than 1.55eV and
1.44eV of N¢g and N¢7. These results reveal that nitrogen
atom favors substituting the sp” or bare carbon atoms close
to the boundary between the sp” region and the sp> region.
Concerning boron, substitution for the sp3 carbon (Bc1—Bcy)
is more energetically favorable than substitution for the sp*
carbon atom (Bcs—Bcg).

Except for the defects with the reaction to produce the
H,O molecule (N¢;, Bo, and B;g), the relatively stable con-
figurations (i.e., Ncy, Ncs—Neg, and Be1—Bcy) are chosen to
analyze the doping properties. The formation energies of
these cases, as a function of ¢r, are shown in Fig. 3, and the
corresponding transition levels are displayed in Fig. 4. As
nitrogen/boron has one more or less electron than carbon,
nitrogen/boron substitution usually induces a spin-occupied/
spin-unoccupied energy level in the bandgap. The occupied
level in N¢s-Neg (as a representative, see N¢s in Fig. S3(a))
is close to the CBM, which means the larger possibility to
donate an electron as a donor. By the same token, the

NCS NCG NC7 NC8

032 T38
067 067 Acceptors(0/-1)
Donors(+1/0) 242

0.27 0.27 0.24
012 —  — -

NC4 BCl BC2 BC3 BC4

FIG. 4. The calculated transition levels (ionization energy) for the energeti-
cally favorable defects by the CE method. The values are shown with respect
to VBM for acceptors and CBM for donors.
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FIG. 5. (a) The local structure evolu-
tion of the “Lift-off” mechanism for
Nc4 during relaxation. (b) The spin-
down band structure. Solid lines repre-
sent the impurity levels of N¢y within

the bandgap. (c) The partial density of

et 3250
3.,
":x“"txzxnxnnl

.......
....
.

states and (d) the charge density distri-
bution of the unoccupied acceptor
level (red solid line above Fermi level
in (b)). The grey, red, white, and blue
balls represent carbon, oxygen, hydro-
gen, and nitrogen atoms, respectively.
The isosurface of spin electron density
is 0.004e/a,’, where aq is the Bohr
radius. The Fermi level is at OeV.

unoccupied level in B¢i-Bey (see Bey in Fig. S3(b) for an
example) is likely to accept an electron from the VBM as an
acceptor. For N¢4, the unoccupied level is close to the VBM
and the two occupied levels are far away from the CBM as
shown in Fig. S3(c). Thus, N4 is more favorable to be an
acceptor. In the light of the analysis above, we calculate the
transition level of (+1/0) for Ncs-Neg and (0/—1) for Bei-
By, Ney. The acceptor transition levels of B¢y, Beo, Bes, and
By are 0.27eV, 0.27eV, 0.24eV, and 0.42eV above the
VBM, respectively. For nitrogen, the donor transition levels
of N and N¢7, being 0.32eV and 0.38 eV below the CBM,
are shallower than those of N¢s and Ncg, being 0.67 eV and
0.67eV below the CBM. This can be understood by noting
that the CBM is mainly derived from the p orbits of bare car-
bon, see Fig. S4. Moreover, for the sp2 carbon, the closer to
the sp3 carbon, the greater contribution to the CBM. Thus,
Nces and N7 perform smaller perturbation on the CBM than
N¢s and Ng do. In addition, the relative deepness of the ioni-
zation energies of Ncs-Ncg matches the cases of defect levels
in band structures, as shown in Fig. S5. The best candidates
for n-type doping by nitrogen and p-type doping by boron are
predicted to be N¢g (0.32eV below CBM) and B3 (0.24eV
above VBM), respectively. However, according to the con-
ventional standard for carrier ionization (ionization energy
<0.2eV), such two kinds of defects hardly contribute enough
carriers for electronic devices.

Unexpectedly, another case of nitrogen of N¢,4 induces a
much shallower acceptor level, being 0.12eV above the
VBM. The unusual p-type doping behavior can be understood
as follows. In Fig. 5, first, the initial nitrogen replaces the car-
bon connecting to epoxy. Then, nitrogen instantly breaks the
bond with the epoxy oxygen (here named it “Lift-off”” mecha-
nism) and just maintains three bonds with the three adjacent
carbon, see Fig. 5(a). Different from N¢s-Ncg, the unoccupied
acceptor level in N4 [see the red solid line above the Fermi
level in Fig. 5(b)], above but close to the VBM, is actually

derived from the p orbit of the “Lift-off” oxygen according to
electronic distribution in Fig. 5. This can be understood that
nitrogen favors to form three coordination plus a lone pair due
to its s°p° configuration, resulting in no contribution to the
unoccupied acceptor level. However, the original epoxy oxy-
gen just leaves a single bond with the other carbon and also
has an unpaired p electron. This unpaired p electron favors to
capture another electron to meet the octet rule for the oxygen
and thus acts as the acceptor. The strong electronegativity of
oxygen further makes the acceptor shallow. Here, we stress
that the formation energy of Ny is still relatively small with
1.04eV. This reveals that the existence of epoxy benefits the
desired p-type conductivity in nitrogen-doping GO.

In summary, the doping properties of nitrogen and boron
in graphene oxide with a 50% oxygen coverage model have
been systematically studied with first-principles calculations.
Due to the weak screening of low-dimensional systems, the
conventional calculations of charged defects using supercell
approximation give the divergent energy. Here, the conver-
gent transition energies are efficiently evaluated by the con-
strained excitation. Generally, boron prefers to replace
carbon in the sp> region as an acceptor while nitrogen has a
tendency to substitute the sp* carbon close to the boundary
between the sp® region and the sp® region as the donor.
However, a special case of nitrogen can change to be an
effective acceptor through the “Lift-off”” motion of its neigh-
boring (epoxy) oxygen, which results in the shallowest ioni-
zation energy of 0.12eV for p-type conductivity. The present
study offers a microscopic picture of defect doping behavior
in GO for future electronic devices applications.

See supplementary material for atomic geometries, band
structures, and formation energies of the nitrogen-/boron-
related defects; and the charge density distribution of con-
duction band minimum and valence band maximum of
graphene oxide.
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