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Doping in the two-dimensional limit: p/n-type defects in monolayer ZnO
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The thickness limit is utilized to investigate the doping physics in ZnO, i.e., monolayer (ML) ZnO. Firstprinciples study demonstrates that the p/n-type defects in ML ZnO still have doping asymmetry. Among the
doping defect models widely studied in bulk ZnO, LiZn and GaZn with ionization energies of 0.86 and 0.82 eV are
the optimal p- and n-type doping defects in ML ZnO, respectively. Their ionization energies are comparable with
those of relatively shallow defects in other ML semiconductors. However, the LiZn acceptor faces a severe issue in
that LiZn is the metastable structure and will transform into the most stable Jahn-Teller-distorted structure (LiJT
Zn )
with increasing its ionization energy to 1.53 eV. Furthermore, our scanning tunneling microscopy simulations
show even a little structural distortion of the doping defects can be easily detected with the appropriate positive
bias voltage on a sample of ML ZnO. The present study reveals the p/n-type defects’ properties in ML ZnO
and offers a way to understand and directly identify defect behaviors in wide-band-gap semiconductors in their
two-dimensional limit form.
DOI: 10.1103/PhysRevB.105.024104
I. INTRODUCTION

Zinc oxide (ZnO) is a typical wide-band-gap semiconductor, whose ultraviolet optoelectronic devices have
demonstrated extraordinary performance for decades [1–3],
but it is still far from large-scale commercial applications,
due to the difficulty of realizing the reproducible and lowresistivity p-type ZnO [4]. For p-type doping in ZnO, the
single-chemical-species doping is limited, where the dopants
cannot offer sufficient hole concentration because of the low
solubility, the large ionization energy, or both [5]. To further
ameliorate the doping properties, other doping methods with
multiple chemical species, such as codoping [6,7], defectcomplex doping [8,9], and molecular doping [10,11], are
theoretically proposed. Even though these doping methods
are massively performed in experiments [12–16], the microscopic origin behind the p-type ZnO is still unclear. The key
reason causing this situation is that the proposed defects are
complicated and inside the material, which are hard to create
and validate directly on the atomic scale. In other words,
these doping methods do little to realize p-type ZnO and
comprehending the microscopic mechanism, resulting in not
solving the problem of doping asymmetry in this wide-bandgap semiconductor. In fact, a similar complexity of defect
physics also exists in other wide-band-gap semiconductors,
which seriously hinders the applications, like in ultraviolet
optoelectronics.
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In recent years, two-dimensional (2D) semiconductors
have been extensively developed. For example, 2D ZnO has
been theoretically studied [17–19] and successfully synthesized in experiments [19–22]. The outstanding optoelectronic
properties of ZnO are not only preserved but also intensified
when bulk ZnO is reduced to the atomic thickness. The band
gap of bulk ZnO enlarges from 3.37 eV to larger than 4.0 eV
[19–21] with the direct-band-gap character [18] for a monolayer (ML). The exciton binding energy of 60 meV of bulk
ZnO is expected to be further enhanced, which is universally
found in 2D semiconductors [23]. More importantly, in 2D
semiconductors, the thickness becomes a naturally controllable dimension that can refine the doping properties, and it
provides an opportunity to reexamine the microscopic origin
of the doping asymmetry and pursue both p- and n-type doping in wide-band-gap semiconductors.
In this work, we investigate the doping physics in ML
ZnO by first-principles calculations and the recently proposed
Wang-Li-Zhang method to overcome the energy divergence of
charged defects in 2D materials [24,25]. The typical p/n-type
defects or defect complex in ZnO were analyzed in the 2D
limit. The p/n-type defects in ML ZnO still exhibit doping
asymmetry. Among the five acceptor models proposed here
(LiZn , AgZn , NO , VZn , and NO -VZn ), LiZn with the formation
energy (H0f ) of 2.57 eV has the smallest ionization energy
(IE) of 0.86 eV, close to that of the shallow donors in ML ZnO
and comparable to the relatively shallow acceptors and/or
donors in other popular ML semiconductors. However, LiZn
occurs the Jahn-Teller distortion (LiJT
Zn ), which lowers the
H0f by 0.68 eV but increases its IE to 1.53 eV. For donor
models (AlZn , GaZn , and InZn ), GaZn with H0f of 1.69 eV
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and IE of 0.82 eV is the superior candidate for n-type doping.
Furthermore, by way of engineering the Coulomb screening
environment around 2D ZnO, most acceptors’ IEs can be
further reduced by ≈0.9 eV while the donors’ IEs can be
reduced by ≈0.3 eV according to the binding energies from
defect-bound band-edge states. Finally, we demonstrated that
these doping defects can be distinctly identified by the surface
characterization techniques, such as scanning tunneling
microscopy (STM), even if a little structural distortion
happens. Our present results propose the possible p/n-type
doping candidates in ML ZnO, which should be worth
further study in experiments and also offers an alternative
strategy to understand and identify the defect behaviors in
wide-band-gap semiconductors through their 2D limit form.
II. COMPUTATIONAL METHODS
A. Geometry optimization, total-energy calculation,
and STM simulation

Our calculations were performed using density functional
theory (DFT) [26,27], as implemented in the VASP codes
[28,29]. Projector augmented-wave potentials were used to
describe the core electrons, and the cutoff energy for the
plane-wave basis was set to 540 eV. To balance the adequate calculation accuracy against the finite computational
resources, we employed the Perdew-Burke-Ernzerhof (PBE)
functional [30] for geometry optimization and Heyd-ScuseriaErnzerhof (HSE06) functional [31,32] for total-energy calculation. During the geometry optimization, all atoms could
relax until the Hellman-Feynman forces on individual atoms
were less than 0.03 eV/Å. In HSE06 calculations, 37.5%
of screened Hartree-Fock exchange was mixed to the PBE
exchange functional and the screening parameter was set to
0.2 Å−1 . According to the present setup, the calculated lattice
constant a = b = 3.289 Å, c/a = 1.614, of bulk ZnO is only
1.2%, 0.8% larger than the experimental value [33], and the
calculated band gap of 3.28 eV of bulk ZnO is very close to the
experimental measurement [34]. For ML ZnO constrained in
the c direction, the supercell approach was induced to model
the defects. The supercell varies from 6 × 6 (72 atoms) to
8 × 8 (128 atoms) unit cells for La × Lb with the vacuum
of 20 Å for Lc . The Monkhorst-Pack k-point mesh grids are
2 × 2 × 1 for geometry optimization and  point for totalenergy calculation, respectively. In the case of the supercell
with Zn-substituted Li, the optimized geometry and totalenergy calculation are performed in DFT calculation with
both PBE and HSE06 functionals. The simulated STM images
are obtained from a constant current mode in the TersoffHamann approach [35]. In this approach, the tunneling current
is proportional to the local density of states integrated from
the selected energy (e.g., the bias voltage on the sample) to
the Fermi level.
B. Formation energy, ionization energy,
and Coulomb binding energy

The formation energy for a defect d with charge q is defined as [36–38]

H fq (d ) = E q (d ) − E (host) +
ni (Ei + μi )
i

+ q(εVBM + εF ),

(1)

where E q (d ) is the total energy of the supercell containing
a defect d with charge q, and E (host) is the total energy of
the perfect host supercell. ni is the number of atoms of element i being exchanged during the defect’s formation between
the host supercell and the atom reservoir with the energy
Ei + μi , where Ei is the energy per atom in the stable phase
of element i, and μi is the chemical potential with respect to
Ei . εVBM is the valance-band maximum (VBM) of the host
supercell and εF is the Fermi energy with respect to εVBM .
In a semiconductor material, the εF typically varies from the
VBM to the conduction-band minimum (CBM). Under thermal equilibrium conditions, the chemical potentials of host
atoms, μi , must satisfy μZn + μO = H (ML ZnO), where
H (ML ZnO) is the formation enthalpy of ML ZnO. In our
calculation, the H (ML ZnO) is −2.71 eV. Therefore, the
μi , reflecting the growth condition, varies from μZn = 0 eV
(μO = −2.71 eV) for the Zn-rich (O-poor) condition to μZn =
−2.71 eV (μO = 0 eV) for the O-rich (Zn-poor) condition.
The chemical potentials of external atoms, μi , are limited
by avoiding the formation of a secondary phase during the
growth.
The IE of a defect d, which is determined by its transition
level, can be written as follows:
⎧ q
q
(d )
⎨ E (d )−E
− εVBM for acceptor
q −q
(2)
IE(d ) =

q
E
(d
)−E q (d )
⎩ε
+ εVBM for donor,
CBM −
q −q


where E q (d ) [or E q (d )] is the total energy of the supercell
containing a defect d with charge q (or q ). For an acceptor
(p type) with trapping one electron, the two different charge
states are q = 0 and q = −1. For a donor (n type) with
exciting one electron, the two different charge states are q =
+1 and q = 0. εVBM (εCBM ) is the VBM (CBM) of the host
supercell.
Note that the IE in the 2D system is size dependent,
because of the long-range Coulomb interaction between the
charged defect and the compensating jellium charge. Here, we
solved this problem by employing the state-of-the-art defect
evaluation method in our previous work [24],
 
α
β
Lc ,
IE0 = IE(S, Lc ) − √ −
(3)
S
S
where IE0 is the true, size-independent ionization energy, and
IE(S, Lc ) is the size-dependent ionization energy with respect
to S and Lc . S and Lc are the lateral size and vacuum size of the
supercell, respectively. α is the defect-specific Madelung constant and β = e2 /24ε0 . The IE0 is obtained by fitting Eq. (3)
with supercell models varying from 6 × 6 to 8 × 8 unit cells
for La × Lb with the vacuum of 20 Å for Lc .
SE
Due to finite computational resources, we used IEH
, in0
HSE
stead of IE0 obtained with Eq. (3) from HSE06 calculations,
with
= IEHSE (6 × 6) + IEPBE
− IEPBE (6 × 6),
IEHSE
0
0

(4)

where IEHSE (6 × 6) [IEPBE (6 × 6)] is the size-dependent IE,
calculated in HSE06 (PBE) with the specific lateral size
(6 × 6 supercell model). The IEPBE
is the size-independent
0
IE obtained with Eq. (3) from PBE calculations. Therefore,
the size-independent IEHSE
[the IEs shown in Fig. 3(a)] is
0
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FIG. 1. (a) The atomic geometry of ML ZnO and the impurity
X doping. XZn , X at the Zn site; XO , X at the O site. (b) The
band structure of ML ZnO. The size of dots is proportional to the
projection of the electronic wavefunction onto the angular momenta
of Zn (cyan, Zn 4s; blue, Zn 3d) or O (red, O 2p).

equal to IEHSE (6 × 6) with adding the correction of IEPBE
−
0
IEPBE (6 × 6). We have compared the energy difference between IEHSE
and IEHSE
of the LiZn acceptor, as shown in Fig.
0
0
S1 in the Supplemental Material (SM) [39]. It shows that the
energy difference is less than 0.02 eV.
The Coulomb binding energy (Edb ) between the excited
carrier at the defect-bound band-edge (DBBE) state and its
corresponding ionized defect is calculated by the fixed occupation method [40], which is performed in the constrained
DFT calculation with the HSE06 functional. The defect states
for trapping an electron excited from VBM (acceptor) or exciting an electron to CBM (donor) are denoted by arrows in
Fig. S2 in the SM [39]. For acceptors, because of the energy
convergence issue, the calculated binding energies are coarse.
The error of the VZn -related defects’ Edb s are smaller than
0.5 eV and the others are no more than 0.1 eV. For donors,
to minimize this energy deviation at the  point due to the
delocalized defects’ states in the finite supercell, we used
the M point in the Brillouin zone for the ground-state and
constrained-DFT calculations. The error of the donors’ Edb s
are smaller than 0.1 eV.

FIG. 2. (a) The formation energy of neutral doping defects in
ML ZnO varies along with the growth condition. (b) The optimized
atomic geometry of Zn-substituted Li without (LiZn ) and with (LiJT
Zn )
Jahn-Teller distortion and the corresponding spatial charge density of
LiZn -induced unpaired hole are shown. The corresponding unpairedhole states are indicated by arrows in Fig. S2 in the Supplemental
Material [39]. The isosurface of the charge density distribution is
0.005 e/Å3 . (c) The Li-O bond length around the Li impurity in ML
ZnO with LiZn and LiJT
Zn defects. The bond number (No. Bond) is
labeled in (b).

HSE06 calculation is 4.13 eV, which is in agreement with the
experimental measurements of 4.0 eV [20] and 4.48 eV [19].
Moreover, the valence band (VB) mainly consists of O 2p
and Zn 3d orbitals, while the conduction band (CB) is mainly
contributed by the hybridization of O 2p and Zn 4s orbitals.
For the VB, the contributions from the O 2p orbital and Zn
3d orbital are apparently separated, where the O 2p orbital
dominantly locates at the energy of 0–4 eV below the VBM,
and the Zn 3d orbital dominantly locates at 6–8 eV below the
VBM. For CB, the Zn 4s orbital dominates the CBM.
B. Doping defects’ atomic configuration and formation energy

III. RESULTS AND DISCUSSION
A. Atomic and electronic properties of ML ZnO

As shown in Fig. 1(a), the ML ZnO has a graphenelike
structure without buckling in the c direction, where Zn and O
occupy the two sublattices, respectively. It is generally called
graphenelike ZnO (g-ZnO) [41], which is chemically stable
from theoretical predictions [18] and experimental verifications [19–21]. Here, the calculated lattice constant a of ML
ZnO is 3.289 Å, which is well consistent with the experimental observations [19,42]. This lattice constant is almost
the same as that of bulk ZnO. As a result, the bond length
of Zn-O in ML is 1.899 Å, about 5.2% shorter than that of
2.004 Å in bulk. Figure 1(b) shows the band structure of
ML ZnO. It is found that the ML ZnO still retains the key
advantage of direct-band-gap character, and the band gap is
greatly larger than that of bulk ZnO. The band gap in our DFT-

In bulk ZnO, various acceptor models including point defects or defect complexes have been explored to quantify its
contribution to the p-type conductivity. Here, we take five typical acceptors, e.g., the substituted defects LiZn [43–45], AgZn
[46,47], and NO [43,48], the native defect VZn [49–51], and the
defect complex NO -VZn [8], which are popular in bulk ZnO as
examples, and investigate their doping properties in ML ZnO.
The typical donors, AlZn , GaZn , and InZn are also studied in
ML ZnO as a comparison. The optimized atomic structures
and the bond lengths of these defects or defect complex are
shown in Fig. S3 and Table S1 in the SM [39]. It is found that
most of the substituted defects are on site preserving the lattice
symmetry, and the bond length of impurity-O (or -Zn) varies
monotonically along with the atomic radius of the doping
element. The formation energy (H0f ) of these neutral defects
is shown in Fig. 2(a). The H0f of AgZn and NO vary largely
along with the growth condition, only 1.55 and 1.67 eV un-
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der their favorable growth conditions, increasing to 4.26 and
4.38 eV under the adverse growth conditions, respectively. For
native VZn , even though its H0f changes a lot along with the
growth condition, the lowest H0f of 4.44 eV is still too high,
indicating VZn scarcely forms during the equilibrium growth
of ML ZnO. Because of the contradictory growth condition
between NO and VZn , their complex NO -VZn has a remarkably
high H0f of 8.27 eV under any growth condition. The high
H0f of NO -VZn in ML is consistent with that in bulk [8,9],
where a special process is necessary to form the NO -VZn
complex [8].
In previous studies [44,45], the Zn-substituted Li in bulk
ZnO was demonstrated to possess two stable atomic configurations: Li at the Zn site (LiZn ) and Li off the Zn site with
Jahn-Teller distortion (LiJT
Zn ). A similar phenomenon is also
found in ML ZnO. As shown in Figs. 2(b) and 2(c), all three
Li-O bonds in LiZn have the same bond length of 1.89 Å with
preserving the lattice symmetry, while the atomic structure of
the LiJT
Zn is obviously distorted, where one of the Li-O bonds
noticeably elongates to 2.25 Å and the other two Li-O bonds
shorten to 1.81 Å. The structural distortion of a defect always
accompanies the charge density redistribution of the carrier at
the defect state. From the charge density distribution, we can
find that the LiZn -induced unpaired hole delocalizes around
the nearby O ions, while the LiJT
Zn -induced unpaired hole
clearly localizes at the O ion of the elongated Li-O bond. Our
DFT-HSE06 calculations show LiJT
Zn is more stable than LiZn
in ML ZnO. LiZn has a relatively low H0f of 2.57 eV under
the Zn-poor condition, and the structural distortion can further
lower its H0f by 0.68 eV. This energy drop is very close to
that of the 0.64 eV we calculated in bulk ZnO. The more stable
LiJT
Zn indicates that Zn-substituted Li in ML ZnO dominantly
exists in the form of the distorted structure. As a comparison,
the donor defects have relatively low H0f . The H0f of AlZn ,
GaZn , and InZn are 2.50, 1.69, and 1.69 eV under the Zn-rich
condition, respectively. Note that these Zn-substituted donors
abnormally prefer forming under the Zn-rich condition, rather
than the Zn-poor condition, because it avoids the formation of
the secondary compounds of group-III oxides. Therefore, according to the H0f , LiJT
Zn , AgZn , NO , and those donor defects
can form under their favorable growth conditions. In contrast,
the VZn and NO -VZn complex hardly form in ML ZnO due to
their high formation energies under the equilibrium growth
condition.
C. Doping defects’ ionization energy

To evaluate the possibility of a defect offering free carriers
to the band edge for conductivity, the IE (see the definition
in Methods) as well as the corresponding binding energy
(Edb , see the explanation below) of these defects are shown
in Fig. 3(a). In general, both acceptors and donors exhibit
relatively deep defect levels, resulting in remarkably large
IEs. Compared with those in bulk [47,48], the IEs of NO and
AgZn significantly increase to 3.55 and 2.38 eV, respectively,
indicating these defects are not active acceptors in ML ZnO.
The VZn , which theoretically predicts the deep acceptor in
bulk [50,51], is also an inactive acceptor in ML ZnO because
of its IE of 2.65 eV. Besides, the VZn -related complex fails
to generate free holes since the hole states are mainly con-

FIG. 3. The ionization energy (IE) and the corresponding binding energy Edb of doping defects in ML ZnO. (a) The value close to
the colored line is IE, which is the energy of an electron excited from
VBM to the transition level ε(0/−1) for acceptors, and the energy of an
electron excited from the transition level ε(+1/0) to CBM for donors,
respectively. (b) The value close to the color bar is Edb , which is the
Coulomb energy between the ionized carrier (at DBBE state) and the
charged doping defect.

tributed by the VZn part. In our results, the IE of the NO -VZn
complex is as large as 2.30 eV. It reveals that the strategy
of using VZn -related complexes as the shallow acceptors in
bulk [8,13,52] does not work in ML ZnO. Among the five
typical acceptors, the Li-doped defects exhibit the shallowest
acceptor levels, but the IEs of two stable Li-doped defects are
noticeably different. The metastable LiZn has the shallowest
acceptor level with the IE of only 0.86 eV, while the most
stable LiJT
Zn pushes its IE to 1.53 eV. Similar results on the
Li-doped defects are also found in bulk ZnO. Our calculations
show that the metastable LiZn and most stable LiJT
Zn have IEs
of 0.18 and 0.86 eV, respectively. As a comparison with these
acceptors, the IEs of donors are much smaller. The IEs gradually decrease from 1.35 eV for InZn , to 0.82 eV for GaZn ,
to 0.71 eV for AlZn . Generally, due to the weak Coulomb
screening in the 2D system, the IE of a defect can separate into
two parts: (1) the energy for a carrier excited from the defect
state to the DBBE state and (2) the energy (Edb ) for a carrier
to be excited from the DBBE state to the free band-edge state
[53]. The latter part, Edb , can be reduced by enhancing the
Coulomb screening, such as increasing the thickness of the
2D material [25] or introducing a dielectric substrate [54].
As a result, the IE of a defect can be controllably decreased.
As shown in Fig. 3(b), the Edb s of most acceptors are around
0.9 eV, while the Edb s of donors represent energies of around
0.3 eV. It indicates that dielectronic screening engineering can
partially reduce the IEs of both acceptors and donors in ML
ZnO.
Considering the IEs of the p/n-type defects in ML ZnO,
the ML ZnO still has the phenomenon of doping asymmetry.
Among the five typical acceptor models, LiZn has the smallest
IE of 0.86 eV, which is close to those of the shallow donors.
However, the metastable LiZn undergoes a Jahn-Teller distortion (LiJT
Zn ) and increases its IE to 1.53 eV. Besides, according
to our molecular dynamics simulation at 800 K as shown in
Fig. S4 in the SM [39], the charged Li1−
Zn in ML ZnO is quite

024104-4

DOPING IN THE TWO-DIMENSIONAL LIMIT: …

PHYSICAL REVIEW B 105, 024104 (2022)

stable, avoiding Li diffusing and forming the donor interstitial
defect Lii . For n-type doping in ML ZnO, AlZn and GaZn
have relatively small IEs of 0.71 and 0.82 eV, respectively.
But GaZn is the superior candidate for n-type doping since the
H0f of GaZn is much smaller than that of AlZn .
D. Ionization energies compared to those of other
popular ML semiconductor materials

After obtaining the absolute value of the IEs, the concern is
whether these defects are shallow (or deep) in ML ZnO. The
principle of evaluating the defects in the ML material should
be different from that in bulk material since the mechanisms
of carrier excitation and transport in ML materials are unique
[53,55]. Herein, we compare the defects’ IEs in ML ZnO
to those of other popular ML semiconductors. The defects’
IEs in ML black phosphorus (BP) [25], InSe [56], MoS2
[53], BN [24], and the present ML ZnO are collected and
summarized in Table I. It can be found that the defects’ IEs
in ML semiconductors are deep generally. The asymmetry
between p- and n-type defects’ IEs is a general phenomenon
in ML semiconductors, where the narrow-band-gap materials
hold a stronger asymmetric tendency than the wide-band-gap
ones. For example, in ML ZnO, the IEs of the shallowest LiZn
acceptor and AlZn donor are 0.49 and 0.45 eV, respectively,
while in ML BP, the IEs of the shallowest VP acceptor and
TeP donor are 0.36 and 0.67 eV, respectively.
Note that the band gap of a semiconductor is usually underestimated in DFT-PBE calculations. Here, the higher-level
calculations with hybrid functionals (DFT-HSE06) are further
performed in ML ZnO to correct the band gap and reevaluate
IE. We find that the results of defects’ IEs in HSE calculations are mostly like those in PBE calculations, indicating
the PBE calculations are reasonable. In ML semiconductors,
these doping defects seem to hold the ability to supply the free
carriers. For example, doping in MoS2 has been massively
studied in experiments, and Nb doping is verified to be an
effective way to grow p-type MoS2 . The n-type conductivity
of as-grown ML MoS2 is strongly suppressed by Nb doping
[57] and the hole carrier concentration in Nb-doped multilayer
MoS2 can also reach 1019 –1020 cm−3 [58,59]. From this point
of view, we can infer that the shallowest acceptor LiZn is likely
a p-type doping defect in ML ZnO, because its IE (0.49 eV in
PBE) is close to that (0.55 eV in PBE) of Nb doping in ML
MoS2 . However, the DFT-HSE06 calculations demonstrate
that the more stable LiJT
Zn with the large IE of 1.52 eV makes
Li as a p-type doping impurity face a severe challenge.
E. Simulated STM images for p/n-type defects in ML ZnO

Currently in experiments, it remains a challenge to identify
an individual defect directly in bulk ZnO. There is a big
gap between the theoretical prediction and the experimental
validation. However, taking the thickness advantage of ML
ZnO, the defect can be easily detected in situ by advanced
surface characterization techniques, such as by STM. Herein,
the STM images of defects are simulated for guiding the
experimental validation in the future. As shown in Fig. 4 and
Fig. S5 in the SM [39], it is found that the bright (dark) STM
area of perfect ML ZnO is the position of the Zn (O) site

TABLE I. The summary of defects’ IEs in various ML materials.
The band gap of various ML materials is determined theoretically from the DFT calculations with the corresponding exchangecorrelation (XC) functionals.
Band gap

IE

IE

Host
material

(eV)

XC
Acceptors (eV) Donors (eV) functional

BPa

0.91

VP
Pi

0.36
0.48

TeP
SeP
SP
OP

0.67
0.69
0.74
1.02

PBE

InSeb

1.42

BiSe
VIn
HgIn
SbSe
CdIn
AsSe
ZnIn
VSe

0.72
0.74
0.74
0.79
0.79
0.83
0.84
1.87

GeIn
SnIn
ClSe
Br Se
ISe
PbIn

0.41
0.42
0.46
0.47
0.51
0.73

PBE

MoS2 c

1.66

NbMo
VMo
SMo
V2S
VS

0.55
1.04
1.22
1.45
1.55

ReMo
MoS
Mo2S

0.45
1.24
1.44

PBE

BNd

4.67

VB
CN

1.44
1.86

CB
VN

2.03
2.50

PBE

ZnO

1.68

LiZn
VZn
NO -VZn
AgZn
NO

0.49
1.00
1.07
1.14
1.45

AlZn
GaZn
InZn

0.45
0.54
0.84

PBE

ZnO

4.13

LiZn

0.86

AlZn

0.71

HSE06

LiJT
Zn

1.53
2.30
2.38
2.65
3.55

GaZn
InZn

0.82
1.35

NO -VZn
AgZn
VZn
NO
a

Reproduced with permission from Ref. [25].
Reproduced with permission from Ref. [56].
c
Reproduced with permission from Ref. [53].
d
Reproduced with permission from Ref. [24].
b

at the positive bias voltage of εCBM − εF + 2 V on the ML
ZnO sample, while the O site and surroundings are bright
(the dark point at the Zn site) at the negative bias voltage of
εF − εVBM + 1 V. This observation is in good agreement with
the projected band structure of ML ZnO, as shown in Fig. 1(b).
In general, the defects are easier to observe in the STM images
at the positive bias voltage of εCBM − εF + 2 V because the
energy dispersion is larger near the CBM in the band structure
than that near the VBM. As a result, the defect state is less
buried by the bulk states at the same integrated energy range.
More importantly, we found that even a little change in the
defect’s atomic configuration can be easily distinguished in
STM images. This is because a little structural distortion of a
defect can lead to a significant change in the charge distribution of the defect state. For example, LiZn forms a hexagonal
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FIG. 4. Simulated STM images of ML ZnO without and with defects in a 6 × 6 supercell. The charge density is calculated from εF to
εCBM + 2 eV, standing for the positive bias voltage of εCBM − εF + 2 V on sample. The corresponding atomic configurations of both ML ZnO
and defects are positioned on top of the STM images.

dark area, but the STM image of LiJT
Zn is appreciably different.
The bright and dark areas are separated by the elongated Li-O
bond. Because of the localized unpaired hole distribution on
the O of the elongated Li-O bond as shown in Fig. 2(b), the O
of the elongated Li-O bond with two bonding Zn ions forms
the bright area, while the Li with two other bonding O ions
forms the dark area (i.e., shorter Li-O bonds). Similarly, the
VZn and NO -VZn can also be distinguished in the STM images.
Therefore, unlike the challenge of identifying the individual
defect in bulk ZnO, our simulated STM images demonstrated
that the defect in ML ZnO can be facile to distinguish in the
experiment. Recently, STM experiments [60,61] successfully
observed the defects near the surface of bulk ZnO, which
further ensures the possibility of identifying the defects in ML
ZnO. For n-type doping defects in ML ZnO, the unique STM
patterns of doping defects also suggest clear identification in
experiments.

served when their bulk form shrinks down to the 2D limit,
and one advantage, i.e., that the defects can be easily validated
in situ by advanced surface characterizations, such as STM.
Doping in ML ZnO is such a felicitous example. Here, we
found that p/n-type doping defects in ML ZnO still exhibit
doping asymmetry. Among the doping defects proposed, Li
and Ga are the optimal p/n-type doping impurities with the
defects of LiZn and GaZn , respectively. However, the LiZn
is the metastable configuration, while the more stable configuration LiJT
Zn with higher IE makes the Li unlikely as an
effective p-type doping impurity. Our strategy on studying
ZnO doping in its 2D limit could be a way to comprehend
the complicated defect physics in traditional wide-band-gap
semiconductors for developing their advanced optoelectronic
applications.
The authors used the VESTA software package to generate
the figures [62].
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