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Abstract 

The defect compensation as dominant source restricts the Fermi level in ZnO to approach an 
easy p-type before to be the heavy degenerated doping object. We discussed the surface defect 
levels to elucidate this nature. The defect states on the dominant growth surface (0001) show a 
stronger compensating effect compared to the bulk state. Both substitution and adatom nitrogen 
doping shows it provides an extremely deep donor and acceptor lead to an unchanged Fermi 
level within the band gap but to be pinned in the mid-gap by bulk doping. As the dimension of 
the ZnO materials further decreases to be monolayer, the quantum confinement effect even more 
localized and render the charge transfer on surface to restrict the shifting of Fermi level. We 
report this can overwhelm the intrinsic p-type conductivity and transport of the ZnO bulk system, 
and further pinned the Fermi level in the monolayer ZnO and graphene interface system.  
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Introduction 
     
    ZnO materials as II-VI semiconductor compounds have a large direct band gap of 3.4 eV1. 
They are accordingly prime candidates for blue and ultraviolet light-emitting diodes and lasers. 
However, the fabrication of the p-n junction for light-emitting diodes is very difficult 2, 3. Like 
most wurtzite II-VI compounds, they have intrinsic n-type conductivities, while the p-type 
doping is not yet well developed. All the research related to p-type doping indicates that this is 
due to the “self-compensation” of shallow acceptors by various natively occurring or 
spontaneously generated donor defects, such as vacancies or interstitials. However, as expected, 
the shallow acceptor candidate elements have been shown to provide deep levels in the gap as 
trapping centers of the host ZnO lattice. This arises because the anticipated shallow group-V 
acceptors in ZnO have higher thermal ionization energy barriers (or, in other words, transition 
energies of different charge states), causing them to yield at a deep level near the midgap 4.  
 

We are inspired by surface quantum confinement effect of ZnO nanomaterials studied by 
Dalpian et al5, 6. The ZnO nanomaterials such as nanowires or nanodots with controllable size 
and morphologies are seen as having potential for the next generation of the electronics industry. 
The surface becomes more dominant as the quantum confinement becomes more evident with 
the increasing surface-to-volume ratio7, 8. Therefore, it is important to unravel the technological 
difficulties of achieving p-type doping in view of the possible applications of ZnO nanomaterials.  
 
    Among those group-V candidates, N is the best choice as it has similar atomic radius and 
electronegativity to O. Experimentally, the N in ZnO nanomaterials has been reported to modify 
the conductivity of the p-type. However, the high cost of doing so may hinder the pace of 
development. N is not very soluble in these II-VI wide band gap semiconductor materials, and 
doping with N in bulk may be achievable only by ion implantation. However, N-acceptor dopant 
is still a possibility given that it was verified by luminescence measurements on N+-implanted 
ZnSe as early as 1982, in the work of Wu et al. 9. On the other hand, our previous study on group 
VI based chalcogenide shows the N doping will increase the local structural distortion, and 
provide localized edge states in order to enhance the band-overlapping lead to pinning of Fermi 
level (EF)10, 11. Meanwhile, the defect level study has proved to be a useful concept to understand 
the electrical conductions and transport mechanism11, 12.  
 
    Theoretically, the N doping level in the electronic structure of ZnO is unclear. It has been 
reported to sit relatively deep in the gap and also to contain errors of band structure calculations, 
as shown in the local density approximation (LDA) calculations of Park et al. 13 and Li et al 14. 
More accurate results obtained by hybrid functionals shows that the N-substitutional doping on 
the O site is in fact a deep acceptor with a high thermal ionization energy of 1.3 eV to vary the 
charge state (accepting electrons) 15. However, this still does not explain why N cannot be a good 
candidate. Moreover, the p-type doping of low-dimensional ZnO nanomaterials has been 
achieved experimentally. This discrepancy may be due to the lack of information about the 
native defects environments of ZnO, which has many native point defects contributing to the 
intrinsic n-type conductivity. Also, the dimensional difference shows a large contrast in the 
electronic properties of nanomaterials, since the large surface-to-volume ratio causes the surface 
quantum confinement to be more dominant in materials. Drawing on this previous work, we 
recognize that the native point defects forming on the surface of ZnO can modify their electronic 
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conductivities. Therefore, we suggest possible ways to achieve better p-type ZnO with N-dopant 
to overcome the effect of bulk intrinsic defects.  
 
Experimental section 
 

Our first-principles calculations are based on the generalized gradient approximation 
(GGA)+U method with rotational invariant U parameter on localized orbitals16, 17, which is the 
simplest way to reflect the contrast in the electronic properties of the surface and bulk based on 
the correct reproduction of the band structure calculations for the bulk. Such method has been 
successfully applied in many solid functional materials (oxides and sulfides) by us, for 
discussions on their electronic structures and defect levels as well as its formation energies 18-20. 
To model the ZnO(0001) surface system, we built a periodic slab structure containing four Zn-O 
bilayers with a vacuum layer of more than 15 Å for separation. We used a 4×4 ZnO unit cell to 
model the two-dimensional surface. In order to accurately reflect the stabilization mechanism of 
the Zn-terminated surface, the model we built had to be terminated with a 0.5 monolayer of H on 
the unreconstructed O-terminated back surface, which serves as a hydroxyl group to stabilize the 
system induced by the spurious charge proposed by Meyer 21. 

   
The Anisimov-type rotation invariant Hubbard-U correction on the fully filled 3d orbitals of 

the Zn atoms are chosen to be 10 eV 17, 22, and the U parameter for correcting the 3d10 orbital 
level is self-consistently determined by using our previous method23. The Hubbard-U correction 
on 2p orbitals of O atoms follows the work of Ma et al24. To reduce the influence of the valence-
core charge density overlapping, we used the nonlinear core correction method to reconstruct the 
Zn pseudopotential based on the Kleimann-Bylander norm-conserving type. In the overall 
calculation, we set the plane wave basis set for the kinetic energy expansion as 750 eV, which is 
enough for metal oxides. The Monkhorst-Pack k-point grid for the ZnO (0001) surface system 
calculations was chosen as 2×2×1. For the related defect state geometry relaxation, the geometric 
optimization used the Broyden-Fletcher-Goldfarb-Shannon (BFGS) algorithm for all bulk and 
defect supercell calculations. 

 
    For the calculation of the defect formation energy in different charge states, the overall 
supercell size was fixed based on the relaxed neutral bulk unit cell. The defect formation energy 
( qH ) at the charge state q as a function of the Fermi energy ( FE ) and the chemical potential µ∆
of element α is given by 

( ) ( )∑ ∆++∆++−=
α

ααα µµµ 0),( nEEqEEEH FVHqFq ,     (1) 

where qE  and HE are the total energy of a defect and perfect cell, respectively, calculated with 

charge q ; FE∆ is the Fermi energy with respect to the valence band maximum; αn is the number 
of atoms of element α ; and 0

αµ  is the reference chemical potential, following Lany and Zunger 
25. To calibrate our calculation settings, we carried out a pretest on the bulk ZnO model. The 
band gap of the bulk model obtained was 3.44 eV (error: 1.2%) with lattice parameters of 3.248 
and 5.216 Å, respectively. Considering the differences between the bulk and native point defect 
calculations, we further tested for the O vacancy (VO) under the O-poor chemical potential limit, 
and obtained a formation energy of VO as 0.963 eV. This is reasonably consistent with the results 
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of Oba et al. (0.96 eV, and 1.01 eV) using HSE in VASP 26 and Robertson et al. (0.85 eV) using 
sX-LDA in CASTEP, respectively 27-29. 
 
Results and discussion 
 
Transition levels 
 

The present work performed a calculation on the N-adatom (AN) surface doping. The N atom 
has a similar atomic radius to O (0.75 Å vs 0.73 Å). Its p-orbital has a half-filled configuration 
(2p3) that can either accept or donate electrons depending on the growth environment. Therefore, 
we performed the AN doping calculations within seven charge states (-3, -2, -1, 0, 1, 2, and 3).  
 
    We found that the N-substituting doping on the O-site (NO), which is a widely accepted 
theoretical model for promising acceptors, gives a high p-type conductivity for ZnO30-32. 
However, there will be many contradictions if we simply attribute the p-type conduction with the 
experimentally observed 100~200 meV hole ionization energy to the NO doping 32-34. Moreover, 
Lany and Zunger discussed how the assumed shallow acceptor states of N are difficult to 
reconcile with the strongly localized Jahn-Teller distortion induced by localized hole states from 
the 2p orbitals 35, 36. The issue is which of these effects contributes the shallow acceptor levels 
(less than 0.2 eV) observed from experiment. Lany and Zunger use both the generalized 
Koopman theory and hybrid functional (HSE) to predict a deep ionization energy for the NO:ZnO 
of 1.62 eV, which confirms the deep-level behavior of NO in the bulk 35, 36. Recently, Liu et al. 
have shown that the NZn-VO complex in ZnO could play an important role in giving a shallow 
state 37. However, this lacks the correct band gap predicted by the hybrid functional, so the 
question is why the formation enthalpy of ZnO has a +0.2 eV error compared to the experimental 
figure of -3.61 eV/ZnO 38. Meanwhile, the NZn imposes a large energy cost (about 5.6 eV) in 
ZnO, which makes it difficult for it to form in the lattice 37. However, this surface model is 
remarkable, even though a better understanding of the effect of surface states is still required.  
 

Accordingly, we show our theoretical model in Fig. 1. The defects or impurities on the 
ZnO(0001) polar surface may lead to rater deeper acceptor or donor states (Fig. 1), since the bulk 
central potential is screened by the surface polar charge accumulation layer 39, 40, propelling the 
surface defect states to fall into the deep levels by surface Coulomb potential effect (Fig. 1). We 
propose that due to the large polarity and strong surface quantum confinement for electrons, the 
conventional bulk doping technology should be modified to a surface passivation doping, which 
leads to a large and effective charge transfer, in order to meet the p/n-type doping requirements 
of industry. It is more efficient to observe the charge transition level in the band gap, which 
denotes the defect or dopants thermal ionization energy. For different charge state q and q’, the 
critical level that changes with related to Fermi level in the band gap is the transition level, 

)'/( qqε . As calculated by DFT procedure in terms of following equation.  
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Where the )( q
f DE is the formation energy of the defect or dopant in the charge state of q. 

)'( q
f DE is the formation energy of the same defect or dopant stabilize in the charge state of q’. 

The details form has been similar discussed by Janotti et al38. It is advantageous to use the idea 
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of transition level because it can be observed in experiments where the final charge state of the 
local structure is capable to fully relax towards its equilibrium state after the charge transition or 
thermal ionization, by deep-level transient spectroscopy (DLTS)41. 

 
Surface native point defect levels and nitrogen doping 

 
Fig. 2 (a) and (b) summarize the native point defect levels on the (0001) surface of ZnO. We 

see that all of the defects are negative-U defects, which cannot be evidently detected by the 
electron spin resonance (ESR) measurements. Such defect levels on the surface are actually 
playing as “dopant-killer” for ZnO related nanomaterials. This arises because the previous found 
deep donor-trap defects like VO and IZn in the bulk ZnO now turn to be the rather deeper defects 
close the band edges on the surface. The trend is the same as the acceptor-trap defects like VZn 
and IO. Fig. 2 (c) shows our results of formation energy against Fermi energy of N-substitution in 
the bulk ZnO and N surface passivation doping on the ZnO(0001) surface. It can be seen that the 
NO in the bulk ZnO is not only a deep-level impurity within the band gap, but also gives an EF 
pinning deep in the midgap at about 1.57 eV. This arises because the critical position of )/( +−ε
in EF has the lowest energy even lower than the neutral state of the N-dopant, which is the dip of 
the red solid curve of the Fig. 2(c). This is very close to the prediction of Lany and Zunger using 
the generalized Koopmans theory. However, we show more details, with the EF pinning effect 
used to confirm that the N substitution in the bulk induces low conductivity of the host ZnO. We 
take the neutral NO in the ZnO formation energy as our zero energy reference; accordingly, the 
surface N-adatom (surface AN) and N-substitution (surface NO) have even lower energies 
compared to the formation in the bulk. This may be due to the large surface interaction of the 
low-dimensional ZnO. Moreover, it can be seen from Fig. 2 (c) and (d) that the surface NO 
performs poorly as a surface compensation dopants due to a shallow acceptor (0.72 eV) as gap 
states to trap the EF. In fact, it is deeper than the case of the surface AN (0.14 eV) in the hole 
ionization energy from the charge -3 to 0 states. We also show that thermal ionization occurs 
from -3 or -2 to 0 and then to +3, resulting in a negative effective correlation energy (negative-
Ueff). The result of our surface AN is close to the experimental observation, and also contributes 
to the near-delocalized states next to the valence band edge.  
 
    From Fig. 3 (a), it can be seen that the N-dopants on ZnO(0001) show a clear contrast in the 
local structure relaxations between the +3 and 0 or -3 states. Note also that the N3+ dopant as 
adatom (AN3+) has the lowest formation energy level, compared to the AN0 and AN3- states. 
Moreover, the AN3+ has an orientation towards the preferred charge localization on the surface of 
the ZnO(0001) with a loss of three-fold symmetry. The tri-positively charged configuration leads 
the valence electrons of N to have π-like 2s2 lone-pair electrons weakly interacting with the 
neighboring unsaturated Zn atom. From Fig. 3 (b), it can be seen that AN3+ makes a passive 
contribution to the local electronic density of the states of ZnO(0001) and is only a shallow state 
at about 1.6 eV above the charge-neutral line (0 eV). Note also that the charge-neutral line is 
totally different from the case of bulk ZnO. These localized states are evidently different to the 
case of the bulk as shown in Fig. 4, and the localized hole state shown in Fig. 4 has a similar pz 
orbital feature as that shown by Lany and Zunger [23]. 

 
Experimentally, N-doping is performed using the method of N2O gaseous doping, which 

means the chemical potential of the N needs to reach the N-rich limit 42. Such an experiment 



6 
 

raises issues about stability at the ambient temperature 43. However, the O gaseous atmosphere in 
ambient conditions means the ZnO nanomaterials deform the N-doping layer. Our calculations 
show that an investigation of formation energy can explain this scenario. In Fig. 3(a), N-doping 
in the neutral state matches our deduced doping limit range given by the native defects of 
ZnO(0001), and the AN0 may even remain lower than the AO under the N-poor condition. The 
N2O gas phase means the sample is N-rich, pushing up the formation energy even higher than the 
VZn under the N-rich condition that shows up as being O-rich. The difficulty in the doping 
process then becomes focused on the subtle equilibriums of the N and O chemical potentials 
during the doping growth process. 

 
Monolayer ZnO interface with graphene system 
     

As is well known, ZnO is a wide band gap semiconductor oxide with direct gap of about 3.4 eV 
(in 300K), and its monolayer can be used as charge trapping layer in CMOS memory cell. Recent 
study shows that the monolayer ZnO can be interfaced with graphene acting as a good substrate 
for topological insulator (TI), since the dirac-cone retains and is pinned near the midgap of the 
monolayer ZnO, regardless the existence of the intrinsic defects44-47. Meanwhile, the interface 
charge transfer between monolayer ZnO and graphene layer are a promising area of 2-D 
electronic modulation as applications of high-speed electronic response devices. As shown in the 
comparison from the Figure 5 (a) and (b), we found the band structure and density of states occur 
tail states due to the long range crystal field interaction missing vertically to ZnO(0001), and the 
3d levels have been split into two peaks due to a evident contrast of p-d coupling along and 
perpendicular to ZnO(0001). The band gap has widen to 3.57 eV compared to 3.41 eV in bulk 
phase from our calculations. The starting point of 3d level is 0.5 eV deeper than the one in the 
bulk (-7.0 eV we got in calculation.). The formation entropy of the bulk ZnO is -3.70 eV which 
is consistent to the experimentally reported -3.60 eV in 300K. Figure 5 (a) and (b) give the basic 
electronic properties of bulk wurtzite and monolayer of ZnO, respectively.  
 

The oxygen hole states levels have been long interested in the metal oxides or wide band gap 
semiconductors, particularly in the ZnO35, 48, the localized hole levels move the Fermi level 
towards deep in the gap. We investigate the single zinc vacancy (VZn) as it can induce two holes 
localized around nearby O-sites. However, this cannot clearly given by LDA/GGA calculations 
as the homogenous electron gas treats the two hole states degenerated into one and delocalized 
around the VZn site. Our GGA+U calculation with stabilizing the hole states can give clear 
electron-hole interaction under different charge states, as shown in Figure 5 (c). This has been 
also reported by our previous work18. Figure 5 (d) shows the neutral VZn has negative effective 
correlation U (negative-Ueff) of -0.57 eV, for the process of 2(VZn0) → (VZn+) + (VZn-). Such 
exothermal reaction means one of the O-site acting as acceptors capturing two electrons easily 
overcoming the onsite Coulomb repulsive energy, which are the nearest neighbor of VZn0. The 
other two localized hole states turns to be repulsive to each other while the electron acceptor sites 
that move towards to the hole sites. This shows a planar Jahn-Teller distortion effect that the 
symmetry lowers from D3h down to the D2h. The other two charge states, VZn+ and VZn-, also 
have the same trends. The total energy of the system lowers with structural relaxation. From 
Figure 5 (e), we also found that the localized hole states have the π-like orbital next to the 
conduction band minimum, and perpendicular to the plane (0001) in real space with pz-orbital 
character (with a1-symmetry). However, the electron acceptor site has similar π-like orbital along 
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the (0001) plane, which is a feature of pxy-orbital. This interesting behavior leads the monolayer 
ZnO system has an anti-ferromagnetic feature with existence of single neutral VZn. 

 
We can also find that the hole and electron levels are not free-charge-carrier supplying center 

as they are localized as trap states. The intrinsic conductivity of the monolayer ZnO may largely 
restricted by such native defects. The EF was actually pinned near the midgap. If we extend the 
system to interface with graphene layer, the position of dirac-cone (cone level) will be pinned 
near the midgap of the ZnO owing to the subtle electron-holes interactions (illustrated in Figure 
5 (f)). The reason that the Jahn-Teller distortion occurs in the monolayer ZnO with VZn is 
because the asymmetry between the occupancies of px,y and pz orbitals within the planar 
monolayer ZnO is getting larger than the non-centrosymmetrical bulk wurtzite ZnO. This 
asymmetry can be also found in ZnO but negligible48.  
 
Conclusion 
 

In summary, we show that in transparent semiconducting oxides such as ZnO, the native 
defect states that act as native surface passivants on the ZnO surface play a key role in modifying 
the electronic transport and conductivity of the host system. The related surface states can mask 
the effect of the dopants or native point defects from the bulk system. The neutral N-stabilized 
material is a good match for the doping limit range provided by the native defects of the 
ZnO(0001) surface. The tri-positively charged N on the ZnO(0001) surface an extremely deep 
donor and acceptor lead to an unchanged Fermi level within the band gap but to be pinned in the 
mid-gap by bulk doping, meanwhile the specifically oriented charge localization may also 
change the low-dimensional growth direction of the ZnO after N-doping. This is close to 
previous experimental findings. As the dimension of the ZnO materials further decreases to be 
monolayer, the quantum confinement effect even more localized and render the charge transfer 
on surface to restrict the shifting of Fermi level. We propose that the surface defect states or 
extrinsic dopants effects overwhelm the intrinsic p-type conductivity and transport of the ZnO 
bulk system. This leads to an interesting and practically difficult problem. 
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Fig. 1 

 
 
Fig. 1 Schematic diagram of the role of native point defects as a surfactant that modifies the 
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Fig. 2 
 

 
 
Fig. 2 Formation vs Fermi energy of surface native defects levels (a) and (b); the N-adatom (AN) 
and N-substitution (NO) in the bulk ZnO and N surface doping on the ZnO(0001) surface (c) and 
(d). 
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Fig. 3 
 

 
 
Fig. 3. (a) Local relaxed structures of N passivation doping in three different charge states 

(0, +3, and -3). (b) Partial density of states (PDOS) of N on the ZnO(0001) surface. The upper 
right inset figures are the top and side views of the contours of the N local charge states. 
 
Fig. 4 

 

 
Fig. 4 The localized electron (left) and hole (right) states induced by NO in bulk ZnO, with pxy 
and pz orbital features, respectively. 
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Figure 5 

 
 
Figure 5. (a) Electronic band structure and total density of states (TDOS) of wurtzite ZnO with 
estimated band gap of  3.407 eV. (b) Electronic band structure and total density of states (TDOS) 
of planar monolayer ZnO with estimated band gap of  3.573 eV. (c) TDOS of monolayer ZnO 
system with intrinsic neutral Zn vacancy (VZn0). (d) Formation energy vs Fermi energy within 
different charge states of -1, 0, and +1, for VZn in monolayer of ZnO. (e) Localized orbitals 
electron and oxygen hole states that near the edges of valence and conduction band edges within 
charge states of -1, 0, and +1 (Zn=grey, O=red, spin-up hole state=pink, spin-down hole 
state=green, and spin-up and spin-down electrons=golden and blue). (f) Schematic diagram of 
the energy lowering down with the symmetry lowers down from D3h to D2h, and the dirac-cone 
levels was pinned in the mid-gap of the host monolayer of ZnO within the system of 
graphene/monolayer ZnO.  
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2-D monolayer ZnO (0001) has the localized hole states with the π-like orbital next to the 
conduction band minimum, and perpendicular to the plane (0001) in real space with pz-orbital 
character (with a1-symmetry). However, the electron acceptor site has similar π-like orbital along 
the (0001) plane, which is a feature of pxy-orbital. This interesting behavior leads the monolayer 
ZnO system has an anti-ferromagnetic feature with existence of single neutral VZn that restricts 
the Fermi level. 
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