
PHYSICAL REVIEW B, VOLUME 64, 085120
Compensation mechanism for N acceptors in ZnO
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We present a mechanism for the compensation of N acceptors in ZnO through real-space multigrid electronic
structure calculations within the local-density-functional approximation. We find that at low N doping levels
using a normal N2 source, O vacancies are the main compensating donors for N acceptors, while N acceptors
are compensated via the formation of defect complexes with Zn antisites at high doping levels. When an active
plasma N2 gas is used to increase the N solubility, N acceptors are still greatly compensated by N2 molecules
at oxygen sites and N-acceptor–N2 complexes, explaining the difficulty in achieving low-resistivityp-type
ZnO.
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Recently, zinc oxide~ZnO! has attracted much attentio
because of wide applications for various devices such as
ezoelectric transducers, varistors, optical waveguides,
solar cells.1 Since ZnO has a direct band gap of 3.3 eV an
large exciton binding energy of 60 meV, this semiconduc
has been considered as a promising material for sh
wavelength optoelectronic devices. In fact, efficient ex
tonic UV laser actions have been demonstrated at ro
temperature.2,3 Undoped ZnO exhibits intrinsicn-type con-
ductivity, and very high electron densities of abo
1021 cm23 are achievable.4 On the other hand, it is very
difficult to fabricate low-resistivityp-type ZnO as for other
wide band-gap semiconductors, ZnSe and GaN. Am
group-IV acceptors, N is considered to be a shallowp-type
dopant.5 However, to our knowledge, no one has succee
in obtainingp-type ZnO using a pure nitrogen source, wh
two groups have successfully fabricatedp-type samples by
codoping N with H or Ga.6,7 Thus, N acceptors are strong
compensated in ZnO, whilep-type ZnSe can be grown usin
a N2 plasma source.8,9 Although several theoretical calcula
tions have been done to explain the compensation of N
ceptors in ZnSe,10–12 no clear explanations have been giv
for the compensation mechanism in N-doped ZnO.

In this paper, we report the results of first-principl
pseudopotential calculations for the compensation mec
nism in N-doped ZnO. To find dominant compensating s
cies, we examine native point defects and N-related def
such as N-N complexes and N-acceptor–native-defect c
plexes. When a normal N2 gas is used as a doping source,
acceptors are mainly compensated by O vacancies
NO-ZnO complexes, resulting in extremely low hole conce
trations. Even if an active N2 plasma is used, it is still diffi-
cult to achieve high hole carrier densities due to the comp
sation by N2 molecules at O sites and NO-(N2)O complexes,
explaining the difficulty in obtaining low resistancep-type
ZnO.13,14

The total energies of native and N-related defects are
culated using the first-principles pseudopotential meth
within the local-density-functional approximation~LDA !.15

Norm-conserving pseudopotentials are generated by
scheme of Troullier and Martins,16 and then transformed into
a separable form of Kleinman and Bylander.17 In usual
plane-wave calculations, a very large number of plane wa
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are required to adequately describe the localized natur
the Zn 3d and O 2p wave functions. To deal with such
localized orbitals in the valence shell, we use a real-sp
multigrid method,18 which has been very efficient in appl
cations to localized systems such as SiO2.19 The Laplacians
in Poisson and Kohn-Sham equations are expressed up t
twelfth order, based on a finite difference method.20 The real-
space grids are generated by the 84348380 mesh, with the
spacings~h! of 0.253, 0.256, and 0.246 a.u., respectively. W
test various sets of fine grids up to the effective kinetic e
ergy cutoff @Ecutoff5(p/h)2# of 200 Ry, and find the grid
spacing of about 0.26 a.u.~corresponding to Ecutoff

5146 Ry) to be sufficient to ensure total energy conv
gence and suppress numerical instability. We employ a
percell containing 64 host atoms in the wurtzite structu
The summation of the charge densities over the Brillo
zone is carried out using theG point. We relax ionic coordi-
nates until the atomic geometry is optimized, using the c
jugate gradient technique.

The formation energy for each charge state of a defec
calculated from the total energy, the chemical potentialsm i

( i 5Zn, O, and N! of the constituent elements, and the Fer
energy (me).

21 Including all the defects considered here, d
fect and hole concentrations are determined by the cha
neutrality condition.21 To describe the stoichiometry of ZnO
we use the stoichiometric parameterl, lying between 0 and
1 under extreme Zn- and O-rich conditions, respectively. T
heat of formation of ZnO is calculated to be 3.68 eV, in go
agreement with the experimental value of 3.61 eV. The top
the valence band is referenced to zero to describe de
levels in the band gap.

First we examine native point defects, vacancies (VO and
VZn), interstitials (Zni and Oi), and antisites (ZnO and OZn).
We find that Zni has the lowest energy at an octahedral s
for both neutral and positively charged states. The six s
rounding Zn atoms move away by 0.2 Å from the octah
dral site, reducing repulsive interactions between the inter
tial and host Zn atoms. The Zni-Zn bond distances lie
between 2.48 and 2.59 Å, which are smaller than the val
of 2.66 and 2.91 Å for bulk Zn metal. When a Zn ato
occupies an O site, the neighboring Zn atoms undergo v
large lattice relaxations of 0.4 and 0.6 Å, with the ZnO-Zn
©2001 The American Physical Society20-1
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bond distances of 2.47 and 2.49 Å. For Oi , the octahedral
site is lowest in energy for negatively charged states, and
double acceptor level lying close to the valence-band m
mum is derived from the empty 2p orbital of Oi . On the
other hand, for neutral and positively charged states,i
forms a split-interstitial complex@see Fig. 1~a!# at an O site.
In the split-interstitial configuration, each O atom is bond
to two surrounding Zn atoms, and the Oi-O bond is tilted by
about 39° from thec axis in the (21̄1̄0) plane. The split-
interstitial complex behaves as a double donor, and its do
level is characterized by theppp* state of the Oi-O com-
plex, as shown in Fig. 2~a!. For a neutrally charged state
since the surrounding Zn 4s electrons are transferred to th
ppp* level, the Oi-O bond distance is larger by 0.23 Å tha
that for a free O2 molecule. Among the native defects,VO,
Zni and ZnO are double donors, becoming possible comp

FIG. 1. Atomic structures of the~a! split-interstitial-Oi complex,
~b! N2 molecule at an O site,~c! N-acceptor–Zn-antisite complex
and ~d! N-acceptor–Zn-interstitial complex in ZnO.

FIG. 2. Charge density contours for the donor levels of the~a!
split-interstitial-Oi complex,~b! N2 molecule at an O site, and~c! O
vacancy. In~a!, ~b!, and~c!, the contour spacings are 0.01, 0.01, a
0.001 a.u., respectively. The Zn atoms in~a! are located at 0.15 Å
below the plane.
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sating species for N acceptors, whileVZn and OZn are double
acceptors. The calculated formation energies of native
fects are plotted as a function of the Fermi level for both Z
and O-rich conditions in Fig. 3. Under Zn-rich condition
VO is the most stable defect for all the Fermi levels. Wh
the Fermi level is close to the valence-band maximum,VO,
Zni , and ZnO have similar formation energies. On the oth
hand, in the O-rich limit,VZn becomes the most stable defe
in n-type ZnO, while Oi is energetically more favorable a
the Fermi level moves to the valence-band maximum.

For N-related defects, the calculated formation energie
NO, (N2)O, and NO–double-donor complexes are listed
Table I. Among these defects, NO is only an acceptor, while
the others are donors. When a N2 molecule is located at an O
site, two valence electrons from the nearest Zn atoms occ
the nonbonding state of (N2)O, as shown in Fig. 2~b!. From
the analysis of defect transition levels and wavefunctions,
confirm that (N2)O acts as a shallow double donor, ve
similar to the (N2)Se molecule at a Se site in ZnSe.12 In the
optimum geometry of (N2)O @see Fig. 1~b!#, the N-N bond is
tilted by about 35° from thec axis in the (21̄1̄0) plane,

FIG. 3. Defect formation energies as a function of the Fer
level for native defects in ZnO under~a! Zn- and~b! O-rich condi-
tions.

TABLE I. Formation energies of N-related defects. The nitrog
chemical potential ofmN5mN2

/2 is chosen, andDH is the calcu-
lated heat of formation of ZnO. For N-acceptor–double-donor co
plexes, the binding energies are also given.

Defect Formation energy~eV! Binding energy~eV!

NO 0.941lDH
NO

2 1.411lDH-me

(N2)O
21 20.781lDH12me

(NO-VO)1 20.0112lDH1me 0.31
(NO-Zni)

1 20.5012lDH1me 1.06
(NO-ZnO)1 21.1013lDH1me 1.52
(NO-Oi)

1 5.611me 0.60
@NO-(N2)O#1 0.3512lDH1me 0.28
0-2
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similar to the split-interstitial-Oi complex. In this case, the
N-N bond length is calculated to be 1.11 Å, which
slightly larger than the calculated value of 1.09 Å for a fr
N2 molecule. When NO forms a complex with a double do
nor ~D! via the reaction

NO
21D21→~NO2D !11Eb , ~1!

whereEb denotes the binding energy, and the NO-D complex
becomes a single donor. The calculated formation and b
ing energies of various NO-D complexes are listed for N-rich
conditions in Table I. For the NO-VO, NO-(N2)O, and
NO–split-interstitial-Oi complexes, we find similar binding
energies of 0.3–0.6 eV. In the NO-ZnO complex @see Fig.
1~c!#, the NO and ZnO atoms undergo large lattice relaxatio
of 0.35 and 0.75 Å, as compared to the isolated configu
tion of NO and ZnO. Such large lattice relaxations lead to
large binding energy of 1.52 eV for the NO-ZnO complex.
For the NO-Zni complex@see Fig. 1~d!#, we also find a large
binding of 1.06 eV because of the attractive interaction
tween NO and Zni . A similar large binding energy for this
complex was also reported in ZnSe.11Among the NO-D com-
plexes considered here, NO-Zni and NO-ZnO have low forma-
tion energies in the Zn-rich limit (l50), compensating effi-
ciently for N acceptors. As going to the O-rich limit, sinc
the formation energies of NO-Zni and NO-ZnO increase rap-
idly, these defects may not be responsible for the acce
compensation.

To calculate defect and hole concentrations, it is import
to know accurate transition levels of donor defects. Since
LDA underestimates the transition levels such as the b
gap, corrections are needed for defects that have the ch
teristics of the conduction band. With the analysis of t
angular momentum decompositions, we project the w
functions of defect levels onto the O 2p and Zn 4s orbitals,
which derive the valence-band maximum and conducti
band minimum states, respectively. The defect levels ass
ated with the conduction band are rigidly shifted upwards
the band-gap correction of about 2.5 eV, while those with
valence-band character are assumed to be unaffected
example, for double donors, the LDA may give rise to err
of about 2.5–5 eV in the formation energies for neutral a
11 charge states, while no error is expected for the 21
charge state. For both Zni and ZnO, since their donor levels
are mainly composed of the Zn 4s orbital, lying just above
the conduction-band minimum, the band gap correction
needed for the transition levels. Recent experimen22

showed that Zni behaves as a shallow donor, and other LD
and self-interaction-corrected ~SIC! pseudopotentia
calculations23 also reported that Zni and ZnO are shallow
donors. For the split-interstitial Oi , the donor level is char-
acterized by the O 2p orbital, corresponding to theppp*
level of O2, as discussed earlier. Thus, a correction may
be needed for the formation energy of this defect. ForVO,
however, we need a special care for the transition leve
was suggested experimentally thatVO is the main source o
intrinsic n-type conductivity,24 while nonlinear spectroscop
measurements showed the donor level at 1.2 eV above
valence-band maximum.25 Our calculations indicated that th
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wave function of theVO defect level is characterized by
combination of the Zn 4s and O 2p orbitals, as illustrated in
Fig. 2~c!. Thus, it is more likely thatVO behaves as a dee
donor rather than a shallow donor. In fact, we find that
(21/0) transition level ofVO lies at 0.73 eV below the
conduction-band minimum, similar to previou
calculations.26 When we perform the LDA calculations with
placing the Zn 3d orbitals in the core complex and includin
nonlinear partial core corrections for the exchang
correlation potential,27 we still find thatVO acts as a deep
donor; the (21/0) transition level moves from 0.73 to 0.
eV below the conduction-band minimum, with the band g
increased from 0.9 to 1.7 eV. In this case, since the L
band gap is still underestimated, theVO level would be po-
sitioned above 1.1 eV from the valence band maximum
the band-gap correction is included.

In the LDA calculations including the Zn 3d electrons as
valence states, the severe underestimate of the band g
attributed to the fact that the semicore Zn 3d states are too
high, repelling unphysically the occupiedp band upward.
The failure of the LDA to accurately describe the strong
localized semicore 3d states also affects the transition leve
and formation energies of defects. Using self-interaction a
relaxation-corrected ~SIRC! pseudopotentials for InN
Stampfl and co-workers28 showed that although the single
particle defect level of NIn in the band gap is shifted by abou
0.5 eV to higher energies, the character of this defect sta
very similar, as compared to the LDA results without se
interaction corrections. They also found that valence-ba
related defect states are affected in the SIRC calculatio
however, the changes of the defect levels are much sm
than the band-gap correction. Recently, Zhang a
co-workers23 have performed the SIC calculations for ZnO
and found that the single-particle defect level of neutralVO is
positioned at 1.0 eV below the conduction-band minimu
close to our LDA calculations. Because of the LDA unce
tainty, we calculate defect concentrations by varying
transition level ofVO from 1.1 eV above the valence-ban
maximum up to the conduction-band minimum. Althoug
defect concentrations depend on the transition level, we
that dominant compensating donors for N acceptors do
change. Thus, we decide to use 1.10 eV above the vale
band maximum for the donor level ofVO, which is close to
the experimental value of 1.2 eV, for calculating defect co
centrations with the band-gap correction for other don
such as Zni and ZnO.

For all the defects considered here, we estimate de
concentrations under the growth condition using a normal2
gas source. Experimentally, the N concentration is contro
by varying the Zn/O flux ratio and the amount of applied
dopants. In our calculations, we simulate these experime
conditions by changing the stoichiometric parameterl and
the nitrogen chemical potentialmN . The calculated defec
and hole concentrations at 1000 K are plotted as a func
of the total N concentration in Fig. 4. The N concentration
controlled by the parameterl, andmN is fixed to satisfy the
extreme N-rich condition, i.e.,mN5mN2

/2. Then, the calcu-
lated hole concentration corresponds to the maximum va
0-3
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achievable under each stoichiometric condition. We find t
the N doping is inefficient under O-rich conditions becau
the total amount@N# of incorporated N impurities is below
831012 cm23, which is too small to obtain sufficiently high
hole densities. As going to the Zn-rich limit, since the fo
mation energy of NO decreases significantly, both the ho
and N concentrations increase. When the total N concen
tion lies in the range of 1015–231017 cm23, which is
achievable under Zn-rich conditions withl50.15–0.28, the
most abundant donor defect isVO

21 . Since the concentration
of split-interstitial Oi , Zni , and ZnO are relatively low,VO is
the dominant compensating species among the donor def
In this case, the concentration of (N2)O is lower by an order
of magnitude than that for Zni . For high doping levels~@N#
.231017 cm23 or l,0.15), the concentration o
(NO-ZnO)1 is similar to that of NO

2 due to the large binding
energy. Thus, NO-ZnO is the most efficient compensato
among the N-acceptor–native-defect complexes in N-do
ZnO. Similarly, previous calculations suggested that N
ceptors are compensated by NSe-VSe and NSe-Zni complexes
in ZnSe.11 Because of the acceptor compensation, we fi
that the hole carrier density is saturated to about
31015 cm23 for N concentrations of 1015–231017 cm23,
while it decreases as@N# increases further.

We can control the total N concentration by varyingmN ,
with keeping the Zn-rich condition ofl50.1; the total N
concentration can increase up to 1019 cm23. We find that the
hole carrier densities are much smaller than for N accep
due to the compensation byVO, as shown in Fig. 5, and
eventually saturated to about 531014 cm23 when the con-
centration of NO-ZnO is close to that of NO. This behavior is
very similar to the results obtained by varyingl. Thus, we
conclude thatVO and NO-ZnO are the dominant compensa
ing species for low and high doping levels, respectively.

We investigate thep-type doping efficiency for a more

FIG. 4. Defect and hole concentrations as a function of the t
N concentration for a normal N2 gas source. The N concentration
controlled by varying the stoichiometric parameterl, keeping the N
chemical potential in the extreme N-rich limit (mN5mN2

/2).
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active N2 source using a radio frequency or an electron
clotron resonance plasma. In ZnSe, this doping technique
been very successful in increasing the hole carrier density
compared to the normal N2 gas source.8,9 When an active N2
source is used, the N solubility increases greatly un
O-rich conditions, where native defects and N-accepto
native-defect complexes are rarely formed; thus, the dop
efficiency is expected to increase. To simulate theoretic
the active N2 source, we choosemN , which is higher by
about 1.5 eV than that for N2 molecules (mN2

/2). This N
chemical potential is determined by assuming that eq

al FIG. 5. Defect and hole concentrations as a function of the t
N concentration for a normal N2 gas source. The N concentration
controlled by varying the N chemical potentialmN , maintaining
stoichiometric condition ofl50.1.

FIG. 6. Defect and hole concentrations as a function of the t
N concentration for a plasma N2 gas source. The N concentration
controlled by varying the N chemical potentialmN , maintaining a
stoichiometric condition ofl50.6.
0-4
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COMPENSATION MECHANISM FOR N ACCEPTORS IN ZnO PHYSICAL REVIEW B64 085120
amounts of N2 molecules are in the ground and excit
states; the energy of an excited N2 molecule in the3Su

1 state
is higher by 3.09 eV per N atom, as compared to the gro
state (1Sg

1). We select a suitable O-rich condition ofl
50.6, which increases the maximum N concentration fr
1011 to 731018 cm23. As expected, we find that the conce
trations of native defects and N-acceptor–native-defect c
plexes are extremely low, while defects purely composed
N atoms are abundant, as shown in Fig. 6. In this case,
(N2)O molecules are the dominant compensating spec
with defect densities similar to that for the N acceptors.
ZnSe, it was also shown that (N2)O is a major compensating
donor for N acceptors.12 In the O-rich conditions, similarly,
the N acceptors are compensated by (N2)O and NO-(N2)O.
We find that the hole carrier density decreases with incre
ing of @N#, with a maximum value of about 231014 cm23,
as shown in Fig. 6. Thus, it is unlikely to enhance thep-type
doping efficiency with an active N2 source, although this N
source increases the N concentration. This feature may
plain the failure of obtaining low-resistancep-type ZnO even
if a plasma N2 source is used.13,14In addition, it is difficult to
control unintentionally incorporated impurities such as H b
low the calculated maximum hole concentration of ab
n,

.

ys

.

rt

A.

ys
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1015 cm23, even if a high purity ZnO sample~99.999%! is
used. Since water or an H2 gas is usually present in growin
samples, it becomes a source of H. Experimentally, H
known to behave as a donor in ZnO.29 Recent first-principles
calculations also showed that H is a shallow donor, result
in intrinsic n-type conductivity.30 Thus, the H abundance wil
be another reason for the difficulty of making high-qual
p-type ZnO.

In conclusion, we have investigated the compensat
mechanism for N acceptors in ZnO through first-princip
pseudopotential calculations. We find that for low N conce
trations, N acceptors are mainly compensated by O vac
cies, while N-acceptor–zinc-antisite complexes becomes
major compensating species as the N concentration
creases. Thus, the maximum hole concentration achiev
with a normal N2 source is calculated to be abo
1015 cm23. When an active plasma N2 source is used, al-
though the N solubility increases, the doping efficiency
still low because of the compensation effect by N2 molecules
at O sites and NO-(N2)O complexes.
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