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Origin of p-type doping difficulty in ZnO: The impurity perspective
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We investigate th@-type doping difficulty in ZnO by first-principles total-energy calculations. The dopants
being considered are group-l elements Li, Na, and K and group-V elements N, P, and As. We find that
substitutional group-I elements are shallow acceptors, while substitutional group-V elements such as P and As
are deep acceptors. TheX centers that convert acceptors into deep donors are found to be unstable except for
P and As. Without compensation by intrinsic defects, the most likely cause for doping difficulty is the forma-
tion of interstitials for group-l elements and antisites for group-V elements. Among all the dopants studied
here, N is a relatively better candidate fotype ZnO.
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In wide-band-gap optoelectronics, zinc oxi@nO) is Our calculations are performed using the first-principles
conventionally used as a substrate for GaN. Recently, howpseudopotential methdd® based on the local density ap-
ever, ZnO itself became the focus for new optoelectronigroximation ~ (LDA).!* Norm-conserving nonlocal
applications. ZnO has a 3.4-eV direct band gap, and it can bgseudopotentiald were generated by the scheme of Troullier
easily dopedn-type” While n-type ZnO is available even and Martins'® A Kleinman-Bylander type of fully separable
without any intentional doping, it is very difficult to dope pseudopotentials was constructédhn energy cutoff of 45
ZnOp type? although it was recently reported that high den-Ry for the plane-wave expansion was used. We include the
sities of holes could be achieved with N or As as the dopangffects of 34 electrons of Zn using nonlinear partial core
along with novel doping techniqués® Several mechanisms ¢orrection(NPC).1S The direct inclusion of the Zn-@states
leading to doping difficulty are known: low solubility, com- 55 valence electrons would give a rather small band gap of
pensation by low-energy native defects, deep impurity levelp 96 ev. The NPC calculation gives, instead, a 1.84 eV gap
and structural bistability known asX and DX centers. Re-  that s still about 1.56 eV too small compared to the experi-
cent first-principles total-energy calculations shovétat  mental gap of 3.4 e¥ The underestimation of the band gap
the oxygen vacancy and zinc interstitial Znin ZnO have  is a well-known LDA error. The crystal structure of ZnO is
low formation energies, and that Zhas a shallow donor \yyrtzite. The calculate lattice constantais-3.14 A and the
level, thus, could be the possible sources for the unintenpyik moduli is 1.08 Mbat®? The calculated heat of forma-
tional n-type conductivity. On the other hand, these low-tion of zZnO is 2.89 eV compared with the experimental
energy intrinsic defects could be responsible for the equilibygjye of 3.6 eV¥® To simulate isolated defects, we used a
rium p-type doping difficulties of ZnO. However, the role of supercell with 72 atoms.
the individual dopants are not addressed. In this paper, we srain effect and energy levels of substitutional impurity
study the various compensation mechanisms associated witfyple | lists the bond lengths between the substitutional im-
the specific extrinsip-type dopants;® and identify the best pyrities and the nearest-neighbor atoms for the charge
p-type dopants for ZnO. state,a”, and the defect levels of the impurities. For the Na,

We first examine the substitutional impuritiéé;, (M' K, P, and As impurities, the bond lengths are significantly
=Li, Na, and K andA¥ (AY=N, P, and A$. We find that larger than the ideal Zn-O bond length of 1.93 A. These
group-1 elements are better dopants than group V elements induce large lattice strains around these impurities. In this
terms of the shallowness of the acceptor levels. Among theegard, the N and Li impurities emerge as the best candidates
group-V elements, N has the shallowest acceptor levef P for p-type ZnO, because strain increases the impurity forma-
and Ag, substitutional defects levels are very deep. Becausgon energy and makes the formation of other compensating
the formation of theAX center has been the bottleneck for defects such as vacancies around the impurity easier. We
p-type doping in a number of 1I-VI semiconductdr®we  have calculated the positions of the defect energy levels of
then study the stability of thaX centers for these impurities. the impurities relatively to the valence-band maximum
It appears thafX center is not a problem for ZnO except for (VBM). The results are listed in Table I. They are 0.09 eV for
P and As. We also investigated other low-energy compensaubstitutional Lj,, 0.17 eV for Na,,, and 0.32 eV for K.
tion mechanisms such as dopant interstifid|, the Zn  On the same energy scale, the levels are 0.40 eV for N
interstitial-acceptor pair, and the group-V antisite such a®9.93 eV for R, and 1.15 eV for Ag. Interestingly, the
Asz,. We find that group-l elements tend to occupy the in-group-I impurities give rise to shallower acceptor level com-
terstitial site, thereby acting as a donor not acceptor. In thipared to the group-V impurities, especially to P and As. The
regard, large size impurities such as K are relatively bettereason that group-1 impurities have shallow levels is because
p-type dopants. However, K is unstable against the formatiothe VBM state mainly consists of the anignorbitals with
of (Kzp,+Vp)* complex. On the other hand, P and As aresmall mixing of the catiorp andd orbitals. Thus, replacing
found to be amphoteric, thus, having the tendency to fornZn by group-l impurities only leads to small perturbations at
P;, and As, antisites. the VBM. Furthermore, because group-l impurities do not
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TABLE I. Calculated nearest-neighbor bond lengths and the de- TABLE Il. The energy required to form the positively charged
fect energy levels for negatively charged substitutional impurities. AX centers from the substitutional acceptors.

Group | RA) @) GroupV R@A) ¢ (eVv) Group | AE Group V AE

Li 2.03 0.09 N 1.88 0.40 Li 0.21 N 0.13
Na 2.10 0.17 P 2.18 0.93 Na 1.04 P —0.46
K 2.42 0.32 As 2.23 1.15 K 1.38 As -0.18

ing the O-O bond, an impurity-oxygen bond forms that gives

have actived orbital, the reduceg-d coupling also lowers lower energy. The anion-anion bond lengths between the im-
the defects levels. For group-V impurities, however, replac- urity and the oxygen atom are 1.74 A for N, 1.76 A for P,

ing O produces defect levels deep inside the gap. The dep d 1.98 A for As.

increases as the impuritg-orbital energy levels increase The calculatedAX stabilization energies, which are the
from N to P o As. Cansequently, As has the deepest energé(nergy differences between tAX centers and the positively
level at 1.15 eV above the VBM. Therefore, recent expericparged substitutional defects, are given in Table II. We have
mental resuf_t showing p-type doping using As has to be (agteq the effects of the Znd3electrons on the formation of
explained differently other than the substitutional oAS the AX centers by treating Zn@states as valence states. We
defect. find that the stabilization energy is increased by a modest
The stability of the AX center§he AX center is a deep 0.08 eV. We have corrected the results for group-V impuri-
defect complex which compensates for acceptors. In binanjes by this value in Table I. We find that the stabilization
semiconductors it forms through a double broken boncenergy is positive for group-I impurities, indicating that they
(DBB) mechanisnt’ as shown in Fig. 1. In this defect com- are only metastable in ZnO. For group-V impurities, we find
plex, two neighboring bonds are broken, releasing four electhat P and AsAX centers are more stable than the substitu-
trons. However, two of the electrons are recaptured by th&ional state. Therefore, P and As are not immune to the for-
two anions to form a strong anion-anion bond. The net resulation of AX centers.
is the formation of arAX center accompanied by the release  The doping difficulty inp-type ZnO can also arise from
of two electrongequivalent to the capture of two hoje¥he ~ Other compensation mechanisms e.g., the impurity may as-
DBB-like lattice distortion is stabilized only in the presence Sume “wrong” sites or may form complexes with intrinsic
of holes (preferentially by two holeésnear the acceptors. It defects. Here we calculate the formation energies of_t_hese
gains electronic energy by pushing up the empty hole state§efects. Because the.oxygen vacancy and22|nc interstitial in
and lowers the energy of the occupied states in addition t 29 have low formation energies, and the; Zrdefept and
forming a strong anion-anion bond. The competing mechaVo can even spontaneously form under the Zn-rich condi-
nism that will destabilize thé\X center is the elastic energy tion when the Fermi energy is close to the VENve will
induced by the large lattice distortion. ThAX model suc- focus our study op-type ZnO under the O-rich condition.
cessfully explained the compensation mechanism of N, P, Self-compensation of group-lI impuritieSubstitutional
and As, and the persistent photoconductivity in ZnSe and@roup-l impuritiesM’,, are acceptors, but group-I impurities
ZnMgSse’? at the interstitial site are electron donors. The formation en-
In the wurtzite structure, the lattice relaxation in Fig. 1 ergies of the positively charged interstitial defects increase
takes place in th¢0001) plane. For group-l impurities, the with the Fermi energy while those of the negatively charged
DBB structure is relatively simple, as shown in Figajl  substitutional impurities decrease with the Fermi energy.
Here two Zn-O bonds are broken and one O-O bond isfable Il shows the calculated formation energies under the
formed. The calculated O-O bond length is about 1.68 A. FofO-rich condition as a function of the electron Fermi energy
group-V impurities, the atomic structures of the low-energy(referenced to the VBM We assume that the chemical po-
AX centers are described in Figlbl Here instead of form- tentials of the impurities are at their elemental ground states
(#i=0), except for N where Nmolecule is used. We find
@ @ that group-I impurities “prefer” interstitial sites over substi-
tutional sites when the Fermi energy is close to the VBM.
h h This is especially true for Li and Na, because the interstitial
site is 1.58 and 0.87 eV, respectively, more stable than the
substitutional site for Fermi energy at the VBKThe differ-
ences are 4.47 and 3.76 eV, respectively, under Zn-rich con-
dition.) For K, the interstitial islessstable due to its large
atomic size. Our results suggest that for Li and Na the Li
and Na interstitials are the leading killer defects which pre-
vent p-type doping in ZnO. On the other hand, K has a
deeper acceptor level. The large atomic size of K can also
lead to the formation o¥/y around K. We have calculated

o

(a) (b)

FIG. 1. Schematic atomic structure of the DBB statdafthe
group-l impurities andb) the group-V impurities in wurtzite ZnO.

the formation energy of the positively charged defect com-
plex (Kz,+ Vo). We find that under the O-rich condition, the
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TABLE lll. The formation energies of the negatively charged less stable by 0.44 eV under the O-rich condition, whkgeis
substitutional and positively charged interstitial group-I impuritiesthe VBM.
and that of the negatively charged substitutional group-V impuri-  Group-V-on-Zn antisitesThe antisitesAy,, are donor-like
ties, and their positively charged defect complexes with a Zn interyhich provides another mechanism for compensating accep-
stitial. The reference energy fare is at the VBM. The atomic  tors. Group-V elements like P and As which are size mis-
chemical potentials of the impurities are referenced to their elemenmatched to O, are more likely to form such antisites to avoid
tal ground statesy;=0) except for N, where the Nmolecule is  the build-up of local strains near the O site. Indeed, we find
used. The results are given under the O-rich condition because it ghat under the O-rich condition, and whetg is the VBM,

the most relevant tp-type doping in ZnO. z: and A%J; can form spontaneousﬁ.
_ In summary, a systematic study of the doping properties
Sub. Int. Sub. With Zn of group-1 and V acceptors in ZnO was carried out. An over-
Li —269-¢ —427+e N 6.14- ¢,  6.58+er all picture emerges from the above calculations:

(1) The formation of theAX centers is generally not the
reason foip-type doping difficulties in ZnO, except for P and
As. This is important because if th&X is more stable, the
formation of theAX centers will be difficult to avoid since it
typically has small activation barriers. Therefore, aoaild
complex is about 1.0 eV lower in energy than that of thein principle dope Zn( type if a large amount of the dopant
substitutional state fogr at the VBM. Therefore, even under (e.g., N can be incorporated into ZnO through low-
the O-rich condition, O vacancy can easily form in the prestemperature non-equilibrium growth conditions.
ence of K, thus, limitingp-type doping with K. (2) In terms of the acceptor ionization energy, group-I

Zn self-interstitial and group-V impurity complexeghe  €lements are far bet_ter than group-V glements. However, for
formation of the complexes between the Zn self-interstitialdroup-I element doping, the efficiency is generally limited by
and substitutional impurities (Z# AY) are important due to (e formation of compensating interstitials. For group
the high mobility of the interstitials, the attractive Coulomb V-dopants, N has the smallest ionization energy, however,

interaction between the positively charged interstitials and)nly 'at sn:all_ﬂr:erce_thki)glge of th_e N S?p%nt W"lti%ﬁ ionized,
the negatively charged acceptors, and the fact that the pgONSIStent with avariable expérimental observations.
(3) Taking into account all the compensating mechanisms

defects can form first nearest neighbor pairs. Table Il com—t died h lude that the best el al d ¢
pares the calculated formation energy of positively charge udied nhere, we conclude that the best elemental dopan
source forp-type ZnO is N because N will not form the,N

+AY) Wi [ ituti . .
(Zn AO). W'th. .that of negatively charged .substltutlonal antisite, and the MX center is only metastable.
group V impurities. We see that the formation energy for

(Zn;+Np) at the O-rich condition is 6.58 eV, but can be as The work at NREL was supported by the U.S. DOE-SC-
low as of only about 0.80 eV at the Zn-rich limit. Relative to BES under Contract No. DE-AC36-99G010337. C.H. Park
the substitutional N defect, the (ZptNg) defect com- also acknowledges support from the Korea Research Foun-
plexes is 2.45 eV more stable under the Zn-rich condition butlation, Grant No. KRF-2000-005-D00001.

Na —203-e —290te P 890-¢ 12.13+¢
K  —086-¢ —040te As 9.19-¢ 13.95+¢
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