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ABSTRACT The formation of single defects and defect com-
plexes are investigated in Li, N co-doped ZnO by the first-
principles plane wave method with projector augmented wave
(PAW) pseudo-potential technology. We find that: (i) p-type
conductivity could be achieved in single Li doped ZnO under
an O-rich condition, since the formation energy of Liz, accep-
tor is much lower than the interstitial Li;; (ii) the dual-acceptor
complex Lizy-No is unlikely to form, and the good p-type con-
ductivity is mainly attributed to the Liz, acceptor, even in Li, N
co-doped ZnO; (iii) the additional introduction of N may help
compensate the single Li; donor defects under certain growth
conditions, but its role in the p-type conductivity in ZnO re-
mains to be clarified.

PACS 71.15.Mb; 73.61.Ga; 71.15.Nc; 71.20.Nr; 71.55.Gs

1 Introduction

ZnO is a novel semiconductor material and has
many potential applications in next-generation short-wave-
length optoelectronic devices, since it has a direct wide band
gap (3.37 eV) and a large exciton binding energy (60 meV) [1].
However, a stable and reproducible p-type ZnO with good
conductivity is difficult to fabricate, which is a bottleneck for
practical ZnO-based applications. So far, most of the investi-
gations have focused on the single acceptor doping technol-
ogy, suchas Li, N, P, As, Sb, and the donor—acceptor pair, such
as Ga—-N, Al-N, In-N, co-doped methods. Theoretically, Li
and N are the best candidates for producing p-type ZnO con-
sidering the strain effects and energy levels of substitutional
Liz, and Ng acceptors. Unfortunately, compensating donor
defects accompanying these dopants, such as Li interstitials
(Li;) for Li doped ZnO and N,-on-O substitutions [(N»)o] in
N doped ZnO, are often observed. Recently Li, N dual accep-
tor co-doped p-type ZnO were obtained by several research
groups [2—5]. It was reported in [2, 3], that p-type conductiv-
ity of ZnO:(Li,N) films is evidently improved. The stability
and conductivity of the ZnO sample are both better than in-
dividual Li or N doped ZnO. It was suggested in [4, 5], that
the p-type conduction of the ZnO:(Li, N) could be resulting
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from the formation of Liz,-N complex acceptors, while [3],
proposed that the dual acceptor co-doping could probably re-
duce the formation of the compensating defects, such as Li; or
(N2)o donors. In order to understand the doping mechanism
and the acceptor levels of this dual-acceptor co-doped ZnO,
further theoretical studies are required in addition to the avail-
able experimental work.

In this work, we study the mechanism of Li, N dual-
acceptor co-doped p-type ZnO within the frame work of dens-
ity function theory. It is found that the p-type conductivity
could be obtained by Li doping under O-rich conditions, and
the Liz, acceptors will dominate the p-type conductivity even
in the Li, N co-doped ZnO samples.

2 Model and methodology

All the calculations in this work are carried out
by the first-principles plane wave method with PAW pseudo-
potential technology [6], as implemented in the VASP
codes [7], with local density approximation [8,9], Zinc
3d states treated as valence electrons in the PAW pseudo-
potential. The energy cutoff for the plane wave expansion is
400 eV. All the atoms are allowed to relax during the calcu-
lation until the Hellmann-Feynman forces converge to less
than 20 meV/A. The optimal crystal lattice constants of ZnO
(a =0.324 nm, ¢ = 0.518 nm) are in excellent agreement with
the experimental values (¢ = 0.325 nm, ¢ = 0.521 nm) with
errors of only about 0.3% and 0.6% for a and c, respectively.
A 32-atom supercell model is adopted for our study of Li, N
co-doping in ZnO. Calculations of the formation energy for
defects (Liz,)~ and (Liz,-Np)~ are done in a 72-atom su-
percell and a 32-atom supercell to estimate the errors from
the choice of supercell. It is found that formation energy
differences are about 64 meV and 110 meV for (Liz,)~ and
(Lizn-No)~, respectively. It will be shown later that the rela-
tively large errors will not affect our main conclusion. Gamma
centered 4 x 4 x 4 k-point mesh is employed for the Brillouin
zone integration of the 32-atom supercell.

The conductivity of a doped semiconductor is determined
by the concentration of defects, which depends on their for-
mation energy. The formation energy (EY) for a defect com-
prising of an atom D in the charge state ¢ can be computed
using the expression [10, 11], in the equilibrium grown condi-
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tion:

E'(D, q) = [Ew(D, q) — Egy*(Zn0)]
+ Zniui +g(Ep+ EvpMm) -

1

(1)

In the first term, Ei (D, q) and EPY%(ZnO) are the total en-
ergies of ZnO with and without defect D, respectively. The
second term of (1) represents the energy change due to ex-
change of atoms with their chemical reservoirs. p; is the ab-
solute value of the chemical potential of atom i and »; is the
number of such defect atoms: n; = —1 if an atom is added,
while n; = 1 if an atom is removed. The third term in (1) repre-
sents the energy change due to exchange of electrons with the
carrier reservoir, Eypy represents the energy at the VBM of
the defect free system, Ef is the Fermi energy relative to the
Evgm. For Liz,-N defect in Li, N co-doped ZnO, (1) can be
defined as

E'(Liza —No, g) = E(Liza —No, ¢) — Egy“(ZnO) — jur;
— UN+ Uzno + q(EF + evem) - (2)
Since the defect formation energies are conventionally de-
fined with respect to the chemical potential of the elemental

bulk(s), we express p; as u; = Au; + p; (bulk) and (1) can
thus be rewritten as

E'(Liza —No, q) = AE(Liza —No, ) + Auri — Apn

+ Ao+ Apza+qEr. ®)
Here
AE(Lizy ~No. )0 = E(Lizo —No. g) — ES¥(ZnO)
— i = ™ 1@+ g+ gevem.
4)

The atomic chemical potential should be smaller than that of
the corresponding elemental bulk to avoid precipitation of the
latter.

Api 0. &)
Meanwhile, to maintain a stable compound ZnO and to avoid

other possible competing phases, it must satisfy the following
conditions

Apzn+ Apo = AHE™

2ApuLi+Apo < AHfLizo
3Auza+2AuN < AHmeNZ

3ApLi+Apn < AHle}N. (6)
HereAH?"©, AH{2°, AH[N, AHPS™N represent the for-
mation energy of ZnO and corresponding possible compet-
ing phases compound. The calculated cohesive energies and
the formation energies of corresponding elements and com-
pounds in Li, N co-doped ZnO are listed in Table 1. The cal-
culated heat of formation for ZnO (—3.93 eV) is close to the
experimental value of (—3.61 eV).

Compound (element) Space group Formation energy (eV)
ZnO P63mc —3.93

Li,O Fm-3m —6.24

LisN P63 /mmc —2.45

Zn3N, la-3 —0.71

Li Im-3m —2.05

Zn P63 /mmc —1.87

N(N2) Pl —8.74

0(02) P1 —4.80

NO P1 0.72

TABLE 1 The cohesive energies of elements and the formation energies of

possible competing compounds in Li, N co-doped ZnO, as well as their space
group

3 Results and discussion
3.1 The p-type conductivity of single Li or N doped ZnO

It is widely accepted that group-I elements are
good dopants for p-type ZnO in regard to their shallow defect
energy levels from theoretical calculations [12, 13]. In par-
ticular, Li may have high solubility in ZnO due to the weak
repulsion between the Li substitution defects [12]. Moreover,
the defect levels of Li substitution are expected to be shal-
lower than those from the other group I elements, such as
Na, K. Unfortunately, theoretical calculations in [12, 14] con-
cluded that Liz, acceptors are mostly self-compensated by Li;
interstitial donors under both extremely Zn-rich and O-rich
condition. This becomes the dominant fact for the difficulty
of p-type ZnO by Li doping, while the compensation from
the intrinsic defects (such as Vg and Zn;) plays a less im-
portant role. However, experimentally, good p-type electrical
properties were successfully observed [15—-17] in single Li
doped ZnO. Furthermore, the dependence of p-type conduc-
tivity on the growth temperature, annealing temperature and
the concentration of Li dopant was investigated in the earlier
experimental work [15-17].

In this work, the formation energies of Li;, Liz, and Li;-
Liz, are shown in Fig. 1. We find that Liz, acceptor is compen-
sated by Lj; interstitial under the extremely Zn-rich condition,
which is in consistent with the results in the literature [12, 14].
However, under the extremely O-rich condition, the forma-
tion energy of Li,, acceptor is lower than the interstitial Li;"
by 1.25eV at the VBM, which means that Li doped p-type
ZnO could be obtained under the O-rich condition. This is
consistent with the experimental observation. The disagree-
ment between this work and earlier theoretical work may be
largely due to the different calculated value of the heat for-
mation for ZnO (—2.89 eV in [12] vs. —3.93 €V in this work).
We have carefully checked our calculation on AHZ"°, and
find our value is close to experimental values (—3.61 eV) and
that from other theoretical work (—3.44 eV) [14]. When the
chemical potential of O is chosen as %AHfZ"O or less, it shows
that Liz, acceptor could be compensated by Li; interstitial or
Li;-Liz, complex donors, which is consistent with [18]. Fig-
ure 2 shows the dependence of the formation energy of Liz,,
Li; and Lij-Liz, on the chemical potential of O. The max-
imum chemical potential of Li is used here under the restric-
tion of (5) and (6). It indicates that: when Aup < —1.3 ¢V,
Liz,, the acceptor is compensated by Li; interstitial; when
—1.3eV < Aup < —1.2¢eV, Lig,, the acceptor is compen-
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FIGURE 2 Dependence of the formation energy of Liz,, Li; and Li;-Liz,
on the chemical potential of O. The maximum chemical potential of Li is
adopted here with the restriction from (5) and (6). Ao = —3.93 €V corres-
ponds to the extremely Zn-rich condition, while Apo =0 eV corresponds to
the extremely O-rich condition

sated by neutral Li;-Liz, complex; when Apo > —1.2 eV, the
formation energy of Liz, is the lowest among them. Since the
formation energy of Li;-Liz, increases twice as fast as Liz,, Li;
when Apup; decreases, the compensating effect from Li;-Liz,
would be weakened as Ay ; decreases.

Among group-V elements, N was considered as the best
p-type ZnO dopant due to its small atomic size, but the N
defect may not to be stable. The donor defect (N,)p may be
more stable due to the strong binding energy of N,. Further-
more the acceptor level of N is deep and it is difficult to ionize.
We can calculate the formation energy of Ng acceptor for N
doped ZnO. According to (1) and (2), the defect formation
energy depends on the Fermi energy (Er) and the chemical po-
tential of elements in the equilibrium growth conditions. The
defect formation energy decreases with the increase of chem-
ical potential dopant elements (Li or N), and the decrease of
chemical potential of elements to be substituted (Zn or O).
Since the cohesive energy of N, is large, the chemical poten-
tial of N; is very low. As aresult, the formation energy of N is

stable molecules (NO, N,O) as doping sources [19,20]. Using
the meta-stable molecule NO as doping sources, (satisfying
Apx+ Apo < AHNC =0.720€V), we can calculate the for-
mation energy of No in N doped ZnO. Figure 3 shows the
difference of the formation energy of Ng by using NO and N,
as the dopant. We find that the formation energy of N is re-
duced by 4.65 eV in the Zn-rich condition (Aun = 4.65 V)
and 0.72 eV in the O-rich condition (A un = 0.72 €V) by using
NO as the dopant, which is in agreement with the conclu-
sions from [23]. The acceptor level of Ng lies at 0.437 eV
above the VBM, consistent with the result from earlier works
in [12,21,22]. It also indicates that Zn-rich is a better condi-
tion for the formation of Ng acceptor.

3.2 The mechanism of Li, N dual-acceptor codoped

p-type ZnO

Based on the discussion of Sect. 3.1, we find that
the optimal condition for p-type Li doping ZnO is the O-rich
condition, while the optimal condition for p-type N dop-
ing ZnO is the Zn-rich condition. There should be an op-
timal growth condition for the Li, N co-doped p-type ZnO
to balance both Li and N doping. Actually, the p-type Li, N
co-doped ZnO was prepared in experiments [2—5], and the
best p-type electrical properties with resistivity of 0.93 Q cm,
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FIGURE 3 Dependence of the formation energy of No acceptor on the Fermi energy (Er) under both the O-rich and Zn-rich conditions with (a) normal Nj

and (b) NO as the source of N dopant

Hall mobility of 0.75 cm?>v~'s~!, and carrier concentration of
8.92 x 10'8 cm™3. The experimental results [2, 3] indicate that
the p-type conductivity of ZnO:(Li,N) films is remarkably im-
proved, and its stability is also improved in comparison with
single Li or N doped samples. It was suggested in [4, 5] that
the p-type conductivity of the ZnO:(Li, N) could be attributed
to the formation of Liz,-No complex acceptor. However, it is
easy to expect that the repulsive interaction between Liz, ac-
ceptors and N acceptors could keep them apart from each
other. To understand how the impurities of Li and N coexist
in the co-doped ZnO, the formation energies of various Li, N
defect complex are calculated here.

For p-type ZnO co-doped with Li, N (ZnO:(Li, N)), we
replace one of the 16 sites of Zn atoms by an Li atom, and re-
place one of the 16 sites of O atoms by an N atom. Li and N
atoms lie at the nearest-neighbour sites in wurtzite ZnO. The
Li-N pair could be along the c axes, or in the hexagonal plane.
The total energy difference is only 0.086 eV between the two
configurations, so we do not distinguish them in the following
discussion. Figure 4 shows the dependence of the formation
energy of Liz,-Np complex and Liz,, No single acceptor on
the Fermi energy. When N is used as the dopant source, the
formation energy of Liz, acceptor is always lower than that of
No and the defect complex under the extremely O-rich condi-
tion. This is also true under the extremely Zn-rich condition
except that Eg is close to VBM. Thus, the concentration of
Liz, acceptor must be higher than the Liz,-Ng dual acceptor.
It means that the Liz,-No dual acceptor is not the domina-
tive p-type conducting source in Li, N co-doped ZnO, but the
good p-type electrical property is mainly attributed to the Liz,
acceptor, especially under the O-rich condition. The relative
concentration of Ng acceptor increases as Az, increases. If
using the meta-stable molecule NO as the N dopant source
(Fig. 4c and d), the formation energy of Ng acceptor is lower
than the other Li, N related defects in the extremely Zn-rich
condition, although the Liz, acceptor is still the lowest in the
extremely O-rich condition. It also indicates that Liz,-No dual
acceptor is not the dominative p-type conductivity source in
Li, N co-doped ZnO.

To see whether the defect complex (Liz,-Ng) can form, we
calculate the defect complex binding energy as

Eb[(Lizo — No)?] = H¢(Liza, g1) + Hi(No, ¢2)
— H¢(Lizn —No, g1 +q2) , (7

where Q = g1 + ¢2. When multiple combinations of (g1, ¢g2)
are available for the total charge of the complex, Q, the com-
bination with lower energy is referred to. For example, the
binding energy of complex (Li;-No)" is referred to as Li;" and
N rather than Li’-N9, since the former combination of single
defects has a lower energy.

The stability of the defect complex is reflected by the
defect binding energy (Ey,). The positive Eyp indicates that
the defect pairs are stable, while the negative Ep, means the
defect pairs do not tend to form. Here the binding energy
of a complex does not depend on the Fermi level since the
q(Evem + Er) term for formation energy is cancelled out,
assuming the VBM is unchanged in the defected host. The
calculated binding energies for (Liz,—No)>~, (Liza—No)~,
and (Lizgz—Ng)? are —0.52¢eV, —0.25¢V and —0.47 €V re-
spectively, indicating that the defect pair is unstable with
respect to the isolated defects. This indicates that the dual-
acceptor complex Liz,-No is unlikely to form in Li, N co-
doped ZnO, inconsistent with expectation of the Liz,-Ng
complex from [4,5]. The negative binding energy of the
Liz,-No complex could be understood from the repulsive
interaction between Liz, acceptors and N acceptors. The
level interaction between the acceptor levels of Liz, and Ng
is very weak [24], since they have different wave function
characters and symmetry. However, the calculated (Li;—No)°
and (Li;-Liz,)° binding energy is 0.18 ¢V, 0.17 eV respec-
tively. It indicates that these defect pairs tend to form in
the ZnO sample. As a result, the formation of Li;-Ng could
reduce the concentration of isolated interstitial Li; defects,
and thus reduce its compensation effect under certain growth
condition.

Figure 5 shows the dependence of the formation en-
ergy of Li; and Lij;-No on the Fermi energy. The forma-
tion energy of donor—-acceptor complex (Li;—Ng)® is much
higher than the interstitial Li; under all ranges of Er under
the extremely O-rich condition. Under the extremely Zn-
rich condition, the formation energy of (Li;—Ng)? is much
lower than Li;. This indicates that the additional introduc-
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tion of N may help compensate the Li; donor defects sig- 4 Conclusion
nificantly under the Zn-rich condition. However, this will not
turn ZnO into p-type under the Zn-rich condition, and thus In conclusion, the formation of various defects and

the role of codoping N remains to be clarified for the p- defect complexes were studied in a Li, N doped ZnO sample,
type conductivity in ZnO even though NO is used as the N by calculating their defect formation energies and binding en-
source. ergies. It was demonstrated that p-type conductivity could be
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achieved by Li doping under the O-rich condition. The p-type
conductivity in Li, N doped ZnO will still be dominated by the
Liz, defects. The dual-acceptor complex Liz,-Ng is unlikely
to form due to their repulsive interaction. The additional intro-
duction of N may help to compensate for the single Li; donor
defects under the Zn-rich condition, but its role in the p-type
conductivity remains to be clarified.

OPEN ACCESS This article is distributed under the terms of
the Creative Commons Attribution Noncommercial License which permits
any noncommercial use, distribution, and reproduction in any medium, pro-
vided the original author(s) and source are credited.
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