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The electronic structures and effective masses of the N mono-doped and Al-N, Ga—N, In-N codoped ZnO system

have been calculated by a first-principle method, and comparisons among different doping cases are made. According

to the results, the impurity states in the codoping cases are more delocalised compared to the N mono-doping case,

which means a better conductive behaviour can be obtained by codoping. Besides, compared to the Al-N and Ga-N

codoping cases, the hole effective mass of In-N codoped system is much smaller, indicating the p-type conductivity can

be more enhanced by In-N codoping.
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1. Introduction

As a new type II-VI compound semiconductor,
Zn0O has a wide direct gap of 3.37 eV at room tem-
perature and large exciton binding energy of 60 meV,
and it has attracted much attention for its wide appli-
cations in transparent conducting contacts, blue lasers
and light emitting diodes.[? In order to fabricate
Zn0O-based optoelectronic devices, both n- and p-type
7ZnO are needed. It is easy to obtain good conductive
n-type ZnO by mono-doping the group IITA elements
as donors, but ZnO with good p-type conductivity is
difficult to fabricate, which has impeded the develop-
ments and applications of the ZnO-based devices.

To obtain p-type ZnO, mono-doping is a com-
mon method, and in this method the group VA el-
ements are good candidates as dopants. In recent
years, N,3-91 p [10-12] Ag[13,14] 554 Sh[15:16] have been
studied in experiment as mono-dopants to obtain p-
type Zn0O, and some promising results are reported
in the corresponding literatures cited above. Com-
pared to the mono-doping method, codoping approach
seems to be more attractive in the realisation of p-
type ZnO, and it has attracted more and more at-
tention in recent years. The group IITA-N elements

are frequently-used candidates for codoping, for exam-
ple, AI-N,[17-20] Ga—N 21l and In-N[22:23] have been
studied individually. Though many promising experi-
mental results have also been reported in the codoping
process, the results depend strongly on the experimen-
tal situations, conditions and the adopted methods.
In theory, much work is also done about the mono-

h24=29 by first-principle

doping and codoping approac
method, but little of them make comparisons of dif-
ferent dopants. In order to find better ways or better
candidates to realise ideal p-type ZnO, comparisons
of different dopants in theory are necessary. In this
paper, comparisons of the differences among N mono-
doped and Al-N, Ga-N, In-N codoped ZnO will be
made by a first-principle calculation. During the dis-
cussions, the doping properties, especially the conduc-
tive properties will be paid special attention.

This paper is organised as follows: Firstly, the
model and method are introduced. Secondly, the elec-
tronic structures and effective masses of carriers are
calculated in the N mono-doping case and the Al-
N, Ga—N, In—N codoping cases, and then comparisons
and discussions about them are made; finally, conclu-

sions are drawn.

*Project supported by the Special Foundation for Young Scientists of Anhui Province, China (Grant No. 2009SQRZ097ZD) and
the Foundation of Anhui University of Architecture (Grant No. 20070601).

TCorresponding author. E-mail: liping@ss.buaa.edu.cn; liping@aiai.edu.cn

© 2010 Chinese Physical Society and IOP Publishing Ltd

http://www.iop.org/journals/cpb  http://cpb.iphy.ac.cn

117102-1



Chin. Phys. B Vol. 19, No. 11 (2010) 117102

2. Model and method

The ideal ZnO has a hexagonal wurtzite structure
with a space group symmetry of P63/mc and C6v-4,
each primitive cell contains two O atoms and two Zn
atoms, and the cell parameters are a = b = 0.3249 nm,
¢ = 0.5206 nm.*% Based on the primitive cell, a
2x2x2 ZnO supercell is constructed and shown in
Fig.1, and sites Al to A5 are labeled for further de-
scription. In the N mono-doping case, one N sub-
stitutes for one O of A5 site as an acceptor. In the
codoping cases, the group IITA element (Al, Ga, In)
substitutes for one Zn of Al site as a donor, and two
N atoms substitute symmetrically for two neighbour-
ing O of A2 and A3 sites as acceptors (mode I). The
choice of mode I is because, according to our calcu-
lation, this mode has slightly lower energy than the
A1,A2 and A4 substituting codoping mode (mode II).

Fig. 1. Supercell of ZnO.

First-principle calculations based on the density
functional theory (DFT) were performed using the Vi-
enna ab initio simulation package (VASP) code.[!

During our calculations, projector augmented wave

(PAW) pseudo-potentialsi®? were used to describe
the interactions between the atomic nucleus and va-
lence electrons, the generalised gradient approxima-
tion (GGA)PB3 was used to describe the exchange-
correlation energy among electrons, and a 4x4x2 k-
point mesh was employed for the Brillouin zone in-
tegration of the 32-atom supercell. The energy cut-
off was 520 eV, which had been confirmed to be large
enough. The breaking condition for ionic relaxation in
total energy was 10~°eV and that in force acting on
each ion was 0.01 eV/A (1 A=0.1 nm). The calculated
cell parameters in our work are a = b = 0.3199 nm,
¢ = 0.5216 nm, which are in good agreement with the

experimental values.!3"!

3. Results and discussions

3.1. Comparisons of the electronic struc-
tures

Table 1 lists the bond length of the undoped,
mono-doped and codoped ZnO calculated in our work,
together with the energy differences (AFE) of the sys-
tem before and after doping. Taking N doping as an
example to explain AFE: when N is doped into the ZnO
supercell, the process can be described as follows:

N+ 7Zni6016 = Zn16015N + O, (1)
then

AFE = E(ZH16015N) + E(O) — E(N)
— E(Zn16016), (2)

where E(Zn;6015N) stands for the energy of
Zn15015N system and so on. According to the defini-
tion, —AF for the pure primitive ZnO is the binding
energy, and our result (7.23 eV) is in good agreement

with the reported value of 7.20 eV.[34

Table 1. Energy differences (AE) and bond length (Lp) in various doping cases, in units of eV and
A respectively.
pure ZnO ZnO(N) ZnO(AI-N) ZnO(Ga—N) ZnO(In—N)
AE -7.23 2.36 —2.45 0.58 2.72
Ly, O-Zn': 1.98 N-Zn': 1.93 O-Al':1.82 0-Ga':1.93 O-In':2.13
0-Zn?:1.98 N-Zn?%: 1.94 0-Al%:1.82 0-Ga?:1.92 0-In%:2.10
N-Al2:1.87 N-Ga?:1.90 N-In2:2.09

L_Parrallel to ¢ axis.

2_Perpendicular to ¢ axis.
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From Table 1, in the N-mono doping, Al-N and
Ga—N codoping cases, the impurity-related bonds be-
come smaller no matter whether they are in the direc-
tions of parallel or perpendicular to ¢ axis compared
with the pure ZnO situation, indicating a strong in-
teraction between the corresponding atoms. On the
contrary, the In-related bonds become larger com-
pared to the O-Zn bond in pure situation, which
can be explained by the bigger difference between the
atomic radii of In and Zn. From the viewpoint of en-
ergy, it can be seen that the energy increases after
N-doping, indicating an unstable state of the codop-
ing system. While in the codoping, AF increases from
Al to In, this is opposite to the changes of impurity-
related bond length. In the Al-N codoping, AFE is
negative, and it can be due to the strong attraction
among the N, Al and O, which is in agreement with
the small bond length. In the Ga—N codoping, the
bond length becomes larger and the corresponding at-
traction decreases too, so the energy of the system
increases and then AFE turns to be positive value. In
the In-N codoping, the corresponding attraction de-
creases further and the larger distortion of lattice also
increases the energy of the codoping system, so AE
increases further. It should be pointed out especially
that, though AFE is listed and discussed here, it should
not be used to infer the solubility of dopants, which is
determined by the formation energy according to the

experimental conditions.

Figures 2(a)-2(b) show the charge density con-
tour plots of the pure ZnO and N mono-doped ZnO,
respectively. It can be seen that in pure ZnO, elec-
trovalent bonds mixed with small amount of covalent
property are formed between O and Zn. In the N-
doping case, the chemical bonds between N and Zn

are similar to that between O and Zn.

Figures 3(a)—-3(c) show the charge density contour
plots of the dopants in the three codoping cases. Com-
pared with Fig. 2, the changes in codoping cases are
obvious. The contour plots in Fig. 3 (a) to 3(c) show
evidently directional properties, indicating that AI-N,
Ga—N and In-N bonds with strong covalent properties

are formed between dopants in the codoping.

Fig. 2. Charge density contour plots: (a) pure ZnO and
(b) N mono-doping. The interval of the contour lines is
0.05 e/A3.

Fig. 3. Charge density contour plots: (a) AI-N codoping,
(b) Ga—N codoping, and (c) In-N codoping. The interval
between the contour lines is 0.05 e/A3.

Figures 4 and 5 show the calculated band struc-
tures (BS) and total density of states (TDOS) of pure
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ZnO respectively, where the Fermi-level has been set
to be zero in this paper. In the BS plots, the extreme
values of the conduction band and the valence band
are at the same k-point (G), indicating that ZnO is
a direct gap semiconductor. Though the calculated
band gap is underestimated as 1.05 eV, only 31%
of the experimental data, which is a common prob-
lem of local density approximation (LDA) or GGA,
it is in good agreement with other data calculated
by the same method.3®36 The BS and DOS have
been discussed so much in many first-principle related

literatures, 2536 so we will not pay more attention to
them.
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Fig. 5. TDOS of ZnO.

Figures 6(a) and 6(b) show the TDOS and the
partial density of states (PDOS) of N near the Fermi-
level in the N mono-doping case respectively. Com-
pared to the pure situation shown in Fig. 5, an impu-
rity state appears near the top of the valence band,

which means the realisation of ZnO with p-type con-
ductivity. Together with the PDOS of N in Fig. 6(b),
it can be judged that the impurity state is mainly con-
tributed by the N-p orbits, and the contributions of
the N-s orbits are negligible. However, the impurity
state is local and sharp near the Fermi-level, perhaps
meaning a poor conductive behaviour in the N mono-
doped ZnO system.

— TDOS 1

- ]
7 _}—M
2z 1 " )
T 2 4
3
=z T T T T
g (b) 1
B — N-s .
A [ S N-p
2k 4
0 I e TV A T S 1
—4 —2 0 2 4

Energy/eV

Fig. 6. (a) TDOS of ZnO doped with N. (b) PDOS of N.

Figures 7-9 show the TDOS and PDOS of
dopants near the Fermi-level in the AI-N, Ga—N and
In-N codoping cases respectively. First, from the
three figures it seems to be suitable to judge that
the impurity levels are formed between the energy
gap of the host ZnO lattice, though the resolution
of the impurity levels from the top of the valence
band of the host is somewhat ambiguous. Since these
impurity levels appear between the gaps or near the
Fermi-levels, it can be judged that p-type ZnO can be
obtained by codoping method. Secondly, it is obvi-
ous that the plots in Figs. 7-9 are very similar. De-
spite of this, the states of N-p in codoping cases near
the Fermi-level shown in Figs. 7(b)-9(b) are much
delocalised compared to the N mono-doping case in
Fig. 6(b), which implies better conductive behaviours
in the codoped ZnO system. And finally, the PDOSs
of Al, Ga and In in Figs. 7(a)-9(a) extend deeply into
the valence band, but are small at the Fermi-level.
On the contrary, the PDOSs of N in the three codop-
ing cases are not so delocalised, but are much larger
at Fermi-level, so the influence of acceptors is dom-
inant, which can also explain the p-type conductive
behaviours of the codoped ZnO system.
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Fig. 7. (a) TDOS of ZnO codoped with N and Al. (b)
PDOS of N. (c) PDOS of Al
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Fig. 8. (a) TDOS of ZnO codoped with N and Ga. (b)
PDOS of N. (c) PDOS of Ga.
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Fig. 9. (a) TDOS of ZnO codoped with N and In. (b)
PDOS of N. (¢) PDOS of In.

Figures 10(a)-10(d) show the band structures
near the Fermi-level of N mono-doped and Al-N, Ga—
N, In-N codoped ZnO respectively. It can be seen
that the main differences in the four plots appear near
the Fermi-level. In the mono-doping case shown in
Fig. 10(a), the impurity bands are hybridised with the
native bands of ZnO, while in the codoping cases, the
impurity bands are apart from the native bands of
ZmO, especially in the AI-N codoping case.

From the discussions above, it can be concluded
that p-type ZnO can be obtained both by the mono-
doping and the codoping methods, and it seems that
the codoping is superior to the mono-doping. But
the codoping DOSs are so similar to each other in the
three cases, it is not easy to determine which dopant is
more preferable. To make further comparisons among
the three codoping cases, the effective masses of car-
riers are calculated.

3.2. Comparisons of the effective masses

Effective mass is one of the fundamental quanti-
ties in semiconductor physics, which can help us to
understand a wide range of phenomena, in particu-
lar, the transport phenomena, so the effective masses
of electrons and holes are calculated in our work. Ac-
cording to the solid theory, neglecting the cross terms,
the effective mass of carriers at the conduction band
minimum or valence band maximum can be expressed

h\? °E
mi=(52) /5 ®)

where only the absolute value of the effective mass is

as follows:

adopted. In the formula, 7 stands for x, y or z, where
directions z and y correspond to GM, and direction z
corresponds to GA in the first Brillouin zone.

During our calculations of effective masses, 50-
kpoints are used along the GA and GM directions in
the reciprocal space, which have been confirmed to
be more enough. First of all, the second derivative
at gamma point is fitted along GA and GM direc-
tions respectively, and then the effective masses can
be obtained according to formula (3). The calculated
effective masses of pure ZnO are shown in Table 2 to-
gether with experimental values and other calculated
data based on LDA. In this table, the subscripts ¢ and
v stand for the conduction band and the valence band,
x and z mean directions of x and z respectively, and
myg is the rest mass of the electron. The calculated
results in our work agree well with the experimental
data, perhaps, the GGA plays an important role here.
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Fig. 10. Band structures in (a) N mono-doping, (b) AI-N, (¢) Ga-N and (d) In-N codoping cases.

Table 2. Effective masses of pure ZnO in units of mg.

LDA datal37:38]

experimental datal37]

our data based on GGA
Mez 0.22
Mex 0.23
Myz 3.09
My 2.68

0.18 0.21
0.21 0.24

The effective masses in the three codoping cases
are listed in Table 3, in which the values of N mono-
doped and Ga—-N codoping cases agree well with the
values reported in Ref. [39]. However, no experimen-
tal or other calculated data for the Al-N and In—-N
codoping cases have been found so as to be compared
with our data. By comparing the data listed in Table
3 and Table 2, it can be seen that the effective masses
of electrons in the undermost conduction band are al-
most unchanged, but the effective masses of holes in
the uppermost valence band change a lot. Besides,
an interesting phenomenon should also be noted that
My 18 much smaller in the codoping cases than that
in the N mono-doping case. In order to find whether
this phenomenon is related to the codoping mode or
not, the effective masses of mode II substitutions are
studied for AI-N codoping, and the same thing hap-
pens. The calculated my,, is 0.47mg for AI-N in mode
II codoping, which is only 0.01mg larger than that in
mode I listed in Table 3 and is still much smaller than
that in the N mono-doping case. So it seems that the
enormous difference of m,, between mono-doping and

codoping is not induced by the codoping mode.

Table 3. Effective masses of ZnO with dopants and ioni-
sation energy related to mq (E;) in units of mo and meV,

respectively.

dopants N Al-N Ga—N In—-N
Mez 0.17 0.18 0.17 0.16

Meg 0.20 0.20 0.20 0.19

My 11.31 10.49 17.44 21.49

My 2.46 0.46 0.32 0.22

Me 3.33 0.68 0.48 0.33

mq 4.09 1.30 1.21 1.01

E; 742 236 219 183

We can describe and compare the effective masses
simply by using an average effective mass of conduc-
tivity (me) or of DOS (mq) as follows:

1 1 2 1
Y 4
Me 3<mm+mz)’ ()

mq = (mimz)l/‘g. (5)

According to the formulas, the calculated average
effective masses m. and mgq of carriers in the mono-
doping and codoping cases are also listed in Table 3.
The dopants in our work have one more or less elec-
tron than the native atoms, so according to the solid
theory, they can be treated as hydrogenic. In this sim-
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ple model, the ionisation energy (E;) of acceptor can

be estimated from mq as follows:3%
deo
B = Mz 6
moe’:‘% ( )

where the values of Ej related to mq are also listed in
Table 3 too. And the area of ground state wavefunc-
tions of hydrogenic impurity can be estimated by
ErMmoa,
a= /1o 07 (7)
mq

where £, = 8.66 is the relative permittivity of the host
ZnO crystal,*?! Fy = —13.6 ¢V is the ground energy
of hydrogen atom, and ap=0.52 angstrom is the Bohr
radius.

We have noted that the experimental ionisa-
tion energy of substitutional N at an O site is
around 200 meV, for instance, 209+3 meV,[*1 170-
200 meV,[® and a calculated acceptor ionisation en-
ergy about 195+10 meV in codoping cases is conferred
to be likely due to the substitutional N.[*? From Ta-
ble 3, the values of F; in the N mono-doping case
are obvious larger than the values referred above; we
think this deviation may come from the deficiency of
LDA or GGA in estimating the band gap of semicon-
ductors. Taking into consideration the deviation, the
effective masses of m. and mq in the N mono-doping
cases listed in Table 3 agree well with other calculated

values of 3.20m( and 4.04m£)39] respectively. However,
the acceptor ionisation energy in Table 3 in the three

codoping cases are in agreement with the reported

values.[641:42] From the table, the ionisation energy
decreases from Al-N to In-N codoping cases.

According to formulas (6) and (7), a smaller ef-
fective mass means a smaller ionisation energy and a
longer free path, which are in favour of good conduc-
tivity. From Table 3, it is obvious that the average
effective mass in In-N codoping case is smaller than
that in other codoping cases, so it can be concluded
that the conductive ability will be much enhanced by
In-N codoping.

4. Conclusions

The electronic structures and effective masses
of N mono-doped, AlI-N, Ga—N and In—N codoped
ZnO systems have been calculated by a first-principle
method. On the one hand, the impurity levels are
rather local near the Fermi-level in the N mono-doping
case, while in the Al-N, Ga-N and In-N codoping
cases, the impurity levels become delocalised, and the
DOSs in the three codoping cases are very similar. On
the other hand, the effective mass in In-N codoping
case is smaller than that in other codoping cases.

So according to the results, we can draw two con-
clusions: the first one is that the codoping method
has advantages over the mono-doping to realise p-type
ZnO, and the second one is that p-type conductivity
of ZnO can be more enhanced by In-N codoping com-
pared to other codoping cases.
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