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Abstract
Li-doped p-type ZnO was fabricated by heat treatment of Zn–Li alloy film
with 2 at% Li on a quartz substrate in N2 flow at 500 ◦C for 2 h, and then in
O2 flow at 700 ◦C for 1 h. The room-temperature resistivity was measured to
be 678.34 � cm with a Hall mobility of 1.03 cm2 V−1 s−1 and a carrier
concentration of 8.934 × 1015 cm−3. Three emission peaks centred at 3.347,
3.302 and 3.234 eV are observed in the photoluminescence spectrum
measured at 12 K and are due to neutral acceptor-bound exciton emission,
conduction band to acceptor level transition and donor–acceptor pair
recombination emission, respectively. The p-type conduction of the
Li-doped ZnO may be attributed to the formation of a LiZn–N complex
acceptor. The optical level of the acceptor is estimated to be about 137 meV.
The mechanism of formation of the Li-doped p-type ZnO is discussed in the
present work.

Introduction

ZnO with a direct wide-band gap (3.37 eV) and a larger
exciton binding energy (60 meV) has been increasingly
studied for many years due to its excellent physical properties
(piezoelectricity, conductivity and optical) and applications in
blue and ultraviolet light emitting diodes [1], solar cells and
surface acoustic wave devices [2, 3]. However, the realization
of p-type ZnO in a reproducible way is rather difficult,
because of its self-compensating effect, deep acceptor level
and low solubility of acceptor dopants. The optimal choice
of acceptor species remains to be determined. Theoretical
calculation predicted that group-I elements substituting for
Zn are of a shallower acceptor level than group-V elements
substituting for O, so group-I elements are considered to be
better dopants than group-V elements in terms of acceptor
levels. Especially the acceptor level of Li substituting for
Zn(LiZn), which is 0.09 eV [4], the shallowest value among
the energy levels of acceptor dopants reported. However,
optically detected magnetic resonance experiments show that

Li introduces a deep acceptor state [5, 6]. Experimentally,
30% of the Zn sites can be occupied by Li in single crystal
ZnO [7]. However, when Li atoms substitute for Zn, it will
easily be accompanied by the formation of interstitial Li(Lii),
which are likely to be shallow donors [8]. This causes the
p-type doping to be limited by the formation of a LiZn–Lii
complex donor. In order to resolve such a problem, we design
a new way of preparing Li-doped p-type ZnO by reducing the
amount of Lii. The mechanism of formation and properties of
the Li-doped p-type ZnO are investigated in the present work.

Experiment

Quartz was used as a substrate in the present experiment.
It was treated with ethanol in an ultrasonic bath to remove
surface contamination and etched in HCl solution at 80 ◦C
for 10 min, and then rinsed in deionized water (18.2 M� cm)
and blown dry using high-purity nitrogen. The films of Zn–Li
alloy with 1, 2 and 4 at% Li and pure Zn were produced by
thermal evaporation in a vacuum system; the base pressure
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Figure 1. XRD patterns of around the (0 0 2) peak of (a) metal Zn
and Zn–Li alloy films doped with (b) 1, (c) 2 and (d) 4 at% Li. Inset
is the corresponding XRD profile in diffraction angles (2θ ) of
34–65◦.

in the vacuum chamber was lower than 5 × 10−5 Torr.
Each of the films was annealed in two different ways: (1)
annealing at 500 ◦C for 2 h in a N2 flow and then at 700 ◦C
for 1 h in an O2 flow (called annealing in two steps in the
following); (2) annealing at 700 ◦C for 1 h in an O2 flow
(called annealing in one step in the following). The metal Zn
and Zn–Li alloy films with 1, 2 and 4 at% Li were denoted as
samples A1, B1, C1 and D1, respectively, as annealed in two
steps and as samples A2, B2, C2 and D2, respectively, when
annealed in one step.

The electrical properties of the films were obtained by
Hall measurement in the Van der Pauw configuration at
room temperature using a current of 300 nA and magnetic
fields of 3000–18 000 G (Lakershore HMS 7707). Electrodes
were fabricated by depositing metal indium on the surface
of films by conventional vacuum evaporation and sintering in
vacuum (�10−5 Torr). Ohmic contact between the indium
spots and films was confirmed prior to Hall measurement.
The results were averaged in order to compensate for
various electromagnetic effects [9]. X-ray diffraction (XRD)
measurement was performed by using a Rigaku O/max-RA
x-ray diffractometer with Cu Kα radiation (λ = 1.5418 Å).
The photoluminescence (PL) of the films was measured at
12 K by a He–Cd laser with 325 nm line.

The inset of figure 1 shows XRD patterns of metal Zn
and Zn–Li alloy films with nominal Li content of 1, 2 and
4 at%, respectively. It indicates that all the films were highly
preferentially oriented in the (0 0 2) direction. Curves a, b, c
and d in figure 1 show XRD profiles of the near (0 0 2) peak of
Zn and Zn–Li film with nominal Li content of 1, 2 and 4 at%,
respectively, indicating that the d-spaces of the (0 0 2) plane of
the Zn–Li alloy films are larger than that of the metal Zn film
and increase with increasing nominal Li doping content up to
about 2 at%. When the nominal Li doping content is above
2 at%, the (0 0 2) d-space changes a little. As the metallic
radius of Li of 0.152 nm is larger than that of Zn of 0.133 nm,
so incorporation of Li into Zn should be in a form of substitute
rather than interstitial atom and leads to increase of lattice
constants of Zn, that is, increase in the (0 0 2) d-space, as
shown in figure 1. Due to the limited solubility of Li in metal
Zn, the increase of lattice constants with increasing Li content
will stop at some Li doping concentration, as seen in figure 1.
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Figure 2. XRD patterns of (a) metal Zn, (b) Zn–2 at% Li and
(c) Zn–4 at% Li alloy film annealed at 500 ◦C for 2 h in N2 flow
and then at 700 ◦C for 1 h in O2 flow.

We estimated solubility of Li (x) in the Zn–Li alloy with 1, 2
and 4 at% Li to be about 0.81, 1.63, 1.67 at%, respectively,
by using XRD data measured from figure 1 and the modified
Vegard formula

rZn–Li = rZn + (rLi − rZn)x, (1)

where rZn–Li, rZn and rLi are metallic radii of the Zn–Li alloy,
Zn and Li, respectively, and x  is the solubility of lithium in a
unit of atom per cent. The radius of the Zn or Zn–Li alloy was
calculated by a formula of r = a/2 = (c/1.8563)/2, where a
and c are the lattice constants of the Zn or Zn–Li alloy and c
can be obtained by the (0 0 2) d-spaces measured in the present
experiment. The estimated solubility of Li for the Zn–Li alloy
with 1 and 2 at% Li is close to its nominal Li doping content,
implying that dominant Li atoms substitute for Zn sites in the
two Zn–Li alloys. Since the solubility of Li in Zn is about
1.5 at%, very close to the estimated value of 1.63 in the Zn–Li
alloy with a nominal Li content of 2 at%, the lattice constants
will not increase with increasing Li content when the nominal
doping content exceeds 2 at%. Therefore, it is deduced that
only about 1.67 at% Li incorporates into Zn in a form of
substitution for the Zn–Li alloy with 4 at% Li, and the other
2.33 at% Li may exist in the grain boundary of the alloy.

Curves a, b and c in figure 2 show the XRD patterns
of the Zn and Zn–Li films with 2 and 4 at% Li annealed
in two steps, respectively, indicating the formation of ZnO
with a wurtzite structure. Curve a presents only one peak
corresponding to the (0 0 2) plane of ZnO, suggesting that the
undoped ZnO obtained by annealing Zn has a high (0 0 2)
preferential orientation with the c-axis perpendicular to the
substrate. However, a few weak diffraction peaks of ZnO
besides the strong (0 0 2) peak are exhibited in XRD patterns
of the annealed Zn–Li alloys, as shown in curves b and c in
figure 2, implying that the Li-doped ZnO (denoted as ZnO:Li)
has a lower preferred orientation than the undoped ZnO. The
lower preferential orientation may be due to a decrease in
crystal quality ZnO induced by Li doping. Similar results
were observed in the ZnO produced by annealing of Zn and
Zn–Li alloy in one step.

It is noted that the d-spaces of the (0 0 2) peak for undoped
and 2 at% Li-doped ZnO are almost the same, as shown in
curves a and b of figure 3, implying the dominant Li atoms
in the Li-doped ZnO substituting for the Zn site. Since the
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Table 1. Electrical properties of ZnO:Li and ZnO prepared by different annealing processes.

Nominal Li Annealing Resistivity Mobility Carrier
Sample content (at%) ambient Type (� cm) (cm2 V−1 s−1) concentration (cm−3)

A1 0 N2, O2 n 18.71 2.43 1.373 × 1017

A2 0 O2 n 10.19 3.12 1.963 × 1017

B1 1 N2, O2 n/p 56.56 1.27 8.69 × 1016

B2 1 O2 n 286.27 2.32 9.398 × 1015

C1 2 N2, O2 p 678.34 1.03 8.934 × 1015

C2 2 O2 – High – –
D1 4 N2, O2 n 95.81 0.878 7.42 × 1016

D2 4 O2 n 160.26 0.401 9.711 × 1016
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Figure 3. XRD patterns of around the (0 0 2) peak of (a) metal Zn,
(b) Zn–2 at% Li and (c) Zn–4 at% Li alloy film annealed at 500 ◦C
for 2 h in N2 flow and then at 700 ◦C for 1 h in O2 flow.

covalent radius of Li (0.123 nm) is almost the same as that of Zn
(0.125 nm), change of the ZnO lattice is little when a small amount
of Li (such as below 2 at%) substitutes for the Zn lattice
site in ZnO, resulting in the undoped and Li-doped ZnO
having the same (0 0 2) d-spaces. However, as the curve c
of figure 3 shows, the (0 0 2) d-space of the ZnO doped with
nominal 4 at% Li is larger than that of the undoped ZnO. This
implies that there exist some Lii in the ZnO:Li doped with
4 at% Li besides LiZn.

The electrical properties of both undoped and Li-doped
ZnO films obtained by Hall measurement are listed in
table 1. Due to the insulating properties of quartz, the
conducting features of the films are not affected by the quartz
substrate and are completely attributed to ZnO films. The data
in table 1 were compiled by adopting both positive and negative
currents and magnetic fields, and the results were averaged in
order to compensate for various electromagnetic effects. The
positive Hall coefficient for all six current/field combinations
assures that the sample is true p-type. Table 1 shows that both
undoped and Li-doped ZnO prepared by annealing in one step
are n-type semiconductors except that sample C2 shows a high
resistivity, and that only sample C1 shows p-type conduction
in all ZnO prepared by annealing in two steps.

It is worth noting that both samples A1 and C1 are prepared
by annealing in two steps. But sample C1 shows p-type
conduction, while sample A1 shows n-type conduction. The
only difference between them is that sample C1 contains Li
dopant while sample A1 does not; this implies that the p-type
conductive behaviour of sample C1 is mainly associated with
Li doping rather than N doping. Li atom may replace the Zn

site in the ZnO:Li to form an acceptor during the annealing of
the Zn–Li alloy in two steps. It is also found from table 1 that
both samples C1 and C2 are ZnO:Li with the same Li doping
content, but they have different conduction behaviours. The
only difference between them is that sample C1 is prepared by
annealing in N2 and O2 flows while sample C2 is produced in
O2 flow. This implies that the annealing in N2 ambient has
an important role for p-type conduction. Samples B1, C1 and
D1 are all Li-doped ZnO and produced by annealing in N2

and O2 ambient, but they have different nominal Li doping
concentrations. So, it is concluded that the conduction feature
of the Li-doped ZnO is related to the Li concentration.

Much literature has reported that the formation of the
Li-doped p-type ZnO film is limited by the formation of Lii
and LiZn–Lii complex donors [8]. So, the ZnO:Li prepared by
annealing in O2 flow, such as samples B2, C2 and D2, shows
n-type conduction. However, when the Zn–Li film was
annealed in N2 flow at 500 ◦C, Li in the Zn–Li alloy may
react easily with N2 to form a Li–N cluster due to a larger
difference in electronegativity between Li and N. When
Zn–Li is annealed in O2 ambient to form ZnO:Li, Li–N in the
grain can suppress the formation of a donor of Lii or/and LiZn–
Lii complex. On the other hand, N in Li–N may substitute for
the O site in ZnO:Li and bond with three or four Li occupying
the Zn site to form the LiZn–N complex acceptor. For sample
B1, the LiZn–N complex acceptors may not compensate for
donors due to the fact that the Li doping content is small,
and is close to the donor in concentration. So, it shows p-
type conduction sometimes and n-type sometimes in the Hall
measurement process. Based on the results of figure 1 it is
deduced that the Li content of sample C1 is nearly twice that
of sample B1; therefore, the amount of the LiZn–N acceptor
may exceed that of the donors for sample C1, resulting in p-
type conduction. However, as mentioned in figure 1, only 1.67
at% Li incorporates into Zn for the Zn–Li alloy with 4 at% Li
due to the solubility limit of Li in Zn, and the other 2.33 at%
Li exists in the grain boundary. When the Zn–Li alloy was
annealed in N2 ambient, Li in the Zn–Li grain may react with
N to form a Li–N cluster while Li in the grain boundary will
form Li3N. However, in subsequent annealing in O2 ambient,
the Li–N cluster forms a LiZn–N complex acceptor as discussed
above, while Li3N in the grain boundary may react with O2 to
form Li2O and N2. Li in Li2O may incorporate in ZnO:Li in
a form of interstitial dopant during the formation of ZnO:Li,
which can be confirmed by the result of curve c in figure 3.
So, n-type conduction of sample D1 can be associated with
the increased interstitial Li dopants in it, which compensate
LiZn–N complex acceptors.
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Figure 4. PL spectra of (a) n-type undoped ZnO and (b) p-type
ZnO:Li measured at 12 K.

Curves a and b in figure 4 show PL spectra of undoped
n-type ZnO (sample A1) and p-type ZnO:Li films (sample C1)
measured at 12 K, respectively. For the undoped ZnO, the peak
at 3.362 eV is dominant and can be associated with donor-
bound exciton emission (D0X) [10, 11]. The peak at 3.32 eV
was assigned to two-electron satellite (TES) transition of the
neutral donor bound exciton based on the results of bulk,
nominally undoped ZnO reported by Thonke et al [12]. The
weak peak at 3.371 eV is ascribed to free exciton emission
(FE). The PL spectrum of the p-type ZnO:Li is shown in curve
b of figure 4. Obviously, it is different from the PL spectrum
of undoped ZnO in both emission peak structure and intensity.
As curve b shows, the PL spectrum of p-type ZnO:Li consists
of three emission peaks, located at 3.347, 3.302 and 3.234 eV,
respectively. The emission peaks intensities are much weaker
than those of the undoped ZnO, so it is enlarged by seven
times to be presented in figure 4. The 3.302 eV is very close
to the emission energy of the conduction band to acceptor
level transition (FA) reported in the literature [13, 14], so the
3.302 eV peak is attributed to electron radiate transition from
the conduction band to the LiZn–N acceptor level. The
3.234 eV peak is assigned to donor–acceptor pair (DAP)
transition, since it is very similar to the emission energy of
DAP transition observed in N, P and As-doped ZnO [15, 16].
The peak located at 3.347 eV is the most dominant among the
three peaks, as shown in curve b of figure 3. To our knowledge,
this peak has not been observed in p-type ZnO reported up to
now. According to the literature, the emission energies of
acceptor-bound exciton in N-, P- and As-doped ZnO at around
12 K are 3.315, 3.355 and 3.358 eV, respectively [10, 17, 18].
The emission energy of 3.347 eV is in the emission energy
range of 3.315–3.358 eV. Due to p-type conduction of ZnO:Li,
it is deduced that the 3.347 eV emission peak may be ascribed
to a neutral LiZn–N acceptor-bound exciton emission.

The optical LiZn–N complex acceptor level (EA) can be
estimated by using the relationship:

EFA = Eg − EA + κBT/2, (2)

where EFA and Eg are the emission energies of the conduction
band to acceptor level transition and band gap of ZnO,
respectively; kB is the Boltzmann constant and T is the absolute
temperature. At 12 K, the band gap is 3.437 eV [10], EFA is
3.302 eV in the present work, and the thermal energy term
in the equation can be neglected. As such, EA is calculated

to be about 137 meV, which is about 47 meV larger than the
theoretical value [4].

Conclusion

Li-doped p-type ZnO film was produced by annealing Zn–
2 at% Li alloy film deposited on quartz in two steps. The
heat treatment in N2 ambient may lead to the formation of
a Li–N cluster in the Zn–Li alloy grain, which suppressed
the formation of Lii and LiZn–Lii complex donors but resulted
in the formation of a LiZn–N complex acceptor in ZnO:Li
during annealing in O2 ambient. The optical LiZn–N acceptor
level was estimated to be 137 meV. The p-type ZnO:Li
has a resistivity of 678.34 � cm, a Hall mobility of
1.03 cm2 V−1 s−1 and a carrier concentration of 8.934 ×
1015 cm−3. Three PL peaks centred at 3.347, 3.302 and
3.234 eV are observed at 12 K and are due to neutral acceptor-
bound exciton emission, conduction band to acceptor level
transition and donor-acceptor pair recombination emission,
respectively.
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