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Abstract

A lithium and nitrogen doped p-type ZnO (denoted as ZnO: (Li, N)) film was prepared by RF-magnetron sputtering and post annealing
techniques with c-Al,O3 as substrate. Its transmittance was measured to be above 95%. Three dominant emission bands were observed at 3.311,
3.219 and 3.346 eV, respectively, in the 80 K photoluminescence (PL) spectrum of the p-type ZnO:(Li, N), and are attributed to radiative electron
transition from conduction band to a Liz,—N complex acceptor level (eFA), radiative recombination of a donor—acceptor pair and recombination
of the Liz,—N complex acceptor bound exciton, respectively, based on temperature-dependent and excitation intensity-dependent PL. measurement
results. The Liz,—N complex acceptor level was estimated to be about 126 meV above the valence band by fitting the eFA data obtained in the

temperature-dependent PL spectra.
© 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

ZnO is a wide-bandgap (3.437 eV at 2 K) [1] semiconductor
with a large exciton binding energy (60 meV), which allows
the exciton luminescence at room temperature and makes
ZnO become a promising material for optoelectronic devices,
such as ultraviolet light-emitting diodes, laser diodes and
photodetectors. It has been intensively investigated in the recent
years. To realize ZnO-based photoelectric devices, the high
quality p-type must be fabricated, but it seems to be very
difficult.

In the present work, the fabrications of p-type ZnO were
mainly doped by single acceptor, such as Li [2], N [3-5],
P [6-9], As [10-12], Sb [13] or codoped by III-V elements,
such as (Al, N) [14], (Ga, N) [15]. Among the single acceptor
dopants, theoretically, Li substituting for Zn (Liz,) possesses
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the shallowest acceptor level [16]. However, the fabrication
of p-type ZnO doped by Li is limited due to formation of
donor complex, such as interstitial Li atom (Li;) and Liz,—Li;
complex [17]. So, it is important to restrain formation of Li;
for realization of Li doped p-type ZnO. It may be an effective
method of suppression of Li; by codoping of Li and a dopant,
which can bond with Li to form an acceptor complex with
shallow level. N was used as such a dopant in our research
work recently, and a p-type ZnO codoped by Li and N (denoted
as p-type ZnO:(Li, N)) with good electrical properties was
obtained by using RF-magnetron sputtering and annealing
techniques [18]. Recently, the p-type ZnO:(Li, N) was also
realized by pulsed laser deposition [19]. The p-type conduction
of the ZnO:(Li, N) is attributed to formation of Liz,—N complex
acceptor [18].

In the present work, the optical properties of the p-type
ZnO:(Li, N) will be investigated, and the photoluminescence
related to Liz,—N complex acceptor of the p-type ZnO:(Li, N)
will be discussed in detail.
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2. Experimental procedures

A Zn-Li alloy with nominal 2 at.% Li was prepared by arc-
melting technique. X-ray diffraction (XRD) confirmed that Li
incorporated into Zn by substituting for Zn, and the Li content
was estimated to be about 1.63 at.% by using the XRD data and
Vegard formula. A 500 nm thick lithium and nitrogen doped
ZnO film with wurtzite structure (denoted as ZnO:(Li, N)) was
grown on a c-plane Al O3 substrate at 300 K by RF-magnetron
sputtering using the Zn-Li alloy as the target. A mixed gas
of oxygen and nitrogen with a ratio of 1:1 was used as the
sputtering gas with a total pressure of 1.0 Pa. Before deposition,
the substrate was treated with ethanol in an ultrasonic bath
to remove surface contamination and etched in hot (160 °C)
H,>SO4:H3PO4 (3:1) solution for 10 min and then rinsed in de-
ionized water (18.2 M2 cm) and blown dry using high-purity
nitrogen. The as-grown films were divided into four pieces,
three pieces of which were annealed in a Ny flow for 30 min
at 500, 600 and 700 °C respectively.

X-ray diffraction (XRD) measurements were performed by
using a Rigaku O/max-RA X-ray diffractometer with Cu Ko
radiation (A = 1.5418 A). Optical transmission and absorption
spectra were carried out by using a UV-3101PC spectrometer.
The temperature-dependent PL of the p-type ZnO:(Li, N) film
was measured at temperatures ranging from 80 K up to 300 K
by using the UV Labran Infinity Spectrophotometer made by
the Jobin Yvon Company, which is excited by the 325 nm line
of a He—Cd laser with a power of 50 mW.

3. Experimental results and discussion

The Hall measurement results show that the as-grown film
behaved like an insulator, and the films annealed at 500 and
700 °C behaved with a weak p-type conduction, exhibiting
alternative appearance of positive and negative Hall coefficient
in the measurement process. A stable p-type conduction with
hole concentration of 3.07 x 10 cm™3 was realized by
annealing the as-grown film at 600 °C. To understand the effects
of the annealing on structure and band gap of the ZnO:(Li, N),
measurements of XRD, transmission and absorption were
carried out for the as-grown film and for the films annealed
at 500, 600, 700 °C. Fig. 1(a)~(d) show XRD patterns of
the as-grown film and annealed at 500, 600 and 700 °C
respectively. The as-grown film only exhibits a weak and broad
(002) diffraction peak, indicating that the film has preferential
orientation in (002) direction and has poor crystal quality. Upon
annealing, the (002) peak becomes strong and sharp, and the
diffraction angle shifts towards the high angle direction, as
shown in Fig. 1. The former implies improvement of crystal
quality of the film, and the latter is due to relaxation of tensile
stress in the film [20]. The lattice constant ¢ of the as-grown and
annealed films calculated by using data of the (002) diffraction
peak was found to be 0.5262, and 0.5197 nm, respectively,
which shows that the constant ¢ of the as-grown film is larger
than that of bulk ZnO of 0.5207 nm [21], indicating that
the as-grown film has residual tensile strain along the c-axis
and compressive biaxial strain within the growth plane [22].
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Fig. 1. XRD patterns of as-grown ZnO:(Li, N) film (a) and the films annealed
at 500 (b), 600 (c) and 700 °C (d), respectively.
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Fig. 2. Transmission spectra of as-grown ZnO:(Li, N) film (a) and the films
annealed at 500 (b), 600 (c) and 700 °C (d), respectively.

After annealing, the lattice constant ¢ decreases from 0.5262
to 0.5197 nm, indicating that the strain in the as-grown film
is relaxed. The lattice constant ¢ of the films annealed at 500,
600 and 700 °C is somewhat smaller than that of bulk ZnO,
this is due to the fact that covalent bond length of Li—N (0.197
nm) is somewhat smaller than that of Zn—O (0.199 nm), and
the incorporation of Li and N into ZnO in a form of Li-N will
decrease the lattice constant ¢. As will be shown in Fig. 3, the
relaxation of the compressive biaxial strain due to annealing can
also be illustrated by the decrease of band gap.

The transmission spectra for the as-grown and annealed
ZnO:(Li, N) are illustrated in Fig. 2. The transmittances
of all films are over 95% in the visible region, which
is higher than that of N-doped p-type ZnO [23], and the
transmittance decreases sharply near absorption edge, implying
high crystallinity of the p-type ZnO doped by lithium and
nitrogen.

To determine the band gap of the film, we use the theory
developed for optical transitions in insulators [24,25], where
the absorption coefficient (o) of ZnO is a parabolic function of
the incident energy and the optical band gap,

a(hv) = A*(hv — Eg)'/?, )
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Fig. 3. Absorption spectra of as-grown ZnO:(Li, N) film (a) and the films
annealed at 500 (b), 600 (c) and 700 °C (d) respectively.

where A* is a function of the refractive index of the material, the
reduced mass, and the speed of light in vacuum, Av is photon
energy, E, is band gap. Using this relationship, the band gaps
of the films can be evaluated in the standard manner from a plot
of a? as a function of the energy of the incident radiation and
extrapolating the linear part of the curve to intercept the energy
axis [26]. The variations of square absorption coefficient o
versus photon energy hv in the fundamental adsorption region
are plotted in Fig. 3. The band gaps of the as-grown film and
those of the annealed one at 500, 600 and 700 °C are 3.292,
3.271, 3.269 and 3.272 eV, respectively. The band gap of the
annealed film is obviously smaller than that of the as-grown. It
is well known that the band gap of a semiconductor is affected
by the residual strain in the film. A tensile strain results in a
decrease in the band gap while a compressive strain causes an
increase [27]. As discussed above, the decrease of band gap
is due to the relaxation of the compressive biaxial strain after
annealing.

Fig. 4 shows low-temperature (80 K) PL spectrum of
the p-type ZnO:(Li, N) obtained at annealing temperature of
600 °C. The PL spectrum consists of three main emission
bands, located at 3.311, 3.346 and 3.219 eV, respectively, and
one weak broad band centered at 3.165 eV in the UV region.
As will be shown later, the dominant peak positioned at 3.311
eV can be due to electronic radiative transition from conduction
band to neutral acceptor level (eFA). The broad bands centered
at 3.219 and 3.165 eV can be attributed to recombination of
a donor—acceptor pair (DAP) and free electron to unidentified
deep neutral acceptor level transition (eFAy,). The emission
band centered at 3.346 eV is in the energy range (3.315-3.358
eV) of acceptor-bound exciton in N [5]-, P [7]- and As [10]-
doped p-type ZnO reported previously, but it has hardly been
observed in doped p-type ZnO reported up to now (it was
reported in nominally undoped p-type ZnO on Si) [28], and it
can be ascribed to a neutral acceptor-bound exciton emission
(AYX).

In order to investigate the origins of the emission bands, the
excitation intensity-dependent PL and temperature-dependent
PL measurements were performed, respectively. As we know,
the energy of the DAP luminescence is represented as
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Fig. 4. 80 K PL spectra of the p-type ZnO:(Li, N) obtained at annealing
temperature of 600 °C.
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Fig. 5. 80 K excitation intensity-dependent PL spectra of the p-type ZnO:(Li,
N) obtained at annealing temperature of 600 °C.

follows [29]:

Epap = Eg — (Ep + Ea) + € /4neRpa 2

where Eg4, Ep, E4, and e, ¢ are band gap energy, donor binding
energy, acceptor binding energy, elementary electric charge and
dielectric constant, respectively, Rp4 is the distance between
the involved donor and acceptor. When the excitation intensity
is increased, the number of occupied donor and acceptor centers
increases, resulting in decrease of their average distance Rp4,
so that DAP luminescence peak shows a blue-shift. Fig. 5
shows excitation intensity-dependent PL spectra taken at 80 K.
It indicates that the emission of the DAP shifts from 3.219
to 3.238 eV with increasing excitation intensity, which is
consistent with the characteristics of DAP mentioned above,
we assigned this emission band to the donor—acceptor pair
luminescence.

Fig. 6 shows the temperature-dependent PL spectra, which
shows that the 3.311 eV band reveals red shift with increasing
temperature, while the 3.219 eV band shows distinctly blue
shift first, and then gradually merges into the 3.311 eV
band at about 150 K due to thermal ionization of donors of
DAP [30], this is a typical characteristic of transition between
radiative recombination of a donor—acceptor pair (DAP) and



X.H. Wang et al. / Solid State Communications 141 (2007) 600-604 603

eFA :
/ﬂ\ :
ey : BOK
31 32 33 34 DAP J)J \AX i
Photon Energy (eV) et T k-\.
—_ M.r"ﬂ #"" 2
g EFAunA.,,AJY"’j;W‘_,\/ ;xf"’ i
K e N
SRR et Tl
2 Pl S o -,wh"\
Rl IV T I A
B e wﬁ"“"w‘*f}/j” W’ W‘ ‘ﬁr
L ierberet A
% . JW‘:"‘ZJJ' "” .,r" "‘W..JN \\.\
= b ,\“W:'“),‘,J \r\_,v_)f:_ vy "\, \
Feos it e Ll N,
o b7 viidy
e APV

3.0 3.1 3.2
Photon Energy (eV)

Fig. 6. Temperature-dependent PL spectra of the p-type ZnO:(Li, N) obtained
at annealing temperature of 600 °C measured at temperatures from 80 K to
300 K. The spectra were vertically displaced for clarity, the inset is the room-
temperature (RT) PL spectra by using the Gaussian fitting.
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Fig. 7. Temperature-dependent photon energies of eFA (M) and eFAy, (e)
indicated in Fig. 6. The solid lines represent the fitting to the data.

radiative electron transition from conduction band to acceptor
(eFA) [29]. Therefore, the 3.311 eV band is ascribed to radiative
electron transition from conduction band to a Liz,—N complex
acceptor level (eFA). Similar results were also observed in the
temperature-dependent PL spectra of p-type ZnO:Sb [31] and
ZnO:Li [32].

The temperature dependence of the eFA band centered at
3.311 eV can be well described as the following:

Epa(T) = Eg(T) — EA +«T)/2 3)

where E,(T) is the temperature-dependent band gap, and
follows the Varshni-type equation [33], E4, «, and T
are acceptor level, Boltzmann constant, and temperature,
respectively. By fitting the energies of the eFA band at different
temperatures with Eq. (3), as shown in Fig. 7, the Liz,—N
complex acceptor level can be estimated to be about 126 meV.

The intensity of the emission band centered at 3.346 eV
decreases very fast with increasing temperature, and it cannot
be detected above 140 K. As shown in Fig. 7, the acceptor
level (E 4) is about 126 meV above the valence band. Using the

Haynes rule ngox /Es =~ 0.1 for ZnO material system [34],

where EA'X is the binding energy between the acceptor and
free exciton, the E A% is estimated to be 12.6 meV which is
equal to thermal energy at 145.4 K, which implies that the
bound exciton will be completely ionized from the neutral
acceptor when the temperature is above 145.4 K, in agreement
with the temperature-dependent PL spectra shown in Fig. 6. The
fast reduction in the emission intensity results from the rapid
thermal ionization of acceptor-bound exciton with increasing
temperature. The thermally ionized acceptor-bound exciton
converts into the free-1LO and broadens the emission peak
positioned at 3.311 eV.

The room-temperature (RT) spectrum is a very broad
emission line consisting of three emission bands centered
at about 3.101, 3.242 and 3.265 eV respectively, as shown
in the inset of Fig. 6 by using the Gaussian fitting to the
spectrum at 300 K. As we know, the room-temperature (RT)
PL of high-purity ZnO is dominated by the free-exciton LO
phonon replicas’ emission with the maximum located close to
EFrx—1LO energy [35], which is located at about 3.265 eV.
So, the emission band centered at 3.265 eV is ascribed to
Erx—1LO. The RT emission band centered at 3.242 eV is
evolved from the emission peak at 3.311 (80 K) and is ascribed
to radiative electron transition from conduction band to Liz,—N
complex acceptor level (eFA).

The RT emission band centered at 3.101 eV is evolved from
the emission band centered at 3.165 eV (80 K), this emission
is very close to the RT emission peak at 3.030 eV observed in
ZnO:Li [32], it may be ascribed to radiative electron transition
from conduction band to intrinsic acceptor (eFAyn), such as
vacancy Zn (Vzy). Fig. 7 also plots the temperature-dependent
peak energy for the 3.165 eV (80 K). By fitting the data using
Eq. (3), the relevant acceptor level was calculated to be about
273 meV.

4. Conclusions

The optical properties of lithium and nitrogen doped ZnO
films were investigated. The transmittances of the as-grown and
annealed films were over 95%. From the excitation intensity-
dependent PL and temperature-dependent PL. measurements,
the low-temperature (80 K) emission bands centered at 3.311,
3.346 and 3.219 eV were assigned to emissions of radiative
electron transition from conduction band to Liz,—N complex
acceptor level (eFA), a neutral acceptor-bound exciton (AOX )
and donor—acceptor pair (DAP) recombination, respectively.
The optical energy level of Liz,—N complex acceptor was
calculated to be about 126 meV above the valence band
by fitting the temperature-dependent photon energies of eFA
emission bands.
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