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a b s t r a c t

Zinc oxide thin films with low resistivity have been deposited on glass substrates by Li–N dual-acceptor
doping method via a modified successive ionic layer adsorption and reaction process. The thin films
were systematically characterized via scanning electron microscopy (SEM), atomic force microscopy
(AFM), X-ray diffraction, ultraviolet-visible spectrophotometry and fluorescence spectrophotometry. The
resistivity of zinc oxide film was found to be 1.04 � cm with a Hall mobility of 0.749 cm2 V−1 s−1 and
carrier concentration of 8.02 × 1018 cm−3. The Li–N dual-acceptor doped zinc oxide films showed good
crystallinity with prior c-axis orientation, and high transmittance of about 80% in visible range. Moreover,
the effects of Li doping level and other parameters on crystallinity, electrical and ultraviolet emission of
zinc oxide films were investigated.
eywords:
ltraviolet emission
lectronic properties
i–N dual-acceptor doping
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. Introduction

As an n-type compound semiconductor with a hexagonal
urtzite structure, zinc oxide has attracted considerable atten-

ion for its wide band gap (3.37 eV), large exciton binding energy
60 meV) and high carrier mobility at room temperature [1]. It has
xhibited enormous potential in many electronic device applica-
ions, such as light emitting diodes [2], ultraviolet (UV) lasers [3],
ransparent thin film transistors [4], gas sensors [5], and surface
coustic devices [6]. However, the bottleneck of preparing zinc
xide films with p-type conductivity should be overcome before
inc oxide could make inroads into the world of electronics devices

7]. Normally, undoped zinc oxide shows n-type conductivity due
o the native donor defects such as zinc interstitial and oxygen
acancy, which makes it difficult to prepare p-type conductive zinc
xide [8]. Even so, considerable efforts have been made in this
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field, for example, p-type zinc oxide have been made employing
N [9,10], P [11], As [12], Li and Ag [13] as dopants. Based on the
theory of co-doping, In–P [11] and Al–N [14] co-doping methods
were introduced into the fabrication of p-type zinc oxide.

Up to now, many existing thin film preparation techniques have
been applied in the synthesis of zinc oxide films, including chem-
ical vapor deposition [9], sputtering [12], pulsed laser deposition
[15], molecular beam epitaxy [16], sol–gel techniques [17], chem-
ical bath deposition [18], successive ionic layer adsorption and
reaction (SILAR) [19–25], et al. However, it is well conceived that
preparation of zinc oxide films via solution chemical routes pro-
vides a promising option for large-scale production of zinc oxide
materials. SILAR method, first reported by Nicolau in 1985, involves
the substrate alternate immersion in cationic and anionic precursor
and the substrate rinsing procedures in between. It has attracted
much interest because of low-cost and environment-friendly cir-
cumstance. Films prepared by this method have good adhesion and
uniformity, and the thickness of the film can easily be controlled by

changing cycle number, pH value, and other technical parameters.
The SILAR method has been used to prepare zinc, lead and cadmium
chalcogenide thin films.

In the previous work, we reported the synthesis and ultraviolet
emission of un-doped zinc oxide polycrystalline films by a modi-

dx.doi.org/10.1016/j.jallcom.2011.03.028
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ig. 1. SEM images of ZnO:Li0 films without heat treatment process and with heat
b) annealed at 350 ◦C; (c) annealed at 450 ◦C; (d) annealed at 530 ◦C; (e) as-deposit

ed SILAR method [21]. In this paper, stable zinc oxide thin films
ith low resistivity were fabricated by a Li–N dual-acceptor doping

echnique via the modified SILAR method. A heat treatment process
as introduced in the present work, and the as-prepared zinc oxide
lms have good crystallinity, electrical and ultraviolet emission
roperties.

. Experimental procedure

.1. Treatment of glass substrates

The cleanness and hydrophilicity of substrates are very important to the deposi-
ion of high-quality zinc oxide films. Contaminated substrates will lead to formation
f non-uniform films. In the present work, commercially obtained glass slides with
imensions of 25 mm × 75 mm × 1 mm were chosen as substrates. The substrates
ere cleaned by detergent and treated with hydrogen nitrate or chromic acid for

2 h, followed by ultrasonic cleaning in deionized water for 30 min and then drying.
.2. Formation of zinc oxide thin films with low resistivity

A series of zinc oxide films with different Li contents were deposited on
leaned glass substrates. The cationic precursor of SILAR process was prepared
s the following: 0.02 mol ethanolamine and 15 mL 6.65 mol L−1 ammonia solu-
ent at different temperatures in O2 atmosphere for 2 h. (a) As-deposited ZnO film;
O film; (f) annealed 530 ◦C.

tions were added to 100 mL 0.2 mol L−1 zinc acetate solution, and then the
solution was diluted to 200 mL with deionized water. Lithium nitrate, as lithium
dopant, was also added to the solution. Lithium contents of 0, 0.1, 0.5, 1, 2,
5 and 10 at.% were employed in this study, and the zinc oxide films grown
with these Li contents will be referred to as ZnO:Li0, ZnO:Li0.001, ZnO:Li0.005,
ZnO:Li0.01, ZnO:Li0.02, ZnO:Li0.05 and ZnO:Li0.1, respectively. Generally, the lithium
doped levels in the films are not equal to the lithium contents in the solu-
tions. The pH value of the cationic precursor was maintained at ∼11.5. The
ethanolamine was used to reduce the dosage of ammonia as a high ammonia con-
centration may result in dissolution of as-deposited zinc oxide films when being
reintroduced into the cationic precursor [22]. Moreover, both ethanolamine and
ammonia can be used as the N-doping source. Hot water of 90 ◦C was used as
anionic precursor to provide hydroxyl anions during the fabrication of zinc oxide
films.

A complete film deposition cycle involves four steps: (i) immersion of the sub-
strate in cationic precursor at room temperature for 30 s, after which there will be
a thin layer solution adhered to the substrate surface, (ii) immersion of the sub-
strate in anionic precursor at 90 ◦C for 30 s, which leads to the chemical reaction on

the substrate surface, (iii) water rinsing of the loosely bound particles, and (iv) heat
treatment of the as-prepared films at 200 ◦C for 5 min to convert zinc hydroxide into
zinc oxide. All samples in this paper were prepared with 15 deposition cycles. After
the deposition, zinc oxide films were annealed in different ambient (O2, N2 and air)
for comparison. Annealing process includes a preheating step at 300 ◦C for an hour
to vaporize organic ingredients, and a post-heating step at different temperatures
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energy than (0 0 1) facet would be developed with enough ther-
mal energy [15]. But films annealed at 450 ◦C and 530 ◦C show
better c-axis orientation, revealing that crystallinity is improved
at a higher annealing temperature. Grain sizes, calculated using
964 D. Zhang et al. / Journal of Alloys a

uch as 350 ◦C, 450 ◦C, and 530 ◦C for 2 h to improve the crystallinity of the thin
lms.

.3. Characterization of zinc oxide thin films

The surface morphologies of ZnO thin films were characterized and analyzed
y scanning electron microscopy (SEM, JEOL JEM-6700F at 3.0 kV), and atomic force
icroscope (AFM, Digital Instruments, Dimension 3000 Nanoscope). AFM scanned

rea is 1 �m × 1 �m. The crystalline structure of the samples were identified with
-ray diffraction (XRD) using a PANalytical X’Pert PRO diffractometer, in which Cu
� radiation with a wavelength of 0.154 nm was employed as the X-ray source. For
lectrical characterization, Hall-effect measurements were carried out in the Van der
auw configuration (Accent HL5500PC) at room temperature. The I–V and I–R curves
btained via four point probe method were used to evaluate the ohmic contact
f the samples. The transmission properties were measured by ultraviolet-visible
pectrophotometer (Shimadzu UV-2550), and room temperature photolumines-
ence (PL) spectra of the films were measured by a fluorescent spectrometer (Jasco
P-6500) with He–Cd laser (�ex = 330 nm) as the excitation source.

. Results and discussion

.1. Microstructure of zinc oxide thin films with low resistivity

Fig. 1(a)–(d) shows the SEM images of ZnO:Li0 thin films unan-
ealed and annealed at different temperatures in O2 atmosphere for
h. The surface of the films are smooth and consisted of uniformly
istributed octahedral grains without any pinholes or islands. The
lms annealed at lower temperatures exhibit inhomogeneous size
istributions from a few nanometers to about ∼100 nm. Moreover,
he grain sizes become bigger and more uniform with the increase
f the annealing temperature.

Fig. 1(e) and (f) display the cross-section SEM view of ZnO:Li0
lms with and without heat treatment process. The films with-
ut heat treatment consisted of compacted pillar crystals with an
verage height of ∼250 nm, while the average height decreased to
200 nm after the film was treated at 530 ◦C in O2 atmosphere for
h.

Fig. 2 shows three-dimensional AFM images of ZnO:Li0 films
ith and without heat treatment process. The root mean-square

RMS) roughness of the unannealed film was 9.69 nm while it
ecreased to 6.91 nm for the film annealed at 530 ◦C in O2
tmosphere for 2 h. This indicates that heat treatment process con-
ributed to formation of smooth surface. In addition, the grains in
he annealed film were packed much closer than those in the unan-
ealed film. The reason for this behaviour is that the mobility of
he absorbed atoms is controlled by heat treatment process. The
s-deposited ZnO thin films should tend to form crystallite struc-
ure with highly porous and rough surface due to lower mobility
f the absorbed atoms. However, the mobility of surface atoms
s enhanced after being treated at 530 ◦C. Due to the higher sur-
ace mobility, more atoms will be able to reach crystalline regions,
hich results in a smoother surface and large grains without dis-

ernible boundaries.
The crystallinity of zinc oxide films was influenced by the heat

reatment process dramatically. Fig. 3 shows the significant change
n crystallinity of zinc oxide films due to heat treatment. XRD pat-
erns of the two samples indicate both the films with and without
eat treatment possess hexagonal wurtzite structure. The posi-
ions and relative intensities of the three dominant peaks of the
ample without heat treatment match well with the standard XRD
attern of bulk zinc oxide (JCPDS: No 79-2205). The heat-treated
lms showed a highly c-axis preferential orientation, which is in
ccordance with the fact that heat treatment contributes to the
mprovement of c-axis orientation.
All samples with heat treatment show good crystallinity and
ighly preferential c-axis orientation, as shown in Figs. 4 and 5.
owever, Li content and the annealing temperature also affect

he growth orientation. After 350 ◦C annealing, c-axis orientation
ecomes weaker, which was also reported by Jiménez-González
Fig. 2. Three-dimensional AFM images of ZnO:Li0 films with and without heat treat-
ment process. (a) As-deposited ZnO film; (b) annealed at 530 ◦C. AFM scanned area
is 1 �m × 1 �m.

[23,24]. Given that (1 0 0), (1 2 0) and (0 0 1) facets have lower
energy, these orientation may be formed more easily during
recrystallization [1]. Furthermore, other facets which have higher
Fig. 3. XRD patterns of ZnO:Li0 films with and without heat treatment process.
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Fig. 4. XRD patterns of ZnO:Li0.05 films annealed at different temperature.

ebye–Scherrer formula, of the four samples in Fig. 4 are 18.8, 17.5,
7.1 and 17.0 nm, respectively. The decrease of the grain size should
e ascribed to recrystallization. No diffraction from other phases
uch as Li2O is detected in Fig. 5, suggesting that Li is doped in zinc
xide without formation of other compound. Obviously ZnO:Li0.02
as the best (0 0 2) orientation of the four samples in Fig. 5, indicat-

ng that there is an optimum Li content providing preferred crystal
rientation. The degrading crystallinity was attributed to incorpo-
ation of Li atoms [11]. In fact, zinc oxide films would not grow from
cationic precursor with Li content of 15 at.%, and the reason is not
ery clear yet.

Peak positions of all samples in Figs. 4 and 5 are almost identical,
ndicating that the films have the same lattice constants. The d val-
es were calculated using the Bragg law, and then lattice constants
, c of hexagonal could be evaluated, which are 3.25 and 5.20 Å on
verage, respectively. The c constant is a little smaller than that of
ulk zinc oxide, arising from the difference in ionic radii between
he host Zn (0.074 nm) and doped Li (0.060 nm) [12].

.2. Electronic properties of zinc oxide thin films with low
esistivity

As indicated in Fig. 6, and Table 1, only ZnO:Li0.05 annealed
n O2 atmosphere at 530 ◦C exhibits definitive p-type conductiv-

ty, with a resistivity of 1.04 � cm, Hall mobility of 0.75 cm2/V s,
nd hole concentration of 8.02 × 1018 cm−3, comparable with those
ates reported by Tetsuya [14]. In the presence of donor defects,
nO:(Li,N) exhibits two-band mixed conduction, and the current,

ig. 5. XRD patterns of zinc oxide films prepared with different Li contents and
nnealed in O2 at 530 ◦C.
Fig. 6. (a) Resistivity and Hall coefficient of ZnO:(Li,N) films as a function of Li con-
tents. (b) Carrier concentration and Hall mobility of ZnO:(Li,N) films as a function of
Li contents.

conductivity, and Hall coefficient take the form [8]

jx = jpx + jnx (1)

� = �p + �n = e(p�p + n�n) (2)

RH = Rp�2
p + Rn�2

n

(�p + �n)2
= p�2

p − n�2
n

e(p�p + n�n)2
(3)

The type of conductivity is determined by the sign of RH, which
would go to zero when the numerator in (3) became zero. Li and N
doping of zinc oxide would introduce LiZn and NO substitution, both
of which are acceptor defects. So the concentration of holes would
increase with the increase of Li contents. As a result, RH decreases
and its sign become positive when the Li content reaches 5 at.%.
Namely, the inversion of the conductivity type occurred. The curve
of Hall coefficient in Fig. 6 reveals this tendency, while the seg-
ment above the dash line exhibits p-type conductivity. Interstitial
Li atoms as donor defects may account for the second inversion that
took place at a higher Li content. Note that LiZn has a larger possi-
bility to be formed than Lii, numerous interstitial Li atoms would
only be formed at high Li contents [12]. It is known that impu-
rity scattering would reduce the mobility. Therefore, Hall mobility
decreases at high Li contents, as more defects are introduced. That
is the reason why the resistivity of zinc oxide films increases when
Li content reaches 10 at.%, as shown in Fig. 6.

For comparison, ZnO:(Li,N) films were also prepared. It is shown
in Table 1 that the resistivity of ZnO:(Li,N) films annealed in N2
atmosphere at 530 ◦C is 20 times larger than that of ZnO:(Li,N) films
annealed in O2 atmosphere at 530 ◦C, despite of the Li contents. All
samples annealed in N2 atmosphere exhibit definitive n-type con-

ductivity. This is presumably due to the compensation of oxygen
vacancies in an oxygen-rich condition. With the same ambience,
ZnO:Li0.05 annealed at 530 ◦C shows much lower resistivity than
ZnO:Li0.05 annealed at 450 ◦C. Moreover, ZnO:Li0.05 annealed at
530 ◦C shows p-type conductivity, while the other shows n-type
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Fig. 7. Optical transmittance spectra of zinc oxide films annealed in O2 at 530 ◦C
with different Li contents.
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Fig. 9. The ˛2(h�) versus h� curves for the optical band gap determination in
ZnO:Li0.05 films annealed at different temperatures.

T
E

ig. 8. Optical transmittance spectra of ZnO:Li0.05 films annealed in O2 at different
emperatures.

onductivity. These results evidently demonstrate that annealing
t a high temperature would improve incorporation of Li in zinc
xide films. In addition, it should be noticed that annealing at 530 ◦C
ould significantly reduce the concentration of hydrogen, which
lays a role of donor in the films, while nitrogen concentration
ould remain constant at such a high temperature [5].

.3. Optical properties of synthesized ZnO thin films with low

esistivity

The optical transmittance spectra are given in Figs. 7 and 8. It
s found that the transmittance of the samples is related to c-axis
rientation of zinc oxide films. Zinc oxide films with a highly c-axis

able 1
lectrical properties of ZnO:(Li,N) films prepared in different annealing conditions.

Li content
(at.%)

Annealing
ambience

Annealing
temperature
(◦C)

Resistivity
(� cm)

5 O2 530 1.04
5 N2 530 24.9
2 O2 530 1.23
2 N2 530 27.4 −
5 O2 450 11.5
Fig. 10. ˛2(h�) versus h� curves for zinc oxide films with different Li contents.

preferential orientation show a high transmittance. ZnO:Li0.02 films
have the highest transmittance of about 80% in part of the visible
region. Zinc oxide films without heat treatment process are nearly
opaque, and the data was not shown here. Annealed zinc oxide films
show higher transmittance than as-deposited zinc oxide, as shown
in Fig. 8.

An analysis of the optical band gap (Eg) of zinc oxide films was
made using the optical absorption coefficient (˛) in the ˛2(h�)
versus h� plot, where h is the Planck constant and � the frequency.
As shown in Fig. 9, the band gap (Eg) of zinc oxide films decreases
from 3.36 eV to 3.28 eV with the increase of annealing temperature.
The tendency was also reported by Kang and Jiménez-González
[15,23]. The shift of band gap energy is related to the structural

property. The annealing treatment would reduce the grain size of
ZnO, as concluded from XRD patterns, indicating the relaxation of
the tensile build-in strain in zinc oxide films. Annealing treatment
would provide sufficient thermal energy for the relaxation, which
could account for the shift of band gap energy [15]. Figs. 10 and 11

Hall coefficient
(cm3/C)

Carrier
concentration
(1018 cm−3)

Hall mobility
(10−1 cm2/V s)

Type

0.779 8.02 7.50 p
−6.95 0.899 2.79 n
−0.676 9.24 5.51 n
10.9 0.573 4.02 n
−0.787 7.94 0.686 n
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ig. 11. ˛2(h�) versus h� curves for zinc oxide films in different annealing ambience.

how the ˛2(h�) versus h� curves for zinc oxide films with different
i contents and in different annealing ambience, and the bang gap
nergy of these films are in the range of 3.28–3.29 eV.

To gain more information on the Li–N dual-acceptor doping
echanism, photoluminescence measurements were performed at

oom temperature. Fig. 12 consists of four bands centered at 390,
11, 466, 546 nm, labeled as A, B, C, and D, respectively. A is a near-
and-edge emission, while B, C, and D are deep level emission. The
osition of A (3.18 eV) is approximately equal to the result observed

n Ye’s work [26] which was ascribed to a free-to-neutral-acceptor
e, Å) transition. So band A can be assigned to a free-to-neutral-
cceptor (e, Å) transition here, and the transition energy could be
alculated using the following equation [26].

eA(T) = Eg − 60 meV − EA + kBT

2
(4)

here EeA(T) is the temperature-dependent (e, Å) transition energy,
A is the acceptor energy level, and kB is the Boltzmann constant.
verage optical band gap of 3.283 eV was considered to be Eg. Thus,

he acceptor energy level is found to be 151 meV, which is equal to
50 meV reported by Ye [26]. Band D as a green luminescence band

s usually associated with oxygen vacancy [27].
Band B and C could also be found in Fig. 13. Note that the inten-

ity of band B is higher than that of band C, opposite to samples

repared with lower Li contents. The abnormality indicated that
and B is related to Li interstitial. With the increase of annealing
emperature, band B would have red shift, as shown in Fig. 12.
s the above mentioned, annealing at a high temperature would

mprove the incorporation of Li in zinc oxide films. Hence, band

ig. 12. Photoluminescence spectra for ZnO:Li0.05 films annealed at different tem-
eratures. (A) Near-band-edge emission; (B), (C), and (D) deep level emission.

[
[

[

[

[
[
[

[

Fig. 13. Photoluminescence spectra for zinc oxide films annealed in O2 at 530 ◦C
with different Li contents.

B should be associated with LiZn–Lii complex [13], with an energy
level of 255 meV. Some samples with n-type conductivity attest
the presence of donor energy level, which may account for band C
emission.

4. Conclusions

In summary, we have demonstrated reproducible growth of
Li–N dual-acceptor doped zinc oxide thin films with low resistiv-
ity by a modified SILAR method. The resistivity could be lowered
to 1.04 � cm, with a hole concentration of 8.02 × 1018 cm−3. The
ZnO:(Li,N) films had high crystal quality, with prior c-axis orienta-
tion. Transmittance of 80% was achieved. A shallow acceptor level
of 91 meV is identified from free-to-neutral-acceptor transitions.
Another deep level of 255 meV was ascribed to LiZn–Lii complex.
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