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Abstract. Lithium-doped ZnO thin films (ZnO : Lix) were prepared by spray pyrolysis method on the glass 
substrates for x (x = [Li]/[Zn]) value varied between 5 and 70%. Structural, electrical and optical properties 
of the samples were studied by X-ray diffraction (XRD), UV–Vis–NIR spectroscopy, scanning electron micro-
scopy (SEM), Hall effect and sheet resistance measurements. XRD results show that for x ≤ 50%, the struc-
ture of the films tends to be polycrystals of wurtzite structure with preferred direction along (0 0 2). The best 
crystalline order is found at x = 20% and the crystal structure is stable until x = 60%. The Hall effect results 
describe that Li doping leads to change in the conduction type from n- to p-type, again it changes to n-type at 
x = 70% and is attributed to self-compensation effect. Moreover, the carrier density was calculated in the order of 
1013 cm–3. The resistivity of Li-doped films decreases until 22 Ω cm at x = 50%. Optical bandgap was reduced 
slightly, from 3⋅27 to 3⋅24 eV as a function of the grain size. Optical transmittance in the visible range reaches 
T = 97%, by increasing of Li content until x = 20%. Electrical and optical properties are coherent with  
structural results. 
 
Keywords. ZnO; spray pyrolysis; lithium; XRD; UV–Vis–NIR. 

1. Introduction 

Zinc oxide (ZnO) is a semiconductor with a wide and 
direct bandgap equal to 3⋅37 eV at 300 K, large exciton 
binding energy (60 meV) and strong luminescence emis-
sion in ultraviolet (UV) domain. It has become the second 
most widely studied material after Si for the past decade, 
because of its advantages as low material cost, low resis-
tivity, high transparency in the visible range, relatively 
low deposition temperature and stability in hydrogen 
plasma (Özgür et al 2005). It is presently used in many 
diverse products, such as piezoelectric transducers, varis-
tors, transparent conducting layers for the photovoltaic 
industry, optoelectronic application (Soki et al 2000; 
Look et al 2004), as well as application in heterostructures 
for fabrication of photodiodes (Jeong et al 2003), diluted 
magnetic semiconductors (Ando et al 2001) and nanopie-
zotronics (Chen et al 2010). ZnO is naturally n-type 
semiconductor because of a deviation from stoichiometry, 
due to the presence of intrinsic defects such as oxygen 
vacancies and Zn interstitials (Özgür et al 2005). For  
fabricating the light-emitting diodes, p–n junction is 
needed; known acceptors in ZnO include group-I  
elements such as lithium (Li) (Bilgin 2009) Na and K, 
copper (Cu) (Kanai 1991a), silver (Ag), (Kanai 1991b), 
and group-V elements such as N, P and As. However, the 

formation of deep acceptor levels, implies not to contri-
bute significantly to p-type conduction. It has been  
believed that the most promising dopants for p-type ZnO 
are the group-V elements, although theory suggests some 
difficulty in achieving shallow acceptor level. ZnO films 
have been prepared by different techniques, including 
spray pyrolysis, sputtering, epitaxy, sol–gel, chemical 
vapour deposition, molecular beam and evaporation (Gal 
et al 2000; Studenikin et al 2000). Among these tech-
niques, spray pyrolysis is a simple and inexpensive 
method for the preparation ZnO films. In this article, Li 
doping in a wide range of dopant content was effectuated 
and its influence on the electrical, structural and optical 
properties of ZnO thin films investigated. 

2. Experimental 

Lithium-doped ZnO (ZnO : Lix) thin films were prepared 
by spray pyrolysis techniques on glass substrates. Before 
deposition, the substrates were cleaned with normal deter-
gent and deionized distilled water, later they were rinsed 
with 2-propanol. The spraying set-up consists of a scan-
ning spraying nozzle placed 35 cm apart from the heated 
substrates with the flow rate of 3 mL/min. The carrier gas 
was dry air at 3 atmospheres pressure. The substrates 
were installed on a hot plate rotating at 5 rpm rate. The 
initial spraying solution was 0⋅15 mol/L of zinc acetate 
(Zn(CH3COO)2⋅2H2O) in 100 mL solution of water and 
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2-propanol with 1 : 3 ratio as a solvent. The best spray 
parameters were determined based on a systematic study 
as 3 mL/min for deposition rate, 450 °C for substrate 
temperature and 100 mL for solution volume. 
 Li doping was done by adding lithium chloride in zinc 
acetate solution, Li concentration was calculated as; 
x = [Li]/[Zn] = [LiCl]/[Zn(CH3COO)2] and its values were 
chosen between 5 and 70%. 
 The average thickness of the thin films was around 
130 nm, measured utilizing UV–Vis–NIR spectroscopy 
data and calculating by PUMA software (Birgin et al 
1999). The sheet resistance (Rs) of the films was meas-
ured by two-point probe method using thermally evapo-
rated aluminum electrodes; the resistivity was calculated 
using the sheet resistance by the following relation 

 ρ = Rst. (1) 

Conduction type (n or p) was determined by the Hall effect 
experiment using a coil of 100 turns for creating the 
magnetic flux density (B) up to 150 mT, the power supply 
for creating the longitudinal voltage up to 15 V. The 
measurement of the Hall voltage (VH) was done by a  
microvoltmeter. Also, carriers’ density was calculated 
using the Hall effect results and the following equation 
(Bagheri-Mohagheghi et al 2009) 

,
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where I, t and q are the measured current, the thickness of 
the films, electron charge, respectively. For the structural 
studies of the films, XRD patterns of ZnO and ZnO : Lix 
thin films were recorded by D8 Advance Bruker system 
using CuKα (λ = 0⋅15406 nm) radiation. The average 
crystallite size, D, was calculated using the Scherrer’s 
formula (Bagheri-Mohagheghi et al 2008) 
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where β is the full-width at half-maximum (FWHM) of 
the corresponding XRD peak at radiant, k is correction 
factor (≈ 0⋅9) which is correlated to the shape of 
nanocrystals, considering the spherical shape. λ is X-ray 
wavelength (λCukα = 0⋅15406 nm) and θ the Bragg  
diffraction angle. Surface morphology of the films was 
observed by Philips XL-30 SEM system. The optical 
measurements were carried out in the range of 190–
1100 nm using Unico 4802 spectrophotometer system. 
The direct bandgap (Eg) of the prepared films was  
obtained from the extrapolation of the linear part of the 
(αhν)2 curve vs photon energy (hν) and using the Tauc 
equation (Bagheri-Mohagheghi et al 2008) 

(αhν)2 = A(hν – Eg), (4) 

where α and Eg are the absorption coefficient and the 
bandgap energy, respectively, and A is a constant. 

3. Results and discussion 

3.1 Structural properties 

3.1a XRD results: According to the procedure described 
in the previous section, figure 1 represents XRD patterns 
of ZnO : Lix thin films as a function of Li concentration. 
As illustrated, the spectra describe the wurtzite polycrys-
tal structure with preferred orientation along (0 0 2).  
Diffraction peak angle of (0 0 2) planes for ZnO bulk  
single crystal is 34⋅42° (JCPDS 0361451 and 40831); this 
peak lies at 34⋅57° for undoped ZnO film of our samples. 
This shift to higher angles could be attributed to residual 
stress in ZnO thin films which causes the decrease in the 
inter-planar distance of the lattice. 
 By increasing the Li content (x), a variation on the dif-
fraction peak angle of (0 0 2) planes is observed; the peak 
centre shifts to lower and higher angles alternatively as a 
function of x (table 1). This implies a competition  
between tensile and compressive stress in the lattice that  
 
 

 

Figure 1. XRD pattern of ZnO : Lix thin film as a function of 
Li concentration. 
 

Table 1. XRD parameters of ZnO : Lix thin films for different 
Li concentration. 

Li content  Interplanar   Mean grain 
(x at%) 2θ (°) distance (Å) FWHM (°) size (nm) 
 

 0 34⋅59 2⋅591 0⋅280 29⋅72 
 5 34⋅55 2⋅594 0⋅298 27⋅92 
10 34⋅60 2⋅591 0⋅279 29⋅80 
15 34⋅49 2⋅598 0⋅287 29⋅00 
20 34⋅55 2⋅594 0⋅267 31⋅17 
30 34⋅59 2⋅591 0⋅248 33⋅56 
40 34⋅50 2⋅601 0⋅260 32⋅01 
50 34⋅58 2⋅592 0⋅276 30⋅13 
60 34⋅50 2⋅597 0⋅380 21⋅90 
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may be caused by substitution of Li atoms at the intersti-
tial and Zn sites, respectively (Zeng et al 2005; Bilgin 
2009). A decrease of FWHM and variation of the inten-
sity of the (0 0 2) peaks, in comparison with undoped ZnO 
films, are observed for x ≥ 20% and x < 50%, respectively. 
Increase of (0 0 2) peak intensity (table 1) could be attri-
buted to improve the crystallinity due to decreasing num-
ber of defects and increasing crystallites size; it could 
also be due to modification of nanocrystal growing pro-
cess as a catalyser (Chu et al 2010). Decrease in the peak 
intensity is attributed to substitution of Li+ ions  
with ionic radius = 0⋅68 Å to Zn2+ ions with ionic radius = 
0⋅74 Å as reported by other researchers (Bilgin 2009). 
For 50% ≤ x ≤ 70%, the intensity of the (0 0 2) peak 
decreases and the other diffraction peaks almost disap-
pear. This is attributed to incorporation of more Li atoms 
that causes the increase in the density of more Li atoms in 
the interstitial sites; hence, the insoluble Li atoms are 
segregated at the grain boundaries and they suppress the 
growth of ZnO : Lix crystals (Nayak et al 2009). It is 
noted that the crystal structure of ZnO : Lix thin films  
is stable up to Li content of 70%, which may be an  
advantage for the thin films prepared by spray pyrolysis 
method. 
 
3.1b SEM images: The images of scanning electron 
microscopy (SEM) are represented in figure 2. An evolu-
tion in the morphology of the surfaces is observed as a 
function of Li content. The graining was modified for x 
up to 20% and the grains are well separated. At x = 40% 
the large clusters were formed on the surface which has 
taken place by nucleation and coalescence of the grains at 
high Li content. It is assured that Li doping in ZnO  
influences nucleation density that both nucleation sites 
and the number of nuclei increase with increasing Li ion 
(Mohamed et al 2005; Lin et al 2007). It is confirmed in 
the figure 2(e and f) corresponding to x = 50 and 60%  
in which the grains are well coalesced. For x = 70% (figure 
2g), the sample is almost amorphous with a uniform and 
continuous surface. This is in coherence with XRD  
results and could be due to increase in the density of Li 
atoms in interstitial sites, which leads to segregate the 
insoluble Li atoms at the grain boundaries and suppress 
the growth of ZnO : Lix crystals (Nayak et al 2009). 

3.2 Optical properties 

3.2a Transmittance: Figure 3 shows transmittance of 
ZnO : Lix thin films vs wavelength and in different Li 
contents, x. As illustrated, for 10% < x ≤ 20%, transmit-
tance of Li-doped films in the range of 400–550 nm  
increases by increasing the Li content and becomes 
greater than undoped ZnO films. This could be attributed 
to decrease in the number of defects and increasing the 
crystalline order after Li doping. For higher values of x, 

transparency slightly decreases, since most of the Li ions 
are located in interstitial sites of the atomic planes, the 
reduction of transparency could be attributed to disper-
sion of the visible light due to incorporation of Li atoms 
in the interstitial sites (Meyer et al 2007). Nevertheless, 
XRD results describe (figure 1), for 40% ≤ x ≤ 60%, 
unless (0 0 2) diffraction peak, other peaks are almost 
suppressed, which could be a reason for decreasing light 
dispersion and increasing transparency in this range of  
Li content. 
 
3.2b Bandgap energy: Optical bandgap of the thin 
films can be obtained by extrapolation of the curves 
based on (4). As illustrated in figure 4, all of the doped 
thin films generally represent a bandgap narrowing about 
0⋅02 eV compared with undoped ZnO thin film; this low 
reduction could be explained by the growth of the grain 
size, which are been in table 1 and observed in SEM  
images. For x = 5%, in spite of reduction of grains size, a 
bandgap narrowing is observed; it could be attributed to 
the local electric fields due to impurity, disorder or any 
other defects which lead to affect the band tails near the 
band edge (Bilgin 2009). For x > 5%, a bandgap widen-
ing is observed; The bandgap of ZnO is particularly  
sensitive to small changes in carrier concentration, grain 
boundary configuration and film stress as reported in the 
literature (Srikant and Clarke 1997, 1998). Also, the 
bandgap value of ZnO films generally increases with Li 
doping, which converts the shallow donor Zn sublevels to 
deep-sublevels below the conduction band (Sberveglieri 
et al 1992; Mohamed et al 2001) as represented in the 
inset of figure 4 for x < 50%, another reason for increase 
of the bandgap could be the Burstein–Moss (B–M)  
effect (Bin et al 2009). While for heavy Li-doped thin 
films (x > 50%) there is an evident narrowing of the 
bandgap, which could be attributed to the combined  
effect of the conduction-band renormalization (Bin et al 
2009). 

3.3 Electrical properties: Hall effect and sheet  
resistance 

Hall effect experiments were done for determining the 
conduction type of semiconductor and also the carrier 
density. Table 2 and figure 5 represent the results of Hall 
effect and sheet resistance measurements as a function  
of x. Li-doped samples are p-type semiconductors for 
x ≤ 60% and carrier density is found in the order of 
1013 cm–3. At x = 70%, p-type conduction changes to n-type 
again. Resistivity decreases continuously and reaches a 
minimum at x = 50%, it increases at x = 60% and de-
creases again at x = 70%. The generation of p-type ZnO 
film is due to substitution of acceptor Li ions for Zn ions 
(Zeng et al 2006). The maximum solubility of Li is esti-
mated to be 1019 cm–3 under O-rich conditions (Lee and 
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Figure 2. SEM images of ZnO : Lix thin films for different Li concentrations. (a) Undoped ZnO,  
(b) x = 5%, (c) x = 10%, (d) x = 20%, (e) x = 40%, (f) x = 50%, (g) x = 60% and (h) x = 70%. 
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Figure 3. Transmittance curves of ZnO : Lix thin films as a 
function of lithium content (x). 

 
Figure 4. Optical bandgap of ZnO : Lix thin films as a func-
tion of lithium content (x); down inset: Bandgap evolution vs Li 
content. 
 

 

Table 2. The results of Hall effect and sheet resistance measurements as a function of x. 

Li content Semiconductor Carrier density Sheet resistance Resistivity (ρ) 
(x at%) type (cm–3) × 1013 (MΩ/□) (Ω cm) 
  

 0 n 4⋅28 8⋅1 102 
 5 p 6 4 64 
10 p 34⋅2 3⋅3 49 
15 p 6 6 54 
20 p 13⋅2  3⋅8  30 
40 p 1⋅3 3⋅9 44 
50 p 0⋅5 15 22 
60 p 3 33 310 
70 n 29 1⋅4 23 

 

 

Figure 5. Resistivity and carrier density (inset) as a function 
of Li content. 
 

Chang 2006), which corresponds to low values of x in our 
samples. For higher values of Li content (x = 70%) excess 
of highly mobile Li ions incorporated in interstitial sites 

as donor defect (self-compensation effect) leads to 
change of conduction type to n (Lander 1960; Lee and 
Chang 2006; Meyer et al 2007). As seen in table 2, the 
carriers density at x = 10% is more than x = 20%, while 
resistivity at x = 10% is more than at x = 20%. It is attri-
buted to quality of the surface (figures 2b and c); at 
x = 20% the grains are more coalesced and their sizes are 
uniform, while at x = 10% the grains are well separate 
with diverse sizes, which leads to the increase of carriers 
dispersion in the grains boundaries and resistivity as well. 
General decrease of the resistivity for x < 60% is attributed 
to increase in holes density; this leads to the suppression 
of intrinsic donor defects and modification of the crystalline 
structure as observed in XRD results (figure 1). Increase 
of resistivity for heavy doping (x = 60%) is attributed to 
carrier scattering by Li ions incorporated in interstitial 
sites and they play the role of donor defects. At x = 70%, 
conduction type changes to n-type and carrier density  
increases (table 2) and resistivity decreases again (figure 5); 
regarding microscopy images (figure 2e), at x = 70%, grain 
boundaries are suppressed and the surface becomes  
uniform and continuous due to segregation of insoluble 
Li atoms at grain boundaries. This leads to suppression of 
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electrons scattering in grain boundaries and the resistivity 
reduction. 

4. Conclusions 

In this work, the influence of Li doping on the structural, 
optical and electrical properties of ZnO thin films for a 
wide range of Li content was investigated. It is found 
that, up to 50% of Li content, the structure is wurtzite 
polycrystal with preferred orientation along (0 0 2). The 
crystal structure is stable for x up to 70%. A low bandgap 
narrowing was observed, which was attributed to growing 
of the grains. Carriers density and resistivity were measured 
and found in the order of 1013 cm–1 and about 40 Ω cm, 
respectively, that resistivity generally decreases by Li 
doping. The samples have the best transmittance in the 
visible range for Li content up to 20%. This is attributed 
to modification of the crystalline structure and suppres-
sion of the intrinsic defects. ZnO : Lix thin films have  
p-type conduction, which change to n-type at x = 70%; 
this effect is attributed to self-compensation effect of lith-
ium atoms, incorporated in interstitial sites of the lattice. 
As a result, p-type conduction, high transparency in the 
visible range, excellent crystal stability and low resisti-
vity for doping up to 70% are the advantages of ZnO : Lix 
thin films prepared by spray pyrolysis method. Hence, it 
is a good substitution candidate for TCO materials and 
fabrication of p–n junctions based on ZnO. 
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