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ZnO thin films were deposited by the pulsed laser deposition technique under relatively low partial oxygen pressures 
between the minimum given under base vacuum and 5.33 Pa on glass substrates. The effects of the partial O pressure (pO) 
within the chamber during the deposition on the structural and electrical properties were investigated. It was found 
preferential growth on the c axis. The (002) peak position moves from left to right of the ZnO powder pattern (002) peak. It is 
associated to the O vacancy passivation and the interstitial O formation as pO increases which induces the c lattice 

parameter diminishes. The grain size asymptotically increases up to a value D  26 nm as pO increases. The ZnO film 
resistivity decreases with pO, which is opposite to that expected. This controversial behavior was explained from the 
compensation of oxygen vacancy passivation and the predominance of interstitial configurations of oxygen plus interstitial 
Zn over p-type defects as antisite Zn atoms and Zn vacancies during the nucleation in the films. Such the assumption 
agrees and is validated by the diminishing of the c lattice parameter as a function of the pO increasing. 
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1. Introduction 
 

ZnO is a II–VI semiconductor with a direct and wide 

band gap that ranges between 3.2 and 3.37 eV at room 

temperature [1-3]. It is a promising material given that it 

could be applied to many fields such as transparent 

conductive contacts, solar cells, laser diodes among other 

applications [4-7]. Undoped ZnO thin films typically 

exhibit n-type conductivity and are transparent to the 

visible light, with electron concentrations as high as 10
21

 

cm
-3 

[8] mainly due to oxygen vacancies, although 

interstitial Zn is also present. The study of the ZnO defects 

remains in focus of researchers and not a few works have 

been directed to the elucidation of its electronic 

characteristics [9-16]. 

The pulsed laser deposition technique (PLD) has been 

used for obtaining ZnO films [17]. However, the fact it is a 

high-energy technique leads to think that the obtained film 

material can be highly defective, mainly due to be sub-

stoichiometric in oxygen [18]. In order to mitigate the O 

defectivity several research groups have been using 

reactive atmospheres of oxygen in the growth chamber. 

With this proceeding changes in the oxygen vacancy 

concentration must be expected, which will induce 

changes in the material properties. 

 These studies have shown ZnO film conductivity 

dependence on the O pressure in the reaction chamber of 

high energy growth techniques as pulsed laser deposition 

[19-21]. Frequently, the conductivity of the ZnO films 

increases as the partial O pressure during the growth 

increases.  

Authors have related this conductivity increase to 

improvement of stoichiometry by passivation of O 

vacancies and O absorption due to the increase of the 

partial O pressure [22,23], the reduction in grain 

boundaries [20], and so on. However, other authors have 

reported that the conductivity and carrier concentration 

diminish [24,25] as the O pressure increases. 

In this work the behavior of the conductivity as a 

function of the partial O pressure in the PLD reaction 

chamber was related to the variation of ZnO lattice and 

took into account the defect formation energies. From our 

analysis we associated the carrier concentration increase 

with the O pressure to the predominance of donor defects 

as interstitial zinc and oxygen whose presence into the 

ZnO lattice affects these parameters. 
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2. Experimental section 
 

ZnO thin films were deposited on corning glass 2947 

substrates using a Nd:YAG laser at a repetition rate of 

5Hz, operating in the Q-switch mode with energy density 

at the target 2 J/cm and 5000 laser shots. The target was a 

10 mm diameter pressed and sintered solid disk made up 

of ZnO nanoparticles (99.99% Aldrich). Films were 

deposited at 6.710
-4

 Pa base vacuum and substrate 

temperature TS=573 K in a partial oxygen pressure, pO, 

which ranged between about 1.310
-4

 Pa corresponding to 

the residual partial oxygen pressure in the chamber (pO  

0) and 5.33 Pa. The structural properties were determined 

by measurements in the grazing incidence geometry with 

an inclination of 1.0° in the x-ray diffraction beam (XRD) 

by using CuK monochromatic wavelength (λ = 1.5405 Å). 

Acquisition conditions were a beam of 40 kV with 35 mA 

and with an aperture diaphragm of 0.2 mm, using a D5000 

Siemens X-ray diffractometer. The thickness of the films 

was measured by a surface profilometer Dektak-8 Veeco. 

Resistivity, electron concentration and mobility values 

were obtained with an Ecopia HMS-5000 Van der Pauw 

Measurement System at room temperature. 

 

 

3. Results and discussion 
 

3.1 XRD results and analysis 

 

Fig. 1 shows the normalized diffractograms of the 

ZnO films for different partial O pressures. A comparison 

with the pattern [26] shows single-phase hexagonal with 

only ZnO wurtzite structure and preferential orientation in 

the plane (002). Low intensity (101), (102) and (103) 

plane peaks are also evidenced in the XRD diffractograms. 

Lorentzian fitting was applied to diffraction peaks. Fig. 2a 

and 2b show the resultant (002) peak positions (2) and its 

full width at half maximum (FWHM) as functions of the 

partial O pressure. A line at the (002) peak position of the 

ZnO pattern is also drawn in Fig. 2a. For low O pressure 

the peaks are shifted toward angles below that of the 

pattern, which correspond to extended or tensed lattice due 

to the O vacancy concentration is relatively high and the 

Zn atom neighbors move toward the void left by the O 

atom and the interatomic bonds increase. The behavior 

indicates that the lattice tends to the pattern angular values 

as pO increases. This is presumably due to O atmosphere 

contributes to passivate the O vacancies and its effect over 

the lattice reduces. For higher O pressure the (002) peaks 

shift to angles higher than that of the pattern, which is sign 

of a shrunk or compressed lattice. 

 
Fig. 1. Diffractograms of ZnO films as a function  

of the O partial pressure 

 

 

 
 

 
 

 
Fig. 2. 2 angle (a) and FWHM (b) of the (002) peak as 

functions of the O partial pressure, pO. Dashed lines only 

represent mathematical fittings 
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The O pressure dependence of FWHM shows a sharp 

diminishing for low pO up to asymptotically reach a value 

FWHM  0.321° (0.002°), which indicates that the 

disorder does not significantly increase. Fig. 3 shows the 

crystallite size obtained from the Scherrer formula [27]: 

 

𝐷 =
0.9 𝜆

𝐹𝑊𝐻𝑀 cos 𝜃
    (1) 

 

where  = 0.15405 nm is the x-ray wavelength. The 

calculated crystallite size increases from D  16 nm for pO 

 0 Pa, up to an asymptotic value D  26.1 nm (0.2 nm). 

  

 
 

Fig. 3. Variation of the effective grain size as a function 

of the O partial pressure, pO. The dashed line is an 

asymptotic fitting 

 

 

For calculating the lattice parameters we used the 

expression for hexagonal crystals [27]: 

 

 

𝑠𝑖𝑛2𝜃 =
𝜆2

4
[

4

3
×

(ℎ2+ℎ𝑘+𝑘2)

𝑎2 +
𝑙2

𝑐2]  (2) 

 

where h, k, and l are de Miller indices and a and c are the 

lattice parameters. The c parameter was estimated with the 

expression (2) using the (002) peak angle. It was found 

that c parameter in pO  0 conditions is longer due to the 

inward relaxation of the Zn surrounding the O vacancies. 

As pO increases c diminishes and tends to the pattern c 

parameter as displayed in Fig. 4, which is due to the O 

vacancy passivation. For the highest O pressures the lattice 

becomes compressed and reaches values below that of the 

pattern for highest pO. The lattice distortion over the c axis 

was calculated from c/c0 where c = c – c0, and                  

c0 = 0.5205 nm is the pattern c parameter [26]. It was 

found that the c distortion diminishes as pO increases. a 

and b parameters did not displayed a clear tendency and it 

was considered practically invariable with a mean values a 

= b  0.325 nm (0.002 nm) and a lattice strain a/a0  – 

0.12%, where a0 = 0.3248 nm is the pattern a parameter 

[26]. 

 
Fig. 4. c-parameter behavior as a function of pO.  

The dashed line is a mathematical exponential fit 

 

Results indicate that the lattice is tensed for low pO, 

and compressed for high pO over the c axis, but practically 

remains invariant over a and b axis. FWHM, D and c-

parameter distortion behaviors indicate that the material 

structure improves its organization as the O pressure 

increases, although for highest pO the lattice structure 

again worsens. Nevertheless an asymptotic fitting give a 

tendency to cmin = 0.5199 nm (0.0007 nm), which 

corresponds to a c-axis lattice distortion as low as c/c0 – 

0.1 %. We associate the reduction of c values to saturation 

of the ionized and neutral defect passivation and 

formation. Table 1 summarizes the main parameters 

obtained from the structural analysis, where the lattice 

distortion over the c axis was included. 

 
Table 1. Parameters obtained from the structural analysis 

 

pO 

(Pa) 
2 

(°) 

FWHM 

(°) 
c/c0 (%) D 

(nm) 

0 34.31 0.522 0.00634 15.9 

1.33 34.40 0.362 0.00177 23.0 

2.66 34.41 0.318 0.00136 26.1 

3.33 34.44 0.315 5.9910
-4

 26.4 

4.00 34.46 0.326 5.7810
-5

 25.6 

5.33 34.48 0.323 -5.7610
-4

 25.7 

 

3.2. Electrical results and analysis 

 

The resistivity of the films present presents a 

practically linear behaviour as shown in Fig. 5. It is 

directly related to the electron concentration and mobility, 

which are plotted in Fig. 6. However, an inverse behaviour 

of the resistivity must be expected, because the increase of 

pO in the reaction chamber induces that O atoms passivate 

the O vacancy natively present in the material. Thus, as the 

electron concentration must diminish and according to the 

expression for the resistivity, : 

 

𝜌 =
1

𝑒𝑛𝜇
     (3) 

 

where e is the electron charge, n is the electron 

concentration and  the electron mobility, the resistivity 
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must consequently increase. From the experimental 

resistivity and the calculated electron concentration, the 

electron mobilities were calculated from Eq. 3. As 

observed in Fig. 6 the electron concentration increases and 

tends to a constant value, and the mobility diminishes as 

increases pO. Table 2 shows the results of electrical 

measurements. 

 

 
Fig. 5. Resistivity of the ZnO films as a function of the O 

partial pressure, pO. The dashed line is a mathematical 

linear fit 

 

 
 

Fig. 6. Electron concentration () and mobility () as 

functions of the O partial pressure, pO. The dashed 

curves only represent the tendency 

 

Table 2. Results obtained from the electrical measurements 

 

pO (Pa) ρ (Ωcm) n (cm
-3

) µ (cm
2
V

-1
s

-1
) 

0 0.013 - - 

1.33 0.0103 5.2510
19

 14.4 

2.66 0.00821 5.9910
19

 15.2 

3.33 0.0064 1.5610
20

 5.7 

4.00 0.00611 3.1810
20

 3.4 

5.33 0.00281 410
20

 5.6 

 
The diminishing of the c parameter and the lattice 

strain agree with the O vacancy passivation. However, we 
consider that it is only a predominant structural effect and 

other defect effects are also present in such a way that, 
although they do not initially influence on the lattice, they 
do influence predominantly on material electronic 
characteristics. 

The defect in native ZnO can be grouped as donor and 
acceptor. The donor defects are di-, monoionized and 
neutral interstitial Zn, Zni


, Zni


, Zni

0
, di-, monoionized 

and neutral O vacancies, VO


, VO

, VO

0
, and antisites Zn, 

ZnO. The acceptor defects are di- and monoionized and 
neutral Zn vacancies, VZn, VZn, VZn

0
, and antisite O, OZn 

[28-30]. Oi, can present several configurations into the 
lattice and it has been suggested that Oi charges whether 
positively and acts as donor defect or negatively and acts 
as acceptor defect [30-32]. In our case, as the electron 
concentration increases and it is a fact that a partial O 
vacancies passivation takes place, which, conversely, 
induces reduction of electron concentration, we have to 
assume that donor defects are predominantly acting. 

For O-rich condition the formation energies of Zn 
vacancies is the lowest, although the formation energy of 
interstitial O and antisites O also diminish for high Fermi 
levels [30,31], which favor the concentration of these 
defects. In the same way, the formation energy of 
interstitial O has been found diminishing in O-rich 
conditions. Oi could have relatively high concentration 
[33] and even be the dominant defect [31]. Other defects 
as Zni and ZnO can be favored in growth processes under 
non-equilibrium conditions as it is our case [30]. 
Additionally extended donor Zni states likely formed from 
ionized, complex and localized Zni has been also 
suggested [29], which increases the density of localized 
states of this defect. All these defects induce n-type 
conductivity, and, according to the conductivity values 
found in our work, are dominant over the Zn vacancies, 
and any other p-type defects, although VZn is supposedly 
the most favored defect due to its low formation energy 
[30,31]. From these considerations we can infer that the 
reduction of c parameter as O partial pressures increases is 
due O vacancy passivation. However, for higher O 
pressures the VO concentration is relatively very low and 
the influence of other defects starts getting more 
significant. However, the distortion produced by these 
defects is smaller than that of VO, which explains the 
lattice distortion reaches a value modularly six times 
smaller than that of native ZnO with pO  0 Pa.  

O atoms have size smaller than a half than that of Zn. 
Then, both O atoms in Zn sites and Zn vacancies induce 
the interatomic distance increases and, in fact, lattice 
constant expands due inward relaxation. However, the 
structural behavior is of outward relaxation, which agrees 
with interstitial O that mainly places over the c axis, but 
stimulating an additional O-O bond as was previously 
proposed [30,31]. Therefore, we can consider that Oi 
predominates over OZn and VZn. On the other hand, as the 
lattice enhances its organization, the diminishing of 
electron mobility can be associated to be limited by 
ionized defect or inter-electron scattering. 

We can venture that this phenomenon can also take 
place in high-energy growth techniques, as rf-sputtering, 
which favor the presence of ionized O species that 
reactively arrive in the substrate, although obviously with 
some differences in the growth conditions. 
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4. Conclusions 
 
We found that for ZnO films grown by the PLD 

technique and changing the O partial pressure in the 
growth chamber the structure improves, the resistivity 
decreases and the electron concentration increases in the 
films. According to this oxygenized process the electrical 
behavior should be different. We made an analysis about 
the factors that intervene in the process and are present in 
the material film. Thus, we concluded that in the ZnO film 
deposition under an O atmosphere, a passivation process 
of the O vacancies took place, but simultaneously several 
defects with donor behavior as interstitial Zn and O 
dominate over those p-type defects, giving a compensated 
n-type material. 
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