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	 Fluorine- and aluminum-codoped ZnO (FAZO) thin films are sputtered on Corning glass 
substrates using an RF magnetron sputtering system.  The structural, electrical, and optical 
properties of the deposited thin films are investigated under the as-sputtered condition and after 
annealing at temperatures of 200–400 °C.  X-ray diffraction (XRD) analysis results show that 
a higher annealing temperature is beneficial in improving the crystallinity of the FAZO films.  
An annealing temperature of 400 °C results in the lowest electrical resistivity (4.1 × 10−4 Ω·cm) 
and highest average transmittance (78.43%) among the deposited films.  Moreover, an annealing 
temperature of 400 °C increases the energy bandgap from 3.06 eV under the as-sputtered 
condition to 3.21 eV after annealing and promotes a strong grain growth effect.  As a result, the 
annealed FAZO film is an ideal material for solar cells and photosensor applications.

1.	 Introduction

	 Transparent conductive oxide (TCO) films have many favorable properties, including high 
transmittance at visible wavelengths, high electrical conductivity, low resistivity, and high 
carrier density.(1–3)  As a result, they are widely used in many different applications nowadays, 
including photosensors or gas sensors, thin-film solar cells, liquid crystal display monitors, and 
light-emitting diodes (LEDs).(4–9)  Among the various materials available for the fabrication of 
TCO films, indium oxide (In2O3), tin oxide (SnO2), and zinc oxide (ZnO) are among the most 
commonly used.  In2O3 and SnO2 are n-type semiconductors.  However, ZnO may be either an 
n-type semiconductor or a p-type semiconductor, depending on the dopants used.(10,11)  ZnO is 
characterized by nontoxicity and natural abundance and is therefore regarded as a particularly 
attractive candidate material for the fabrication of TCO thin films.(12–14)  Owing to their 
desirable physical properties, e.g., high transmittance and high conductivity, ZnO-based thin 
films have many applications in the electrical and energy industries.  Furthermore, as an n-type 
semiconductor, ZnO has a high direct energy bandgap of 3.37 eV at room temperature and is 
thus well suited to the development of optical and electrical elements.



3728	 Sensors and Materials, Vol. 32, No.11 (2020)

	 Many studies have shown that the electrical, optical, chemical, and physical properties of 
TCO thin films can be effectively controlled by adjusting their deposition parameters.(15,16)  
Moreover, the properties can also be tuned through the addition of carefully chosen dopants 
during the deposition process.  For example, the addition of group III elements such as B, 
Al, Ga, and In to ZnO-based TCOs improves both the conductivity of the thin film and the 
optoelectronic performance.(17–19)  To achieve good transmittance in the visible light range, the 
energy bandgap of TCO thin films must be greater than the energy of visible light (i.e., 3.0 eV).  
The literature contains extensive studies on the properties of doped TCO thin films, including 
indium tin oxide (ITO),(20,21) fluorine-doped tin oxide (FTO),(22,23) aluminum-doped zinc oxide 
(AZO),(24,25) titanium-codoped ZnO,(26) and gallium-doped zinc oxide (GZO).(27,28)  In general, 
these studies have all shown that such films have excellent potential for specific applications, 
such as solar cells, organic LEDs (OLEDs), and photosensors.
	 Anion dopants such as fluorine (F) and chlorine (Cl) are particularly attractive for ZnO 
films since they readily substitute for the oxygen atoms in the ZnO lattice and provide an extra 
conducting electron as a result.  Moreover, the ionic radius of fluorine is very close to that of 
oxygen (F: 1.31 Å, O: 1.38 Å), resulting in minimal lattice distortion.(29)  Furthermore, Al may 
enhance the electrical properties of ZnO.  However, the literature contains scant information on 
the effects of the annealing temperature on the optoelectronic properties of ZnO thin films with 
doped elements.(30)  Accordingly, in the present study, fluorine- and aluminum-codoped ZnO 
(FAZO) thin films are deposited on glass substrates using an RF magnetron sputtering system 
and then annealed at temperatures ranging from 200 to 400 °C.  The structural, electrical, 
optical, and surface properties of the films are then investigated in order to determine which 
film provides the highest optoelectronic performance.(31)  

2.	 Experimental Procedure and Material Preparation

	 Glass substrates were purchased from Corning Company and cut into test pieces with a size 
of 2 × 2 cm2.  The test pieces were cleaned by sonication in acetone and ethanol for 10 min 
each and then washed in deionized water, blow-dried in a high-pressure nitrogen gas flow, and 
placed in an oven at 80 °C for 1 h to remove any remaining moisture content.  FAZO films 
were then deposited on the glass substrates using a commercial RF magnetron sputtering 
system (Ishi Vacuum, I Shien Co., Ltd.).  The FAZO targets used in the sputtering process 
consisted of 97 at.% ZnO (99.999%), 2.0 wt% aluminum oxide (Al2O3) (99.999%), and 2 wt% 
zinc fluoride (ZnF2) (99.995%).  The powder mixture was pressed in a cold isostatic press and 
then sintered at a high temperature to form a ceramic target with a diameter of 2 in.  and a 
thickness of 6 mm.  Prior to sputtering, the vacuum chamber was evacuated to a base pressure 
of less than 1.5 × 10−4 Pa.  FAZO films were then deposited on the glass substrates using 
a target-to-substrate distance of 15 cm, a target power of 50 W, a bias pressure of 6 mTorr, 
an argon gas flow rate of 15 sccm, and a sputtering time of 90 min.  Following the sputtering 
process, half of the specimens were retained under the as-deposited condition, while the 
remainder were annealed at temperatures of 200–400 °C for 10 min.
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	 The structural characteristics of the FAZO films were investigated by X-ray diffraction 
(XRD, SIEMENS D5000).  In addition, the electrical resistivity of the films was measured 
using a Hall instrument (Advanced Design Technology Company), while transmittance spectra 
were obtained using a UV–Vis spectrophotometer (Hitachi U-4001).  Surface morphologies 
were examined by scanning electron microscopy (SEM, Philips XL-40 FEG) and atomic force 
microscopy (AFM, Digital Instruments D5000).  Finally, photoluminescence (PL) spectra were 
obtained using a PL spectroscope (JASCO FP-6200).
 
3.	 Results and Discussion

3.1	 XRD crystal structural analysis

	 The FAZO film thickness was measured to be around 140 nm using an alpha step 
profilometer.  The film thickness was unaffected by heat treatment and showed no change 
as the annealing temperature was increased.  As shown in Fig. 1, all of the films (both as-
deposited and annealed) exhibit strong growth in the (002) direction together with minor 
secondary growth in the (103) direction.  In other words, film growth occurs along the c-axis 
in a direction normal to the substrate surface.  Note that this growth behavior is consistent with 
that reported in previous studies on ZnO thin films.(11,15)  Hence, it is inferred that the F and 
Al dopants added to the ZnO film have no effect on the crystal growth direction.  It is further 
seen that the intensity of the (002) peak increases with the annealing temperature.  This implies 
that a higher annealing temperature is beneficial in improving the crystallinity of the FAZO 
structure.  Moreover, XRD patterns show no evidence of Al or F structures, which indicates 
that the dopants are either substituted in the Zn or O sites of the original ZnO crystal structure 
or segregated in the noncrystalline regions of the FAZO film structure at grain boundaries.

Fig. 1.	 (Color online) XRD patterns of FAZO films annealed at different temperatures.
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3.2	 Electrical properties of FAZO films

	 Figure 2 shows the electrical properties of the FAZO films processed at different 
annealing temperatures.  The results show that the resistivity decreases from 1.75 × 10−3 
to 4.1 × 10−4 Ω·cm as the annealing temperature increases to 400 °C.  To verify that the 
highest electron mobility is obtained at the annealing temperature of 400 °C, we attempted 
annealing at 500 °C.  It can be observed in Fig. 2 that the resistivity increased significantly to 
3.7 × 101 Ω·cm.  As a result, we concluded that the best electrical property was obtained at the 
annealing temperature of 400 °C.  By contrast, the carrier concentration increases markedly 
from 7.6 × 1019 cm−3 in the as-deposited specimen to 3.69 × 1020 cm−3 following annealing at 
400 °C.  The mobility also increases with the annealing temperature, rising to a maximum of 
65 cm2/Vs in the specimen annealed at 400 °C.  Table 1 shows the electrical properties of all the 
FAZO films.  In general, the improved electrical properties of the FAZO films with increasing 
annealing temperature can be attributed to the greater crystallinity of the FAZO structure at 
higher annealing temperatures, which enhances the carrier trapping effect at grain boundaries 
and reduces the number of internal defects.

Fig. 2.	 (Color online) Electrical properties of FAZO films annealed at different temperatures.

Table 1
Electrical properties of FAZO films annealed at different temperatures.

FAZO 50 W 6 mTorr 15 sccm 
Annealing temperature
(°C)

Resistivity
(Ω·cm)

Mobility
(cm2/Vs)

Carrier concentration
(cm−3)

As-deposited 1.75 × 10−3 	 21.73	 7.61 × 1019

200 2.36 × 10−3 	 26.94	 8.98 × 1019

300 1.7 × 10−4 	 39.13	 2.45 × 1020

400 4.1 × 10−4 	 65.0	 3.69 × 1020
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3.3	 Transmittance and optical properties of FAZO films

	 Figure 3 shows the transmittance spectra of the FAZO films processed at different annealing 
temperatures for incident wavelengths ranging from 300 to 800 nm.  All of the films have a 
strong absorption edge in the transmittance spectrum in the UV region (~350 nm).  In addition, 
the transmittance of the FAZO films increases with the annealing temperature and attains a 
maximum of approximately 80% at 400 °C.  In other words, the annealing process significantly 
improves the optical properties of the FAZO films.  One of the most important optical 
properties of TCO thin films is the energy bandgap (Eg), i.e., the energy required for a valence 
electron bound to an atom to break free from the atom and become a conduction electron.  A 
higher Eg indicates a higher transmittance, and according to the literature, the value for a TCO 
thin film is about 3.1–3.2 eV.  To obtain Eg, the optical absorption coefficient (α) of the film is 
first estimated as 

	 α = (−lnT)/d,	 (1)

where T is the optical transmittance (see Fig. 3) and d is the thickness of the film.  Eg can then 
be determined using the Tauc formula, which applies a linear extrapolation method to the linear 
region of the plot of the optical absorption coefficient (α) versus the photon energy (hν),(32–37) i.e.,

	 αhν= A(hν − Eg)1/2,	 (2)

where A is the constant for a direct transition, h is Planck’s constant, and ν is the frequency 
of the incident photon.  Figure 4 shows the calculated energy bandgaps of the present films 
prepared at various annealing temperatures.  The energy bandgap increases from 3.06 eV for the 
as-sputtered condition to 3.21 eV after annealing at 400 °C.  In other words, the energy bandgap 

Fig. 3.	 (Color online) Transmittance spectra of FAZO films annealed at different temperatures.
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of the FAZO films increases with the annealing temperature.  From the Burstein–Moss theory, 
it is inferred that the carrier density increases with the annealing temperature, which increases 
the energy bandgap accordingly.(38,39)

3.4	 Surface analysis of FAZO films

	 Figures 5(a)–5(d) show SEM surface images of the FAZO thin films processed at different 
annealing temperatures.  The as-deposited film contains a few pinholes and has a rough surface 
[Fig. 5(a)].  Consequently, the motion of the carriers on the film surface is impeded and the 
carrier mobility is low (see Fig. 2).  However, as the annealing temperature increases, the grain 
size also increases and the morphology becomes smoother and denser.  As a result, the motion 
of the carriers is enhanced and the carrier mobility increases.

3.5	 FAZO film grain size analysis

	 The full widths at half maximum (FWHMs) of the FAZO films were obtained from the (002) 
peaks shown in Fig. 1 and were used to calculate the grain size in accordance with the Scherrer 
formula given in Eq. (3) (note that D is the grain size, λ is the wavelength of the incident light, 
and β is the FWHM).  As shown in Fig. 6, the average grain size increases significantly from 
31 nm for the as-deposited film to 81 nm for the film annealed at 400 °C.  In other words, the 
finding from Fig. 2 that the crystallinity of the FAZO film improves with increasing annealing 
temperature is confirmed.

	
0.9 = 
cos

D λ
β θ

	 (3)

Fig. 4.	 (Color online) Variation in (αhν)2 with photon energy for FAZO films annealed at different temperatures.
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Fig. 5.	 (Color online) SEM surface features of FAZO films: (a) as-deposited, (b) annealed at 200 °C, (c) annealed 
at 300 °C, and (d) annealed at 400 °C.

Fig. 6.	 (Color online) Grain size and FWHM of FAZO films annealed at different temperatures.

(a) (b)

(c) (d)
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3.6	 PL spectroscopy

	 PL is the spontaneous radiation that results from the linear excitation of photons.  For ZnO 
thin films, emission bands are typically observed in the ultraviolet and visible regions of the 
PL spectrum.  As shown in Fig. 7, the PL spectra of the present FAZO films are dominated by 
UV peaks with an intensity that increases with the annealing temperature.  It is found that the 
crystal structure of the FAZO thin films increases with the annealing temperature owing to the 
increasing peak of PL spectra and that the optical and electrical properties of FAZO thin films 
also improve with increasing annealing temperature.

4.	 Conclusion

	 FAZO thin films were deposited on Corning glass substrates using an RF magnetron 
sputtering system.  The electrical and optical properties of the as-deposited films and the 
films annealed at temperatures ranging from 200 to 400 °C were examined.  XRD analysis 
results showed that the films have a typical wurtzite structure with a strong (002) preferential 
orientation.  The electrical properties of the thin films improve with increasing annealing 
temperature owing to improved crystallization, a larger grain size, and a smaller surface 
roughness.  The best electrical properties, namely, a resistivity of 4.1 × 10−4 Ω·cm, a carrier 
concentration of 3.69 × 1020 cm−3, and a Hall mobility of 65 cm2/V·s, were obtained at an 
annealing temperature of 400 °C.  Moreover, the optical transmittance and energy bandgap 
also increased with the annealing temperature and had values of around 80% and 3.21 eV, 
respectively, at an annealing temperature of 400 °C.  Overall, the results presented in this study 
show that the FAZO film annealed at 400 °C has excellent potential for use in solar cells and 
photosensor applications.

Fig. 7.	 (Color online) PL spectra of FAZO films annealed at different temperatures.
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