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Abstract

Transparent conducting ZnO thin films co-doped with aluminium and fluorine (AZO:F) were produced on glass substrates by RF magnetron

sputtering at room temperature. The chemical AlF3 was selected as a dopant, which allowed Al and F elements to be simultaneously substituted into

sub-lattices sites of Zn and O, respectively. The microstructure, electrical and optical properties of ZnO thin films as a function of AlF3

concentration were evaluated and compared to the films doped with Al2O3. From XRD analysis, it was revealed that the favoured orientation of

ZnO films shifted from (0 0 2) to (1 0 3) as the amount of AlF3 increased from 1 to 7 wt%. The film doped with 2 wt% AlF3 showed improved

crystallinity and a microstructure with larger, pyramid-like grains that were 120 nm long and 50 nm wide. As a result, the electrical resistivity of the

AZO:F films had a minimum of 5.2 � 10�4 V cm. The improvement in the electrical resistivity of AZO:F films was due to the increase in carrier

concentration from 7.0 � 1020 to 1.25 � 1021 cm�3 and the mobility from 4.7 to 9.3 cm2 V�1 s�1. Meanwhile, the electrical resistivity of the ZnO

film doped with AlF3 was found to be lower than that of the Al2O3-doped film. This was mainly attributed to the increase in carrier concentration by

substituting Al and F atoms into the Zn and O sub-lattice sites, respectively, despite the slight decrease in the mobility. This increase in carrier

concentration was also found to affect the optical property of the films due to the Moss–Burstein shift.
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1. Introduction

Zinc oxide (ZnO) has emerged to be one of the most

promising oxide materials because of its numerous technolo-

gical applications. For example, it can be used in gas sensors

[1], varistors [2], surface acoustic wave devices [3], optical

wave guides [4] and blue/UV light emitting devices [5].

Recently, ZnO has been considered as an excellent candidate to

replace indium tin oxide (ITO) and tin oxide (SnO2) as

transparent conductive electrodes in flat panel display and solar

cell devices [6–8]. The advantages of ZnO include its

inexpensiveness and the relative ease of lithography. However,

the electrical conductivity of un-doped zinc oxide is not high

enough for practical application. Further reduction of ZnO

resistivity can be achieved either by doping it with group III

elements, such as B, Al, In and Ga to replace zinc atoms [9], or
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with group IV elements, such as F, to substitute oxygen atoms

[10].

Electrical resistivity (r) depends on the carrier concentration

(n) and mobility (m) according to the relationship 1/r = nem,

where, e is the electron charge. Obtaining high conductivity in

the films is a trade-off between the carrier concentration and

mobility because the relationship between the carrier concentra-

tion and mobility is governed by the rule m / n�2/3 [11,12]. The

highest reported room temperature Hall mobilities of heavily

doped ZnO films are approximately 39 cm2 V�1 s�1, which are

limited by ionised impurity scattering [13]. Further increase of

the mobility to 200 cm2 V�1 s�1 can be achieved through

improving the crystallinity of the tin films by preparing single

crystal or hetero-epitaxial ZnO films [14]. Another way to

improve the mobility is to modulate doping through multilayers

of heavily and poorly doped semiconducting films [15,16].

However, data on heavily doped single crystal or epitaxial layers

are rare, and the doping relies on advanced deposition techniques

and facilities. Therefore, most research efforts have been focused

on increasing the effective number of free carriers through
d.
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Fig. 1. X-ray diffraction patterns of ZnO films doped at different AlF3 con-

centrations.
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impurity doping despite the physical upper limit of carrier

concentration at approximately 1.5 � 1021 cm�3 [17]. Single

elements, e.g., Al, Ga, In, B and F, are the most commonly used

doping agents in ZnO films, and they have been evaluated in a

few literatures [9,10,12]. However, the resistivity and mobility

data are rather scattered and inconsistently reported in the

literature. In addition, the optimal chemical and physical

properties of current ZnO transparent conducting thin film have

not been reached. Nevertheless, new and complex TCO materials

are being explored to achieve this goal [18,19]. For example, co-

doping of two elements in ZnO films, such as Al and Ru, Al and

Co, Al and Mn, Al and V, and Al and F, has recently been

undertaken to optimise the properties of the films for specialised

applications [20–24]. The aim of this work is to investigate the

properties of ZnO thin films doped with AlF3. The chemical AlF3

has not been selected as dopant source to produce n-type

semiconducting ZnO films in previous works. It provided double

doping effects in which the cationic Al3+ substitutes the Zn2+

ions, and the anionic F1� substitutes O2� ions in the ZnO crystal

lattice. The influence of varying AlF3 concentration on the

microstructure, electrical and optical properties of ZnO thin films

was presented in this work. For comparative purposes, Al2O3-

doped ZnO thin films were prepared, and their properties were

also determined.

2. Experimental procedures

ZnO films doped with aluminium and fluorine were

produced by RF magnetron sputtering on glass substrates

(Corning 1373) at room temperature. A mixture of ZnO

(Aldrich, 99.99%) and AlF3 (Aldrich, 99.99%) powders was

sintered as the target for deposition at 1200 8C for 4 h. The AlF3

doping concentrations were varied from 1 to 7 wt%. The

distance between the target and the substrate was 8 cm. The

vacuum chamber was first evacuated to a pressure of 10�6 Torr

prior to deposition. The sputtering processes were carried out at

a gas pressure of 3 m Torr in a pure argon atmosphere, and the

RF power was set to 70 W. The sputtering time was 30 min and

the resulting thickness was approximately 780 � 15 nm.

An X-ray diffractometer (Panalyical, X’pert Pro) with Cu Ka

radiation (l = 0.1542 nm) was used for crystal structure

evaluation. The surface microstructure and the morphology of

the films were characterised by field emission scanning electron

the microscopy (FESEM, Philips, XL-40FEG), atomic force

microscopy (AFM, NaniMan NS4 D3100) and transmission

electron microscopy (TEM, FEI, Tecnai G2). The resistivity was

measured with the Van der Pauw method. Optical transmittance

measurements were carried out in the wavelength range of 300–

900 nm using a UV/double-beam spectrophotometer.

3. Results and discussion

3.1. Microstructure and composition characterisations

The crystal structure of ZnO films co-doped with Al and F

and prepared on glass substrates was examined by XRD

measurements. Fig. 1 shows X-ray diffraction patterns of the
ZnO films produced at room temperatures with AlF3

concentration varying from 1 to 7 wt%. XRD patterns of these

films did not show any appreciable changes from those of pure

ZnO films. All samples in this work were genuine polycrystals

with a wurtzite structure, and no other crystal phases were

found. Meanwhile, the preferred crystallographic orientation

shifted from (0 0 2) to (1 0 3) as the AlF3 concentration

increased from 1 to 7 wt%. The intensity of the c-axial (0 0 2)

peak increased as the AlF3 content increased to 2 wt% and

decreased as the AlF3 content continued to increase. On other

hand, the intensity of the (1 0 3) diffraction peak increased with

the AlF3 content and dominated as the preferred orientation at

in the films doped with 7 wt% AlF3. The formation of the

preferred orientation in the thin films is governed by the surface

energy of the crystal plane. Moreover, the surface energy for the

compound semiconductors depends strongly on the hybridised

orbit [25]. In general, materials with a hexagonal structure

(such as ZnO) tends to grow along the plane with the lowest

surface energy, (which was [0 0 2] in this case), where the sp3

hybridised orbits were direct spread. Aita et al. has also pointed

out that the highly oriented [0 0 2] films can be obtained, if the

Zn-to-ZnO ion ratio was minimised in a plasma atmosphere

during sputtering [26]. In this work, the preferred crystal-

lographic orientation shifted from (0 0 2) to (1 0 3) could be

explained by changing the surface energy of ZnO crystal. The

bonding energy of F–Zn (88 kcal/mol) is larger than that of the

O–Zn bond (67.9 kcal/mol) [27], then the formation of Zn–F

molecules is more stable than the formation of Zn–O

molecules. Hence, as AlF3 content increased, the Zn–F

increased and then a growth competition between ZnF2 and

ZnO took place. Nevertheless, an increase in Zn-to-ZnO ion

ratio could be attained during sputtering and thus the preferred

orientation was not occurred along (0 0 2) instead of (1 0 3).



Fig. 3. XPS narrow scan in the aluminium 2p region for AZO:F films with AlF3

concentrations at 2, 5 and 7 wt%.
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The change in preferred crystallographic orientation of ZnO

films as a function of ammonium fluoride doping was also

found in preparing ZnO films by chemical spray method [28].

The effect of the AlF3 dopant concentration on the

crystallinity and crystal size of ZnO films was determined

according to the Scherrer formula [29]

D ¼ 0:94l

FWHM cos u
(1)

where D is the crystal size of the thin films, u is the angle of the

peak and l is the wavelength of the X-ray. The full width at half

maximum (FWHM), which is the width of the peak at half the

maximum peak intensity, is inversely proportional to the crystal

size and is related to the degree of crystallinity in columnar

polycrystalline thin films [30]. Fig. 2 shows the FWHM values

at 2u of the (1 0 2) diffraction peak for the samples with 1, 2, 3

and 5 wt% AlF3 and the (0 0 3) diffraction peak for the sample

with 7 wt% AlF3. The corresponding crystal sizes of the films

are also plotted as a function of the AlF3 concentration in Fig. 2.

As shown in the figure, the film with 2 wt% AlF3 concentration

had the lowest FWHM value and thus the maximum crystal

size.

XPS analyses demonstrated the atomic composition and the

chemical binding states in AZO:F films; only zinc, aluminium,

oxygen and fluorine appeared on the film surfaces. The position

of the carbon 1s peak was taken as the standard (with a binding

energy of 284.6 eV) to compensate for any charge-induced

shifts. The binding energies obtained from the measurements

agreed well with the values reported in the literature [31–34].

Figs. 3 and 4 show the XPS spectra of the Al 2p peak and the F

1s peak for the ZnO films doped with 2, 5 and 7 wt% AlF3. Both

aluminium and fluorine signals increased with AlF3 concentra-

tion. As shown in Fig. 3, the peak located at 75.0 eV was

attributed to the substitution of Al atoms in the ZnO crystal

lattices, which indicated the formation of Al2O3 according to

the XPS catalogue data [35]. Doping AlF3 into the lattice of

ZnO produced a small chemical signal for the binding energy of

F 1s peak at the core level, as shown in Fig. 4. The peak located

at 685.1 eV was a typical value for the binding energy of the F

1s peak at the core level in fluoride compounds.
Fig. 2. FWHM and crystal size of ZnO film plotted as a function of AlF3

concentration.
FESEM images of the AZO:F films are shown in Fig. 5 with

different AlF3 concentrations deposited at an RF power of 70 W

for 30 min. In the sample doped with 1 wt% AlF3, the

microstructure showed grains that were less homogeneously

packed. The grain size was approximately 45 nm, which was

comparable with the XRD results calculated based on the

Scherrer formula. As the amount of AlF3 increased, the film

surface began to exhibit pyramidal morphology. The pyramidal

surface texturing was due to the nucleation of oriented c-axis

grains that grew geometrically and impinged each other

laterally [36]. No obvious grain boundary characteristics were

observed; the pyramid-like grains were 120 nm long and 50 nm

wide. As the AlF3 content increased to 7 wt%, distinct and

independent grain morphology was observed; the grains were

more regular and equiaxial in shape with an average grain size

of approximately 65 nm.
Fig. 4. XPS narrow scan in the fluorine 1s region for AZO:F films with AlF3

concentrations at 2, 5 and 7 wt%.



Fig. 5. FESEM images of AZO:F thin films with AlF3 concentrations at (a) 1, (b) 2, (c) 5, and (d) 7 wt%.
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The change in surface morphology of the ZnO with varying

AlF3 concentration could be seen in the AFM images shown in

Fig. 6. The ZnO films prepared with higher AlF3 concentrations

were significantly rougher than those with lower AlF3

concentration. The root mean square (Rms) roughness of the

film was approximately 6.2 nm for the film with 1 wt% AlF3

and increased up to 17.4 nm as the AlF3 concentration

increased to 7 wt%. The latter was a film with spherical-

grains that were almost uniform in size and shape, but micro-

pores were seen to spread around the grain boundary and

resulted in a rougher film surface.

More detailed geometrical structure of the AZO:F films

were observed by TEM. Fig. 7 is cross-sectional image of the

ZnO film doped with 2 wt% AlF3; the figure is associated with a

selected-area diffraction (SAD) pattern on the upper right

corner taken from the area shown in the TEM photography of

Fig. 7(a). The observed microstructure of the film showed a

dense and well-defined columnar morphology. Interestingly,

the width of the columns was smaller near the substrate surface,

while the ones on the top were larger and did not have obvious

grain boundaries. This indicated that the films had competing

growth mechanisms [37]. The SAD pattern was composed of a

series of rings corresponding to the (0 0 2) and (1 0 3) planes.

The SAD results further proved that these columns were indeed

ZnO with the (0 0 2) plane being parallel to the substrate

surface. Fig. 7(b) is a high resolution image of the lattice near

the interface between two individual AZO:F columnar grains. It

was also possible to see deformed lattice fringes and moiré

patterns, implying the existence of some dislocations in the

films.
3.2. Electrical and optical property evaluations

The electrical resistivity of AZO:F films produced at room

temperature was plotted as a function of the AlF3

concentration, and shown in Fig. 8. The data clearly

indicated that the electrical resistivity of the films decreased

to a minimum of 5.2 � 10�4 V cm as AlF3 concentration

increased to 2 wt%. The decrease in resistivity was

accompanied by an increase in the carrier concentration to

1.25 � 1021 cm�3, while the mobility was maximised

approximately 9.3 cm2 V�1 s�1. The increase in electrical

conductivity was mainly attributed to the improved crystal-

linity of the ZnO and the larger grain sizes as seen from the

XRD and FESEM results. The dense microstructure

contained fewer pores, which acted as traps for the free

carriers and barriers for transporting the carrier in the film.

Hence, the decrease in porosity was associated with the

increase in grain size and the decrease in electron scattering,

which led to the increase in conductivity.

The films with higher AlF3 concentration showed a

gradually increasing electrical resistivity as a result of the

decrease in mobility, while the electron carrier concentration

increased slightly and saturated. At a high AlF3 concentration,

the film contained high carrier concentrations due to the

substitution of more electrically active Al and F atoms into the

zinc and oxygen sub-lattice sites, respectively, thereby

promoting more free electrons to the conduction band. On

other hand, the effect of carrier mobility on the electrical

conductivity of the thin films was more complex. Many sources

of electron scattering centres can affect the carrier mobility of



Fig. 6. AFM images of AZO:F thin films with AlF3 concentrations at (a) 1, (b) 2, (c) 5, and (d) 7 wt%.
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ZnO films [38–40]. In general, the reciprocal mobility of the

films can be expressed as

1

mH

¼ 1

mi

þ 1

ml

þ 1

mg

(2)

where mH is the Hall mobility of the films, mi, ml, and mg are

mobilities corresponding to the ionised impurity, lattice vibra-

tion and grain boundary scattering, respectively. At high tem-

peratures, lattice vibration scattering may become dominant

according to the equation ml / 1/T [41], indicating that the

mobility of the film is inversely proportional to temperature.

Because the films were deposited at approximately 25 8C,

lattice vibration scattering did not play a significant role.
Fig. 7. TEM images of (a) the cross-section and the associated diffraction pattern fo

individual columnar grains of the sample presented from (a).
Meanwhile, grain boundary scattering is considered another

important scattering mechanism in polycrystalline semicon-

ductor thin films [42–44]. However, scattering by grain bound-

aries in most cases is negligible because the mean free path

length of the electrons is smaller than the crystallite size [11].

Therefore, ionised impurity scattering is considered the domi-

nant and most appropriate mechanism in doped TCO films with

a carrier concentration >1020 cm�3[18]. The impurities that

cause the electron scattering include intrinsic lattice defects and

extrinsic dopants. The calculated theoretical contribution to

electrical conductivity due to ionised impurity scattering was

evaluated by Conwell and Weisskopf [45] and Dingle [46].

Assuming these impurities are all ionised and, ne = Ni, the
r the ZnO film doped with 2 wt% AlF3 deposited at room temperature, (b) two



Fig. 8. Electrical resistivity, carrier concentration and mobility of AZO:F films

as a function of AlF3 concentration.

Fig. 9. The relationship between Hall mobility and carrier concentration of

AZO:F films. The experimental data (filled square) and calculated mobilities are

based on the ionised impurity scattering and the assumption that all the carriers

are singly charge AlZn
� and FO

� (line a) or oxygen vacancies VO
�� (line b).
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mobility of highly degenerate TCO films, (mi), can be expressed

as

mi ¼
24p3ðe0egÞ2h3ne

e3m�2gðxÞz2N i

(3)

where e0 and eg are the permittivity of free space and low

frequency of permittivity, respectively; ne, m*, z, and Ni are the

electron concentration, the effective electron mass, the charge

of the ionised centre, and the density of the ionised scattering

centre, respectively. The g(x) in the equation is the screening

function given by:

gðxÞ ¼ ln 1 þ 4

x

� �
� 1 þ 4

x

� ��1

(4)

and

x ¼ 4e2m�

4pegh2ð3p5Þ1=3
n

1=3
e

(5)

The limited mobility of ionised impurities, as calculated and

described above, has been cited in many references that

described the effect of charged scattering centres on the

mobility of degenerate semiconductors [47,48]. Thus, the

theoretical variation of mi with ne was obtained by substituting

the corresponding value of m* with a maximum value of

approximately 0.3me [49] and the value of eg with 8.14 for ZnO

[50]. Fig. 9 is a plot of the experimental values of mH as a

function of ne for the AZO:F films. The figure also shows the

theoretical calculations of mi based on Eq. (3) against an

electron concentration of ne assuming that the mobility was

entirely due to singly charged AlZn
� and FO

� (line a) or oxygen

vacancies, VO
��(line b). It is known that the electrical properties

of ZnO film can be regulated by simultaneously substituting

generic donor atoms (such as Al) into Zn and F into O lattice

sites. In this work, AlF3 was selected as a doping source; thus,

the chemical reaction for the defect took place according to the

following reaction [51]:

AlF3�!
Zno

Alzn� þ 3FO
� þ 4e0 (6)
The defect reaction could also be originated from intrinsic

defects of oxygen vacancies according to the following defect

reaction:

OO! VO
�� þ 1

2
O2 þ 2e0 (7)

where AlZn
� and FO

� represent the aluminium and fluorine ions

on zinc and oxygen sites, respectively; Oo is an oxygen ion on

an oxygen site, VO
�� is the vacant oxygen site, and e0 is an

electron in the conduction band. It was essential that the

scattering caused by doubly charged oxygen vacancies (VO
��)

) was greater than the scattering caused by singly charged AlZn
�

or FO
� because the values of ne/z

2Ni for AlZn
� or FO

� were 1 and

0.5, respectively according to Eq. (3). All experimental data

points in this plot were right below the straight lines due to the

double impacts on ionised impurity scattering by simultaneous-

ly substituting Al and F atoms into ZnO crystal lattices through

AlF3 doping. For the purpose of comparison, the data from ZnO

films doped with Al2O3 were also presented. The data showed

less deviation from the theoretical line because only the Al

element substituted into the Zn lattice sites, which resulted in

less ionic impurity scattering and a higher mobility.

The electrical properties of the sample doped with Al2O3

were also measured and compared to those of samples doped

with AlF3. Table 1 lists the electrical resistivity, carrier

concentration and mobility of the ZnO films doped 2 wt% AlF3

and Al2O3. It was clear that the electrical resistivity of the

sample doped with AlF3 was lower than that of the sample

doped with Al2O3. Doping the film with AlF3 not only provided

cationic Al ions to substitute into Zn sub-lattice sites, but it also

provided anionic F ions to substitute into O sub-lattice sites and

resulted in a higher carrier concentration. However, more

simultaneous doping opportunities from Al and F atoms might

also cause more dopant impurities to reside on grain boundaries

or interstitials. The dopant impurities acted as obstacles for the

free carriers and reduced the carrier mobility. As seen in Table



Table 1

Comparison between the electrical properties of Al2O3- and AlF3-doped ZnO

films.

2 wt% r (V cm) n (�1021 cm�3) m (cm2 V�1 s�1)

AlF3 5.2 1.25 9.3

Al2O3 6.4 0.86 11.2

Fig. 11. Optical transmittance spectra of AZO:F films produced at different

AlF3 concentrations.
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1, the sample doped with AlF3 had a lower carrier mobility

(9.3 cm2 V�1 s�1) than the sample doped with Al2O3

(11.2 cm2 V�1 s�1) despite the higher carrier concentrations

in the AlF3-doped sample. Fig. 10 shows the variation in

electrical resistivity of the ZnO films doped with AlF3 and

Al2O3 as a function of dopant concentrations. It is interesting to

note that the window of dopant concentration that produced

ZnO film with a low resistivity was narrower with AlF3 as a

dopant (2–3 wt%) than with Al2O3 as a dopant (2–5 wt%). This

might also be related to the double doping effects of AlF3,

which provided the cationic Al and anionic F ions. That is, a

small amount of AlF3 would be required to obtain the same

amount of free carriers as Al2O3 because only Al ion would

substitute Zn sub-lattice sites.

The optical transmission spectra of the AZO:F films

deposited at room temperature are shown in Fig. 11. The

average optical transmissions of the samples doped with AlF3

from 1 to 7 wt% were greater than 80% in the visible range.

However, the film prepared at 7 wt% showed the lowest

transmittance. This variation could be related to the film

structure. As seen from the FESEM and AFM results, the

microstructure of the film contained porosities associated with a

rougher surface that led to more light scatterings and thereby a

low transmittance in the visible region.

The local maximum and minimum transmittance ranged

from 500 to 900 nm. These oscillations in the optical

transmission spectra were attributed to the thickness of the

film and to the interference between the ZnO/substrate

interfaces. The most significant difference in the transmittance
Fig. 10. Electrical resistivities of ZnO films doped with Al2O3 and AlF3 as a

function of dopant concentration.
curves of the materials was in the threshold of optical

absorption. Namely, the threshold of AlF3-doped ZnO films

was shifted to shorter wavelengths; thus, the band gap increased

due to an increase in the carrier concentration of the film. The

optical properties of ZnO films were related to the free carrier

absorption and could be expressed by the Drude theory [52].

Using the transmittance and reflectance data, the absorption

coefficient (a) of the films was calculated according to the

following expression:

I ¼ I0e�ad (8)

where I is the intensity of the transmitted light, I0 is the intensity

of the incident light and d is the thickness of the film. Using the

following relationship, the absorption coefficient data were

used to determine the energy gap (Eg):

ahv � ðhv � EgÞ1=2
(9)

where hn is the photon energy. In Fig. 12, a2 was plotted against

the photon energy of the films shown in Fig. 10. The values of

the direct optical band gap, Eg, were determined by extrapo-

lating the linear region of the plots to zero absorption. The

results suggested that the direct band gap of the ZnO film doped

with 1 wt% AlF3 was 3.332 eV, while the direct band gap of the

film doped with 2–7 wt% AlF3 was 3.350–3.394 eV. The

observed widening of the band gap was attributed to a Bur-

stin–Moss shift [53,54]. According to the Burstin–Moss theo-

ry, the lowest states of the conduction band are occupied by free

electrons, and valence electrons require extra energy to be

excited to higher energy states within the conduction band.

Therefore, the optical band gaps of the films prepared at high

AlF3 doping concentrations were wider than that of the film

doped with 1 wt% AlF3. Indeed, the optical spectra verified the

Hall measurements and suggested that the carrier concentra-

tions for the ZnO films prepared at high AlF3 doping concen-

tration were greater than that for the film doped with 1 wt%

AlF3.



Fig. 12. Square of the absorption coefficient, a2, plotted against photon energy

as a function of AlF3 concentration corresponding to the samples in Fig. 11.
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4. Conclusions

AlF3 was selected as the dopant source for ZnO thin films that

were prepared at room temperature by RF magnetron sputtering.

The variation of AlF3 concentrations on the microstructure,

electrical and optical properties of ZnO films were examined. It

was found that the ZnO film doped with 2 wt% AlF3 showed a

highly oriented crystalline structure in the (0 0 2) direction. The

microstructure also revealed a competing growth mechanism

characterised by pyramid-like grains that were 120 nm long and

50 nm wide. As the AlF3 content increased further, the size of the

pyramid-like grains started to decrease and finally became

regular and equiaxial in shape with an average grain size

approximately 65 nm at 7 wt% AlF3.

The ZnO film doped with 2 wt% AlF3 had a minimum

electrical resistivity of approximately 5.2 � 10�4 V cm with a

carrier concentration of 12.5 � 1020 cm�3 and a mobility of

9.3 cm2 V�1 s�1. The improvement in electrical conductivity

was attributed to improved crystallization and large grain size.

However, the relative low mobilities were limited by ionised

impurity and grain boundary scatterings, especially at higher

AlF3 concentrations. In comparison to the ZnO film doped with

2 wt% Al2O3, the AlF3-doped film had a lower electrical

resistivity in terms of carrier concentration enhancement. This is

due to the double doping effects from the cationic Al and anionic

F ions that simultaneously substituted into the Zn and O sub-

lattice sites, respectively. However, the substitution also led to a

lower carrier mobility because of increased scattering due to

impurities.

The optical transmittance spectra in the visible region of the

AlF3-doped ZnO films at different AlF3 doping levels were all

higher than 80%. The band gap of the films was calculated and

the values were within the range of 3.332–3.394 eV. The

observed widening of the band gap was attributed to a Burstin–

Moss shift. The optical spectra verified the Hall measurements

and suggested that the carrier concentrations of the ZnO films

doped at higher AlF3 contents were greater than that of the ZnO

films doped with 1 wt% AlF3.
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