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ABSTRACT

ZnO is a wide bandgap semiconductor that has many potential applications such as solar cells, thin film
transistors, light emitting diodes, and gas/biological sensors. In this study, a composite ceramic ZnO tar-
get containing 1 wt% Al,03 and 1.5 wt% ZnF, was prepared and used to deposit transparent conducting Al
and F co-doped zinc oxide (AFZO) thin films on glass substrates by radio frequency magnetron sputtering.
The effect of substrate temperatures ranging from room temperature (RT) to 200 °C on structural, mor-
phological, electrical, chemical, and optical properties of the deposited thin films were investigated by
X-ray diffraction (XRD), field emission scanning electron microscopy (FE-SEM), atomic force microscopy
(AFM), Hall effect measurement, X-ray photoelectron spectroscopy, secondary ion mass spectrometry,
and UV-vis spectrophotometer. The XRD results showed that all the AFZO thin films had a (00 2) diffrac-
tion peak, indicating a typical wurtzite structure with a preferential orientation of the c-axis perpendicular
to the substrate. The FE-SEM and AFM analyses indicated that the crystallinity and grain size of the films
were enhanced while the surface roughness decreased as the substrate temperature increased. Results of
Hall effect measurement showed that Al and F co-doping decreased the resistivity more effectively than
single-doping (either Al or F doping) in ZnO thin films. The resistivity of the AFZO thin films decreased
from 5.48 x 10~ to 2.88 x 10~% Q-cm as the substrate temperature increased from RT to 200 °C due to
the increased carrier concentration and Hall mobility. The optical transmittances of all the AFZO thin
films were over 92% in the wavelength range of 400-800 nm regardless of substrate temperature. The
blue-shift of absorption edge accompanied the rise of the optical band gap, which conformed to the
Burstein-Moss effect. The developed AFZO thin films are suitable as transparent conducting electrodes
for various optoelectronic applications.

© 2016 Elsevier B.V. All rights reserved.

1. Introduction

[3,6]. The n-type conductivity of unintentionally doped ZnO films,
attributing to intrinsic defects (such as oxygen vacancies and zinc

Transparent conducting oxide (TCO) thin films are promis-
ing for applications in various optoelectronic devices, such as
flat panel display, photovoltaic devices, light-emitting diodes, and
waveguides [1-5]. Sn-doped In;03 (ITO) films with relatively low
resistivity in the order of 10~4-10~> Q-cm are the most commonly
used TCO films in optoelectronic devices. However, an increasing
demand for scarce indium mineral causes an expensive material
cost in the past decade. Zinc oxide (ZnO) has been recognized as
promising substitute material of ITO in terms of its direct and wide
band gap (3.37eV), high abundance, low-price, non-toxicity and
durability against hydrogen plasma in solar cell fabrication process
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interstitials) and/or others to noncontrollable hydrogen impurities
introduced during growth [7-9], is still not enough high. Thus, var-
ious impurities have been used to dope into ZnO matrix to enhance
the conductivity. ZnO thin films doped with group Ill elements such
as B, Al, Ga, and In have been widely studied as TCO thin films due
to superior optoelectronic properties and low material cost as well
as non-toxicity [4-6,10-14]. Wang et al. have reported a resistivity
0f 2.39 x 10~3 Q-cm in the 450 °C-annealed ZnO:B (BZO) films [5].
Kumar et al. have reported a resistivity as low as 4.89 x 104 Q-cm
along the carrier concentration 5.6 x 102% cm~3 in their 200 nm-
thick ZnO:Al (AZO) films [11]. Zhu et al. have reported that the
resistivity of the ZnO:Ga (GZO) thin films ranges from 4.0 x 10~ to
8.08 x 104 Q-cm dependent on annealing temperature [12]. Previ-
ous literatures [3-14] indicated that the resistivity of the sputtered
cation-doped ZnO thin films was in the order of 10! to 104 Q-
cm, which were higher than that of ITO ones [15]. Although it
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Fig. 1. XRD patterns and of AFZO thin films prepared at different substrate temper-
atures.

has been reported that resistivities as low as 8.5 x 107> Q-cm and
8.1 x 10~> Q-cm were achieved for AZO [ 16] and GZO [17] thin films
prepared by pulsed laser deposition. However, large-area deposi-
tion with high deposition rates is still challenging for pulsed laser
deposition process.

Except these cation dopants, anion dopants such as Fand Cl have
been doped into ZnO films because they can substitute for oxygen
in ZnO lattice to provide an extra conducting electron [18-26]. The
ionic radius of F~ (131 pm) s close to that of 0%~ (138 pm), and thus
F is a suitable anion dopant to substitute O without introducing a
large lattice distortion in ZnO crystal. A resistivity of 1.5 x 10-3 Q-
cm has been observed for the vacuum-annealed ZnO:F (FZO) thin
films containing 2 at% F [18]. Our previous report showed a resis-
tivity of 9.29 x 10~4 Q-cm and an average visible transmittance of
above 90% for sputtered FZO thin films with 1.5wt% ZnF, in the
sputtering target [19]. A theoretical understanding indicates that
the substitution of oxygen by fluorine perturbs the valence band
only, thereby leaving the conduction band relatively free from scat-
tering, which could reduce light absorption and enhance carrier
mobility [27]. Liang et al. [24] and Xu et al. [20] have reported
the FZO thin films with considerably high Hall mobility of above
45 cm?2/V-s. However, the resistivity of the sputtered single dopant
doped ZnO thin films is still inferior to that of the ITO thin film
[18,19,26].

In the past decade, researches have used co-doping strategy to
further improve the specific properties of ZnO thin films [28-42].
For example, group Il element (Al, Ga, or In) and Mg co-doped
ZnO thin films show a widened band gap and a good conductivity
[28-30]. Al-Ni and Al-Co co-doped ZnO thin films have ferromag-
netism[31,32]. Aland other group Il element (B, Ga, or In) co-doped
ZnO thin films exhibit lower resistivities than that of the AZO film
[33-35]. Cation-anion co-doping of ZnO is less focused but worth
exploring owing to the capability of tailoring electrical and optical
properties of ZnO. N and a group III element (B, Al, or Ga) co-
doped ZnO thin films have a p-type conductivity [36-38]. F and a
group Il or IV element (Al, Ga, or Sn) co-doped ZnO thin films have
been studied [39-41]. Kim et al. [40] adopted two ceramic targets,
i.e. Zn0:Al,03 (3wt%) and Zn0O:ZnF, (0-10wt%), to co-sputter Al
and F doped ZnO (AFZO0) thin films with varying fluorine content.
Their results indicated that AZO thin films co-doped with a small
amount of fluorine achieved a relatively low electrical resistivity of
5.9 x 104 Q-cm. Shi et al. [41] developed high-quality Ga and F co-
doped ZnO thin films by using mid-frequency sputtering and a low
resistivity of 6.4 x 10~4 Q-cm and a high visible transmittance of
above 90% were obtained. Still there are not so many researches on
this topic to clarify the detailed mechanism, especially co-dopants
acting on the physical characteristics of ZnO thin films.

In this paper, a single ceramic ZnO target containing a small
amount of Al,03 and ZnF, was used to fabricate AFZO thin films by
rf magnetron sputtering in pure Ar atmosphere at substrate tem-
peratures (Ts,p,) of room temperature (RT), 100°C, and 200 °C. The
structural, morphological, electrical, chemical, and optical proper-
ties of AFZO thin films are investigated with various Ty,

2. Experimental details

The composite ceramic target consists of 97.5wt% ZnO
(99.999%), 1.0 wt% aluminum oxide (Al;03) (99.999%), and 1.5 wt%
zinc fluoride (ZnF,) (99.995%). First, these three types of the pow-
ders were mixed, dried and ground. Next, the mixed powders were
pressed into a pellet using a steel die. After debindering, the pellet
was calcined at 600 °C for 1 h and sintered at 1060 °C for 3 h to form
a ceramic target with 2.5in. in diameter and 5 mm in thickness.

(¢).200°C

(f) 200 C
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Fig. 2. FE-SEM photographs of AFZO thin films prepared at varying Tg,: plane-view: (a) RT, (b) 100°C, and (c) 200 °C; cross-section view: (d) RT, (e) 100°C, and (f) 200°C.
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Glass substrates (Corning Eagle XG) were cleaned subsequently
in isopropyl alcohol (IPA) and deionized (DI) water, employing
ultrasonic bath for 10 min in each step. Then, all samples were dried
by flowing nitrogen gas. AFZO thin films of approximately 350 nm
were deposited on glass substrates by rf magnetron sputtering
at an rf power of 80W (3.95W/cm?). The substrate temperature
(Tsup), which was measured by a thermal couple attached on the
substrate surface, ranged from RT (i.e. without intentional heat-
ing) to 200 °C because these temperatures were suitable for many
industrial applications. The deposition rates of the AFZO thin films
were 5.10, 5.51, and 5.65 nm/min at Ty}, of RT, 100°C, and 200°C,
respectively. The working distance from the target to the sub-
strate holder is 8 cm. The base pressure in the chamber was below
6.67 x 1074 Pa (5.0 x 10~6 Torr) and the working pressure was con-
trolled at 0.667 Pa (5 x 103 Torr) in Ar ambient. During sputtering,
the substrate holder was spun at 10 rpm to obtain better film uni-
formity.

The structure of the films was analyzed by X-ray diffrac-
tion (XRD, PANalytical) with Cu-Ko radiation (A =1.54056 A, 6-20
scan mode). The electrical properties were determined by Hall
effect measurement (Ecopia, HMS-3000) using the Van der Pauw
method with four pressed indium ball onto the corners of the
sample under a 0.55T magnetic field. The morphology of AFZO
thin films was observed using field emission scanning elec-
tron microscopy (FE-SEM, JEOL, JSM-6700F) and atomic force
microscopy (AFM, Digital Instrument, D5000) with a Nanoscope
IV controller operated at tapping mode. The optical transmit-
tance was measured by a UV-vis-NIR spectrophotometer (JASCO,
V-570). X-ray photoelectron spectroscopy (XPS, ULVAC-PHI, 5000
Versaprobe) characterization was employed to analyze surface
chemical composition and bonding after surface pre-cleaning for
3min by sputtering. Secondary ion mass spectrometry (SIMS,
Cameca, IMS-6f) was used to investigate fluorine contents within
the samples. All the measurement and the analyses are performed
at RT.

3. Results and discussion
3.1. Structural and morphological properties of AFZO thin films

Fig. 1 shows the 6-26 scan XRD patterns of AFZO thin films
with different Tgyp. It was observed that a strong (002) diffrac-
tion peak appeared at the 26 of around 34.5° due to its lowest
surface free energy in this direction. It indicates that all the AFZO
films have a wurtzite structure with a preferentially c-axis orien-
tation. No Al,O3 or ZnF, phase was found in the XRD spectra. In
addition, the peak intensity of the AFZO thin film increased with
the increasing T}, indicating that the AFZO thin films prepared at
the higher Ty, (200 °C) showed better crystalline quality than that
deposited at the low Tg,. The enhancement of c-axis orientation
with increasing T, is attributed to an advance in the surface dif-
fusion of the adsorbed species. The similar results for ZnO [43], AZO
[6,44],GZ0[45,46],and FZO [47] thin films have also been observed.
Table 1 lists the structural parameters of the AFZO thin films cal-
culated from the XRD patterns. The crystalline plane distance (d)
was determined from the Bragg diffraction equation: A =2dsin#,
where A is the X-ray wavelength (1.54056 A) and 6 is the diffrac-
tion angle of the (00 2) peak. For hexagonal crystals with a highly
c-axis preferred orientation, the film strain (¢) and stress (o) can
be quantitatively calculated based on biaxial strain model [48,49].
The strain (&) in the films along the c-axis and the film stress (o)
parallel to the film surface are obtained by the following formulas:

C — C
= film 0’ (1)
Co

B 2c2, — c33(c11 + C12) N

= Ton & =-233 x &(GPa), 2)

where c; is the elastic constant, ¢ =208.8 GPa, c33=213.8 GPa,
c12 =119.7 GPa, c13 = 104.2 GPa for single crystalline ZnO, cqy, rep-
resents the lattice constant of c axis for the AFZO film and equals
2d, and cg =0.5204 nm is the unstrained lattice parameter for ZnO
powders [10,50]. The negative sign in Eq. (2) corresponds to com-
pressive stress.

In AFZO thin films, Al (or F) is expected to substitute for Zn (or
0) in its lattice site, thus shifting the 20 value of the (002) peak
from 34.0° of the ZnO film towards 34.40° of the AFZO film. The
26 value further increased to 34.56° with increasing Ty, to 200 °C.
Because the reduction in ionic radii of AI3* (39 pm) substituting
for Zn2* (60 pm) is larger than that of F~ (131 pm) substituting for
02~ (138 pm), it is believed that 26 shift is mainly attributed to
AI3* substituting for Zn?* and F~ substituting for 02~ contributes
a minor part [51,52]. This result agrees with our previous reports
on AZO and FZO thin films [6,47], in which the right-shift of the
(002) peak is larger for the AZO films than for the FZO films as
the Ty, increased from RT to 200 °C. The substitutions of Al and F
for Zn and O, respectively, also cause the reduction in crystalline
plane distance, as Table 1 lists. The grain size is evaluated from the
FWHM of the (002) peak using the Scherrer’s formula [53]. The
FWHM decreased accompanied the increase of grain size with the
increasing Ty This result can be explained by that a high T, can
enhance the crystallinity of films due to the rise of crystallization
energy. The lattice parameter of ¢ has been estimated to be in the
range of 0.5198-0.5209 nm based on the XRD data. It was found
that the Ty}, also had great influence on film strain and stress. At
the low Tgy}, (i.e. RT), a compressive stress (o < 0) existed in the AFZO
film, while it decreased and changed to a tensile stress (o > the Ty,
increased (=100 °C). In general, the stress in the film consists of the
thermal and intrinsic stress. The former is attributed to the different
coefficient of thermal expansion (CTE) of film and substrate mate-
rial; the latter originates from crystalline quality and defects across
the films. The CTE of the Corning glass [54,55] is 3.17 x 1076 K1,
which is close to the CTE of ZnO (2.49 x 10-6K-! at 300K and
4.26 x 1076 K~1 at 700K) [56,57]. Therefore, the thermal stress can
be neglected in the present work and the only reason that domi-
nates the film stress is intrinsic effect. At a low Ty}, the compressive
stress is thought to be caused by the atomic peening effect of high-
energy argon atoms and oxygen ions [58,59]. When T, rises, the
adsorbed atoms possess more energy to form larger grain sizes;
meanwhile, more Al and F atoms substitute for Zn and O atoms,
respectively, at their lattice sites. Thus, the improved crystalline
quality and the reduced number of defects release the compressive
stress and result in the tensile stress. The similar phenomenon has
been found by Zhu et al. [60] and Shi et al. [57].

Fig. 2 shows the plane-view and cross-section view FE-SEM
images of AFZO thin films with T, from RT to 200°C. It was
found that the surface morphology of the films varied with Tgyp.
The films deposited at the low temperatures (RT-100°C) were
nanocrystalline with a porous surface, as indicated in Fig. 2(a) and
(b), which exhibited a notable rough surface and might influence
carriers moving on film surface, thus causing a low carrier mobil-
ity (see Fig. 4). The films exhibited a uniform columnar structures
aligned with the c-axis orientation perpendicular to the substrate
surface, but the column size was shrink as T, increased from RT to
100°C, as shownin Fig. 2(d) and (e). This film structure is referred to
zone I in Thornton structure zone model [61] on account of limited
mobility of adatoms at a low T,,. When T, went up to 200 °C, the
films changed its surface morphology from rough to smooth and
dense. The columnar grain growth was reduced and thus column
boundaries of ZnO crystals became indistinct at Ty, of 200°C, as
shown in Fig. 2(c) and (f). It is attributed to that adsorbed species
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Fig. 3. AFM images of AFZO thin films prepared at different Ty (a) RT, (b) 100°C, and (c) 200°C.
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Fig. 4. Resistivity, Hall mobility, and carrier concentration of AFZO thin films as a
function of Ty,

receive enough energy to crystallize and form dense structure at
the high Tgp. Besides, the thickness of all AFZO films was deter-
mined and approximately 350 4+ 30 nm based on the cross-section
images. The columnar structure of the AFZO thin films confirms the
c-axis orientation growth as indicated by XRD patterns in Fig. 1.
The dependence of surface characteristics on Ty, was also inves-
tigated by AFM, as Fig. 3 shows. The images are obtained in tapping
mode taken over a scale of 1 x 1 wm?2. The surface morphologies of
the films were significantly affected by T, and their root mean
square (RMS) roughness decreased from 4.25 to 2.90nm as Ty,
increased from RT to 200°C. This result agrees with the analy-
sis from FE-SEM. Previous reports also indicated that the surface
roughness of the AZO and FZO thin films decreased as the substrate
temperature increased from RT to 200°C [43,47]. It is explained
by that the oxygen ions in the plasma during the deposition pro-
cess cause a re-sputtering effect, thus improving film roughness.
However, oxygen is not externally introduced during our sputter-
ing processes. According to FE-SEM results, column boundaries and
rough surface were notablly observed with the AFZO films at the
low Tgp,. There should be many nucleation sites existing in the ini-
tial films and they have no enough energy to aggregate together for
flatness of thin films. As Ty, rises towards high temperature such
as 200°C, the adatoms or adparticles will obtain enough energy to
form a compact and flat film. Therefore, the crystal structure and

surface roughness of the AFZO thin films are improved at the high
Tsub-

3.2. Electrical properties and chemical composition of AFZO thin
films

Fig. 4 shows the resistivity, Hall mobility and carrier concentra-
tion of AFZO thin films as a functional of T,,. AZO and FZO thin films
were also prepared for comparison under the same deposition con-
ditions as the AFZO ones except using different sputtering targets.
The targets for preparing AZO and FZO thin films contained 1.0 wt%
Al;03 and 1.5 wt% ZnF,, respectively. The relationship between the
carrier concentration, Hall mobility and resistivity can be described
by the following equation:

1

- (3)

P
where p is resistivity, i is Hall mobility, n is carrier concentration,
and q is the electron charge. At Ty, of RT, it was observed that
the resistivity was apparently lower for the AFZO thin film than for
the AZO and FZO ones. It is worth noting that the low resistivity of
the AFZO thin film results from the increase of carrier concentra-
tion because the differences in Hall mobility among the three types
of the samples are relatively small. This result indicates that dual
doping of Al and F benefits the free carrier concentration of ZnO
thin films more than single dopant-doped films (i.e. either AZO
or FZO thin films). Table 3 shows a comparison of the obtained
electrical properties between n-type AZO, FZO and co-doped ZnO
thin films prepared by magnetron sputtering. Except dopant type
and amount, it is noted that the electrical properties of doped ZnO
films are also dependent on deposition conditions (e.g. power den-
sity, chamber pressure, working distance, and sample position) and
contaminations. For the AZO thin films, Minami et al. have reported
the lowest resistivity of 1.9 x 10~4 Q-cm [3]. However, most liter-
atures showed a resistivity larger than 4 x 10~4 Q-cm [4,6,11]. For
the FZO thin films, it can be seen that the external substrate heat-
ing may decrease the resistivity as the sputtering uses the ZnO:ZnF,
target [47]. For the co-doped ZnO thin films, the best results seem
to arise from using an elevated substrate temperature and/or a high
temperature annealing process because high temperature process
improves the co-doping efficiency and crystalline quality within
the films.

Furthermore, when Ty, increased from RT to 200 °C, the resis-
tivity of the AFZO thin films decreased by a factor of two to one-half

Table 1
Structural parameters of AFZO thin films prepared at different substrate temperatures.
Teup (°C) 20(°) FWHM (°) Grain size (nm) d(nm) c(nm) Strain (x10-3) Stress (GPa)
RT 34.40 0.338 24.60 0.2604 0.5209 1.06 —0.248
100 34.48 0.308 26.97 0.2599 0.5198 -1.19 0.277
200 34.56 0.239 34.74 0.2593 0.5186 -3.43 0.799
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Table 2
XPS surface atomic ratios of AFZO thin films prepared at the Ty, of RT and 200°C.

Tsub. Zn 2p (at%) O 1s (at%) Al 2p (at%) F 1s (at%) C1s (at%)
RT 36.6 42.7 1.1 <0.1 19.6
200°C 52.6 42.6 1.2 <0.1 3.6

its original value, which accompanied by increases in both the
Hall mobility and the carrier concentration. The enhanced Hall
mobility with the increasing Ty, is attributed to the improved
film crystallinity and the smooth film surface (see Figs. 1-3). The
increased carrier concentration may be due to the enhanced doping
efficiency and the reduced defects in the film. The optimal resistiv-
ity, Hall mobility, and carrier concentration are 2.88 x 10~4 Q-cm,
22.0cm?2/V-s,and 9.86 x 1020 cm—3, respectively. The phenomenon
that the resistivity of TCO films decreases with the increase of sub-
strate temperature has been reported for AZO [6,44], GZO [45,46],
and FZO [47] thin films.

Stability of the resistivity of AFZO thin films was measured by
aging samples at 120°C in an oven for 8 h in air atmosphere. Fig. 5
shows variation in the resistivity of AFZO thin films as a function
of aging time. Results showed that the resistivities of all the films
gradually increased during exposure to the 120 °C-air ambient. The
lower Ty, the larger increment of the resistivity was. Itis attributed
to that the films deposited at a lower T, has more defects on the
surface and grain boundaries, which may adsorb oxygen species to
obstruct carrier transport [62].

An XPS study was performed to investigate the chemical states
of elements in AFZO thin films for clarifying the mechanism of
the improvement in resistivity. Fig. 6 shows XPS spectra and their
Gaussian-resolved components of O 1s, Zn 2p3p,, and Al 2p3, for
the AFZO films prepared at the T, of RT and 200°C. Qualitative
analysis of XPS spectra (see Fig. 6a) indicated the presence of Zn,
0, and C while Al and F peaks were not obvious due to relatively
low contents in the films. The peak at around 284-285 eV is corre-
sponding to C 1s and can be used to calibrate binding energies to
compensate for surface charges effects [63]. Peaks at 1022, 140, 89,
and 11 eV are attributed to Zn 2p, Zn 3s, Zn 3p, and Zn 3d, respec-
tively. Zn LMM at 499eV is the auger electron peak of Zn ion. A
peak at around 531 eV corresponds to O 1s. Al 2p and F 1s peaks
should be located at around 74.8 and 685.1 eV, respectively [64].
Table 2 lists XPS surface atomic ratios of AFZO thin films prepared
at RT and 200°C. The Al content was about 1.1%-1.2%, while the
detected F content was less than 0.1% in the films. The detected
relatively high C content for the RT-deposited sample is probably
related to carbon contamination from CF,4 gas, which has ever been
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Table 3

Electrical properties of n-type AZO, FZO and co-doped ZnO thin films prepared by magnetron sputtering.
Material Resistivity (£2-cm) Carrier concentration (cm~3) Hallmobility (cm?/V-s) Reference
Zn0:AL O3 (2 Wt%) 1.9x104 1.5 x 1021 22.0 13]
Zn0: AL, 03 (2 wt) 439x 104 6.96 x 1020 2046 [4]
Zn0: AL, 03 (2 Wt) 4.89x 104 5.6 x 1020 2238 [11]
ZnO: AL, 03 (1wt) 1.22x 1073 3.43 x 1020 14.95 This work
Zn0:CF, (0.4 vol%) 24x1073 1.53 x 1020 17 [18]
ZnO:CF, (0.4 vol%, 150 °C-deposited) 44x1073 6.2 x 1019 21 [18]
Zn0:ZnF, (1.5 wt¥%) 9.29x 104 3.86 x 1020 17.4 [19]
Zn0: ZnF, (1.5 wt%) 7.69x10°% 5.63 x 1020 14.13 This work
Zn0:ZnF, (1.5 wt%, 300 °C-deposited) 527 x 1074 5.0 x 1020 237 [47]
Zn0:Ga(2 at%)-Mg(5 at¥%) 6.89 x 104 5.23 x 1020 9.91 [30]
ZnO:Al-B (2 wt% each) 3.7 x1072 7.1 x101° 2.4 [35]
ZnO:Al-B (2 wt% each, 600 °C-RTP) 7.9x 1074 9.1x 1020 8.6 [35]
ZnO0:Al-Ga (2 wt% each) 5.4 x 102 9.9 x 1019 1.2 [35]
ZnO:Al-Ga (2 wt% each, 600 °C-RTP) 44 %104 1.2 x 1021 11.8 [35]
Zn0:Al, 03 (3 Wt%)+ Zn0:ZnF, (1.3 wt%) 59x 1074 5.15 x 1020 20 [40]
Zn0:Ga, 03 (3 Wt%)-ZnF; (2 wt¥%) 6.7x 1074 6.8 x 1020 13.4 [41]
Zn0:Al, 03 (1 wt%)-ZnF, (1.5wt%) (RT-deposited) 5.48 x 1074 7.85 x 1020 14.6 This work
ZnO0:Al; 05 (1 wt%)-ZnF; (1.5 wt%)(200 °C-deposited) 2.88 x 1074 9.86 x 1020 22 This work

used in the sputtering chamber, and carbon atoms adsorb on the T o'k ' AFZO(RT)I ' ]

film during exposure to the ambient atmosphere. When T, rises . /

to 200°C, some carbon atoms in the sputtering chamber may form ] S /\

volatilizable materials (COx or CFx), which are easily pumped out of g 108 AFZO(200 °C) 4

the chamber, thus decreasing the carbon content in the AFZO films. 8

The bonding states of O 1s spectra are resolved into three peaks cen- s .

tered at 530.1£0.1 (0;), 531.2+£0.2 (Oy) and 532.4+0.2 eV (Oyy), 210 3

respectively [65], as Fig. 6(b) and (b’) show. The O; peak is owing >

to Zn—0 bonds. The Oy; peak is associated with O, ions in oxygen- % 10* ]

deficient regions within the ZnO matrix. The Oy peak is usually g

attributed to chemisorbed or dissociated oxygen or OH species on 8

the film surface [65]. As Ty}, increased from RT to 200 °C, both the » 10° L L L

area ratios of the O; and Oy peaks decreased while the area ratio of 0 500 1900 . 1500 2000

the Oy peak increased. It is well known that oxygen vacancies can Sputtering time (s)

create free electrons, while chemisorbed oxygen or OH species can
capture free electrons. This result causes the increased free carriers
at the high Ty, as shown in Fig. 4. Fig. 6(c) and (c’) show narrow-
scan spectra in the Zn 2ps, region and two resolved components
for the AFZO thin films prepared at RT and 200 °C, respectively.
The low binding energy component (Zn;) centered at 1021.1+0.1
is attributed to the presence of metallic Zn [6]. The high binding
energy component (Znj) centered at 1022.1+0.1 is due to Zn in
the oxidized state (Zn—0) [65]. It was found that the decreased
Zn; area ratio accompanied with the increased Zny area ratio as
the Ty, increased up to 200°C, indicating that most of metallic
Zn atoms were bound to oxygen for improving the crystallinity of
the AFZO films. This finding consists with the result of the XRD
analysis (see Fig. 1). Fig. 6(d) and (d’) show narrow-scan spectra in
the Al 2p3, region and the resolved components for the AFZO thin
films deposited at RT and 200°C, respectively. The Al 2p3, peak
is split into four components at 72.65+0.1eV (Al}), 73.1+0.1eV
(Al]] ), 73.75+0.1eV (Alm), and 74.7 +£0.1eV (Al]v ) The Al], Al][, Alm,
and Alyy components are attributed to the presence of metallic Al,
Al,0, AlO, and Al, 03, respectively [65-67]. As the T}, rose from
RT to 200°C, reductions in the area ratios of the Al; and Al;y com-
ponents accompanied with the increases of area ratios of the Aly
and Aly; ones. It reveals that high substrate temperature enhances
the effectiveness of Al doping in the AFZO films, thus increasing
free electrons in the films. Fig. 6(e) shows narrow-scan spectra in
the F 1s region of the AFZO thin films deposited at RT and 200°C.
There seemed to be no obvious signal at around 685.1 eV, the bind-
ing energy of the F 1s peak, for both the AFZO films. This is due to
the resolution limit of the equipment and the fact that some of F
atoms probably do not form chemical bonds in ZnO lattices. How-
ever, it is believable that F exists in the prepared films and some
of them may react chemically with the other elements owing to

Fig. 7. SIMS profiles of fluorine within the AFZO and ZnO thin films.

the improvement in the electrical properties of the AFZO and FZO
thin films. It has been reported that the incorporation of F in the
ZnO films may be a substitute for O as a donor to increase carrier
concentration and may passivate dangling bonds at the surface and
at grain boundaries to enhance carrier mobility [20,21]. To demon-
strate existence of F in the developed AFZO thin films, the SIMS
measurement was carried out. Fig. 7 shows the SIMS profiles of F
within the as-deposited AFZO and ZnO thin films. It was found that
the secondary F ion concentration was much higher (one order of
magnitude or more) in the AFZO thin films than in the ZnO one.
Based on the SIMS and XRD results, which prove the present of
F and F~ can substitute for 02~ in the AFZO films, one can partly
explain the improvement in their electrical properties. The above-
mentioned results explain that the better carrier concentration and
electrical conductivity of the AFZO film prepared at the higher Ty,
is due to better Al doping effectiveness, F doping/passivation effect,
less chemisorbed oxygen or OH species on the film surface, and
more oxygen vacancies.

3.3. Optical properties of AFZO thin films

Fig. 8(a) shows the optical transmittance spectra of AFZO thin
films prepared at various Ty, as a function of incident light wave-
length in 200-1500 nm. The observed difference in interference
patterns indicated non-uniform thicknesses among the films (see
Fig. 2). It was found that all the AFZO thin films exhibited supe-
rior visible transparencies and their average transmittance values
in the wavelength interval of 400-800 nm were 92.37%, 92.85%,
and 92.83% for the film deposited at RT, 100 °C, and 200 °C, respec-
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Fig. 8. (a) Optical transmittance spectra of AFZO thin films prepared at different
Tsup- (b) Plot of (ehv)? versus hv near the band edge for AFZO films prepared at
different Typ,. The solid lines represent the linear fit of the optical bandgap energy.

tively. It seems that the dependence of the visible transmittance
of the AFZO thin films on substrate temperature is not signifi-
cant. It is known that the optical transmission of doped ZnO thin
films depends on film’s thickness, morphology, and crystal struc-
ture, since the light absorption by a thicker film or light scattering
induced by a rough surface and defects decreases the film’s trans-
parency. Though the film prepared at 200°C possesses a better
crystal quality and a smoother surface, however the thicker film
than that prepared at RT may just counteract the advantage in
transparency. Additionally, it is noted that the transmittance at
the near infrared wavelength of 1200 nm exceeded 80%, reveal-
ing that the developed AFZO thin films are suitable as transparent
electrodes for solar cell applications. Besides, all the transmittance
spectra exhibited strong absorption edges in the UV region. The
absorption edge shifted toward the short wavelength side with the
increasing Ty, as shown in the inset of Fig. 8(a). The similar results,
the increased visible transmittance and the blue-shifted absorption
edge, have also been observed in other TCO thin films [6,43,45,47].
The decreased transmittance in the near-infrared region is due to
absorption of free carriers [68].

The optical band gap energy (Eg) of AFZO thin films can be esti-
mated by Tauc plot [69,70], which uses an extrapolation method by
dependence of optical absorption coefficient (o) on photon energy
(hv) [22]:

ahv =c(hv — Eg)"(4)

where cis the constant for direct transition, h is Planck’s constant, v
is the frequency of the incident photon, and n is a constant (n=0.5
is the allowed direct transition and n=2 is the allowed indirect
transition) [47]. In this study, the n value is set for 0.5 due to the
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Fig. 9. Blue-shift of absorption edge of AFZO thin films as a function of carrier
concentration.

direct transition type of the AFZO thin films. Fig. 8(b) shows the
plot of (whv)? versus photon energy (hv) for the films prepared at
various Ty to determine Eg. The obtained E; increased from 3.768
to 3.795eV as Ty, rose from RT to 200°C, as shown in the inset
of Fig. 8(b). The variation in Eg, although very small, is indicative
of the dependence of the optical band gap on the substrate tem-
perature for the sputtered AFZO thin films. This result, the optical
band gap broadening with the increasing T}, consists with the
blue-shift of the absorption edge. This phenomenon was due to con-
duction band filling with electrons, known as the Burstein-Moss
shift [71,72]. The effect occurs when the electron concentration
exceeds a critical value and hence the electronic states surmount
the bottom of the conduction band, causing that the electron tran-
sitions from the valence band to the conduction band require more
energy than in the non-degenerate semiconductors. The optical
band gap broadening is related to carrier concentration (n,) in a
degenerate semiconductor as the following equation [73]:

h2 3 2/3
AEpy = S (;) ne2/3» (5)

where h is Planck’s constant and m* is the electron effective mass
in the conduction band. The dependence of the observed blue-
shift (AEg) on ne is shown in Fig. 9. Eq. (5) indicates that the band
gap increases with the increasing carrier concentration. The rela-
tionship of the blue-shift (AEgy) and the carrier concentration, as
shown in Fig. 9, qualitatively demonstrated Eq. (5). To evaluate Eq.
(5) quantitatively, set m*=0.28 x mg, where my is the free elec-
tron mass. The calculated corresponding exponent of n in Eq. (5) is
approximately 0.65, which is close to the theoretical value of 0.667
and conforms to the results of our previous investigation on AZO
[6] and FZO [47] thin films (i.e., 0.64 for the AZO films and 0.69 for
the FZO films).

4. Conclusions

Al and F co-doped ZnO thin films were deposited on glass sub-
strates at RT, 100°C, and 200°C using a 1.5wt% ZnF, and 1wt%
Al;03 co-doped ZnO target by rf magnetron sputtering. All the
AFZO thin films exhibited a typical wurtzite structure with a strong
(002) preferred orientation regardless of substrate temperature.
As the substrate temperature increased from RT to 200°C, the
grain size increased from 24.6 to 34.7 nm, the surface RMS rough-
ness decreased from 4.25 to 2.90 nm, and the residual film stress
changed from compressive to tensile type. The film resistivity sig-
nificantly decreased by Al and F co-doping in comparison with
single-dopant (either Al or F) doping in the ZnO films, revealing that
the effectiveness of Al and F co-doping on electrical properties of
ZnO thin films was higher than those of the Al or F-doped ZnO films.
The electrical properties were also enhanced with the increase of
substrate temperature and the lowest resistivity of the AFZO thin
film was 2.88 x 10~% Q-cm at the substrate temperature of 200 °C,
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accompanying by the carrier concentration of 9.86 x 1020 cm~3 and
the Hall mobility of 22.0 cm?/V-s. The mechanism of improvement
in the electrical properties of the AFZO films has been presented.
The XPS, XRD, and SIMS data revealed the enhancement of carrier
concentration and conductivity is due to better Al doping effec-
tiveness, F doping/passivation effect, less chemisorbed oxygen or
OH species on the film surface, and more oxygen vacancies. The
developed AFZO thin films had very high optical transmittances,
that is, more than 92% in the visible range (A =400-800 nm) and
more than 80% in the NIR region (A = 1200 nm). The optical band gap
was broadened from 3.767 to 3.791 eV with the increasing carrier
concentration as the substrate temperature increased from RT to
200 °C, which conformed to the Burstein—-Moss effect. The excellent
electrical and optical properties reveal a great promise for the pro-
posed AFZO thin films with applications in various optoelectronic
devices.
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