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Aluminum and fluorine co-doped zinc oxide (AFZO) thin films were prepared in Ar + H2 atmospheres by rf
magnetron sputtering at room temperature. The structural, electrical, and optical properties of the prepared
films were investigated using X-ray diffraction, scanning electron microscopy, atomic force microscopy, Hall-
effect measurement, X-ray photoelectron spectroscopy, and ultraviolet–visible spectrometry, and their
dependence on deposition atmosphere (i.e. H2 / (H2 + Ar) ratio) was studied. The resulting films showed a
(0 0 2) diffraction peak, indicating a typical wurtzite structure, and the optimal film crystallinity was obtained
with the H2 / (H2 + Ar) ratio of 3%. The electrical resistivity of AFZO films decreased to 9.16 × 10−4 Ω-cm,
which was lower than ZnO:Al and ZnO:F films due to double doping effect of Al and F. The resistivity further
decreased to below 5 × 10−4 Ω-cm for the AFZO film with the H2 / (H2 + Ar) ratio of 3%–5%. All the films
regardless of hydrogen content displayed high transmittances (N92%) in the visible wavelength range. Applying
the developed AFZO films as front transparent electrodes, amorphous Si thin film solar cells were fabricated and
the open-circuit voltage, fill factor, and efficiency of the cell with the hydrogenated AFZO filmwere improved in
contrast to those without the hydrogenated film.

© 2015 Elsevier B.V. All rights reserved.
1. Introduction

Transparent conducting oxide films are indispensable materials in
optoelectronic industry for application such as solar cells, flat panel
displays, light-emitting diodes, electrochromic windows and low
thermal emissivity windows [1–5]. Impurity-doped ZnO thin films
have attracted considerable attention as transparent conducting oxide
(TCO) thin films due to their superior electrical and optical properties
in combination with the low material cost and non-toxicity as
compared to tin-doped indium oxide (ITO) films [6–10]. Moreover,
high electrical and optical stability under hydrogen plasma promoted
ZnO thin films as front electrodes in silicon thin film solar cells.

Many cationic dopants such as boron [6], aluminum [7,8], gallium
[9,10], indium and titanium [11] have been studied to substitute for Zn
to improve the conductivity of n-type ZnO films. Among these dopants,
Al-doped ZnO (AZO) thin films have beenwidely studied as a substitute
for ITO films due to low cost and superior stability under hydrogen plas-
ma [12]. Our previous study shows that the resistivity of the sputtered
AZO thin film is below 2 × 10−3 Ω-cm, which is remarkably lower
than undoped ZnO films with a typical resistivity of 1–100 Ω-cm [13].
Besides, fluorine has attracted attention because it can substitute for
oxygen as an anionic dopant in the ZnO atomic structure to provide
ng).
an extra conducting electron. The ionic radius of fluorine (0.131 nm)
is close to that of oxygen (0.138 nm), thus resulting in less lattice distor-
tion in ZnO crystal structure [14,15]. Gordon et al. reported that the sub-
stitution of oxygen ions by fluorine ionswould perturb the valence band,
thereby leaving the conduction band relatively free from scattering,
which could enhance carrier mobility and reduce light absorption [16].
Furthermore, there has been particular interest in the role of hydrogen
in ZnO because density function theory and total energy calculations
suggest that hydrogen should be a shallow donor for improvement of
conductivity of ZnO-based films [17–19].

Several methods such as sol–gel [20–22], spray deposition [23], and
magnetron sputtering [24–26] had been proposed to prepare the Al and
F co-doped ZnO (AFZO) thin films. Among these methods, magnetron
sputtering is themost commonly used technique due to high deposition
rate at low temperature, high film uniformity, and large area films with
strong adhesion. Kimet al. preparedAFZOfilms bymagnetron sputtering
of a ZnO:Al2O3 target at substrate temperature of 150 °C with Ar/CF4/H2

gas mixtures, and annealed in vacuum at 300 °C [24]. They reported that
the lowest resistivity of the as-deposited/vacuum-annealed films was
about 3.9–4 × 10−4/2.9 × 10−4 Ω-cm. Kim et al. used two ceramic tar-
gets, i.e. ZnO:Al2O3 (3 wt%) and ZnO:ZnF2 (0–10 wt%), to co-sputter
AFZO films with varying fluorine contents to investigate doping effects
of fluorine on properties of the films [25]. Their results indicated
that the small amount of F addition to AZO films resulted in an improved
electrical conductivity by enhancing Hall mobility, and the minimum
resistivity was as low as 5.9 × 10−4 Ω-cm.
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Fig. 1. Deposition rate of AFZO:H thin films as a function of H2/(H2 + Ar) ratio.

Fig. 2. XRD pattern and of AFZO:H thin films prepared with different H2/(H2 + Ar) ratios.
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In this paper, we use a single ceramic ZnO target containing Al2O3

(1 wt%) and ZnF2 (1.5 wt%) to fabricate hydrogenated AFZO thin films
by rf-magnetron sputtering in Ar + H2 atmospheres at room tempera-
ture. The structural, optical, and electrical properties of hydrogenated
AFZO thin films are investigated with various H2 flow rates. The
superstrate p-i-n amorphous Si (α-Si) thin film solar cells using the
AFZO thin films as the front transparent electrodes are developed and
their current–voltage characteristics are measured.

2. Experimental details

The ZnO powder (99.999%), Al2O3 powder (99.999%) and ZnF2 pow-
der (99.995%) were mixed with the ratio of 97.5 wt%, 1.0 wt%, and
1.5 wt%, respectively, and then ball milled for 24 h in alcohol. After
being dried and ground, the powderswere uniaxially pressed into pellets
of 3 mm thickness and 52 mm diameter. The pressed targets were
sintered at 1060 °C for 3 h to prepare the ceramic target for sputtering.
Glass substrates (Corning Eagle XG) were cleaned ultrasonically with
isopropyl alcohol (IPA) and deionized (DI) water, and then dried under
a blown nitrogen gas. AFZO films of approximately 330 nmwere depos-
ited on glass substrates by using an rf-magnetron sputtering systemat an
rf power of 80 W at room temperature. The working distance from the
target to substrates is 8 cm. Ar or Ar+H2were introduced into the cham-
ber and the working pressure was controlled at 0.667 Pa (5 mTorr) with
the different H2 / (H2 + Ar) ratios of 0–10%. During sputtering, the
substrate holder was spun at 10 rpm for a better film uniformity.

The structure of the films was analyzed by X-ray diffraction (XRD)
(PANalytical) with Cu-Kα radiation (λ = 1.54056 Å, θ–2θ scan mode).
The electrical resistivity, Hall mobility, and carrier concentration were
determined by Hall-effect measurement (Ecopia, HMS-300) using the
Van der Pauw method. The morphology of AFZO films was observed
using a field emission scanning electron microscope (FE-SEM) (JEOL,
JSM-6700F) and an atomic force microscope (AFM) (Veeco, D3100).
The optical transmittancewas obtained by aUV–visible spectrophotom-
eter (JASCO, V–570). X-ray photoelectron spectroscopy (XPS) (ULVAC-
PHI, PHI 5000 Versaprobe) characterization was made after surface
pre-cleaning for 30 s. The pre-cleaning of the samples used Ar+ ion
sputtering with an operation voltage of 2 kV and a sputtering rate of
12.5 nm/min in SiO2.Wide-scan spectra in the 0–1100 eV kinetic energy
range were recorded in 1 eV steps. Detailed spectra of the core level
lines were recorded in 0.2 eV steps.

Thin film solar cells were fabricated using a single-chamber plasma
enhanced chemical vapor deposition system at 200 °C with an rf power
of 20 W and a working pressure of 93.31 Pa (0.7 Torr) on a 0.2%-HCl
etched AFZO thin films with a thickness of about 800 nm. The thick-
nesses of the p/i/nα-Si layers are about 20/400/50 nm. The detailed fab-
rication processes have been reported previously [27]. The current–
voltage characteristics of the fabricated solar cells were measured
under an illumination intensity of 300 mW/cm2 and an air mass (AM)
1.5G spectrum.

3. Results and discussion

Fig. 1 shows the deposition rates of AFZO:H thinfilms as a function of
H2/(Ar + H2) ratio. The decreased deposition rate with the increasing
H2 ratio is due to the gas dilution effect and possible chemical reaction
of hydrogen with oxygen in the plasma ambient. Fig. 2 exhibits the
XRD patterns of AFZO:H thin films with various H2/(Ar + H2) ratios.
All the AFZO:H films showed a (0 0 2) diffraction peak, indicating a
typical wurtzite structure with a preferential orientation of the c-axis
perpendicular to the substrate. No Al2O3 and ZnF2 phase existed in the
XRD patterns. With increasing the H2/(Ar + H2) ratio, the intensity of
the (0 0 2) peak increased first and then decreased as the hydrogen
ratio was larger than 3%, indicating the AFZO films incorporated
with small amount hydrogen possessed better crystallinity. This phe-
nomenon results from excess hydrogen may adsorbed on the growing
surface, restraining further crystal growth with preferred orientation
and leading to poor crystallinity of the films [28]. Liu et al. also reported
that the H2 flow rate should be controlled in a small range to grow good
crystallinity AZO thin films [29]. Table 1 lists the structural parameters
of AFZO films calculated from the XRD results (as shown in Fig. 2). The
grain sizes of the AFZO films with different H2/(Ar + H2) ratios are
evaluated from the full-width at half-maximum (FWHM) of the (0 0
2) peak using Scherrer's formula [30]. The crystalline plane distance, d,
is calculated from the Bragg diffraction equation: λ = 2dsinθ, where λ
is the X-ray wavelength (1.54056 Å) and θ is the diffraction angle of
the (0 0 2) peak. The lattice constant, c, is equal to 2d for the (0 0 2)
diffraction peak. The residual film strain (ε) can be estimated by the rel-
ative changes of the lattice constant and is associated with the diffrac-
tion peak displacement, that is, ε = [(cfilm − cbulk) / cbulk], where cbulk
is the unstrained lattice parameter measured from bulk ZnO [31]. In
the AFZO films, Al (or F) is expected to substitute Zn (or O) in its lattice
site, thus shifting the (0 0 2) peak position to higher 2θ values, owing to
the smaller ionic radius of Al3+ (or F−) than Zn2+ (or O2−) [14,32].
In this work, the (0 0 2) peak position of the AFZO films is situated at
2θ = 34.41°, which almost consists with hexagonal ZnO of 34.42°
with the wurtzite structure (JCPDS 36-1451) [33] and is smaller than
that of AZO films (around 34.5°) [29,32]. This fact implies that many
F atoms maybe situate in interstitial sites rather than substitute for
O2− ions. In the AFZO:H films, the (0 0 2) peak shifted toward lower



Table 1
Structural parameters of AFZO thin films calculated from the XRD patterns.

H2/(H2 + Ar)
ratio (%)

(002) peak
2θ (°)

FWHM
(°)

Grain size
(nm)

d (nm) c (nm) Strain
(× 10−3)

0 34.41 0.319 26.0 0.2604 0.5208 0.262
3 34.24 0.344 24.1 0.2617 0.5233 5.08
5 34.14 0.404 20.6 0.2624 0.5248 7.93
7 33.94 0.459 18.1 0.2639 0.5278 13.7
10 33.76 0.710 11.7 0.2653 0.5306 18.9

66 F.-H. Wang, T.-H. Yang / Thin Solid Films 605 (2016) 64–72
diffraction angle (from34.41° to 33.76°), leading to an increased crystal-
line plane distance and a large compressive strain in the films. This shift
in the 2θ angle can attribute to hydrogen atoms occupying the Zn–O
bond center, as indicated by the smaller diffraction angle for the sample
depositedwith H2 doping [34]. The estimated grain size decreased from
26.6 to 16.9 nmwith increasing theH2/(Ar+H2) ratio from0 to 10%. Liu
et al. reported that the crystallinity of the AZO:H filmwas improved and
the grain size became larger when the hydrogen atoms situated in the
Zn–O bond center was at saturation stage [29]. However, Addonizio
et al. found that the grain size of AZO:H films decreasedwith the hydro-
gen ratio increased from 1% to 40% [35]. In this work, the observed trend
of the grain size agrees with the result of Addonizio et al.

Fig. 3 displays the plane-view and cross-section view FE-SEM images
of AFZO thin films with the H2/(Ar + H2) ratios of 0%, 5%, and 10% at an
accelerating voltage of 3.0 kV. The AFZO films with the lower hydrogen
content exhibited more dense morphology and larger surface grain
size. All films showed a columnar structure. Lee reported that when
AZO film was deposited with high hydrogen ratio (i.e., 25%), columnar
grains disappeared [36]; however, in this work the AFZO film with the
H2/(Ar + H2) ratios of 10% still exhibited a clear columnar structure.
The observations from SEM images consist with the XRD data.

Fig. 4 exhibits the AFM images of AFZO thin films with the H2/
(Ar + H2) ratios of 0%, 5%, and 10%. The images are obtained in tapping
mode taken over a scale of 5 × 5 μm2. The root mean square (RMS)
roughness of the surface monotonically increased from 3.07 nm to
9.76 nm as the H2/(Ar ± H2) ratio increased from 0% to 10%. The earlier
literatures have investigated the influence of hydrogen doping on
surface morphology of doped ZnO films: the surface roughness of AZO,
ZnO, and ZnO:Ti films increases with the hydrogen partial pressure or
Fig. 3. FE-SEM images of AFZO:H thin films: plane-view (a) 0%, (b)
hydrogen flow rate in sputtering ambient [11,36,37]; while ZnO:In
films exhibits a different phenomenon: its surface roughness signifi-
cantly decreases with the incorporation of hydrogen [38].

Fig. 5 shows the resistivity, carrier concentration, and Hall mobility
of AFZO thin films deposited at various H2/(Ar + H2) ratios. Results of
FZO:H thin films were also shown in the figure for comparison. The re-
sistivity of the unhydrogenated AFZO thin film was 9.16 × 10−4 Ω-cm,
which was lower than 3.08 × 10−3 Ω-cm of FZO films and
1.74 × 10−3 Ω-cm of AZO films. The significant decrease of resistivity
was caused by the increase of carrier concentration as well as Hall
mobility. This fact demonstrates that double doping of Al and F is
more effective than either Al or F doping for improving conductivity of
ZnOfilms. InAFZO:Hfilms, the resistivity decreasedfirstwith increasing
H2/(Ar + H2) ratio and reached a minimum (4.41 × 10−4 Ω-cm) at the
ratio of 3%, which was attributed to the increase in both carrier concen-
tration and Hall mobility by small amount hydrogen doping. With
further increasing hydrogen content, the carrier concentration reached
a maximum at the ratio of 5–7% and Hall mobility monotonically de-
creased. It has been shown that O–H (in H+ form) stretch in Zn–O
bond has the lowest formation energy, and the doped hydrogen acts
as an n-type donor in ZnO related films [19,39]. Also, hydrogen can be
incorporated into ZnO related films as an interstitial, and form dangling
bonds at the grain boundaries [19]. The increase in carrier concentration
upon addition of hydrogen is thought to stem from the formation of O–H
stretch inside Zn–O bonds. The decrease in the Hall mobility with the
increasing H2/(Ar + H2) ratio may result from both ionized impurity
scattering and grain boundary scattering due to more hydrogen and
smaller grain size in the films [40]. The beneficial effect of hydrogen
doping was also found in FZO films. Although the carrier concentration
and the Hall mobility of the FZO films were lower than those of the
AFZO films at the low H2/(Ar + H2) ratios of 0–5%, however, the results
were reversed at the highH2/(Ar+H2) ratios of 7–10%. The reasonmay
be due to that the rapid increase of doping impurities in AFZO:H films
reaches a saturation stage and then excess impurities situate in intersti-
tial sites and grain boundaries, leading to carrier scattering and thus
increasing resistivity [24].

The XPS study was performed to investigate the chemical states of
elements in the AFZO films for clarifying mechanisms of the improve-
ment in resistivity. Fig. 6 shows the XPS full spectra of AFZO thin films
5%, and (c) 10%; cross-section view (d) 0%, (e) 5%, and (f) 10%.



Fig. 4. AFM images of AFZO:H thin films with the H2/(H2 + Ar) ratios: (a) 0%, (b) 5%, and (c) 10%.
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with different H2/(Ar + H2) ratios. Zn, O, Al, and C peaks were detected
as shown in the spectra. The Al peak was not obvious in the wide-scan
spectra with low number of data points per electron-volt due to the
low content and the low values of the ionization cross sections of Al
[41], while it appeared in the narrow-scan spectra as shown in Fig. 7.
The F peak was not observed due to very few detectable fluorine
(b0.1%) in the films. The C 1s line at 284.6 eV was used to calibrate
the binding energy scale for XPS measurements. Table 2 lists relative
surface concentration ratios of the elements in AFZO:H thin films. The
detected carbon is related to the carbon contamination in the sputtering
chamber and carbon adsorbed on the surface during the exposure
of the film to the ambient atmosphere. Fig. 7 shows the details of O 1s,
Al 2p, and Zn 2p core line deconvolution for the AFZO films with the
H2/(Ar + H2) ratio of 0% and 5%. The XPS peak decomposition and
peak area were determined using XPSPEAK version 4.1 software with
a symmetric Gaussian–Lorentzian function and linear backgrounds.
The peak position was constrained, and the FWHM of the synthetic
peaks was fixed from the spectrum of one species to the other. The
area of the synthetic peak was allowed to vary in the peak fitting pro-
cess. In Fig. 7(a) and (b), the bonding states of O 1s spectra are resolved
into three components centered at 530.1 ± 0.1 (OI), 531.2 ± 0.2 (OII)
and 532.4 ± 0.2 eV (OIII), respectively [42]. The OI component is attrib-
uted to O2

− ions on the wurtzite structure of the hexagonal Zn2+ ion
Fig. 5. Electrical properties of AFZO:H thin films as a function of H2/(H2 + Ar) ratio.
array. That is, the OI component can be attributed to Zn–O bonds. The
OII component is associated with O2

− ions in oxygen-deficient regions
within the ZnO matrix. The OIII component is usually attributed to
chemisorbed or dissociated oxygen or OH species on the film surface
[8,42]. For the AFZO:H (5%) films, the area ratio of OI component de-
creased and OII component increased, indicating an increase in oxygen
vacancies. This result contributes to the increase of the carrier concen-
tration in the hydrogenated AFZO films. Fig. 7(c) and (d) shows the
four resolved components of the Al 2p3/2 for the AFZO films with the
H2/(Ar + H2) ratio of 0% and 5%, respectively. The low binding energy
component (AlI) centered at 72.65 ± 0.1 eV is due to the presence of
metallic Al [42]. The AlII and AlIII components centered at 73.1 ± 0.1
and 73.75 ± 0.1 eV are attributed to the Al2O and AlO, respectively
[43]. The Al–O bond represents that Al atoms substitute for Zn atoms
in AFZO crystals, and therefore can increase the carrier concentration
in the films. The AlIV component at 74.7 ± 0.1 eV is due to Al2O3
Fig. 6. XPS spectra of AFZO:H thin films with different H2/(H2 + Ar) ratios.



Fig. 7. Details of O 1s, Al 2p, and Zn 2p core line deconvolution for the AFZO films with the H2/(H2 + Ar) ratios of 0% and 5%.
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formation [44]. For the AFZO:H (5%) films, the apparent increase of the
AlIII component accompanied the decrease of theAlI component as com-
pared to the films without hydrogen doping, suggesting that hydrogen
incorporated in AFZO films can enhance Al doping effectiveness [45].
Fig. 7(e) and (f) presents the XPS spectra of the Zn 2p3/2 for the AFZO
films with the H2/(Ar + H2) ratio of 0% and 5%, respectively. The Zn
2p3/2 peak is split into two components at 1021.1 ± 0.2 (ZnI) and
1022.1 ± 0.2 eV (ZnII) [8]. The former is due to the presence of metallic
Zn, and the latter exhibits the Zn in the oxidized state (Zn–O) [42]. The
area ratios of ZnI and ZnII components almost did not change after incor-
poration of hydrogen. Moreover, the component peaks slightly shifted
toward the higher energy side as compared to the unhydrogenated
films, revealing formation of Zn–H bonds in the hydrogenated films
[46,47].
Table 2
Relative surface concentration ratios of the elements of AFZO:H films obtained by XPS.

H2/(Ar + H2) ratio 0% 3% 5% 7%

Zn 2p 47.8% 45.8% 46.6% 47.4%
O 1s 47.7% 48.7% 47.9% 47.2%
Al 2p 1.2% 1.7% 1.6% 1.7%
F 1s b0.1% b0.1% b0.1% b0.1%
C 1s 3.20% 3.7% 3.8% 3.6%

Fig. 8. Optical transmittance of AFZO:H thin films as a function of H2/(H2 + Ar) ratio.



Fig. 10. FOM of AFZO:H thin films with different H2/(H2 + Ar) ratios.
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Fig. 8 shows the optical transmittance spectra of AFZO thin films de-
posited under the diverse H2/(Ar + H2) ratios. All the films exhibited a
very high transmittance larger than 92% when averaged in the visible
range from 400 to 700 nm. A marked absorption band edge was found
in the vicinity of 350 nm for all the AFZO films due to excitation caused
by the absorption of ZnO. No characteristic absorption relating to Al2O3

or ZnF2 was found in the transmission spectra, which agreed with the
XRD patterns (as shown in Fig. 2). In addition, the absorption band
edge blue-shifted with increasing the H2/(Ar + H2) ratio up to 7% and
then red-shifted as the H2/(Ar + H2) ratio was 10%, as shown in the
inset of Fig. 8. The optical properties of ZnO films are related to free
carrier absorption and can be expressed by the Drude theory [48]. The
dependence of optical absorption coefficient (α) on photon energy
(hυ) was examined to estimate optical band gap energy (Eg) of the
films [49]:

αhυ ¼ C hυ−Eg
� �m ð1Þ

where m is a constant which determines the type of optical transition
(m = 1/2 for allowed direct transitions and m = 2 for allowed
indirect transitions). (αhυ)2 was plotted against the photon energy as
shown in Fig. 9. The optical band gaps, which were determined by ex-
trapolating the linear region of the plots to zero absorption, were larger
than that of the undoped ZnO (3.37 eV) and increased from 3.68 to
3.88 eV with the increasing H2/(Ar + H2) ratio from 0% to 7%. The Eg
widening was due to band-filling effect known as the Burstein–Moss
shift [50,51]. The band gap widening (ΔEg) is related to carrier concen-
tration (ne) in a degenerate semiconductor as the following equation
[52]:

ΔEg ¼ h2

8m�
3
π

� �2=3

ne
2=3; ð2Þ

where h is the Planck's constant andm* is the electron effective mass in
conduction band. The linear fitting of blueshift (ΔEg) versus ne is shown
in the inset of Fig. 9. It was found that the optical band gap energy had a
linear dependence on the carrier concentration ne. To determine the
relation between ΔEg and carrier concentration quantitatively, set
m* = 0.28 m0, where m0 is the free electron mass and substitute mea-
sured values of ΔEg and ne into Eq. (2) [53]. The calculated exponent
of ne was 0.657–0.659 with the H2/(Ar + H2) ratio of 0–10%, which
was close to the theoretical value of 0.667.
Fig. 9. Plot of (αhυ)2 vs. photon energy of AFZO:H thin films with various H2/(H2 + Ar)
ratios. The inset shows blue-shift as a function of carrier concentration.
The beneficial effect of hydrogen doping can be examined more
clearly by calculating the figure of merit (FOM). Haacke defined the
quantitative measure for the FOM by T10/RS [54], where T is the average
Fig. 11. Surfacemorphology of 0.2%-HCl etched AFZOfilmswith theH2/(H2+Ar) ratios of
(a) 0% and (b) 3%.



70 F.-H. Wang, T.-H. Yang / Thin Solid Films 605 (2016) 64–72
optical transmittance and RS is the sheet resistance of films. Therefore,
in order to know the impact of thehydrogendoping on the performance
of AFZO films, the FOM values for different H2/(Ar + H2) ratios are
computed, as Fig. 10 shows. The maximum FOM value was obtained
for the films with the H2/(Ar + H2) ratio of 3%. Subsequently the
optimum AFZO films along with the unhydrogenated one are used as
front transparent electrodes for further study on performance of α-Si
thin film solar cells.

It is known that the front TCO electrodes with textured surface can
scatter incident light at the TCO/α-Si:H interface to increase haze ratio,
and thus to extend its effective path length within the active i-layer
and subsequent light trapping inside the absorber material of solar
cells [55]. In this study, 0.2%-HCl etching of the AFZO films has been
executed to develop the textured surfaces. Fig. 11 displays the surface
morphology of the etched AFZO thin films with the H2/(Ar + H2) ratios
Fig. 12. (a) Total transmittance, (b) diffused transmittance, and (c) haze ratio for the as-
deposited and HCl-etched AFZO thin films.

Fig. 13. Current density–voltage characteristics of developed superstrate p-i-n hydroge-
nated α-Si thin film solar cells under AM 1.5 G illumination.
of 0 and 3%. After HCl etching, the films surfaces formed many crater-
like caves and the surface roughness considerably increased. Fig. 12
shows the total, diffused transmittance and haze ratio for the as-
deposited and HCl-etched AFZO thin films. The etched AFZO film with
hydrogen doping has higher total and diffused transmittance in the
short wavelength range (300–400 nm) than that without hydrogen
incorporation, while the result was reversed in themedium-longwave-
length range (450–800 nm). The haze ratio was determined by diffused
transmittance/total transmittance and its average values from 350 to
800 nm increased from 1.75% and 2.02% to 13.3% and 11.2% for the
films with the H2/(Ar + H2) ratio of 0% and 3%, respectively. The high
diffused transmittance and haze ratio reveal effective light-trapping in
solar cells with the unhydrogenated AFZO film.

The superstrate p-i-n hydrogenated α-Si thin film solar cells were
fabricated at 200 °C using the textured AFZO thin films as front
electrodes. No antireflective coatings were deposited on the cells. The
subsequent processes of solar cells were carried out in the same batch
in order for making a proper comparison between cells with different
transparent electrodes. To understand the influence of the deposition
temperature of the α-Si film on electrical property of the AFZO films,
their resistivities after 200 °C annealing in vacuum for 1 h were
measured. The resistivity of the unhydrogenated AFZO films slightly
decreased from 0.917 to 0.839 mΩ-cm, while that with 3% H2 slightly
increased from 0.441 to 0.568 mΩ-cm. The changes in the resistivities
of the AFZO films after 200 °C-annealing were relatively small. Fig. 13
shows the current density–voltage characteristics of the fabricated
solar cells under AM 1.5G illumination. Table 3 lists the values of
open-circuit voltage (Voc), short-circuit current density (Jsc), fill factor
(FF), and energy conversion efficiency (η). The calculated series
resistance (Rs) of the cells with 3% hydrogen in the TCO process,
20.4Ω-cm2, is lower than that without hydrogen (23.8Ω-cm2). This re-
sult may be attributed to the lower resistivity for the hydrogenated
AFZO film and further leads to higher Voc and FF than that of the
unhydrogenated one. However, the decreased Jsc in the cell with the
hydrogenated AFZO film is due to the lower total transmittance and
haze ratio of the film. Hence, the efficiency of the solar cell with the
Table 3
Values of open-circuit voltage (Voc), short-circuit current density (Jsc), fill factor (FF), and
efficiency (η).

H2/(Ar + H2) ratio Voc (V) Jsc (mA/cm2) FF (%) Efficiency (%)

0% 0.800 7.083 56.39 3.17
3% 0.810 6.953 58.20 3.28
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hydrogenated TCO film is only slightly larger (3.5%) than that without
hydrogenation.

4. Conclusions

Transparent conducting AFZO:H thin films were deposited, charac-
terized, as well as used as front electrodes of silicon thin film solar
cells. All the AFZO thin films exhibit a typical wurtzite structure with a
(0 0 2) preferential orientation of the c-axis perpendicular to the sub-
strate. The electrical, optical, and structural properties of the AFZO
films preparedwith different H2/(Ar+H2) ratios variedwith the differ-
ent hydrogen gas ratio in sputtering ambient. The optimal H2/(Ar+H2)
ratio for preparing low resistant and high transparent AFZO thin films
at RT was 3%. The minimum resistivity of the AFZO:H film was as
low as 4.41 × 10−4 Ω-cm. The average optical transmittance in the
visible wavelength range (400–700 nm) was larger than 92% for
all the AFZO films regardless of hydrogen content. Furthermore, the
superstrate p-i-n hydrogenated α-Si thin film solar cell with the
hydrogenated AFZO thin film as the front electrode has the higher
open-circuit voltage, fill factor, and energy conversion efficiency than
those without hydrogenation. These results indicate that AFZO:H films
are promising as window layers in solar cells.
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