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ABSTRACT: Broadband transparent conductive oxide layers
with high electron mobility (μe) are essential to further enhance
crystalline silicon (c-Si) solar cell performances. Although
metallic cation-doped In2O3 thin films with high μe (>60 cm2

V−1 s−1) have been extensively investigated, the research
regarding anion doping is still under development. In particular,
fluorine-doped indium oxide (IFO) shows promising optoelec-
trical properties; however, they have not been tested on c-Si
solar cells with passivating contacts. Here, we investigate the
properties of hydrogenated IFO (IFO:H) films processed at low
substrate temperature and power density by varying the water
vapor pressure during deposition. The optimized IFO:H shows
a remarkably high μe of 87 cm

2 V−1 s−1, a carrier density of 1.2 ×
1020 cm−3, and resistivity of 6.2 × 10−4 Ω cm. Then, we analyzed the compositional, structural, and optoelectrical properties of
the optimal IFO:H film. The high quality of the layer was confirmed by the low Urbach energy of 197 meV, compared to 444
meV obtained on the reference indium tin oxide. We implemented IFO:H into different front/back-contacted solar cells with
passivating contacts processed at high and low temperatures, obtaining a significant short-circuit current gain of 1.53 mA cm−2.
The best solar cell shows a conversion efficiency of 21.1%.

KEYWORDS: hydrogenated fluorine-doped indium oxide (IFO:H), electron mobility, transparent conductive oxide (TCO),
passivating contacts, silicon heterojunction (SHJ)

1. INTRODUCTION

Crystalline silicon (c-Si) solar cells with carrier-selective
passivating contacts (CSPCs) have received extensive attention
in recent years.1 In particular, silicon heterojunction (SHJ)
solar cells based on hydrogenated amorphous silicon (a-Si:H)
contact stacks show extremely high open-circuit voltage (Voc)
up to 750 mV,2 with world-record conversion efficiency above
26.6% in interdigitated back-contacted (IBC) configuration.3

Also, stacks based on poly-Si layers deposited on ultra-thin
silicon oxide have paved the way for efficiencies clearly above
254 and 26%5 in front/back-contacted (FBC) and IBC
configurations, respectively. However, in the case of FBC
architectures, drawbacks exist in the relatively high sheet
resistance (Rsh) and parasitic optical absorption of the front
side layers, calling for transparent conductive oxide (TCO)
layers. These films enable thin CSPCs and efficient lateral
charge carrier transport, minimizing transport as well as
reflection losses.6 On the rear side, the TCO layer is also
needed to buffer the evanescent light waves arising at the
interface with the rear metal contact.6,7

Ideal transparent conductive oxide (TCO) layers for these
applications should have particular characteristics including (i)
low lateral electrical resistivity (i.e., low Rsh) and simulta-
neously low optical absorption loss in the whole wavelength
range of interest from the ultraviolet, visible to infrared region
(UV−vis−IR); (ii) low contact resistance with the adjacent
layers; (iii) appropriate process temperature without degrading
passivation; (iv) an appropriate refractive index for maximal
light in-coupling in solar cells.8 It is well-known that high
carrier density is favorable for carrier transport between TCO
and the adjacent active layers,9,10 but it also inevitably triggers
the free carrier absorption (FCA) in the near-infrared (NIR)
region.7 On the other hand, considering that σ = eNeμe (where
σ is the electrical conductivity of the material, e is electron
charge, and Ne and μe are the carrier density and electron
mobility, respectively), increasing μe enables high σ and relaxes
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requirements on Ne. Therefore, high-mobility TCO films
deposited at relatively low temperatures are of great interest.11

Metal-doped and/or hydrogen-doped In2O3 thin films with
high μe (>60 cm2 V−1 s−1), such as H,12 Ce,13 Zn,8 Ti,14 Zr,15

W,16 Mo,17 and Hf,18 have attracted considerable attention. In
these cases, the metallic cation doping species substituting In
atoms mainly act as a donor; besides, they decrease the
residual strain and the contribution of the grain-boundary
scattering to carrier transport, which could be enhanced by co-
doping with hydrogen.13 On the other hand, the study with
respect to anion doping is, to our knowledge, still not fully
developed, even though the fluorine dopant has been found to
present high mobility in the early 1980s.19

Different approaches have been utilized to fabricate
conductive fluorine-doped indium oxide (IFO) films, such as
chemical vapor deposition at 350−450 °C,20 pyrosol approach
at 310−500 °C,19,21 and electron-beam evaporation at 450−
520 °C.22,23 Some reports on reactive ion plating24 and RF
magnetron sputtering25 at room temperature showed rather
high initial resistivity (>1 × 10−3 Ω cm), requiring an
annealing step at a temperature above 400 °C for yielding a
highly conductive and transparent film. The ion radius of F−

(1.36 Å) is close to that of O2− (1.40 Å), and substitutional
replacement of F− with O2− is expected to cause minor
distortion to the In2O3 lattice.25,26 In terms of material
properties, the IFO film was found to have comparable
conductivity and better optical transmission in comparison
with indium tin oxide (ITO).21,27 It is noteworthy that Untila
et al. have applied the pyrosol-synthesized IFO film to IFO/p-
Si heterojunction and bifacial c-Si solar cells for low-
concentration systems.21,28,29 Such a high-temperature process
limits the application of IFO in low-thermal budget
architectures; furthermore, the process is prone to develop
an insulating SiOx between the IFO film and doped layers.28 At
present, the low-temperature deposition method of the IFO
film has not been well explored, and there has been little work
on its application in solar cells with passivating contacts.
In this paper, we prepared high-μe hydrogenated fluorine-

doped indium oxide (IFO:H) films with RF sputtering at low
substrate temperature and low power density. The composi-
tional, structural, and optoelectrical properties were charac-
terized. Furthermore, we validated the use of IFO:H in
different solar cells with CSPCs, with indium tin oxide (ITO)
as a reference. Experimental improvements were observed. In
particular, the SHJ cell with double-side IFO:H demonstrates
distinct optical enhancement without any losses in the fill
factor (FF) and Voc, making IFO:H a strong candidate for
multipurpose applications such as FBC and IBC c-Si solar cells
or perovskite/silicon tandem solar cells.

2. EXPERIMENTAL SECTION
2.1. Materials. TCO films were prepared using RF magnetron

sputtering at a substrate temperature of 105 °C. The IFO:H film was
sputtered by a commercial In2O3-based SCOT target from Advanced
Nano Products Co., Ltd., at an Ar flow of 50 sccm, chamber pressure
of 2.50 × 10−3 Pa, power density of ∼1.8 W cm−2, and variable water
vapor partial pressure. For comparison purposes, ITO films were
deposited from the ITO target containing 90 wt % of In2O3 and 10 wt
% of SnO2, an Ar flow of 40 sccm, chamber pressure of 2.20 × 10−3

Pa, and power density of ∼1.7 W cm−2. Before deposition, the target
was usually presputtered for 5 min to remove any contaminants and
eliminate any differential sputtering effects. The layers were 75 nm
thick unless otherwise specified since it is the commonly used
thickness for the In2O3-based TCO layer serving as an antireflection
coating in silicon-based solar cells to minimize reflection at about 600
nm, which is the wavelength where the standard 1 sun spectral
irradiance peaks.30

2.2. Material Characterization. Commercially available Corning
glasses were used as substrates. They were cleaned in acetone and
isopropyl alcohol sonication baths for 10 min, respectively. The
thickness of the TCO film was measured by a Steag ETA-Optik mini-
RT setup. The conductivity type, resistivity (ρ), carrier density (Ne),
and carrier mobility (μe) were determined by the Hall effect
measurement system HMS-5000 from ECOPIA CORP, while sheet
resistance (Rsh) was measured by a four-point-probe. Furthermore,
the transmittance and reflectance spectra were obtained from the
PerkinElmer Lambda 950 system, and Scout software was used to
obtain the corresponding wavelength-dependent refractive index and
extinction coefficient curves.31 The chemical composition of the film
was studied using X-ray photoelectron spectroscopy (XPS). Spectra
were measured at 45° take-off angle relative to the surface plane with
a PHI 5600 multi-technique system (base pressure of the main
chamber was 1 × 10−8 Pa). Samples were excited with Al Kα X-ray
radiation using a pass energy of 5.85 eV. Structures due to the Kα
satellite radiations were subtracted from the spectra prior to data
processing. The XPS peak intensities were obtained after Shirley
background removal.32 The atomic concentration analysis was
performed by taking into account the relevant atomic sensitivity
factors. The instrumental energy resolution was ≤0.5 eV. Spectra
calibration was achieved by fixing the main C 1s signal at 285.0 eV.33

The crystalline nature of the 100 nm thick film was studied with the
X-ray diffraction (XRD) technique. The XRD spectra were obtained
on an XPERT-PRO diffractometer system with a spinning stage
(Spinner PW3064), and a Cu Kα radiation from the X-ray tube with
normal focus was used (Cu Kα = 1.5406 Å). Characterization was
operated at 45 kV with a 2θ scan range of 10−90°. Morphological
scanning was carried out in NTEGRA PNL configurations from the
atomic force microscope (AFM) mode. Fourier transform infrared
(FTIR) spectroscopy was used to confirm the presence of hydrogen
in the IFO:H film. The measurements were performed in the
NICOLET 5700 setup with a scanning range of 4000−400 cm−1

under a nitrogen atmosphere. The specified 500 μm-thick wafers with
a resistivity of 1−10 Ω cm were used as substrates and reference.
Furthermore, the Kelvin probe force microscopy (KPFM) measure-

Figure 1. Sketches of (a) TLM samples (picture inset) and (b) solar cell structures (poly-Si(Cx) hybrid on the left-hand side, SHJ on the right-
hand side). SP Ag stands for screen-printed silver.
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ments in air were introduced to estimate the TCOs’ work function
(WF) from the observed contact potential difference (CPD)
considering gold as a reference. Samples are based on cleaned 280
μm-thick n-type flat (111) oriented wafers as substrates, to simulate
the (111) oriented crystal plane of the pyramid facets exposed after
surface texturing for device fabrication. A conductive silicon-SPM-
sensor probe was utilized as the standard tip, and the Z-position of the
tip was 10 nm. To minimize the temporary influence from the
ambient air atmosphere on the static charging effect and to get clear
comparative CPD values, repeated measurements were carried out.34

Besides, the contact resistivity between the 75-nm-thick TCOs and
screen-printed silver (SP, Ag) was studied with the transfer length
method (TLM) on dedicated samples,35 as shown in Figure 1a.
Wafers with insulating SiOx coating layers were used as substrates to
restrict the lateral current flow to the subsequently deposited TCO
layers.
2.3. Device Fabrication and Measurements. 4 in. float zone

(FZ) 280 μm-thick n-type flat (100) oriented wafers were used as
substrates, with a resistivity of 1−5 Ω cm. The wafer surfaces were
random pyramidal textured and dipped in 0.55% HF for 4 min before
device fabrication. The tested FBC cell structures are illustrated in
Figure 1b. Two are the so-called hybrid type,36,37 combining high-
and low-thermal budget processing routes (poly-SiCx hybrid and poly-
Si hybrid), and one is the SHJ type. The i-a-Si:H, nc-Si(Ox), and n-
poly-SiCx layers were grown by plasma-enhanced chemical deposition
(PECVD), while the n-poly-Si layers were prepared via low-pressure
chemical vapor deposition (LPCVD). Further details about the
fabrication process can be found elsewhere.38 Quasi-steady-state
photoconductance (QSSPC) lifetime measurements were performed
using a Sinton Instruments WCT-120 on various cell precursors
before and after the TCO growth, implied Voc (i-Voc) were provided
based on three groups of experimental data. Both front and rear metal
contacts were screen-printed, obtaining cells with an area of 7.84 cm2.
The complete solar cells were characterized by current−voltage (J−V)
measurements on a class AAA Wacom WXS-156S solar simulator
under air mass (AM) 1.5 global illumination, and by external quantum
efficiency (EQE) measurements to extract the short-circuit current
density Jsc_EQE.

■ 3. RESULTS AND DISCUSSION
3.1. Influence of Water Vapor Partial Pressure on the

Electrical Properties of as-Grown Films. Water vapor was
intentionally introduced in the system during deposition as a
hydrogen source, which has been found to be favorable to
promote high-mobility TCOs, such as IO:H, ICO:H, IWO:H,
etc.11 Hall measurements show that all of the fabricated films
are n-type. Figure 2 shows the electrical properties of the as-

deposited layers under different water vapor conditions. It can
be seen that the resistivity (ρ) decreases significantly with the
introduction of H2O vapor from 1.6 × 10−5 to 2.2 × 10−5 Pa
caused by simultaneous improvement of both carrier density
(Ne) and electron mobility (μe). The ρ value reaches a plateau
for H2O vapor pressure >1.8 × 10−5 Pa; the minimum ρ (6.2 ×
10−4 Ω cm) appears at the H2O vapor pressure of 1.8 × 10−5

Pa, with a maximum μe (87 cm2 V−1 s−1) and a Ne of 1.2 ×
1020 cm−3. The μe value is remarkably high and, to our
knowledge, it is the highest mobility value among the as-
sputtered In2O3-based TCO materials at a low temperature
below 110 °C.

3.2. Compositional, Structural, and Morphological
Analysis of the Optimized Film. XPS was carried out to
study the electronic structure of materials and identify the
chemical composition of the optimal as-grown film. It should
be noted that sputtered In2O3-based materials have rather
good uniformity in-depth profiling;39 thus, XPS results could
represent the bulk quality, although it provides the near-surface
region information.32 Figure 3a shows the wide scanning XPS

spectrum in the binding energy range of 0−1200 eV. The In
3d, O 1s, and F 1s signals were detected, and the C 1s signal
came from the adventitious contamination from the air
environment.33 No signals of other elements were detected.
In particular, the observed energies at In 3d5/2 and 3d3/2 states
are located at 444.8 and 452.4 eV, respectively (as shown in
the inset of Figure 3a), which closely match the binding energy
of In3+ in In2O3,

40 and confirm the fluorine-doped In2O3
composition of the film.41

Figure 3b shows the O 1s XPS spectrum of the IFO:H film,
which is fitted using three Gaussian components centered at
530.4, 532.2, and 533.7 eV. In2O3 crystallizes with a bixbyite
structure in which each indium atom is surrounded by six

Figure 2. Resistivity (ρ), carrier density (Ne), and Hall mobility (μe)
of the as-grown In2O3-based films as a function of variable H2O vapor
pressure.

Figure 3. (a) XPS wide scan with an inset of In 3d core-level XPS
spectra, (b) O 1s, and (c) F 1s core-level XPS spectra of the as-
sputtered IFO:H film. The scatter plots in red color represent the
experimental profiles, and the solid lines refer to the Gaussian
components.
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oxygen atoms at the corners of a distorted cube, with two
vacancies at the two unoccupied corners. According to the
reported data,26 the lower energy peak located at 530.4 eV
corresponds to O2− ions, which have neighboring In atoms
with their full octahedral coordination environment, whereas
the higher energy peak located at 532.2 eV is assigned to O2−

ions in oxygen-deficient sites. Besides, the 533.7 eV peak is
attributed to −OH groups, either from the film itself or from
the air exposure, which will be further discussed by the FTIR
approach. Figure 3c shows the F 1s XPS spectrum of the
IFO:H film. It has been discussed that a fluorine atom
substitutes an oxygen atom generating a free electron or
occupies an oxygen vacancy site eliminating an electron trap
site. Fluorine ions with strong electronegativity could form
hydrogen bonds with hydroxyl groups, thus passivating the
hole trap sites of the hydroxyl groups.26 The F 1s spectrum was
fitted using three Gaussians at 684.8, 686.0, and 688.2 eV.
Correspondingly, the component at 684.8 eV is related to
fluorine of the In-F bond in the IFO film; the component at
686.0 eV is due to fluorine that occupies the oxygen vacancies;
finally, the component at 688.2 eV is related to the F ions that
form hydrogen bonds with surface hydroxyl groups.26,42

The composition results show that the atomic ratio of In/(O
+ F) is 0.69, similar to the reported values of In2O3 films.27 An
oxygen deficiency of ∼3% has been observed with respect to
the stoichiometric composition. Moreover, the F/(F + O)
atomic ratio indicates 12% fluorine doping, and an F/In atomic
ratio was calculated to be 17.4%. It has been reported that the
F/In ratio has a significant influence on the contact properties
between IFO and p-/n-type c-Si, regardless of the possible
oxygen content variation.43 According to Untila et al.,43 the
ratio of 17.4% is in a region that the IFO film forms an Ohmic
contact with n-type c-Si, yet rectifying the contact with p-type

c-Si. We have to note that the properties of TCOs are affected
by various deposition technologies. The contact issues between
our IFO film and the adjacent layers will be discussed in the
following sections.
FTIR measurements were carried out to verify the existence

of hydrogen. By comparison, a reference IFO sample with the
same thickness without water vapor in the deposition was also
measured. Figure 4a shows the FTIR spectra of the as-
deposited samples. The bands at around 1600 and 3400 cm−1

could be attributed to bonded OH bending and stretching
vibrations, respectively.44,45 The bands may come from either
the films or physically adsorbed water,46 yet from a comparison
between the sample with and without water vapor in the
growth process (especially at 3400 cm−1), shift and intensity of
the peaks changed significantly upon H2O vapor introduction,
indicating strengthened hydrogen bonds and related redis-
tribution in the IFO:H film.44 Thus, the existence of hydrogen
could be proved. Besides, the observed bands in the 400−800
cm−1 region may be attributed to the characteristic M−O
vibrations corresponding to In−O in the films.44,47 No
fluorine-related band was observed.
Furthermore, FTIR is also an informative method to

estimate the conduction band electrons in n-type semi-
conductors. The absorbance exhibited by IFO:H in the mid-
IR region (>1000 cm−1) has a positive correlation with the
number of conduction band electrons in the film.48 The results
clearly indicate that the water vapor in the deposition process
can increase the conduction band electrons in the IFO:H film,
and hence, improve the conductivity of the film. The results
are in good agreement with the data reported in Figure 2, and
the higher Ne could be attributed to the doped hydrogen acting
as shallow donors.49,50 The above results indicate that the
higher μe of the IFO:H film might be presumably attributed to

Figure 4. (a) FTIR spectra of the IFO:H and IFO films. (b) X-ray diffraction patterns for the optimized IFO:H film.

Figure 5. (a) AFM micrograph of the optimal IFO:H film. (b) Cross-sectional profile along the line in (a).
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contributions from the elimination of electron trap sites from
fluorine doping26,51 and possible grain-boundary passivation by
hydrogen,9,49 both of which lower the potential barriers, thus
benefiting the carrier transport in the film.49,51

Figure 4b shows the XRD spectrum of the optimal IFO:H
film. All peaks can be assigned to the cubic bixbyite structure of
In2O3, which matches with ICDD database version PDF4+
reference code no. 04-004-8968, indicating that the IFO:H film
retains the polycrystalline cubic In2O3 structure.52 The
strongest (222) diffraction peak at 30.55° is conspicuous,
other peaks were assigned accordingly.25,53 Besides, the broad
background peak at around 2θ = 22.28° is related to the glass
substrate.54 Furthermore, the mean crystallite size was
calculated to be 29.85 nm from the full width at half-maximum
(FWHM) of the X-ray peak of (222) following Scherrer’s
formula.55

To understand the surface quality and growth morphology,
the surface morphology and roughness of the IFO:H film were
measured by an atomic force microscope (AFM), as shown in
Figure 5. The film exhibits a rather smooth surface with a root-
mean-square (RMS) roughness of 0.52 nm.
3.3. Electrical and Optical Properties in Comparison

with ITO. The electrical properties of the optimized IFO:H
layer are listed in Table 1 and compared to those of the ITO

reference. It was found that the introduction of fluorine causes
an abrupt increase of μe in the fluorine-doped tin oxide (FTO)
film, due to fluorine dopant lowering the transport barrier at
the grain boundaries.56 In terms of physical definition, μe = eτ/
me*, where μe is the electron mobility and τ and me* are carrier
relaxation time and electron effective mass, respectively. It has
been theoretically57 and experimentally11 found that high-μe
TCO films exhibit a me* similar to those of conventional
polycrystalline ITO and amorphous In2O3-based TCO films,
indicating that high μe is mainly achieved through a larger τ
rather than a smaller me*.

11 Therefore, as we mentioned above,
the high μe in IFO:H might be interpreted by various
scattering mechanisms (influencing τ) such as little distortion
in the crystal structure,19 low barrier height at grain boundaries
by fluorine doping,43 grain-boundary passivation by hydrogen,
and the fact that hydrogen atoms in the film do not
significantly contribute to ionized or neutral impurity
scattering.9,49

Figure 6a shows the transmittance and reflectance spectra of
75-nm-thick IFO:H and ITO films. Comparable transmittance
was observed in the Vis-IR region, while in the UV range, the
transmittance edge of the IFO:H film shows a blue shift
relative to ITO, indicating a possible wider band gap in the
IFO:H film. Furthermore, the IFO:H film displays higher
reflectance in both UV and IR regions, which are related to the
tail states and plasma oscillations of the free carriers,
respectively.42,58 Figure 6b illustrates the absorption coefficient
(α) of the TCOs with an ASTM G173-03 solar spectrum
provided in the background. The absorption coefficient was
calculated from α = ln[(1 − R)2/T]/d, where T and R are the

measured transmittance and reflectance spectra, respectively,
and d is the film thickness. As can be seen, the IFO:H film
shows lower α along the whole wavelength range, allowing an
augmented light incidence to the absorber material of the PV
devices. As previously mentioned, the absorption edge shifts
toward the lower wavelength, indicating a wider band gap of
the IFO:H film. The optical band gap (Eopt) for allowed direct
electronic transition was calculated from the plot of (αhν)2

versus (hν) in Figure 6c.8 The IFO:H film has an Eopt of 3.85
eV, which is wider than that of ITO (3.76 eV). The wider band
gap value should not be explained by the Moss−Burstein
effect59 since the carrier density of the IFO:H film is lower
than that of ITO. It has been proposed that the optical
transitions in a specific material system are influenced by the
disorder in the material phase,12 as well as the various
interaction effects either between free carriers or between free
carriers and ionized impurities.60

In low crystalline, disordered, and amorphous materials, an
exponential tail called the Urbach tail appears near the optical
band edge along the absorption coefficient curve. The Urbach
tail is generated due to localized states in the band gap caused
by perturbation in the structure and by a disorder of the
system.58 We thus extracted the Urbach energy (EU) to
estimate the width of the tail states, following the Urbach
relation that ln α = ln α0 + (hν/EU), where α0 is a pre-
exponential constant and (hν) is the incident photon.58 The
fitting results showed an EU of 197 meV for the IFO:H film
and 444 meV for ITO, respectively. Compared to ITO, higher
Eopt and mobility can be expected from IFO:H due to its lower
Urbach energy.58 Besides, the EU value of the IFO:H film is
closer to the reported data of the high-mobility IO:H and IZO
films (∼130 meV),8 indicating similar changes upon ITO,
where the fluorine doping accompanies less disorder and
defect states in the In2O3-based film. It is notable that the EU
for ITO is higher than the reported value of 300 meV extracted
from PDS measurements by Morales-Masis et al.,8 the reason
may be attributed to the ITO material quality deposited by
different sputtering technologies.
Furthermore, another particularly attractive feature of all

In2O3-based materials is that their refractive index is close to 2
at around 600 nm wavelength, where solar radiation intensity is
maximum. This is approximately the geometric mean of the
refractive indices of air and typical solar cell absorber, such as
silicon, and gives such materials very good antireflective
coating (ARC) properties.9 The wavelength-dependent
refractive index (n) and extinction coefficient (k) curves
from Scout software fitting are shown in Figure 6d. n decreases
with the wavelength, which is consistent with the expectation
from Kramers−Kronig analysis.53 It is noticeable that the
IFO:H has a relatively gentler variation in n than ITO, which
may have a better ARC potential than the ITO film
considering the wavelength-dependent phase changes in the
light interference.61 Furthermore, k values are in accordance
with the α curves in Figure 6b, which can be interpreted by the
correlation of α = 4πk/λ, whereas the inconsistency between α
and k in the UV region in the two figures should be attributed
to the software fitting error in the region.
To summarize, compared to ITO, the IFO:H film has lower

Ne, higher μe and n (especially in the IR range), which
contributes to reducing FCA.62 Combined with the potential
as ARC, the significant optical performance of the IFO:H film
as a front electrode can be expected at the device level.
Furthermore, considering the low absorption in the IR region,

Table 1. Electrical Parameters of the As-Deposited 75 nm
Thick IFO:H and ITO Films

TCO

sheet
resistance
(Rsh, Ω/sq)

carrier
density

(Ne, cm
−3)

electron mobility
(μe, cm

2 V−1 s−1)
resistivity
(ρ, Ω cm)

IFO:H 74 1.2 × 1020 87 6.2 × 10−4

ITO 50 4.9 × 1020 28 4.7 × 10−4
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the IFO:H film deployed at the rear side of a PV device may
also output an additional optical contribution.7

3.4. Application of the IFO:H Film as Electrode
Contacts. We evaluated the WF values of the TCOs under
test via the KPFM approach. Typical recorded CPD values
were −895, −475, and −720 mV for gold (reference), IFO:H,
and ITO films, respectively. Accordingly, the WF values were
calculated to be 4.68 eV for IFO:H and 4.93 eV for ITO,34

indicating a preferable contact of IFO:H for collecting
electrons from the n-contact stack in the solar cell device.63

The results may be interpreted with the reported model that
fluorine reduces the oxygen content at the grain surface, and
consequently decreases both the surface negative charge and
the barrier height at the grain boundaries, resulting in a WF

decrease in the case of the IFO:H film.43 The contact
resistivity (ρc) between 75 nm thick TCOs and screen-printed

silver (Ag) was studied using the transfer length method
(TLM).35 Fitting results show that Ohmic contacts form
between TCOs and Ag, which can be expected from the metal-
like electronic behavior of the degenerated In2O3-based
TCOs.64 The ρc values are 0.22 mΩ cm2 for the ITO/Ag
stack and 1.13 mΩ cm2 for the IFO:H/Ag stack. The higher ρc
in the IFO:H/Ag stack is related to the much lower carrier
density (Ne) in the IFO:H film.9,10,64 This drawback might be
circumvented by deploying a TCO bi-layer prior to
metallization (e.g., transport layer/IFO:H/ITO/Ag).65

3.5. Solar Cells. In this section, we report the potential
benefits of using IFO:H TCO in c-Si solar cells. Based on
Figure 1b, three groups of solar cells with CSPCs were
designed. Note that the IFO:H films were applied on the n-
contact stack at the rear sides of poly-Si(Cx) hybrid solar cells,
with a thickness of 150 nm to ensure a good infrared

Figure 6. Optical properties of the IFO:H and ITO films. (a) Transmittance and reflectance spectra, (b) calculated absorption coefficient curves,
(c) optical band gap plot curves, and (d) the wavelength-dependent refractive index (n) and extinction coefficient (k) curves.

Figure 7. External quantum efficiency (EQE) curves of (a) poly-SiCx hybrid, (b) poly-Si hybrid, and (c) SHJ solar cells, respectively. Jsc_EQE were
provided accordingly.
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response,7 and on both sides of SHJ solar cells (75- and 150-
nm-thick, respectively). Figure 7a−c shows the corresponding
EQE results. For the poly-Si(Cx) hybrid devices, rear IFO:H
contributes to the IR response, resulting from a higher R and in
accordance with higher n in the IR range (as shown in Figure
6). In the case of SHJ solar cells, optical improvement along
the whole wavelength range was detected for the IFO:H cell,
with a Jsc_EQE increase of 1.53 mA cm−2 compared to the ITO-
based cell. Notably, all these improvements in the long-
wavelength range might make the IOF:H film a potentially
competitive TCO for the bottom cell in perovskite/silicon
tandem solar cells.66

Figure 8a shows the FF comparison for the cells shown in
Figure 7. Besides, IFO:H exhibits larger sheet resistance and
resistivity than ITO (Table 1), and the contact resistivity of
IFO:H/Ag is larger than that of ITO/Ag (Section 3.4). We
observed that in different front metal coverage cases (12.5 and
6%), poly-Si(Cx) hybrid solar cells with rear IFO:H exhibited
obviously more than 1%abs. FF improvements compared to the
ITO counterpart. Considering the preferable contact of IFO:H
for collecting electrons from the n-contact stack in the solar
cell device, the observed experimentally higher FF with IFO:H
could be reasonably attributed to its favorable WF match with
the n-doped layers.63 As for SHJ cells, double-side IFO:H films
result in a comparable FF with respect to ITO−ITO cell film
arrangement. Furthermore, Figure 8b displays the i-Voc change
caused by TCO deposition. Compared with the initial cell
precursors, the loss of i-Voc are found to be less than 5 mV, for
both sputtered ITO and IFO:H films. This may provide a
favorable approach for solar cells with CSPCs, especially for
FBC solar cell architectures solely based on poly-Si CSPCs,67

whose surface passivation quality can experience severe loss
upon TCO sputtering and might not be completely recovered
with low post-annealing temperature.6,68 Besides, it is worth
noting that the IFO:H film presents excellent optoelectronic
properties already from the as-deposited step, displaying an
advantage over ITO. Considering also that the deposition is
performed at substrate temperatures below 110 °C and at low
power densities, the IFO:H film may present ideal properties
for application in some other temperature- and damage-
sensitive technologies, such as polymer and perovskite solar
cells, perovskite/silicon tandem solar cells, as well as flexible

and paper electronics.8 Additionally, upon further optimization
of cell design, with a front metal coverage of 4.4%, the 3.92 cm2

device performances based on three SHJ cells are shown in
Table 2. Notably, the best SHJ solar cell with double-side

IFO:H films illustrated an efficiency of 21.1%, whose current−
voltage characteristic is presented in Figure 8c, and the best
reference ITO-based SHJ solar cell showed an efficiency of
20.3%, with Voc = 702 mV, Jsc = 37.00 mA cm−2, and FF =
78.00%.

4. CONCLUSIONS
We demonstrate RF-sputtered hydrogenated fluorine-doped
indium oxide (IFO:H) films at low substrate temperature
(<110 °C) and power density (<2.0 W cm−2). By varying the
water vapor pressure during the deposition, we obtain an
optimized IFO:H film with a remarkably high electron mobility
(μe = 87 cm2 V−1 s−1), the optimal IFO:H film shows a cubic
In2O3 polycrystalline structure with a F/In atomic ratio of
17.4%. Compared to ITO, the IFO:H film displays a wider
optical band gap (3.85 eV), lower Urbach energy (197 meV),
higher μe, and an appropriate refractive index for ARC purpose
in Si-based devices. The high μe in IFO:H might be related to
little distortion in the crystal structure, lower barrier height at
grain boundaries by fluorine doping, and grain-boundary
passivation by hydrogen. Using the IFO:H film on the rear
sides of poly-Si(Cx) hybrid solar cells, we observed enhanced
infrared spectral response and more than 1%abs. improvement
in the FF mainly due to a favorable work function match
between IFO:H and n-type doped layers, while the SHJ device
with double-side IFO:H exhibited a Jsc_EQE gain of 1.53 mA

Figure 8. (a) Fill factor (FF) of different types of solar cells with IFO:H applied on the n-contact stack at the rear sides of poly-Si(Cx) hybrid, and
on both sides of SHJ solar cells, compared to ITO-based devices as references. Results from different metal coverages are provided. (b) Implied Voc
variation with TCOs’ sputtering processes based on four series of experimental data, and (c) current−voltage characteristics of the best SHJ solar
cells integrating double-side IFO:H films.

Table 2. Solar Cell Parameters of 3.92 cm2 SHJ Devices with
IFO:H and ITOa

open-circuit
voltage

(Voc, mV)

short-circuit
current density
(Jsc, mA cm−2)

fill factor
(FF, %)

efficiency
(η, %)

IFO:H 702 ± 2.7 38.32 ± 0.17 78.08 ± 0.36 21.01 ± 0.08
ITO 699 ± 3.0 36.90 ± 0.10 78.18 ± 0.18 20.17 ± 0.12

aThe values reported are the average based on three cells. The
standard deviation is calculated for each cell parameter.
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cm−2 within the whole wavelength range without any FF loss.
The optimized SHJ solar cell showed a conversion efficiency of
21.1%, featuring a Jsc of 38.49 mA cm−2, a Voc of 705 mV, and
an FF of 77.72%. The IFO:H film could be a versatile
candidate for applications such as poly-Si(Cx)(Ox)/SiO2,
perovskite, perovskite/silicon tandem solar cells, and (flexible)
optoelectronic devices.
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