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Large-scale deployment of a wide range of optoelectronic devices, including solar
cells, critically depends on the long-term stability of their front electrodes. Here,
we investigate the performance of Sn-doped In2O3 (ITO), H-doped In2O3 (IO:H),
and Zn-doped In2O3 (IZO) electrodes under damp heat (DH) conditions (85 ◦C, 85%
relative humidity). ITO, IO:H capped with ITO, and IZO show high stability with
only 3%, 9%, and 13% sheet resistance (Rs ) degradation after 1000 h of DH, respectively. For uncapped IO:H, we find a 75% Rs degradation, due to losses in electron
Hall mobility (µHall). We propose that this degradation results from chemisorbed
OH- or H2O-related species in the film, which is confirmed by thermal desorption
spectroscopy and x-ray photoelectron spectroscopy. While µHall strongly degrades
during DH, the optical mobility (µoptical) remains unchanged, indicating that the
degradation mainly occurs at grain boundaries. C 2015 Author(s). All article content,
except where otherwise noted, is licensed under a Creative Commons Attribution 3.0
Unported License. [http://dx.doi.org/10.1063/1.4935125]

Transparent conductive oxides (TCOs) are used as electrodes in various optoelectronic devices,
like light emitting diodes and photovoltaic devices, including high-efficiency silicon heterojunction
(SHJ) solar cells.1 Sn doped In2O3 (ITO) is the most commonly used transparent front-contact in
SHJ technology; yet, the carrier mobility in ITO is low (typically 20–40 cm2/V s) and the films
can suffer from significant parasitic absorption losses in infrared (IR) wavelengths if a sufficiently
high conductivity is required.2,3 To lower such parasitic absorption losses, hydrogen doped In2O3
(IO:H) is a suitable alternative: this material shows a significantly higher electron mobility (µe),
enabling high sheet conductivities with low free-carrier absorption and hence lower IR parasitic
absorption losses. In the case of SHJ cells, applying IO:H with high µe as front contact showed an
improvement of short-circuit current density (Jsc) as compared to ITO, whereas it caused fill factor
(FF) losses because of an increase in contact resistance at the interface of IO:H and the silver front
grid.4 By adding an ultrathin ITO capping layer on the IO:H film before metallization—so called
IO:H/ITO bilayers—a combination of high µe and low Rs is achieved, improving the performance
of such solar cells.4 Recently, we have further confirmed the importance of high mobility TCOs in
SHJ technology by demonstrating amorphous Zn-doped In2O3 (IZO) as a front contact in SHJ5 and
perovskite-SHJ tandem solar cells6 since IZO equally combines high conductivity, high mobility,
and high optical broadband transmittance, allowing the improvement in Jsc with respect to those
with ITO.5
These front TCO films “cap” the actual solar cell and can be subject to moisture ingress
through the encapsulation polymer in the final photovoltaic module. Resilience of TCOs against
such phenomenon and adverse environmental conditions in general is a critical factor for their
large-scale deployment. The stability to heat and humidity of several TCOs, including ITO and
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IZO, has already been studied, demonstrating a clear dependence on the deposition method,7,8
type of substrate,9,10 film thickness,7,11 free-carrier concentration,12 microstructure and film crystallinity.13–19 To our knowledge however, the behavior of IO:H under damp heat (DH) conditions is yet
to be discussed in the literature. Motivated by this, we compare directly the stability of ITO, IO:H,
IO:H capped with 20 nm of ITO (IO:H/ITO bilayers), and IZO films and identify the main physical
and chemical effects that impact their long-term stability.
ITO, IO:H, IZO, and IO:H/ITO bilayer films were deposited by dc or rf magnetron sputtering
on 0.5 mm thick alkali free glass (AF45) substrates under argon and oxygen atmosphere (see details
on Table I). For IO:H films, water vapor, which plays the role of H source, is introduced into the
reactor during the sputtering process.4,20 More details on the TCO film depositions can be found
elsewhere.4 The films were then annealed in air (190 ◦C for 20 min) to simulate the curing process
needed for the screen-printed silver grid fabricated on top of the TCO front contact.1 Specifically for
silicon heterojunction solar cell front contact formation, the sputtering parameters of each TCO film
were optimized to achieve 100 nm-thick films with carrier concentrations (Ne) of 1–2.5 × 1020 cm−3
after the annealing step. These specific properties are tuned to minimize the optical reflectance of
the used silicon substrates in the visible range and to maximize the optical transmittance in the
IR range. Stability to heat and humidity of the annealed films was tested through DH treatment at
85 ◦C and 85% relative humidity (RH). The evolution of the electrical and optical properties of the
annealed films during the 1000 h of DH treatment was studied by Hall effect measurements and
UV-Vis-NIR spectroscopy (using an integrating sphere) respectively. The optical mobility (µoptical)
was calculated by graph fitting of reflectance spectra in the range of 400–8000 cm−1, recorded
by Fourier transform IR (FTIR) spectrometer.21 The structural properties of the annealed films
were characterized by grazing-incidence x-ray diffraction (GI-XRD). The chemical state of the
annealed films before and after DH was carried out by x-ray photoelectron spectroscopy (XPS).
The film surfaces were Ar etched for 1 min (7 nm in depth), before analyzing the survey spectra.
The high-resolution core-level O1s spectra were then recorded and Gauss-Lorentz fitted, which
is the standard procedure for In2O3 compounds.22 The H2O and H2 desorption of the films was
investigated by thermal desorption spectroscopy (TDS). For this an ESCO EMD-WA1000S system
operated at ultrahigh vacuum (<1.0 × 10−9 Torr) was used in which the samples are lamp heated
up to 1000 ◦C, with a linear temperature ramp of 20 K min−1. During the annealing, a Balzers AG
QMG 421 quadrupole mass spectrometer was used to determine the H2O and H2 effusion rates from
the respective films.
Table I summarizes the electrical properties and crystal structure before and after annealing of
ITO, IO:H, IZO, and IO:H/ITO bilayers. Before annealing, ITO is polycrystalline while IO:H and
IZO are amorphous. After annealing, IO:H crystallizes, while the IZO films remain amorphous.
The polycrystalline ITO films do not present changes with the annealing step.5 Details of the XRD
spectra are presented in Fig. S1 of the supplementary material.23 The results in Table I show that

TABLE I. Comparison of the deposition parameters, crystal structure, and electrical properties before and after annealing of
the studied ITO, IO:H, IZO, and IO:H/ITO bilayers films.

Deposition processes
Sample
ITO
IO:H
IZO

Magnetron
sputtering
dc

T (◦C)

Room
temperature
rf with water
Room
vapor
temperature
rf
60

Ceramic target
In2O3 with
10 wt.% SnO
In2O3

In2O3 with
10 wt.% ZnO
IO:H/ITO rf with water
Room
In2O3/In2O3 with
bilayers
vapor/dc
temperature 10 wt.% SnO

Electrical properties before and after
annealing
R s (Ω/) µ Hall (cm2/V s) N e (1020 cm−3)
before/after
before/after
before/after
125/110

40/25

1.1/2.5

28/35

50/115

3.6/1.5

80/50

50/60

1.5/1.9

55/90

55/85

2.5/1.0

Crystal structure
before/after
annealing
Crystalline/
crystalline
Amorphous/
crystalline
Amorphous/
amorphous
Amorphous/
crystalline
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for these respective materials high electron Hall mobility (µHall) (IO:H: 115 cm2/V s and IO:H/ITO
bilayers: 85 cm2/V s, integrated value), low µHall (ITO: 25 cm2/V s), and intermediate µHall (IZO:
60 cm2/V s) are achieved after annealing. Conversely, the Ne decreases in IO:H and IO:H/ITO bilayers but increases in ITO after annealing. The decrease in Ne in IO:H is described by OH radicals
and H2O desorption from the amorphous film by annealing,24 as well as a possible oxidation of the
films.25 The crystallization, decrease in Ne , and possible H passivation at grain boundaries result in
a strong increase in µHall.26,27 For the amorphous IZO layer, the µHall and Ne slightly increase after
annealing.
Figure 1 displays the relative change (%) in sheet resistance (Rs ), carrier concentration (Ne ),
and electron Hall mobility (µHall) of annealed ITO, IO:H, IZO, and IO:H/ITO bilayers as a function
of DH time. For ITO, IO:H/ITO bilayers, and IZO, Rs changes by 3%, 9%, and 13% from the
initial value, respectively, while for IO:H, the relative change is more than 70% after 1000 h of
DH (Fig. 1(a)). For Ne , all films show less than 10% relative change (Fig. 1(b)). In terms of µHall

FIG. 1. Relative change in electrical properties of annealed ITO, IO:H, IZO, and IO:H/ITO bilayers as a function of damp
heat (DH) time: (a) sheet resistance, R s , (b) carrier concentration, N e , and (c) Hall mobility, µ Hall.
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(Fig. 1(c)), we observe only 1% decrease after 1000 h of DH for ITO, while for IZO and IO:H/ITO
bilayers, the µHall decreases by 5% and 10%, respectively. Figure S2 of the supplementary material
shows that increasing the carrier density of IZO results in a further stability improvement, with
no change in hall mobility even after 2000 h of DH.23 Remarkably, for uncapped IO:H, we find a
drastic reduction of µHall (40% in relative change) after DH treatment, playing the main role in the
Rs degradation. This result underscores the importance of capping the IO:H layers with ITO.4
Figure 2 presents the optical transmittance and absorptance of the layers before and after
1000 h of DH. The films show over 80% transmittance and less than 5% absorptance in the wavelength range of 380–1100 nm. No significant change in the transmittance and absorptance after the
DH treatment is observed for ITO and IZO, and only a slight decrease in absorptance at wavelengths
above 1500 nm is observed for the IO:H and IO:H/ITO bilayers after DH. This slight decrease in
absorptance is linked to a shift in the reflectance of the layers, probably due to a small change of the
refractive index of the films.
Comparing all annealed films, IO:H presents the highest sensitivity to heat and humidity,
evidenced by the strongest degradation in µHall, Rs , and optical properties, while ITO, IZO, and
IO:H/ITO show much higher stability under DH treatment.
To probe the chemisorption of H2O-groups in the TCOs, we conducted XPS on the annealed
samples before and after DH test (Fig. 3). The high-resolution core-level O1s spectra were fitted

FIG. 2. Optical (a) transmittance, (b) reflectance and (c) absorptance of ITO, IO:H, IZO, and IO:H/ITO bilayers before (full
lines) and after 1000 h of DH (dashed lines).
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FIG. 3. Graph fitting of high resolution O1s XPS spectra of annealed IO:H, ITO, and IZO ((a), (c), and (e)) before and ((b),
(d), and (f)) after DH test. C1s peak of IO:H (g) before and (h) after DH.

with four Gauss-Lorentz peaks. Peak A observed at a binding energy (BE) of 529.5 eV is an
oxide peak, related to the oxygen (O) attached to the metallic elements (here In, Sn, or Zn). The
slightly shifted peak about 530.5 eV, namely, peak B, is also a metal oxide peak but ascribed to
O atoms in the vicinity of an oxygen vacancy (VO).28 Therefore, the area of this peak is related
to the concentration of free-carriers originating from VO. Peak C at BE of 532 eV is attributed to
chemisorbed OH groups on the surface, often shown as indium oxyhydroxide (InOOH).22,27,29 This
peak is indicative for the amount of chemisorbed OH in the layers, surface, and grain boundaries.
The fourth peak at 533 eV, peak D, we assign to O in metal carbonates (C—O—M)29 or molecularly
chemisorbed H2O.30 The C1s peak of these compounds is usually fitted with three components,
in which peak E corresponds to graphitic carbon and peaks F and G correspond to C—O—C and
O—C==C, respectively.
Comparing the XPS spectra of the layers before and after DH, we observe that the fraction
of O near VO decreases in IO:H and IZO, indicating lower Ne in these DH treated films, which is
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FIG. 4. XRD spectra of IO:H films before and after 1000 h of DH treatment.

in good agreement with our Hall effect data (Fig. 1). Additionally, the fraction of adsorbed OH,
present as InOOH, increases significantly in all films after DH, which is in agreement with previous
publications,29 further confirming the OH-groups incorporation in the layers after DH test. While
chemisorbed H2O or OH groups strongly affect the electrical properties of IO:H, notably, in ITO
and IZO, the electrical properties do not degrade (Fig. 1), probably due to accumulation of OH
groups on the surface but not diffusion into the bulk.
To deepen our understanding of the degradation mechanism in IO:H during DH, we investigated the film properties by XRD, atomic force microscopy (AFM), and FTIR spectroscopy.
Analyzing our XRD data (Fig. 4), no structural change is observed in the DH treated film, indicating that the adsorbed H2O-related species do not deteriorate the crystallinity of the film. This is
supported by AFM measurements (Fig. S2 in supplementary material23). AFM topography scans
indicate that the root-mean-square (RMS) surface roughness of the films changes only very slightly
from 0.5 nm RMS before DH to 0.7 nm RMS after DH. Consequently, this suggests that degradation in Rs is not caused by a modification in the microstructure of the films (amorphization for
example27) but points to H2O or OH-species adsorption at the grain boundaries.14 The creation or
annihilation of point defects in IO:H caused by DH is equally discarded based on the unchanged Ne
before and after DH (Ne changes by <10%).
The contribution of grain boundary scattering to the degradation of the electrical properties
of IO:H before and after DH was analyzed by comparing the optical (µoptical) and Hall (µHall)
mobilities as shown in Fig. 5. The optical mobility was obtained by fitting the FTIR reflectance
spectra (Fig. 5(a)) by a commercial software using the Drude model with effective electron mass
(m∗) = 0.3 me, with me the electron mass.24,31 The details of graph fitting can be found elsewhere.21 Reference data on ITO are also presented. It is well known that in macroscopic Hall
effect measurements, the mobility of bulk materials is influenced by all possibly present scattering
mechanisms—including grain boundary scattering.21 For the optical measurement, the mean free
path of the electron in the IR region is much smaller than the average grain size, accordingly only
intragrain scattering will affect the µoptical.21 As shown in Fig. 5, before DH treatment, the µoptical
and the µHall values of IO:H and ITO are almost identical. For ITO, the µoptical, and µHall after
DH feature similar values, indicating that no degradation of grain boundaries occurs in this film.
Contrastingly, for IO:H, after DH treatment, µHall shows a remarkable decrease, while µoptical only
show a slight decrease. This indicates a clear degradation at grain boundaries. We propose that this
degradation originates from the removal of H atoms at grain boundaries by adsorbed OH-radicals
from the DH chamber, forming H2O molecules.32 The formation of H2O molecules, and their
possible desorption from the films, results in the loss of passivation at grain boundaries provided
by the H-doping, i.e., higher trap density or potential barriers for electron transport, decreasing
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FIG. 5. (a) Infrared reflectance spectra of IO:H and ITO before and after DH treatment. The full line represents the curve
obtained by fitting with the Drude model as described by Ref. 21. (b) Comparison of the optical (µ optical) and Hall mobility
(µ Hall) of IO:H and ITO before and after 1000 h of DH treatment. The optical mobility was obtained from the curve fitting
presented in (a).

FIG. 6. Thermal desorption spectra of (a) H2 and (b) H2O for IO:H films before and after 1000 h of DH treatment.
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µHall.24–27,33 The H2O desorption from the IO:H films at low temperatures is confirmed by TDS
measurements (Fig. 6).
Finally, capping the IO:H film with a thin layer of ITO significantly improves the stability
to heat and humidity. ITO functions as a protective layer, preventing water from reaching the
IO:H layer and suppressing desorption of hydrogen species from the IO:H film.4,27 Therefore, the
improved stability of the IO:H/ITO bilayers under DH treatment can be directly related to the presence of the ITO layer (Fig. 1). In fact, capping of DH-sensitive TCOs to improve their stability to
heat and humidity is a known effective approach, as demonstrated earlier for ZnO electrodes.16,34,35
In summary, we have studied the sensitivity to heat and humidity of sputtered ITO, IO:H, IZO,
and IO:H/ITO bilayers front contacts used in solar cells by DH test. We found that polycrystalline
ITO and amorphous IZO films feature high stability to heat and humidity, thus promising long
term stability, needed for large-scale deployment of solar cells, whereas polycrystalline IO:H films
degrade under DH exposure. The degradation of IO:H films stems from H removal at the grain
boundaries by bonding with chemisorbed OH groups to create H2O, increasing the potential barrier
for electron transport and thus decreasing the µHall. Capping the IO:H with a thin layer of ITO is an
effective strategy to obtain also for this material long-term stable and highly transparent films.
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