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a b s t r a c t

The front transparent conductive oxide layer is a source of significant optical and electrical losses in
silicon heterojunction solar cells because of the trade-off between free-carrier absorption and sheet
resistance. We demonstrate that hydrogen-doped indium oxide (IO:H), which has an electron mobility of
over 100 cm2/V s, reduces these losses compared to traditional, low-mobility transparent conductive
oxides, but suffers from high contact resistance at the interface of the IO:H layer and the silver front
electrode grid. This problem is avoided by inserting a thin indium tin oxide (ITO) layer at the IO:H/silver
interface. Such IO:H/ITO bilayers have low contact resistance, sheet resistance, and free-carrier
absorption, and outperform IO:H-only or ITO-only layers in solar cells. We report a certified efficiency
of 22.1% for a 4-cm2 screen-printed silicon heterojunction solar cell employing an IO:H/ITO bilayer as the
front transparent conductive oxide.

& 2013 Elsevier B.V. All rights reserved.
1. Introduction

Silicon heterojunction (SHJ) solar cells have garnered much
interest because of their high energy conversion efficiencies and
simple fabrication [1,2]. A SHJ solar cell consists of a monocrystal-
line silicon wafer sandwiched between nanometer-thick doped
amorphous silicon (a-Si:H) layers that are usually deposited by
plasma-enhanced chemical vapor depositon (PECVD). As n-type
wafers are most commonly used, the a-Si:H film at the front of a
SHJ device is p-type and forms the emitter, whereas the rear a-Si:H
layer is doped n-type and serves to form a back-surface field. In
order to reduce recombination at the doped a-Si:H/crystalline
silicon interface [3], intrinsic a-Si:H buffer layers are inserted
between the wafer and the doped layers [2]. This structure
provides excellent surface passivation and allows for the high
open-circuit voltages (Voc

's) associated with SHJ devices [4–6], but
also introduces optical and electrical losses not encountered in
diffused-junction solar cells [7].

SHJ solar cells, like all solar cells with resistive emitters, require a
transparent conductive oxide (TCO) layer at the front side to conduct
charge laterally to the collection points. In SHJ devices, collection
occurs at screen-printed metallic fingers spaced millimeters apart.
The power lost to Joule heating during conduction of carriers through
ll rights reserved.

lman).
für Materialien und Energie,
the TCO to the fingers is proportional to the TCO sheet resistance:

Rsh ¼ 1=eμnt: ð1Þ

Here, e is the electronic charge and μ, n, and t are the TCO electron
mobility, free electron density, and thickness, respectively. For a
typical SHJ cell with a lumped series resistance of 1.5 Ω cm2 and
fingers spaced 2 mm apart, Rsho45 Ω/sq is required for the front
TCO to account for less than 10% of the total electrical power losses.
According to (1), there are three parameters with which sheet
resistance may be adjusted to meet this constraint. Thickness,
however, is fixed at 65–80 nm in SHJ cells because the front TCO
layer also serves as an anti-reflection coating. As most TCOs have
visible refractive indices of 1.7–2.1, this thickness establishes a
reflectance minimum near 600 nm and maximizes the integrated
transmittance. Electron density may be changed by varying the front
TCO doping during or after deposition; this is the most common
method to control sheet resistance. Unfortunately, near-IR free-
carrier absorption (FCA) in the TCO is proportional to electron
density, so that layers become less transparent as they become more
conductive. This gives rise to a trade-off between short-circuit
current density (Jsc) and fill factor (FF). The final adjustable parameter
in (1), mobility, offers the only way to decrease sheet resistance
without compromise, yet it is the most difficult to control in practice.

Koida et al. reported that hydrogen-doped indium oxide (IO:H),
deposited by sputtering an In2O3 target in an atmosphere dosed
with water vapor, is a promising high-mobility TCO with
μ4120 cm2/V s and n≈2�1020 cm−3 [8]. Libera et al. reported
similar performance for indium oxide films deposited via low-
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temperature (100–250 1C) atomic layer deposition using oxygen
and water as precursors [9]. For comparison, sputtered indium
tin oxide (ITO) has typical values of μ¼20–40 cm2/V s and
n¼1019–1021 cm−3 depending on thickness and film composi-
tion [10,11]. According to Koida et al., the remarkably high
mobility of IO:H is due to two factors [8]. First, the water vapor
introduced during sputtering acts as a source of hydrogen
donors that minimize doubly charged and neutral impurity
scattering. Limpijumnong et al. confirmed with ab initio calcu-
lations that hydrogen may act as a donor in indium oxide [12].
Second, the water vapor produces an amorphous rather than a
polycrystalline structure. Solid-phase crystallization occurs
upon post-deposition annealing, and the resulting grains are
up to 100 nm in size with relaxed grain boundaries. Koida et al.
also demonstrated 16.1% efficiency SHJ solar cells with IO:H
front TCO layers [13,14]. Here, we report high-efficiency SHJ
cells with IO:H/ITO bilayers. We show that IO:H films improve
Jsc but cause FF losses because of increased contact resistance at
the IO:H/silver interface. We are not aware of other reports on
the nature of the IO:H/silver interface, and we thus investigate
the source of the contact resistance in detail. By adding an
ultrathin ITO capping layer before metallization, we circumvent
the problem and reach cell efficiencies of 22.1% after fully
optimizing all process steps.
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Fig. 1. (a) Absorbance spectra of IO:H and ITO films on glass. The films were both
110710 nm thick and had sheet resistances of 4073 Ω/sq. They would thus yield
similar Ohmic losses in solar cells. (b) External quantum efficiency (solid)
and 1-reflectance (dashed) spectra of SHJ solar cells with IO:H and ITO
front contacts. All other layers were identical; the difference in long-wavelength
parasitic absorption (shaded area) is thus attributable to the front TCOs. Active-area
short-circuit current densities determined from the quantum efficiency spectra
are given.
2. Materials and methods

IO:H films were deposited by RF sputtering of an In2O3 target in
an argon atmosphere dosed with oxygen and water vapor. The
total process pressure was 5 mTorr and the water vapor partial
pressure was approximately 6 mTorr unless otherwise stated. The
oxygen flux was 0.4% of the total gas flux. ITO layers were
deposited by DC sputtering of an In2O3:Sn target at 8 mTorr in
the same machine. Argonwas used as the primary process gas, and
varying amounts of oxygen (1.2–5% of the total gas flux)
were added to adjust the ITO doping. All depositions were
performed at room temperature, and the base pressure was below
2 mTorr. For bilayers, IO:H and ITO films were consecutively
deposited without breaking vacuum.

IO:H and ITO films were deposited on glass substrates for
optical and electrical characterization. Sheet resistance was
measured with a four-point probe. Electron mobility and density
were determined from Hall measurements. Thickness was mea-
sured by profilometry. The specific contact resistivity of the TCO/
silver interface was measured using the transmission line method
(TLM). For TLM measurements, silver electrodes were deposited
via evaporation to define more precise pads than can be achieved
by screen printing. Absorbance spectra were calculated from
transmittance and reflectance spectra measured using a UV–
vis–NIR spectrometer equipped with an integrating sphere. Most
measurements were done after one (or more when specified)
annealing cycle (described below) to simulate TCOs in completed
solar cells. Temperature-programmed desorption spectra were
recorded for TCO films on silicon wafer chips in an ultrahigh
vacuum (o10−9 Torr) chamber using a linear temperature ramp
of 20 1C/min.

SHJ solar cells were fabricated on n-type float-zone wafers
((100), 4 Ω cm, 280 μm) using IO:H, ITO, and IO:H/ITO bilayers as
the front TCO material. The fabrication process has been described
in detail elsewhere [15,16]. Briefly, wafers were textured in a
potassium hydroxide solution and then cleaned. A hydrofluoric
acid dip was performed prior to a-Si:H deposition to remove
the oxide layer. Intrinsic a-Si:H layers were deposited on both
sides of each wafer via PECVD in a KAI-M reactor, and a p-type
(n-type) layer was subsequently deposited on the front (rear).
ITO and silver were sputtered on the back side of the solar
cells, and the role of the sputtered front TCO material was
investigated. A screen-printed silver grid electrode completed
each device, and cells were annealed at 200 1C to cure the low-
temperature silver paste. One annealing cycle lasting 10 min
was standard, but the effect of additional curing cycles
was studied because we observed that electron mobility
and density in IO:H continue to change during the first
30 min of annealing (see Fig. 3). Current–voltage characteris-
tics under air mass 1.5G light were recorded after each curing
cycle. For selected solar cells without front metalization, the
reflectance and external quantum efficiency (EQE) were also
measured.
3. Results and discussion

Following the work of Koida et al. [8], we developed sputtered
IO:H films with μ4100 cm2/V s and n¼(1–2)�1020 cm−3 [17].
Fig. 1a shows the absorbance of 110710 nm IO:H and ITO films
on glass. The films have approximately the same sheet resistance,
but the electron density is three times lower and the mobility is
three times larger in the IO:H film. The sub-bandgap behavior of
TCOs is well approximated by the Drude model, which predicts
that the absorption coefficient scales with n/μ. Consequently, FCA
in the IO:H film is approximately nine times lower than that in
the ITO film. SHJ solar cells with IO:H as the front TCO material
thus exhibit higher IR response than those with ITO. Fig. 1b
displays the EQE and total absorbance (1-reflectance) of solar
cells with IO:H and ITO front electrodes like those in Fig. 1a. The
spectra nearly overlap at short wavelengths, but IR parasitic
absorption (shaded area) is reduced in the cell with IO:H.
Consequently, although the TCO layers have the same sheet
resistance, the active-area Jsc is 1.0 mA/cm2 larger for the cell
with IO:H.

Nonetheless, SHJ solar cells perform better when ITO is used as
the front TCO than when it is replaced with IO:H. Cells with IO:H
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have lower FF (by 3% or more) due to poor contact between the IO:
H layer and the silver fingers. We consistently measure specific
contact resistivities ρc of approximately 10−3 Ω cm2 for the ITO/
silver interface, and often orders of magnitude higher for the IO:H/
silver interface. (Other attractive metals such as copper and
aluminum also form poor contacts.) We have spent considerable
effort in understanding this problem and identifying sputtering
conditions that yield low resistance IO:H/silver contacts. Fig. 2
shows the variation in contact resistivity as a function of the water
vapor partial pressure during deposition – the only sputtering
parameter that dramatically affects ρc – and the annealing time
after depositing silver TLM contacts. First consider the left panel,
which corresponds to samples with silver TLM contacts that were
evaporated immediately following IO:H deposition, with no
annealing in between. This resembles the processing sequence of
our baseline solar cells. The contact resistivity is below the
maximum permissible level of 10−2 Ω cm2 (corresponding to an
increase in series resistance of 0.1 Ω cm2) for all as-deposited
samples, independent of the water content. However, after
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Fig. 2. Specific contact resistivity measured by TLM of the IO:H/silver interface for IO:
H films sputtered on glass with varying water vapor partial pressures. Data in the
left panel were recorded on samples that received no annealing between IO:H and
silver depositions; the samples in the center and right panels were annealed
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Fig. 3. Electron (a) mobility and (b) density in IO:H films sputtered on glass with
varying water vapor partial pressures.
annealing at 200 1C for 15 min or longer, it increases by several
orders of magnitude for the 6.0 μTorr sample and is too large to be
measured for the 8.0 μTorr sample. The samples deposited at
lower water partial pressure remain acceptable, and it would
seem that these deposition conditions are therefore suitable for
solar cells. However, Fig. 3a indicates that mobility increases with
water content, and thus it is precisely the IO:H films deposited
at 6.0 or 8.0 μTorr that would most alleviate the constraint of the
Jsc–FF trade-off.

The microscopic source of the elevated contact resistivity in
annealed high-water-pressure samples remains elusive. One pos-
sibility is that the electron density is very low for these particular
samples, so that the IO:H/silver junction switches from a tunneling
contact (for which conduction depends on the barrier width) to a
Schottky contact (for which it depends on the barrier height). For
an ideal Schottky contact, the barrier height depends only on the
metal work function and semiconductor electron affinity (equiva-
lently, work function for degenerately doped semiconductors);
for a non-ideal junction, Fermi-level pinning due to surface states
modifies the semiconductor electron affinity at the surface.
Whereas the TCO work function has been demonstrated to
be key in obtaining an Ohmic contact at the doped a-Si:H/TCO
interface (where the TCO plays the role of the metal) [18–21],
work function and Fermi-level pinning are expected to influence
the resistance of the TCO/metal interface (where the TCO plays
the role of the semiconductor) only if the TCO has low doping
or an abundance of surface states. Fig. 3b indicates that this is
likely not the case here. The carrier densities of all IO:H films are
roughly the same after annealing though their contact resistivities
differ by orders of magnitude. Furthermore, n41020 cm−3 is
sufficiently large to form a low-resistance tunneling contact; we
measure low contact resistivities for ITO films with n as low as
1019 cm−3.

We suggest instead that an insulating interfacial layer with
properties unlike those of either IO:H or silver is formed during
annealing. This layer may, for example, be composed of silver
oxide (Ag2O) which has been observed to form on the surface of
silver nanoparticles in oxygen and water environments [22–24],
although further microstructure and chemical analysis is required
to determine its exact nature. The center and right panels of Fig. 2
show contact resistivities of samples annealed both before and
after silver evaporation. From the samples without post-silver-
deposition annealing (leftmost data in each panel), we see that
there is at least some chemical change in the IO:H film alone
during pre-silver-deposition annealing, particularly for the
8.0 μTorr sample. Temperature-programmed desorption of an
IO:H film (Fig. 4) indicates that both hydrogen radicals and water
effuse at temperatures below 200 1C, consistent with the findings
of Koida et al. [25]. For both species, a peak at 200 1C is present
when IO:H is deposited with 5.0 μTorr water vapor partial pres-
sure, and is absent when no water is introduced during sputtering
(not shown). Furthermore, Fig. 4 reveals that – surprisingly – the
addition of a 10-nm-thick ITO film on top of a water-dosed IO:H
film effectively suppresses the effusion of both species at tem-
peratures below 200 1C. Thus, hydrogen- and oxygen-containing
species – which may react with silver to form an insulating
interfacial layer as previously hypothesized – effuse at low
temperatures from IO:H films sputtered in a water-containing
atmosphere. Indeed, there is a substantial change in contact
resistance upon further annealing after silver deposition (see the
6.0 μTorr sample in Fig. 2 and note that missing data correspond to
immeasurably large resistivities), supporting a reaction at the IO:
H/silver interface. Interestingly, the same is not observed for ITO
films dosed with 8.0 μTorr or less of water vapor (and no peak is
present in the desorption plot), although contact resistivity does
increase at higher water pressures.
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As the screen-printed silver paste used to form the front grid
of SHJ solar cells must be cured, it is not possible to avoid post-
silver-deposition annealing. One route to circumvent FF loss is to
restrict the water vapor partial pressure to 4.0 μTorr or less, for
which contact resistivity is low but the IO:H mobility is also
below its maximum value. An alternative approach, pursued
here, is to insert an ITO layer between a high-mobility IO:H layer
and silver. The optical and electrical properties of these IO:H/ITO
bilayers on glass substrates are summarized in Fig. 5 as a function
of the ratio of the layer thicknesses. An ITO thickness fraction of
0 corresponds to a pure IO:H layer, 50% corresponds to equal IO:H
and ITO layer thicknesses, and 100% corresponds to a pure
ITO film.

Fig. 5a shows that, as discussed, contact resistivity is unaccep-
tably – and often immeasurably – large for pure high-water-
content IO:H films, but is small and constant when an ITO capping
layer of any thickness is added. This is consistent with our
interpretation that the water effusion peak in Fig. 4 is the
signature of poor contact resistance, as this peak is present for
IO:H-only films but not for bilayers. The ITO recipe for this
experiment was chosen such that the pure IO:H and ITO films
had approximately the same sheet resistance after one cure
(Fig. 5b), and thus would contribute equally to series resistance
in solar cells if contact resistance were neglected. Consequently,
the pure ITO film had a large electron density and thus significant
FCA (Fig. 5c and d). The electron mobility and density of bilayers
extracted from Hall measurements, as well as their absorbance,
change nearly linearly with the ITO thickness fraction. (A simple
two-resistor model anticipates that the electron mobilities and
densities of the constituent films will add in parallel, like
resistances, weighted by their respective thickness fractions.
Such a model reproduces the trends of Fig. 5c reasonably well).
As contact resistivity is the only property that is highly non-
linear with the ITO thickness fraction, it is possible to make a
near-ideal bilayer: A stack consisting of a thin ITO layer on an IO:
H film retains the low sheet resistance and absorbance of a pure
IO:H film, but also benefits from the good contact of an ITO/silver
interface.

Fig. 6 shows characteristics of co-deposited SHJ solar cells
fabricated using IO:H/ITO bilayers for the front TCO. Unlike for
all samples discussed thus far, the silver fingers on these and all
other complete cells were screen-printed rather than evaporated.
The resistance of the IO:H/screen-printed silver contact is at least
as large as that of the IO:H/evaporated silver interface, so that an
ITO contact layer is crucial for maintaining cell performance. As in
Fig. 5, the thickness of the ITO layer was varied from 0% to 100% of
the total TCO layer thickness, which was kept constant, and the
pure IO:H and ITO films had similar sheet resistances. The Voc is
between 703 and 711 mV for all cells and shows no distinct
dependence on the TCO composition. Jsc drops steadily as the
ITO thickness fraction is increased (Fig. 6b), consistent with the
FCA trend in Fig. 5d and the EQE curves in Fig. 1b. FF is lower in
cells with pure IO:H films than in all other cells due to the large
resistance associated with the IO:H/silver contact. FF is also
strongly dependent on the annealing time for cells with IO:H-only
front contacts. For cells with non-zero ITO fractions, FF is on par
with or even greater than that achieved with pure ITO films. The
overall cell efficiency follows the FF trend at low ITO thickness
fractions and the Jsc trend at high ITO fractions, so that a maximum
is reached for ITO layers that are 10–40% of the total bilayer
thickness.

Fig. 7 compares Jsc and FF for a SHJ solar cell employing an IO:H/
ITO bilayer (open symbols) and cells with pure ITO front contacts
(solid symbols). The IO:H/ITO bilayer has an ITO thickness fraction
of approximately 20%. The sheet resistance of the ITO-only films
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was varied by changing the oxygen partial pressure during
sputtering, which alters electron density; mobility was approxi-
mately constant (25–30 cm2/V s). As sheet resistance increases in
the pure ITO films, resistance losses are exchanged for optical
losses, yielding the Jsc–FF trade-off discussed in the introduction.
The high mobility and low contact resistance of bilayers allow
bilayer cells to escape these curves and achieve both higher Jsc and
higher FF at a given electron density than ITO- or IO:H-only cells.
As shown in Fig. 8, we have fabricated a 4-cm2 screen-printed SHJ
solar cell with a certified aperture-area efficiency of 22.1% using an
IO:H/ITO front bilayer [26]. This cell was fabricated over one year
after those in Fig. 6 and the large difference in efficiencies reflects
improvements in layers of the solar cell besides the front TCO,
including the a-Si:H layers [7,16]. In addition, the thin ITO capping
layer in the front IO:H/ITO bilayer was itself made more transpar-
ent, which we found to slightly further increase Jsc without
deteriorating the ITO/silver contact. The cell was fabricated using
industrially compatible processes and has a Jsc value approaching
39 mA/cm2 while reaching a FF of greater than 78%.
4. Conclusions

We have demonstrated that IO:H/ITO bilayers combine the high
mobility and low sheet resistance of IO:H with the low-resistance
contact formed by ITO with silver. They thus simultaneously
reduce optical and electrical losses in SHJ solar cells, and allow
for conversion efficiencies exceeding 22%. The cause of the poor
contact formed by IO:H with silver warrants further investigation.
While decades of research suggests that it is improbable that ITO
can be grownwith a mobility comparable to that of IO:H, it may be
possible to modify the IO:H surface or find a suitable metal paste
such that a low-resistance contact is ensured. This would enable
SHJ cells with a single-material front TCO to perform as well as the
bilayer-equipped devices demonstrated here.
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