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A B S T R A C T

Analysis of damage to passivation contact in heterojunction with intrinsic thin layer (HIT) solar cells by indium
tin oxide (ITO) sputtering under various plasma excitation modes such as radio frequency (RF), direct current
(DC), RF-superimposed DC, pulsed DC is presented. A significant degradation of effective minority carrier
lifetime of the precursor cells at both low and high-level injections after the ITO deposition by sputtering
technique was observed regardless of plasma excitation modes. We found that the main reason for this de-
gradation was mainly due to the ion flux in the sputtering plasma rather than the ion kinetic energy. On the basis
of the experimental and simulated results, we attributed the degradation of surface passivation quality mainly to
the damage of the amorphous-silicon/crystalline-silicon interfaces rather than that of the intrinsic hydrogenated
amorphous silicon layers. This degradation could be significantly reduced by the ITO deposition at a high
temperature in which a trade-off between degradation and curing step was expected to occur. The cell perfor-
mance of the HIT solar cells using the ITO films deposited by various plasma excitation modes at 180 °C was
subsequently discussed. The ITO films deposited by the RF-superimposed DC mode exhibited a high potential as
excellent opto-electrical properties and free sputter-induced damage electrodes for HIT solar cell applications. To
our best knowledge, this is the first time that the ITO films deposited by the RF-superimpose DC mode are used as
electrodes in the HIT solar cells.

1. Introduction

Until now, silicon-wafer-based solar cells are dominating the solar
cells market due to their high-efficiency and stability [1,2]. Many ef-
forts to understand the fundamentals of this kind of cells and to improve
the fabricating process were implemented to reach the theoretical
limitation of cell efficiency. A certificated efficiency (η) of 25.6% using
143.7-cm2-wafer was reported by Panasonic, Japan, breaking the his-
toric 25.0% η record set by the University of New South Wales, Aus-
tralia in 1999 [3,4]. Recently, this world-record η was broken by Ka-
neka Corporation, which reported a η of 26.6% for silicon-wafer-based
solar cells using a combination of the heterojunction with intrinsic thin
layer (HIT) solar cell technology and the integrated back contact design
[5]. This indicates that the HIT solar cell technology has a high po-
tential for extremely high-efficiency solar cells. Therefore, this

technology is expected to have a major contribution to a further im-
provement of cell efficiency, and hence a remarkable reduction of cost
per watt.

In comparison with conventional crystalline silicon (c-Si) solar cells,
HIT solar cells offer an excellent surface passivation, a better tem-
perature coefficient, and a lower fabrication temperature (around
200 °C) which allows for the utilization of very thin wafers without
wafer warping [6,7]. One of the most differences between the HIT and
conventional c-Si solar cells is the manner of charge carrier collection in
which light-generated carriers pass through hydrogenated amorphous
silicon (a-Si:H) based layers and transparent conductive oxide (TCO)
layers before being collected by metal electrodes. Low conductivity of
these a-Si:H layers is the main reason for an insufficiency of charge
carrier collection with only metal electrodes. Therefore, the contacting
scheme in which TCO films play a critical role in charge carrier
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collection and anti-reflection is required for the HIT solar cells [6].
Along with the requirements of the opto-electrical properties of TCO

films as reported in our previous publication [6], the control of detri-
mental effects of TCO deposition process on silicon-based underlying
layers and hence on surface passivation quality of c-Si also plays a
critical role in an achievement of high-efficiency HIT solar cells. Re-
cently, B. Demaurex et al. reported a significant degradation of effective
minority carrier lifetime (τeff) after indium tin oxide (ITO) deposition by
direct current (DC) plasma excitation mode at room temperature onto a
n-type wafer with 20-nm-thick intrinsic a-Si:H (a-Si:H(i)) layers [8].
These authors also presented a small degradation of the τeff due to lu-
minescence of the sputtering plasma by deposition of ITO films onto the
similar cells with a quartz shield [8]. These kinds of degradation were
recovered after a few minutes of annealing at 190 °C. Meanwhile, W.
Favre et al. reported no degradation of the τeff at 1-sun illumination of
quasi-steady state photoconductance measurement after the ITO de-
position at 200 °C [9]. Further, B. M. Meiners et al. presented a different
degree of the τeff degradation between radio frequency (RF) and DC
plasma excitation modes after the ITO deposition [10]. No detail ex-
planation, however, was given. A similar phenomenon in the change of
the τeff after the ITO deposition by RF and pulsed DC plasma excitation
modes was observed by M. Huang et al. [11]. These authors attributed
the different degree of the τeff degradation between these modes to
different energies of the ions towards the sample surface. Meanwhile, A.
Illiberi et al. proved that the decrease of surface passivation quality was
strongly depended on the ion flux in the argon plasma rather than the
ion kinetic energy [12]. All of the above results previously reported by
other authors indicated that the ion bombardment, the luminescence of
the sputtering plasma, and high-temperature treatment in or after ITO
deposition were three factors which mainly affected on the τeff of the
HIT solar cells. These factors have a complicated interaction with each
other. It is apparent that various plasma excitation modes have different
plasma properties, and hence different ion flux, ion kinetic energies,
and luminescence of the sputtering plasma. However, the effects of
various plasma excitation modes on the surface passivation quality of
the HIT solar cells have not sufficiently reported yet.

In this work, we first investigated the effects of the plasma excita-
tion modes on the surface passivation quality of HIT solar cells through
ITO deposition by the RF, RF-superimposed DC, DC, and pulsed DC
modes. On the basis of these results, we clarified the origin of the
plasma damage to the surface passivation quality under the ITO sput-
tering. Device simulations also performed to strengthen our argument
for the main factor which was dominant in the cell performance under
the plasma damage. The changes in the τeff of the precursor cells using
the ITO deposition with various plasma excitation modes at room
temperature and 180 °C were compared and discussed to clarify the
interaction between the curing step and the plasma damage. The device
performance of HIT solar cells was subsequently discussed.

2. Experimental details

ITO films were deposited by various plasma excitation modes such
as RF, RF-superimposed DC, DC, and pulsed DC, using the ITO target
containing 90wt% of In2O3 and 10wt% of SnO2 as a source material. A
DC/pulsed-DC power supply and a RF generator simultaneously excited
the cathode, which allowed for a continuous control from the DC to the
RF mode depending on the power ratio between them. The base pres-
sure of the main chamber and the loading chamber was fixed at
9× 10−4 Pa and 0.5 Pa, respectively. After reaching the base pressure,
a 30-sccm-Ar gas was flowed into the main chamber to maintain the
working pressure of 0.2 Pa. The substrate temperature was set at room
temperature or 180 °C depending on each investigation. The power
density was fixed in four plasma excitation modes. Constant-power
mode was used in both DC and pulsed DC cases. The deposition rates of
the ITO films deposited by RF, RF-superimposed DC, DC, and pulsed DC
are 0.208, 0.220, 0.344, and 0.473 nm/s, respectively. For investigation

of opto-electrical properties of the ITO films, the Corning Eagle 2000
glasses were used as substrates.

The resistivity (ρ), carrier concentration (n), and Hall mobility (μ) of
the ITO films on glass substrates with 20×20mm2 in dimension were
performed by Hall effect measurement system (Ecopia HMS-3000)
using the Van der Pauw geometry at room temperature. The Rsh mea-
surements were employed using a four-point probe. The thicknesses of
the ITO films were measured by spectroscopic ellipsometry (VASE®, J.
A. Woollam). The refractive indices (nr) and extinction coefficients (k)
of the ITO films were also obtained from this measurement. The optical
characteristics of the ITO films such as transmittance and reflectance
were measured by an integrating sphere of the solar cell spectral re-
sponse/QE/IPCE measurement system (QEX7). The absorbance of the
ITO films was calculated from total transmittance and reflectance
spectra.

Commercial n-type Czochralski-grown (Cz) silicon wafers with a
crystal orientation of (100), a ρ of 1–10Ω cm, and a thickness of 200 µm
were used as substrates for the fabrication of the HIT solar cells. These
wafers were textured and cleaned by a wet-chemical process. To
achieve an excellent surface passivation, a-Si:H(i) layers were deposited
onto both sides of these wafers. A a-Si:H(n) layer was deposited onto the
front side as a front surface field, whereas a a-Si:H(p) layer was de-
posited onto back side as a rear emitter. More details on the fabricating
conditions of these layers can be found elsewhere [13]. To measure the
τeff, precursor cells were fabricated with the a-Si:H(n)/a-Si:H(i)/c-Si(n)/
a-Si:H(i)/a-Si:H(p) structure. Completed cells were employed by the
deposition of the ITO films with the foregoing parameters onto the
precursor cells through a 10.24-cm2 metal mask which was directly
placed on the a-Si:H(n) surface to form active areas. The front and back
metal electrodes were prepared by silver paste screen-printing with
curing steps at 160 °C in a belt furnace, which corresponded to the 1st

and 2nd curing processes in this study, respectively.
The τeff of the precursor cells and the Suns-Voc of the completed cells

were performed by the Quasi-Steady State Photoconductance method
(Sinton Consulting, WCT-120). The optical characteristics of the HIT
solar cells such as reflectance and external quantum efficiency (EQE)
were measured by the solar cell spectral response/QE/IPCE measure-
ment system (QEX7). The device performance was characterized by
light current density-voltage under AM 1.5, 100mWcm−2 condition, at
25 °C.

3. Results and discussion

3.1. Analysis of damage to surface passivation quality

As mentioned above, there are three factors which mainly affected
on the τeff of the HIT solar cells: The ion bombardment, luminescence of
the sputtering plasma, and process temperature in or after ITO de-
position. To eliminate the effect of high temperature on the τeff, the ITO
films were deposited at room temperature. During each ITO deposition,
precursor cells with and without the quartz shield were co-deposited to
separate the effects of the ion bombardment and the luminescence of
the sputtering plasma on the τeff. Fig. 1(a)–(d) present the τeff as a
function of the excess minority carrier density (Δn) after the ITO de-
position at room temperature under various plasma excitation modes
and thicknesses. It is apparent that there was a degradation of the τeff of
the precursor cells at both low and high-level injections in all cases after
the ITO deposition. This degradation was partly recovered after the 1st

and 2nd curing processes. For more details, lifetime ratio defined by a
ratio of the τeff of the precursor cells at 1-sun before and after the ITO
deposition was calculated by the following equation and is shown in
Fig. 1(e):

= ×τ τ
τ

100
_ratio

ITO

w o ITO/ (1)

where τratio is the lifetime ratio, τITO and τw/o_ITO are the τeff of the
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precursor cells after and before the ITO deposition, respectively. More
than 90% of the τeff degradation of the precursor cells after the 5-nm-
thick ITO films deposited by the pulsed DC and DC plasma excitation
modes was observed. Meanwhile, the τeff of the precursor cells using the
ITO films deposited by the RF and RF-superimposed DC plasma ex-
citation modes was less degraded after the ITO deposition with the
same thickness. The difference of sputtering damage to surface passi-
vation quality under various plasma excitation modes could correlate
with ion flux and ion kinetic energy as well as luminescence of the
sputtering plasma. As well known, the energy of incident ions towards
the floating sample in the RF plasma excitation mode is much larger
than that of incident ions in the DC plasma excitation mode, whereas
the ion flux shows an opposite trend with the ion energy [14,15]. The

high ion energy in the case of the RF plasma excitation mode is mainly
due to the high self-bias voltage between the plasma body and the
chamber walls which accelerates the ions approaching the substrate
surface [14]. Moreover, A. Illiberi et al. proved that the decrease of
surface passivation quality of a-Si/c-Si interface after Ar plasma treat-
ment was strongly depended on the ion flux rather than the ion kinetic
energy [12]. Therefore, we attributed the main reason for the de-
gradation of surface passivation contact after the ITO deposition by a
sputtering technique to the ion flux in the sputtering plasma rather than
the ion kinetic energy.

As also shown in Fig. 1(e), the τeff was continuously degraded before
reaching a minimum value at 20-nm-thick ITO deposition, and slightly
improved with a further increase of the ITO thickness. B. Demaurex

Fig. 1. Effective minority carrier lifetime (τeff) of the precursor cells after the ITO deposition with various plasma excitation modes as a function of excess minority
carrier density: (a) RF, (b) RF-superimposed DC, (c) pulsed DC, and (d) DC. Lifetime ratio of the precursor cells (e) without and (f) with a quartz shield as a function of
the ITO film thicknesses with various plasma excitation modes at room temperature. The yellow region presented for the lifetime ratio of precursor cells after the 1st
and 2nd curing processes.
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et al. also reported a saturated degradation after 20-nm-thick ITO de-
position [8]. This was attributed to the protective effect of ITO films
against the ion bombardment after reaching a sufficient thickness. The
slight improvement of the τeff could be attributed to the energy transfer
of incident ions to the underlying layers that helped to redistribute the
hydrogen atoms in the silicon-based layers and near the a-Si/c-Si in-
terface. A significant improvement of the τeff after 1st and 2nd curing
processes was found. This phenomenon was also observed by other
reports [8,11,16], and could be expected as the recovery of surface
passivation by post-annealing treatment after light-soaking of a-Si/c-Si
passivation structure. This curing step, however, could not fully recover
the τeff of precursor cells after ITO deposition at room temperature.

The precursor cells with the quartz shields were co-deposited, and
the lifetime ratios of these precursor cells before and after the ITO
deposition at room temperature with various plasma excitation modes
and thicknesses are shown in Fig. 1(f). The τeff was slightly degraded
before reaching a minimum value at 20-nm-thick ITO deposition and
saturated with a further increase of the ITO thickness. The degradation
of surface passivation quality in this case was also observed by other
reports [8,17]. F. Lebreton et al. also presented a slight degradation of
surface passivation quality after Ar plasma treatment [18]. The main
reason for such degradation was attributed to the luminescence of the
sputtering plasma, i.e. high energy photons in the deep UV range. In-
terestingly, the τeff degradation of precursor cells in this case was also
stopped at 20-nm-thick ITO deposition. This thickness was exactly
equal to the thickness value that was presumed to be sufficient to
protect the passivation contact against the ion bombardment. Trans-
mittance spectra of various ITO film thicknesses on quartz were per-
formed to clarify this phenomenon. As shown in Fig. 2, a red-shift of the
absorption edges of the ITO films became evident with the increase of
the ITO thickness. Such red-shift of the absorption edges eliminated the
high energy photons in the deep UV range reaching the precursor cells.
A full recovery of the τeff after 1st and 2nd curing processes was found.
The similar explanation for this phenomenon was given above.

As well known, the degradation of surface passivation quality was
attributed to the density of interfacial defects (Dit) at the a-Si/c-Si in-
terfaces and the defect density of i-layer bulk (Di-bulk). In practice, the
ITO films were deposited onto the p/i or n/i layers. Therefore, the da-
mage of these interfaces and the a-Si:H(i) layers by the ITO sputtering
was inevitable questioned about the possibility because these interfaces
were covered by the p/i or n/i layers with the total thickness around
12–20 nm. A reduction in the degradation of the τeff after ITO

deposition as the thickness of the a-Si:H layers was increased was ob-
served by B. M. Meiners et al. and A. Tomasi et al. [10,19]. Further, a
structural change at the a-Si/c-Si interface after depositing ITO films
onto 24-nm-i/c-Si structure observed by the transmission electron mi-
croscopy (TEM) was reported by M. Huang et al. [11]. This indicated
that the ITO sputtering could damage the a-Si/c-Si interface through a
thin enough a-Si:H(i) layer, and this layer was also obviously damaged.
In general, the thicknesses of the a-Si:H(i) layers and the window layers
(a-Si:H(n) or a-Si:H(p)) are kept lower than 10 nm for each layer due to
high parasitic absorption of such layers at short-wavelength region,
which means that the total thickness of the p/i or n/i layers is normally
lower than 20 nm. In this study, the thicknesses of the a-Si:H(i) and
window layers (a-Si:H(n) or a-Si:H(p)) are 5 nm and 10 nm, respec-
tively. Therefore, we strongly believed that with such thin n/i layers the
ITO sputtering could damage the a-Si/c-Si interfaces and the a-Si:H(i)
layers. Moreover, we attributed the degradation of surface passivation
quality mainly to the damage of the a-Si/c-Si interfaces rather than that
of the a-Si:H(i) layers.

To strengthen the above argument, the open-circuit voltage (Voc) of
the HIT solar cells as a function of the Di-bulk and the Dit at the a-Si/c-Si
interface was investigated by AFORS-HET device simulations and is
presented in Fig. 3(a)-(b) [20]. For a comparison, the implied-Voc (iVoc)
of the precursor cells obtained from carrier lifetime measurement is also
shown in Fig. 3(c). Due to the strong impacts of given ranges of the Di-

bulk and the Dit on device performance, these ranges were chosen on the
basis of the previous results from the literature [21–23]. Input para-
meters adopted for HIT solar cells with rear-emitter configuration are
shown in Table 1. As shown in Fig. 3(a)-(b), the Dit has a dominant
impact on the Voc of the HIT solar cells. The Voc was significantly re-
duced to lower than 620mV at the Dit of 1.5× 1012 cm−2. Meanwhile,
only 35mV of the Voc was decreased with a remarkable increase of the
Di-bulk. It is noteworthy that the iVoc of the precursor cells after 5 nm ITO
deposition in the worst case (using the DC mode) was almost similar to
the Voc of the HIT solar cells at the highest Dit of 1.5× 1012 cm−2. This
indicated that the reduction of the Voc after the ITO sputtering was
mainly due to the increase of the Dit rather than the degradation of the
quality of the a-Si:H(i) layers.

Lifetime ratios of the precursor cells after 80-nm-thick ITO films
under various plasma excitation modes at room temperature and 180 °C
without the quartz shields are shown in Fig. 4. The lifetime ratios of the
precursor cells were significantly decreased after the ITO deposition at
room temperature, which indicated a remarkable degradation in sur-
face passivation quality. This degradation could only be partially re-
covered by the 1st and 2nd curing processes. Meanwhile, the lifetime
ratios of the precursor cells using the ITO films deposited at 180 °C
showed a small degradation in the case of using the DC and pulsed DC
modes and a negligible reduction in the case of using the RF and RF-
superimposed DC modes. However, there was no significant improve-
ment of lifetime ratio after the 1st and 2nd curing processes. This could
be attributed to the lower temperature (160 °C) of curing processes in
comparison with that of the ITO deposition (180 °C). This low tem-
perature of the curing processes was intentionally chosen for which it is
lower than the substrate temperature of ITO deposition. This is neces-
sary to prevent any possible changes of opto-electrical properties of the
ITO films after these curing processes that could impact on cell per-
formance. The small degradation in the case of using the DC and pulsed
DC modes and the negligible reduction in the case of using the RF and
RF-superimposed DC modes after the ITO deposition at 180 °C could be
attributed to a trade-off between degradation and curing step that oc-
curred in the ITO deposition at high temperature. B. Demaurex et al.
reported that the degradation of the τeff of the precursor cells after the
ITO deposition at room temperature could be recovered after a few
minutes of annealing at 190 °C. Therefore, we strongly believed that the
time of the ITO deposition and sequent unloading processes was enough
for a curing step.Fig. 2. Total transmittance of the ITO films on the quartz substrate at various

thicknesses as a function of the optical wavelength.
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3.2. Cell performance

The device performance of the HIT solar cells using the ITO films
deposited by various plasma excitation modes was obtained by the
voltage-current measurement under illumination and is shown in Fig. 5.
The highest Voc was obtained from the cells using ITO deposition under
RF and RF-superimposed DC, and further decrease with the DC and
pulsed DC modes, respectively. This trend was entirely consistent with

the trend of the lifetime ratios in Fig. 4(b). The FF of the cells showed a
different trend. The implied FF (iFF) of the cells, also known as the
pseudo-FF, was obtained from the Suns-Voc measurement and is also
shown in this figure. The determination of the iFF is derived from the
τeff data, and the effects of series resistance are eliminated from it. As
shown in Fig. 5, there was a negligible change in the iFF of the cells
using the ITO deposited by various plasma excitation modes. Mean-
while, the FF was increased from the RF mode to RF-superimposed DC

Fig. 3. (a), (b) The open-circuit voltage (Voc) of the HIT solar cells as a function of the Dit and the Di-bulk at the a-Si/c-Si interface performed by AFORS-HET device
simulations, respectively; (c) the implied open-circuit voltage (iVoc) of the precursor cells obtained from carrier lifetime measurement.
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mode before reaching maximum value with the DC mode and decreased
with pulsed DC mode. A different of the trend of the iFF and FF in-
dicated that the series resistance was dominant in these cells under
various plasma excitation modes of the ITO deposition.

To clarify the trend of the FF, the electrical properties of the ITO
films deposited by various plasma excitation modes were obtained from
the Hall effect measurement and the four-point probe. As shown in
Fig. 6, the n was increased from the RF mode to the RF-superimposed
DC mode before reaching maximum value with the DC mode and de-
creased with the pulsed DC mode. Meanwhile, the μ showed an opposite
trend. The highest μ of 55.26 cm2 V−1.s−1 was obtained from the
pulsed DC mode. The trend of the ρ and the Rsh of ITO films was a result
of the trade-off between the n and μ via the following equations:

=ρ
enμ

1
(2)

=R
ρ
tsh (3)

where t is the thickness of the ITO films. As mentioned above, due to the
low conductivity of doped a-Si layers, the lateral conductivity of the
ITO films plays a critical role in carrier collection. In a screen-printed
HIT solar cell, the charge carriers were passed through the ITO films
before being collected by metallic fingers with millimeter-spacing.

Therefore, the power loss due to Joule heating during this collection
process is proportional to the Rsh of ITO films. The Rsh was decreased
from the RF mode to the RF-superimposed DC mode before reaching

Table 1
Input parameters of AFORS-HET device simulations adopted for HIT solar cells with rear-emitter configuration.

Parameters a-Si:H(n) a-Si:H(i) a-Si:H(p) c-Si(n)

Dielectric constant 11.9 11.9 11.9 11.9
Electron affinity (eV) 3.9 3.9 3.9 4.05
Band gap (eV) 1.71 1.61 1.71 1.124
Optical gap (eV) 1.71 1.61 1.71 1.124
Effective DOS in CB (VB) (cm−3) 1×1021 (1×1021) 1× 1020 (1×1020) 1× 1020 (1×1020) 2.843×1019 (2.682×1019)
Electron (hole) mobility (cm2. V−1.s−1) 5 (1) 5 (1) 5 (1) 858 (355)
Acceptor doping (cm−3) 0 0 3.78× 1018 0
Donor doping (cm−3) 3.78×1018 0 0 5.63× 1016

Thermal velocity of electron (hole) (cm.s−1) 1×107 (1×107) (1×107) 1×107 (1×107) 1×107 (1×107) 1× 107

CB (VB) tail Urbach energy (eV) 0.025 (0.03) 0.025 (0.025) 0.035 (0.03) –
σe (σh) for CB tail (cm2) 7×10−16 (7×10−16) 7× 10−16 (7×10−16) 7× 10−16 (7×10−16) –
σe (σh) for VB tail (cm2) 7×10−16 (7×10−16) 7× 10−16 (7×10−16) 7× 10−16 (7×10−16) –
Maximum A-like Gaussian state density (cm−3/eV) 2.51×1017 variation 1.13× 1017 –
Maximum D-like Gaussian state density (cm−3/eV) 2.51×1017 variation 1.13× 1017 –
Specific energy of Gaussian peak for donor (eV) 0.45 0.7 1.02 –
Specific energy of Gaussian peak for acceptor (eV) 0.65 1 1.2 –
σe (σh) for A-like Gaussian state (cm2) 3×10−15 (3×10−14) 3× 10−15 (3×10−14) 3× 10−15 (3×10−14) –
σe (σh) for D-like Gaussian state (cm2) 3×10−14 (3×10−15) 3× 10−14 (3×10−15) 3× 10−14 (3×10−15) –

Fig. 4. Lifetime ratios of precursor cells using the ITO films under various plasma excitation modes at (a) room temperature, and (b) 180 °C without the quartz
shields.

Fig. 5. J-V characteristics under illumination of the HIT solar cells using the
ITO films deposited under various plasma excitation modes.
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minimum value with the DC mode and slightly increased with the
pulsed DC mode. This trend was entirely consistent with the trend of the
FF of the cells.

Fig. 5 also depicts the optical parameter of the cells, Jsc. The Jsc was
slightly decreased from the RF mode to the RF-superimposed DC mode
before significantly reducing with the DC mode, and increased with the
pulsed DC mode. To clarify the trend of the Jsc, the optical properties of
the cells and the ITO films deposited by various plasma excitation
modes, were measured by the solar cell spectral response/QE/IPCE
system. As shown in Fig. 7(a), the EQE spectra of the cells using the ITO
films deposited by the RF and RF-superimposed DC modes showed a
negligible difference. Meanwhile, the EQE spectra of the cells using the
ITO films deposited by the DC and pulsed DC modes exhibited a sig-
nificant reduction in the visible and near-infrared (NIR) region. In the
short wavelength region, there was a negligible change in the EQE
spectra. This phenomenon could be interpreted after analyzing the cell
reflectance and the optical properties of the ITO films. As shown in
Fig. 7(b), the order of the cell reflectance was RRF<RRF+DC<RPulsed

DC<RDC and the cell reflectance was decreased in the whole wave-
length range. This was mainly due to a similar reduction of the nr of the
ITO films, as shown in Fig. 7(c). In particular, a significant reduction of
the nr of the ITO films deposited by the DC mode at the NIR region was
observed. This was mainly due to a high n of these ITO films, as shown
in Fig. 6. Fig. 7(d) shows the absorbance of the ITO films deposited by
various plasma excitation modes. Interestingly, the absorbance of these
ITO films in the short wavelength region showed an opposite trend with
the cell reflectance: ARF>ARF+DC>APulsed DC>ADC. This was mainly
due to the trend of the n of the ITO films that impacted on the shift of

Fig. 6. The carrier concentration (n), Hall mobility (μ), resistivity (ρ), and sheet
resistance (Rsh) of the ITO films deposited by various plasma excitation modes.

Fig. 7. (a) EQE spectra, and (b) reflectance of the HIT solar cells; (c) refractive index, and (d) absorbance of the ITO films deposited by various plasma excitation
modes.
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the absorption edge, known as the Burstein-Moss effect [24]. Therefore,
the negligible change in the EQE spectra at the short wavelength region
was due to the trade-off between the cell reflectance and the parasitic
absorption of the ITO films. The trend of the EQE spectra in the visible
and NIR region followed that of the cell reflectance.

Finally, the η of cells is also presented in Fig. 5. Due to the trade-off
between the Voc, Jsc, and FF, the highest η of 20.6% was obtained from
the RF-superimpose DC modes, whereas the cells using the ITO films
deposited by DC mode showed the lowest η. To our best knowledge, this
is the first time that the ITO films deposited by the RF-superimpose DC
mode are used as electrodes in the HIT solar cells. Our results showed
that the ITO films deposited by RF-superimposed DC exhibited a high
potential as excellent opto-electrical properties and free sputter-in-
duced damage electrodes for HIT solar cell applications.

4. Conclusion

The damage to passivation contact by ITO sputtering under various
plasma excitation modes such as RF, RF-superimposed DC, DC, pulsed
DC, and its impacts on cell performance are presented. Regardless of
plasma excitation modes, a remarkable degradation of the τeff of the
precursor cells after the ITO deposition at room temperature was ob-
served. We attributed the main reason for this degradation after the ITO
deposition by a sputtering technique to the ion flux in the sputtering
plasma rather than the ion kinetic energy. We also found that the de-
gradation of surface passivation quality was mainly due to the damage
of the a-Si/c-Si interfaces rather than that of the a-Si:H(i) layers. For the
ITO deposition at 180 °C, no degradation of the τeff in the case of using
the RF and RF-superimposed DC and small degradation of the τeff in the
case of using the DC and pulsed DC were found. These were attributed
to the trade-off between degradation and curing step that occurred in
ITO deposition at a high temperature. The cell performance of the HIT
solar cells using the ITO films deposited by various plasma excitation
modes at 180 °C was performed. The trend of the Voc of the cells was
entirely consistent with that of the lifetime ratios of the precursor cells.
On the basis of the cell performance, the ITO films deposited by the RF-
superimposed DC exhibited a high potential as excellent opto-electrical
properties and free sputter-induced damage electrodes for HIT solar cell
applications.
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