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Abstract

We investigated the influence of indium tin oxide (ITO) sputtering damage to various
types of amorphous silicon (a-Si) passivation films deposited by catalytic chemical
vapor deposition. Intrinsic (i-) a-Si, n-type (n-) a-Si/i-a-Si, and p-type (p-) a-Si/i-a-Si
stacked films were prepared on crystalline Si, and ITO was sputtered at various
temperatures and RF powers, followed by post-annealing at 200 °C. Effective minority
carrier lifetime (zerr) of almost all the samples decreases drastically after sputtering,
while zefr of the samples with ITO sputtered at room temperature recovers significantly
by post-annealing. Annealing before sputtering and sputtering at lower RF power leads
to more effective recovery of zerr. The samples with ITO sputtered to an n-a-Si/i-a-Si
stack show large 7efr recovery, while the samples with ITO sputtered to a p-a-Si/i-a-Si
stack show much smaller zefr recovery. zer recovery after ITO sputtering thus depends
on the types of a-Si passivation films, which may be related to the modification of band

alignment by the existence of ITO.
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1. Introduction

Silicon heterojunction (SHJ) solar cells have attracted much attention because of
their high conversion efficiency and several industrial benefits due to low-temperature
process for cell fabrication [1-5]. A SHJ solar cell contains a crystalline silicon (c-Si)
wafer and amorphous Si (a-Si) films, and the termination of dangling bonds by
hydrogen atoms contained in the a-Si films results in good a-Si/c-Si interfacial quality.
Thanks to the existence of a-Si passivation films, SHJ solar cells generally have high
open-circuit voltage. a-Si films are conventionally formed by plasma-enhanced
chemical vapor deposition (PECVD), in which gas molecules are decomposed in a
plasma. On the other hand, catalytic CVD (Cat-CVD) is known as a method for the
preparation of high-quality a-Si passivation films, since gas molecules are decomposed
on a heated catalyzing wire, and thus, there is no plasma damage to substrates and films
[6-9].

Due to low conductivity of doped a-Si, SHJ solar cells need transparent conductive
oxide (TCO), such as indium tin oxide (ITO), for sufficient lateral carrier transport [10].
Sputtering method is, in general, one of the conventional processes to form ITO films.
However, because of high-energy ion bombardment to a-Si passivation films, the
passivation quality of a-Si films degrades [11-15]. The previous investigation of ITO
sputtering damage for PECVD a-Si films has revealed that sputtering at room
temperature (R.T.) and successive post-annealing are effective for the good passivation
quality of a-Si films [16]. However, the effect of sputtering damage to Cat-CVD a-Si

films has not been sufficiently studied so far. Our motivation in this work is to verify
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whether the sputtering damage to various types of Cat-CVD a-Si passivation films is
generated by ITO sputtering. We have also investigated the recovery of the passivation

quality by tuning ITO deposition condition and/or performing a post-annealing.

2. Experimental procedure

To evaluate how passivation quality changes depending on the types of a-Si films,
we prepared three kinds of samples, whose structures are schematically shown in Fig. 1.
The deposition conditions of a-Si and ITO films are summarized in Table 1. Note that
substrate temperature and RF power during ITO sputtering were systematically changed
from R.T. to 150 °C, and from 20 to 100 W, respectively, for optimizing the sample
passivation quality. Due to the change of ITO deposition rate depending on RF power,
deposition duration was varied from 15 to 100 min to keep a film thickness. Process
pressure and Ar flow rate were fixed to 0.5 Pa and 13.6 sccm, respectively. A Sn-doped
(5wt%) In2O;3 target with a diameter of 5 cm was used for the RF magnetron sputtering
to deposit ITO films. At the beginning of the experiment, we used 290-um-thick
floating-zone-grown n-type c-Si (100) wafers with a resistivity of 1-5 Q cm, and a bulk
carrier lifetime (z,) of > 10 ms. c-Si wafers were cleaved into 2 cmx2 cm-sized pieces,
and dipped in Swt% HF for 30 seconds to remove native oxide and then in 4wt% H>0»
for 30 seconds for the formation of ultra-thin oxide layers to avoid epitaxial growth [8,
17-19]. After that, a-Si films were deposited on the c-Si wafers immediately. For the
structure shown in Fig. 1(a), 20-nm-thick intrinsic (i-) a-Si layers were deposited on
both sides of c-Si wafers by Cat-CVD. For the structures shown in Figs. 1(b) and 1(c),
10-nm-thick i-a-Si layers were deposited on the front side of c-Si wafers, followed by
the deposition of 10-nm-thick n-type (n-) a-Si and p-type (p-) a-Si layers, respectively.
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20-nm-thick i-a-Si layers were deposited on the rear side of the c-Si wafers to improve
their passivation quality. All the samples were then annealed at 200 °C for 10 hours in
air. 70-nm-thick ITO layers were deposited by RF magnetron sputtering on the front
side of the c-Si wafers, followed by post-annealing at 200 °C for up to 5 hours in air.

The thicknesses of a-Si and ITO films were measured by spectroscopic ellipsometry (J.

A. Woollam Co., WVASE32) through analyses using parametric semiconductor model

and Cauchy model, respectively [20]. In order to evaluate the i-a-Si/c-Si interface

passivation quality by measuring effective minority carrier lifetime (zeff), microwave

photoconductivity decay (u-PCD) measurement (KOBELCO LTA-1510 EP) was

performed using a pulse laser with a wavelength of 904 nm and a photon density of

5x108 ecm™.

3. Results
3.1. ITO sputtering on i-a-Si

Fig. 2 shows the zfr for the samples with ITO films sputtered at R.T.—150 °C in the
case of using the structure shown in Fig. 1(a). All the samples initially show good
passivation quality before ITO sputtering. ITO sputtering on them leads to the
degradation of the zefr of all the samples because of RF plasma damage, which is quite
similar to the case of PECVD films [12]. Hence, the influence of sputtering damage on
the passivation quality of Cat-CVD a-Si passivation films is also considered to be a
serious problem. After the post-annealing for 5 hours, the sample with ITO sputtered at
R.T. and 50 °C show much higher zefr than the sample with ITO sputtered at 100 and
150 °C. This means that ITO sputtering at lower substrate temperature is effective for

more significant zefr recovery. One possible reason for this phenomenon is that the

4



samples with ITO sputtered at lower temperature experience less hydrogen effusion
during sputtering, resulting in more effective termination of dangling bonds by
hydrogen during post-annealing [16].

Fig. 3 shows the 7 for the structure shown in Fig. 1(a) with and without annealing
before ITO sputtering. The sample with annealing before sputtering shows higher e
than that without annealing before sputtering after performing post-annealing, meaning
the effectiveness of prior annealing before sputtering. This may be due to reduced
defects on an a-Si/c-Si interface by hydrogen termination during annealing before ITO
sputtering.

Fig. 4 shows the zefr of the structure shown in Fig. 1(a) at various sputtering RF
power as a function of post-annealing duration. It can be clearly seen that the sample
with ITO deposited at lower RF power shows more effective recovery of zerr. This is
probably related to more significant sputtering damage at higher sputtering power to
a-Si passivation layers and resulting less degree of recovery. On the contrary, the zesr of
the sample with ITO sputtered at low RF power continues to increase and exceeds the
initial zefr if the sample is annealed for long period. This indicates that ITO sputtering at

lower RF power leads to more effective recovery of zefr.

3.2. ITO sputtering on n-a-Si/i-a-Si

Fig. 5 shows the zfr of the samples with ITO films sputtered at R.T. and 100 °C for
the structure shown in Fig. 1(b). The zefr of the sample with ITO sputtered at R.T.
decreases drastically after sputtering, while the zefr of the sample with ITO sputtered at
100 °C slightly decreases. This might be because the sample with ITO sputtered at

100 °C experiences additional annealing during sputtering. Both of the samples show
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rapid zefr recovery exceeding initial zefr after post-annealing. In the case of ITO
sputtering to n-a-Si/i-a-Si, zefr is found to recover easily regardless of substrate

temperature during ITO sputtering.

3.3. ITO sputtering on p-a-Si/i-a-Si

Fig. 6 shows the zfr of the samples with ITO films sputtered at R.T. and 100 °C for
the structure shown in Fig. 1(c). The zefr of both samples decreases drastically after
sputtering, and the zefr of the sample with ITO sputtered at 100 °C remains low even
after long post-annealing. On the contrary, the zfr of the sample with ITO sputtered at
R.T. recovers gradually by post-annealing, although zefr does not recover to the initial
Teff.

Fig. 7 shows the efr of the samples for the structure shown in Fig. 1(c) with ITO
sputtered at various sputtering RF powers as a function of post-annealing duration.
Similar to the previous result concerning RF power dependence, the sample with ITO
sputtered at low RF power shows effective zer recovery. On the contrary, the sample
with ITO sputtered at high RF power shows no improvement in the passivation quality
even after post-annealing. We have found that ITO sputtering with low RF power is

effective for zer recovery for the p-a-Si/i-a-Si/c-Si structure.

4. Discussion

According to the experimental results shown above, we have found that the trend
of zefr recovery from ITO sputtering damage depends significantly on the types of a-Si
films. We should therefore consider why the zefr recovery depends on types of a-Si films.

Minority carriers, holes, in c-Si near the a-Si/c-Si interface of 1TO/n-a-Si/i-a-Si/c-Si
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structure are driven back due to downward band bending originating from the existence
of ITO, which leads to a high minority carrier lifetime. On the other hand, minority
carriers tend to be accumulated near the a-Si/c-Si interface for the ITO/p-a-Si/i-a-Si/c-Si
structure, and carrier recombination is enhanced at the interface [21]. Therefore, the
reason for different trend of zefr recovery depending on the types of a-Si films may be
related to the modification of a-Si/c-Si band alignment due to the existence of ITO. In
order to confirm whether the band alignment difference influences the sample
passivation quality, the ITO films were etched off by dipping in 30wt% hydrochloric
acid for 2 minutes from the n-a-Si/i-a-Si/c-Si and p-a-Si/i-a-Si/c-Si structures, followed
by zefr measurement. Fig. 8 shows the zer of the samples with and without ITO films.
Note that zefr is normalized by using zeffbefore ITO sputtering (zefro). For the samples
with ITO sputtered to n-a-Si/i-a-Si stacked layers, zerr before ITO removal exceeds
initial zefr regardless of substrate temperature during sputtering. ITO removal from them
does not induce significant change in zetr value. This fact indicates that the modification
of the band structure of n-a-Si/i-a-Si stacked layer due to the existence of ITO does not
affect the sample passivation quality. On the other hand, the sample with ITO sputtered
to p-a-Si/i-a-Si stacked layers before ITO removal shows lower zeff compared with
initial zefr value, especially for the sample with ITO sputtered at 100 °C. The removal of
ITO results in the recovery of e to initial zefr. This result indicates that the sputtering
damage to p-a-Si/i-a-Si/c-Si is fully recovered by performing post-annealing. To clearly
understand the effect of post-annealing on zefr recovery, we measured the zefr of the
samples after post-annealing and successive ITO removal. Fig. 9 shows the normalized
Tefr of the samples for the structures shown in Figs. 1(b) and (c) after post-annealing for

0, 5, and 20 h and successive ITO removal. The samples without post-annealing show
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lower zefr values, while the zefr of the samples are recovered to the initial values by 5- or
20-h post-annealing. Post-annealing after ITO sputtering is thus effective for the
recovery of zefr from sputtering damage. Favre et al. reported lower zesr by the existence
of ITO on p-a-Si particularly at a low excess carrier density (An) region, which has been
explained as the effect of carrier recombination at the ITO/p-a-Si interface [11]. On the
basis of this consideration, the worse passivation quality of ITO/p-a-Si/i-a-Si stacked
layers might be due to carrier recombination at the ITO/p-a-Si interface. To confirm the
hypothesis, we measured the zefr of the samples by quasi-steady state photoconductivity
(QSSPC). Fig. 10 shows the zesr of the samples before and after the removal of ITO
films as a function of An. The zefr of all the samples decreases at higher An region,
which is caused by Auger recombination. A reduction in z.fr at lower An region is
observed for the structure with p-a-Si, while such a zefr reduction is not observed after
the removal of ITO films. On the other hand, z.fr at lower An region is not reduced for
the structure with n-a-Si. As mentioned above, reduction in zefr at lower An region can
be explained as carrier recombination at ITO/p-a-Si interface. Note that this is not the
case for the structure with n-a-Si, because holes are not accumulated near ITO/n-a-Si
interface due to downward band bending. In the SHJ solar cells, carrier recombination
at the ITO/p-a-Si interface is essential for the collection of photo-generated carriers. It is
thus inevitable that the sample with ITO/p-a-Si/i-a-Si stack layers shows worse

passivation quality comparing with the sample with ITO/n-a-Si/i-a-Si stacked layers.

5. Conclusions
The passivation quality of Cat-CVD a-Si films are degraded by ITO sputtering

damage. efr can recover by using ITO sputtered at R.T. and performing post-annealing.



Annealing before sputtering is effective for zer recovery. Lower sputtering RF power
leads to less sputtering damage to a-Si passivation films. Long post-annealing is
effective to obtain sufficiently high ze. The degradation of passivation quality by
sputtering to n-a-Si/i-a-Si stacked layers easily recovers after short post-annealing. On
the other hand, the degradation of passivation quality by sputtering to p-a-Si/i-a-Si
stacked layers do not recovers sufficiently even after long post-annealing. The trend of
Teff Tecovery thus depends on the type of a-Si films. The modulation of the band
alignment of a-Si/c-Si by the existence of ITO affects the passivation quality. This may
be inevitable for SHJ solar cells if the worse passivation quality for the structure with
ITO/p-a-Si/i-a-Si stacked layers is due to carrier recombination at the ITO/p-a-Si

interface.
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Figure captions
Fig. 1 Schematic of the sample structure with (a) ITO/i-a-Si, (b) ITO/n-a-Si/i-a-Si,

and (c) ITO/p-a-Si/i-a-Si stacked films.

Fig. 2 et for the structure shown in Fig. 1(a) as a function of substrate temperature
during ITO sputtering. RF power during sputtering was fixed to 50 W. The left, center,
and right figures indicate zefr after a-Si deposition and 10 h annealing, after following

ITO sputtering, and after successive 5 h post-annealing, respectively.

Fig. 3 zer for the structure shown in Fig. 1(a) with and without annealing before ITO
sputtering. RF power and substrate temperature during sputtering were fixed to 50 W

and R.T. respectively.

Fig. 4 e for the structure shown in Fig. 1(a) at various sputtering RF power as a

function of post-annealing duration. Substrate temperature during sputtering was fixed

to R.T.. Opened makers indicate the zetr of the sample with annealing before sputtering.

Fig. 5 e of the samples with ITO sputtered at R.T. and 100 °C for the structure

shown in Fig. 1(b). RF power during sputtering was fixed to 50 W.

Fig. 6 e of the samples with ITO sputtered at R.T. and 100 °C for the structure

shown in Fig. 1(c). RF power during sputtering was fixed to 50 W.
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Fig. 7 e of the structure shown in Fig. 1(c) at various sputtering RF powers as a
function of post-annealing duration. Substrate temperature during sputtering was fixed

to R.T.. Opened makers indicate the zetr of the sample with annealing before sputtering.

Fig. 8 7t of the samples for the structures shown in Figs. 1(b) and (c) before and after
ITO removal. zefris normalized by using initial zefr0 , and the sample before ITO removal

experienced 20-h post-annealing.

Fig. 9 et of the samples for the structures shown in Figs. 1(b) and (c) after ITO
removal. Left, center, and right figures indicate the zesr of the samples with 0, 5, and
20-h post-annealing and following ITO removal, respectively. zeris normalized by using

initial 7efro.

Fig. 10 7 of the samples for the structures shown in Figs. 1(b) and (c) before and
after ITO removal as a function of An measured by QSSPC. ITO films were deposited
at a RF power of 50 W and a substrate temperature of 100 °C, followed by

post-annealing for 15 h.

Table I Deposition conditions for a-Si and ITO films.
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70 nm-thick ITO

70 nm-thick ITO

70 nm-thick ITO

20 nm-thick i-a-Si
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Tsuo Teat Duration  Pressure Gas flow rate [sccm]

Cat-CVD

[°C] [°C] [s] [Pa] SiH, H He:PH; He:B,Hg
i-a-Si 125 1800 45, 100 1 10 - - -
n-a-Si 250 1800 35 2 10 - 4.4 -
p-a-Si 250 1800 80 2 10 50 - 16

Soutt Tsuwb RF Power Duration Pressure Gas flow rate [sccm]
putter [°C] [W] [min] [Pa] Ar
ITO R.T.-150 20-100 100-15 0.5 13.6
Table 1
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