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Abstract

The epitaxial growth of silicon (Si) films during the catalytic chemical vapor
deposition (Cat-CVD) of intrinsic amorphous Si (i-a-Si) passivation films on crystalline
Si (c-Si) wafers is suppressed by the oxidation of c-Si surfaces simply by dipping the
c-Si wafers in hydrogen peroxide (H202). This oxidation treatment is also effective for
(111)-oriented c-Si surfaces particularly at high a-Si deposition temperatures. The
suppression of the epitaxial growth leads to the better effective minority carrier lifetime
(terr) of c-Si wafers passivated with Cat-CVD i-a-Si films. SHJ solar cells show
remarkably high open-circuit voltage (Vo) exceeding 0.7 V. These results clearly
show the effectiveness of the insertion of SiOx layers on the improvement in Cat-CVD

a-Si/c-Si interfaces.
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1. Introduction

Silicon heterojunction (SHJ) solar cells have been expected to be one of the most
promising next-generation solar cell structures because of its high open-circuit voltage
(Voc) and resulting superior performance at high operation temperatures [1-7]. The
high Vo of the SHJ solar cells originates from high-quality hydrogenated amorphous
silicon (a-Si)/crystalline Si (c-Si) interfaces owing to the high passivation ability of a-Si
films. Needless to say, the deposition of a-Si films on c-Si wafers must be carefully
performed to realize sufficiently low surface recombination velocity (SRV).
Plasma-enhanced chemical vapor deposition (PECVD), most widely utilized technique
for a-Si deposition, generally requires special care to suppress plasma damage during
a-Si deposition onto c¢-Si surfaces [8,9]. Catalytic CVD (Cat-CVD), often also referred
to as hot-wire CVD, can form a-Si films by decomposing source gases on a heating
metal wire through catalytic reaction, and hence, can realize the plasma-damage-less
deposition of a-Si films [10]. Cat-CVD can thus provide high-quality passivation
films on c-Si surfaces, and we have so far actually demonstrated the formation of
Cat-CVD high-quality passivation films with low SRV [11-18].

The formation of epitaxial layers during the deposition of a-Si films is another
phenomenon which should be avoided for the realization of high-quality passivation
films because a large number of defects are included inside them [19]. The epitaxial
layers tend to be formed more easily by Cat-CVD than by PECVD [20]. One possible
reason of this may be the difference of gas decomposition mechanism. Many kinds of
radicals, such as SiH3, SiH», and SiH, are formed through the collision of electrons with
silane (SiH4) molecules in PECVD [21]. On the other hand, SiHs radicals are

decomposed to Si + 4H atoms in Cat-CVD [22], and the bare Si radicals may trigger the



formation of low-quality epitaxial layers on c-Si. Hence, the suppression of the
epitaxial growth is particularly important for the deposition of a-Si passivation films by
Cat-CVD. One way to prevent the epitaxial growth is to erase the periodicity of Si
crystal on the surface by the formation of a very thin different material. Thin Si oxide
(SiOx) is the most promising candidate for such a material because it can be formed
simply by the oxidation of c-Si surfaces. Our approach is to form ultra-thin oxide

layers by dipping in liquid oxidant [11]. We have already confirmed that the epitaxial

growth on Si(100) can be suppressed by the formation of SiOx lavers by dipping in

hydrogen peroxide (H20») [11]. The effect of the formation of SiOx layers, however,

may affect differently on different surface orientations. In particular, the effect on

Si(111) is more important since it appears on the facet of pyramid textures formed by

alkali etching. In this study, we have attempted to clarify the effect of the oxidation of
c-Si wafers by H2O2 on the suppression of epitaxial growth and resulting improvement

in the passivation quality of Cat-CVD a-Si films.

2. Experimental procedures

We used (100) and (111)-orientated double-side-polished floating-zone n-type c-Si
wafers. The wafers had a resistivity of ~2 Qcm, thickness of 290 um, and a bulk
lifetime of >10 ms. We first cut the c-Si wafers into 2x2 cm?-sized square-shaped pieces,
and removed native oxide layers on the Si wafers in a 5% HF solution. We then
immediately dipped the c-Si wafers in 4 wt% H>O- for 30 s at room temperature for the
formation of the ultra-thin SiOx layers on their surfaces. The analysis of the ultra-thin
SiOx films by spectroscopic ellipsometry (SE) revealed their thickness to be 0.8-1.0 nm.

We deposited 8-9 nm-thick hydrogenated intrinsic a-Si (i-a-Si) films at various substrate



temperatures on both sides of the c-Si wafers with and without the ultra-thin SiOx layers
to investigate the effect of SiOx formation on epitaxial growth and passivation quality.
We employed a deposition pressure and a SiHs flow rate of 1.0 Pa and 10 sccm,
respectively, for the deposition of i-a-Si films. A tungsten wire heated at 1800 °C was
used as a catalyzer for the decomposition of SiH4 gas molecules. The c-Si wafers coated
with the i-a-Si passivation films were then annealed at 200 °C for 30 min in air for the
improvement in the quality of i-a-Si/c-Si interfaces. If the epitaxial growth takes place
on the c-Si, the epitaxially-grown layers have the same optical property as c-Si, and
cannot thus be optically distinguished. Hence, we used SE as a method to evaluate a
degree of epitaxial growth. We also visualized Cat-CVD a-Si/c-Si interfaces by
cross-sectional transmission electron microscopy (TEM). The passivation ability of
Cat-CVD i-a-Si films was characterized through the effective minority carrier lifetime
(tefr) of the c-Si wafers with i-a-Si films measured by the microwave photoconductivity
decay (u-PCD) method. It should be noted that the ultra-thin SiOx layers formed by
dipping in H2O> do not have any passivation ability. Figure 1 shows the tesr of c-Si
wafers with only ultra-thin SiOx films (without i-a-Si passivation films) as a function of
H>0, concentration during oxidation process. Terr values are significantly low and
rather decreases by the introduction of oxidation process. The formation of ultra-thin
SiOx films is thus only for the suppression of the epitaxial growth.

For the fabrication of SHJ solar cells, we deposited n-type a-Si (n-a-Si)/i-a-Si films
on one side of the ¢-Si wafers and then p-type a-Si (p-a-Si)/i-a-Si films on the other side.
PH3 and BoHs gases diluted with helium to 2.25% were used to deposit the doped a-Si
films. We then formed 80-nm-thick indium tin oxide (ITO) films on the both sides of the

c-Si wafers by sputtered at a substrate temperature of 100 °C, followed by the formation



of comb-shaped Ag electrodes by screen printing and successive annealing in air at
200 °C. The SHJ solar cells without the oxidation of c-Si surfaces were also fabricated
for comparison. The area of the SHJ cells was 2.25 cm?. The detailed deposition
conditions of the a-Si films have been summarized elsewhere [11]. The current
density-voltage (J-V) characteristics of the SHJ solar cells fabricated were measured
under 1-sun (AM1.5, 100 mW/cm?) illumination. We also characterized the SHJ solar

cells by internal quantum efficiency (IQE).

3. Results and discussion

Figure 2 show the SE-measured thickness of Cat-CVD i-a-Si films deposited on
(100)- and (111)-oriented c-Si wafers as a function of substrate temperature during
i-a-Si deposition. The SE-measured thickness of i-a-Si films on (100)-oriented c-Si
wafers without the ultra-thin SiOx formation decreases significantly with increase in the
substrate temperature. This indicates the emergence of epitaxial growth during a-Si
deposition. The (100)-oriented c-Si wafers with the ultra-thin SiOx layers do not show
such a serious reduction in the SE-measured i-a-Si thickness, indicating the suppression
of the epitaxial growth by the introduction of the ultra-thin SiOx layers. This fact has
been reported in our previous literature [11]. On the contrary, (111)-oriented c-Si
wafers do not show the serious reduction of SE-measured i-a-Si film thickness even
without the formation of SiOx layers particularly at low substrate temperatures. This
result may correspond to the general nature of Si(111) surfaces with more tolerance for
the epitaxial growth [19]. However, larger SE-measured i-a-Si thickness is confirmed
on the (111)-oriented c-Si wafers with the ultra-thin SiOx layers than those without SiOx

layers at substrate temperatures of more than 200 °C. This indicates that the formation



of SiOx layers is also effective for (111)-oriented c-Si surfaces particularly at high
substrate temperatures.

Figure 3 shows the tefr of (100)- and (111)-oriented c-Si wafers with Cat-CVD i-a-Si
passivation films as a function of substrate temperature. T values are quite low for
(100)-oriented c-Si wafers without SiOx layers, while much higher tefr values are
obtained for the c-Si wafers with SiOx layer formation [11]. This fact shows the
improvement in the quality of a-Si/c-Si interfaces by the introduction of the ultra-thin
SiOx films. On the contrary, there is no clear difference between the tefr values of
(111)-oriented c-Si wafers with and without ultra-thin SiOx films at low deposition
temperatures. This is consistent with the result shown in Fig. 1, which indicates the
absence of epitaxial growth at low deposition temperature. At high deposition
temperatures (>200 °C), the tefr values of (111)-oriented c-Si wafers with the ultra-thin
SiOx layers are always higher than those without the SiOx layers. This means the
better a-Si/c-Si interface quality on the c-Si wafers with SiOx layers resulting from the
suppression of the epitaxial growth.

Figure 4 shows the cross-sectional TEM images of a-Si/Si(111) interfaces without
and with ultra-thin oxide layers. The i-a-Si films were deposited at 240 °C in order to
clearly see the effectiveness of the formation of SiOx layers. An epitaxial layer is
definitely seen in the vicinity of an a-Si/c-Si interface on the c-Si wafer without a SiOx
layer, while only much thinner epitaxial layer is observed on the c-Si wafer with a SiOx
layer. This is also a clear experimental evidence of the suppression of epitaxial growth
by the usage of ultra-thin SiOy layers.

Figure 5 shows the J-V characteristics of SHJ solar cells fabricated using Si(111)

wafers without and with SiOx oxide layers. We also used i-a-Si films deposited at



240 °C in the SHJ solar cells. Their performances are summarized in Table I. The
short-circuit current density (Js) and fill factor (FF) of the SHJ cells are not sufficiently
high. The low Js is because not alkali-textured but mirror-polished c-Si wafers were
used for the SHJ cells and anti-reflection effect is imperfect. The insufficient FF is due
to high series resistance, which is confirmed from high pseudo FF (pFF) values of >0.8
obtained by Suns-Voc measurement. One of the possible reasons for the high FFs is

unoptimized ITO resistivity. The lower FF in the cell with SiOy layers indicates that

the SiOx layers and/or thicker a-Si films can also act to increase series resistance.

Similar tendency has also been confirmed for the cells with (100)-oriented wafers [11].

Note that this work does not aim at the realization of high-performance solar cells but
simply focuses on the effect of oxidation process on the suppression of epitaxial growth.
It should be emphasized that the SHJ cells with the ultra-thin SiOx layers have higher
Teff and Vo than that without SiOx layers. These values are ~2.5 ms and >0.7 V,
respectively, indicating the excellent quality of a-Si/c-Si interfaces. Figure 6 shows the
IQE spectra of the SHJ solar cells fabricated using Si(111) wafers without and with SiOx

oxide layers. Significantly low IQE region is confirmed in the wavelength of less than

600 nm, which is probably due to parasitic optical absorption in a-Si films formed on

the illuminated side of ¢c-Si wafers. Lower IOE is seen in the SHJ solar cell with SiOx

layers, which is consistent with the lower Js. of SHJ cell with SiOy layers shown in Fig.

5. This may be because of the existence of thicker i-a-Si films due to suppressed

epitaxial growth. Note that this low Jsc will be easily improved by optimizing the

thickness of i-a-Si and p-a-Si films. Based on the results obtained in this study, we can
conclude that the oxidation of (111)-oriented c-Si by the simple H>O» dipping prior to

the deposition of Cat-CVD i-a-Si films is effective to suppress the epitaxial growth and



to improve the quality of a-Si/c-Si interfaces.

4. Conclusions

We have investigated the effectiveness of the H>O» oxidation of (111)-oriented c-Si
surfaces on the suppression of the epitaxial growth of Si films. The epitaxial growth
can be prevented by the formation of ultra-thin SiOx layers also on Si(111) surfaces
particularly at substrate temperature of more than 200 °C during i-a-Si deposition. The
suppression of epitaxial growth leads to better tefr values, indicating improvement in
a-Si/c-Si interface qualities. The SHJ solar cell with the ultra-thin SiOx layers shows
better Vo than that without SiOx layers, demonstrating the effect of SiOx insertion also

on actual solar cell devices.
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Figure captions

Fig. 1 e of bare c-Si wafers with ultra-thin SiOx films as a function of H20:

concentration.

Fig. 2 SE-measured thickness of Cat-CVD i-a-Si films deposited on (100)- and

(111)-oriented c-Si wafers as a function of substrate temperature.

Fig. 3  ter of (100)- and (111)-oriented c-Si wafers with Cat-CVD i-a-Si passivation

films as a function of substrate temperature.

Fig. 4 Cross-sectional TEM images of a-Si/Si(111) interfaces (a) without and (b) with

ultra-thin oxide layers.

Fig. 5 J-V characteristics of SHJ solar cells fabricated using Si(111) wafers without

and with SiOx oxide layers.

Fig. 6 1QE spectra of SHJ solar cells fabricated using Si(111) wafers without and with

SiOx oxide layers.
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