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Abstract: The hydrogen plasma degradation of transparent conduction oxides (TCO) is studied for hydrogenated

microcrystalline Si(puc-Si: H) prepared by plasma enhanced chemical vapor deposition (PECVD). TCO films such

as SnO, and SnO,/ZnO bi-layer films were exposed to atomic H at various substrate temperatures and for various

treatment times. A decrease in the transmittance due to reduction by atomic H was scarcely observed for SnO,/

ZnO bi-layer,while a decrease for SnO, was found to depend strongly on the substrate temperature. The resistivity

of SnO, films decreases significantly when substrate temperature exceeds 150°C in H-plasma. However, H-plasma

treatment has little impact on the resistivity of SnO./ZnO bi-layer film. The reason for the decrease in the trans-

mittance is the appearance of metallic Sn on the surface,and under this condition no pc-Si: H film is deposited.

SnO, /ZnO bi-layer is very effective for the suppression of the reduction of TCO during pc-Si: H deposition. The

performance of microcrystalline silicon solar cells fabricated on ZnO/SnO, /glass is also investigated.
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1 Introduction

TCO plays a key role in the fabrication of Si-
based thin film solar cells. TCO material is used to
provide a window for the incident illumination to
the device and also serves as one of the electrodes
of solar cell. SnO;-coated glass is widely used as
the substrate for amorphous silicon solar cells.
However, in case of hydrogenated microcrystal-
line Si(pc-Si: H)-based solar cells', ZnO coated
glass has been used due to its better stability under
H-plasma. In this case, high hydrogen dilution of
silane is used to deposit microcrystalline Si. TCO
coating is exposed to intense hydrogen plasma
during the deposition of a microcrystalline p-lay-
er,which is the first layer of a p-i-n solar cell. It
was reported by Das et al."*' and Masuda et al ."*
that under hydrogen plasma,the optical transmis-
sion as well as the surface of SnO, coated substrate
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deteriorate due to its low chemical stability. How-
ever,no detailed studies on hydrogen plasma deg-
radation have been made on ZnO films deposited
by direct current(DC) magnetron sputtering’ or
on deposited silicon film properties.

This paper addresses the development of
SnO, and SnO,/Zn0O bi-layer films by DC-magne-
tron sputtering. SnO, and SnO,/ZnO films were
exposed in H-plasma at different substrate tem-
peratures for various times. The optical proper-
ties, surface morphologies, and resistivities of
these TCO films before and after H-plasma expo-
sure were studied. Finally,a pc-Si: H thin film so-
lar cell was fabricated on ZnO/SnO,/glass.

2 Experiments

ZnO films with thickness of 50nm were de-
posited on SnO,-coated glass by DC-magnetron
sputtering at a substrate temperature T, =300C ,
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Fig. 1
Curve a: As deposited and after H-plasma exposure;

Optical transmission spectra of SnO, film

Curve b:Exposure for 5min at 150C ; Curve c: Expo-
sure for 5min at 200C ;Curve d : Exposure for 1min at
300C

DC voltage Vpe = 250V, and pressure 0. 5Pa. The
SnO, and SnO,/ZnO films were exposed under
hydrogen plasma with the conditions of 50W RF-
power, 130Pa chamber pressure, and 200sccm H,
flow,where the substrate temperatures and expo-
sure times were changed. Film characterizations
were performed before and after the plasma expo-
sure. The optical transmissions of the TCO films
were measured with a UV spectrophotometer,and
the surface morphologies were studied by scanning
electron microscopy (SEM). The resistivities of the
SnO, and SnO, /ZnO films before and after H-plasma
exposure were tested with a four-point probe.

Simple microcrystalline solar cells were fabri-
cated in a multichamber PECVD system with di-
ode type parallel plate reactors decomposing dif-
ferent gas mixtures by plasma on SnO,/ZnO film.
The p-i-n structure was glass/SnO,/ZnO/p-pc-
Si:H/i-pc-Si:H /n-pc-Si: H/Al. The performances
of the solar cells were studied from current-volt-
age characteristics, measured under AM 1.5 illu-
mination by a source solar simulator.

3 Results and discussion

3.1 Optical transmission

Figures 1 and 2 show the optical transmission
spectra of the single layer SnO, and bi-layer
Sn0O,/ZnO films before and after hydrogen plas-
ma exposure,respectively. In all the cases,the op-
tical transmission is high over a wider range of
wavelengths for both single-layer SnO, (curve a of
Fig. 1)and SnO,/ZnO bi-layer(curve e of Fig.2)

Transmission/%

1 1
1000 1500
Wavelength (nm)

1
500 2000
Fig. 2 Optical transmission spectra of SnO, film as
deposited (Curve a).SnO,/ZnO bi-layer film as de-
posited (Curve e),and SnO,/ZnO bi-layer film after

H-plasma exposure for 5min at 300C (Curve f) and
for 10min at 300C (Curve g)

before H-plasma exposure. With thin ZnO film,
the transmission in the range of visible light has
little change. In Fig. 1, curve b shows the optical
transmission of SnO, film after 5min hydrogen
plasma exposure at 150C , whereas curve ¢ shows
the transmission after 5min H-plasma exposure at
200C and curve d shows the transmission after
1min H-plasma exposure at 300C. At 150C , the
SnO, film is stable enough during H-plasma expo-
sure and the optical transmission does not change
at all. However when the substrate temperature is
higher than 150C , the transmission in the visible
range decreases drastically. In the case of SnO,/
ZnO bi-layer film (shown in Fig. 2),Zn0O coating
induces a decrease in the transmission in the in-
frared region, but the change in transmission is
very small,and after the H-plasma exposure there
is a slight increase in infrared transmission. This
may be beneficial for its application in solar cells
as a window layer.

3.2 Surface morphology

Figures 3 (a) and (b) show the surface mor-
phologies of SnO, films before and after H-plasma
exposure, respectively. After 1min of plasma ex-
posure, the SEM of hydrogen plasma-exposed
SnO, changed. Grains with size ~ 80nm are ob-
served in the plasma-degraded SnO, film.and the
grains display spherical character. Meanwhile,
gray powder appeared on the surface of the glass.
The reason may be that under hydrogen plasma, H
atoms react with lattice oxygen atoms and metal-
lic Sn is presented.
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(a) Before
H-plasma exposure; (b) After 1min H-plasma exposure
at 300C

Fig. 3 Surface morphology of SnO, film

Fig. 4
film after 10min H-plasma exposure at 300°C

Surface morphology of SnO,/ZnO bi-layer

Figure 4 shows the surface morphology of
Sn0O,/ZnO bi-layer film after H-plasma exposure.
Compared with the surface morphology of as-de-
posited ZnO film (not shown here), ZnO film
does not degrade under hydrogen plasma, because
a thin ZnO layer acts as a protective layer on
SnO, surfaces, notwithstanding thickness of 50nm
only. This bi-layer film can be exposed to H-plas-
ma without any major change in optical transmis-
sion. The different durability of SnO, and ZnO to
H-plasma is due to the different oxidizabilities of
Sn and Zn ions, the former of which is higher
than the latter.

3.3 Electric properties

Table 1 shows the resistivities of SnO, and
Sn0O,/ZnO bi-layer films before and after H-plas-
ma exposure. For SnO, films,after 5min H-plasma
exposure at 150C, the resistivity becomes less
than that of the deposited film, but remains on the
same order of magnitude; When the temperature
increases, the resistivity decreases sharply. This is
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Fig. 5 [-V characteristics of hydrogenated microcrys-
talline Si thin film solar cells

caused by the deoxidization of Sn from the SnO,
structure. For SnO,/ZnO bi-layer films, H-plasma
exposure has little influence on the resistivities of
the films, and the decreasing of resistivities is
caused by annealing at different substrate temper-
atures.

Simple single junction solar cells with the
structure p-pc-Si: H/i-pe-Si: H/n-pe-Si: H/Al have
been fabricated on glass/SnO,/ZnO substrates.
The I-V characteristics of this microcrystalline
silicon based cells are shown in Fig.5,and an effi-
ciency of 3.8% is obtained. Das et al." demon-
strated that cells prepared on SnO.-coated glass
substrate have a low efficiency value. This is due
to the degradation of SnO, film under high hydro-
gen plasma., which is essential for the fabrication
of a p-pc-Si:H layer.

3.4 Discussion

The reasons that ZnO film is more stable
than SnO, film in H-plasma can be explained by
the difference of standard electrode electrical po-
tential between metal Zn and Sn.

L0115 . —0.136
Sn* Sn® Sn D

=0.763

Zn** Zn (2)
Equations (1) and (2) show the standard elec-
trode potential electrical potential of metal Sn and

Table 1 Resistivities of SnO,,Sn0,/Zn0O bi-layer films before and after H-plasma exposure Q-+ cm
As 150C 200C 300C
deposited 5min 5min 1min 5min 10min
SnO; 7.31%X10°* 6.42X10°* 4.75X10°° 7.68%X10°6 / /
Sn0O,/ZnO 5.78x10°¢* 5.74X10°* 5.67x10* / 5.57x10°* 5.56X10°*
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Zn. Although this value is measured in liquid solu-
tion,we can obtain that the electrical potential of
Sn'* is much higher than Zn** iron in the same
state. This means that in films ZnO is more stable
than SnO, under H-plasma condition,and the lat-
ter may react as follows:
SnO, +4H —Sn + 2H,0

Thus, the optical transmission of SnO, films de-
creases drastically under H-plasma of the p layer
and the maximum part of incident light will be
absorbed inside the TCO,i. e. effective light ab-
sorption in the active layer is reduced. SnO,/ZnO
structure is stable enough in H-plasma and can be
applied in microcrystalline silicon solar cells.

4 Conclusions

SnO, and ZnO coated SnO, were exposed to
atomic H for various substrate temperatures and
exposure times. It was found that although trans-
mission in the near infrared region is lower in the
case of SnO,/ZnO bi-layer, the degradation of
Sn0O,/ZnO bi-layer film is not significant after H-
plasma exposure for 10min at 300C , and SnQ, is
casily reduced to metallic Sn by atomic H,depen-
ding on the substrate temperature and exposure

time, which causes a decrease in the transmission
and resistivity for SnO, . Using this SnO,/Zn0O bi-
layer,microcrystalline silicon solar cells with effi-
ciency of 3.8% were fabricated. All this demon-
strates that ZnO films deposited on SnO, films are
very stable in H-plasma and can be used in the
fabrication of microcrystalline silicon solar cells.
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