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1. Introduction

The microcrystalline silicon material is reported to be a quite complex material consisting of
an amorphous matrix with em bedded crystallites plus grain boundaries. Although this
material has a complex microstructure, its optical properties have a marked crystalline
characteristic: an optical gap at 1.12 eV like c-Si This implies the spectral absorption of pc-
Si:H covers a much larger range than a-Si:Hwhich posses an optical gap between 1.6 and
1.75eV. Compared to a-Si:H that absorbs light up to 800 nm, uc-Si:H absorbs light coming
from a wider spectral range, extending up to 1100 nm . On the other hand, within its range
of absorption, the absorption of a-Si:H is higher than that of pc-Si:H —due to the indirect gap
of the latter. Therefore, the optical combination of these two materials takes advantage of a
larger part of the solar spectrum (compared to a single-junction cell) and the conversion
efficiency of the incident ligh t into electricity can be consequently improved. Furthermore,
the pc-Si:H solar cell is reported to be largely stable against light induced degradation and
enhanced carrier mobility in contrast to amorphous silicon films counterpart. Consequently
hydrogenated microcrystalline silicon is one of the promising materials for application to
thin-film silicon solar cells.

2. Growth techniques of hydrogenated microcrystalline silicon

The growth of pc-Si:H material uses silane (SiHs) and hydrogen as source-gas. It is currently
admitted that free radical precursors (SiH x)-SiH3 is suspected to favor the pc-Si:H growth-
and H-enhances crystalline growth by etching of looser a-Si:H tissue-were needed to attain
microcrystalline growth. In order to obtain such reactive species, decomposition of the
source-gases is necessary. At first, this was otained by using PE-CVD at high temperatures
(600C). The use of low deposition temperatures of 200-300C with a plasma present in the
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deposition chamber, the so called Plasma-Enhaiced Chemical Vapor Deposition technique
(PE-CVD) was developed later on and allowed the low-temperature deposition of pc-Si:H
films, and rapid progresses have been adieved. Unfortunately, “state-of-the-art”
microcrystalline silicon solar cells consist of intrinsic pc-Si:H layers that are deposited by rf
and VHF PE-CVD at deposition rates of only 1-5 A/s. On the other hand, a pc-Si:H film
with a 2-um- thickness intrinsic absorption laye r is required for application to Si thin-film
solar cells because of the low optical absorpton in the visible region. The uc-Si:H i-layer
deposition step is the most time consuming step in the deposition sequence of the solar cell.
Therefore, a novel fast deposition technique of pc-Si:H is required.

3. Novel fast deposition techni  ques of microcrystalline silicon

Now-a- days, for the high throughput of high-efficiency pc-Si solar cells in PV industry, one
of the most crucial requirements is fast deposition of pc-Si without deteriorating the optical,
structural and electronic properties of the film. To overcome the difficulty, several high-
density plasma sources have been developed, such as very high frequency (VHF) plasma,
inductive coupling plasma (ICP) and surface wave plasma (SWP). As it has been reported,
the excitation frequency of a plasma source has an important effect on the electron
acceleration in the plasma, and a high excitation frequency is expected to result in a high
electron density and a low electron temperature. Therefore two new microwave plasma
sources have been developed i.e. Low-pressure high-density microwave plasma soure
utilizing the spoke antenna and the remote-typ e high-pressure microwave plasma using a
quartz tube having an inner diameter of 10 mm and applied those for the fast deposition of
pc-Si films for Si thin-film solar cells. The remote-type high-pressure microwave plasma will
be discussed in elsewhere.

3.1 Low-pressure high-density microwave pl  asma source utilizing the spoke antenna
The microwave plasma source is shown schematially in Fig. 1, which is composed of the

combination of a conventional microwave disch arge and a spoke antenna. Its chamber size
is 22 cm in diameter, which enables large-scaé film processing. The spoke antenna is located
on a 15 mm-thick quartz plate, which is not inside of the vacuum chamber. The antenna
system is shown in Fig. 2 more in detail. The length of each spke is 4 cm, which is about
1/4 of the wavelength of a 2.45 GHz wave. The design of the spoke antenna assembly

Spy antenna

[ —F

Spoke antenna
Power Supply

>Aa?

Quartz Plate

A
v

22 cm

Chamber

Fig. 1. A schematic illustration of the microwave plasma source

www.intechopen.com



Novel Deposition Technique for Fast Growth
of Hydrogenated Microcrystalline Silicon Thin-Film for Thin-Film Silicon Solar Cells 361

is based on an inter-digital filter composed of parallel cylindrical rods (spokes) arranged
between parallel-grounded plates. The spokes are resonantly coupled by the stray
capacitance between adjacent spokes and theinductance of the spokes themselves. The
resonance condition of an introduced angular frequency is given by U2 N=1/(CxL) 12,
where f is the introduced frequency, C is the array capacitance, and L is the antenna
inductance. Thus, the antenna operates as a bad-pass filter. The spokes are arranged like
those in a wheel, and the plasma serves as oa of the grounded plates. The electromagnetic
wave propagates through the spokes conseaitively with a phase difference of 90°, and
microwave current flows in every spoke. The current in the spokes couples induc tively
and capacitively to the plasma (“CM coupling "), and the induction current in the plasma
accelerates the electrons to sustain the plasma, as shown in Fig. & 3. The power is
supplied from the center of the antenna, and the plasma under the spoke antenna is
radially discharged because induction current flows near every spoke. As a result,
uniform microwave plasma over an area of di ameter greater than 20 cm can be generated
efficiently. As well, since no magnetic field is required to generate the high-density
microwave plasma, it is possible to design a simple source yielding high-density and low-
temperature plasma.

Power supply

(a) Microwave current (b) Electric field

Fig. 2. The newly developed spoke antennafor introduction of microwave power (a)
Microwave current, (b) Electric field.

From a material processing standpoint, large-area microwave plasmas (MWPs) have several
advantages in comparison with other types of high-density sources. First, MWPs, being no
magnetized sources, are free from such magnetic field induced problems as inhomogeneous
density profile and charge-up damage, which is often, experienced in electron cyclotron
resonance (ECR) or helicon plasma sources. Second, MWPs can be enlarged to diameters

www.intechopen.com



362 Solar Cells — Thin-Film Technologies

Electric Field Grownd

f"f"f’f’ff‘f.f”

(a) (b)
Fig. 4. Images of Ar plasma at a) 80 mTer and b) 20 Torr. The plasma maintains uniform
state under a wide pressure regime.

longer than 1 m more easily than inductivel y coupled plasmas (ICPs). Thus, the application
of MWPs to giant electronic devices such as solar cells is promising. Third, MWPs have
lower bulk-electron temperature. Fourth, MWPs can be operated stably from atomic
pressure down to below 10 mTorr. Fig. 4. demonstrates that Ar plasma maintains a uniform
state over 22 cm in diameter up to 20 Torr. The schematic diagram of the low-pressure high-
density microwave plasma utilizing the spoke antenna is shown in Fig. 5.
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2.45GHz
Microwave
Shield Water jacket
] , ¥ Spoke antenna
SiO, window N\ L

. H,

SIH2C12 N
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Shower head 2cm —— [
Py ]

Pump I
ZMJ OES system

Fig. 5. The schematic diagram of the low-pressure high-density microwave plasma utilizing
the spoke antenna
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Fig. 6. Electron density, n,, and electron temperature, Te, measured as a function of input
microwave power.

www.intechopen.com



364 Solar Cells — Thin-Film Technologies

A uniform, high-density (electron density, n . >10' cm3) and low-temperature (electron
temperature, Te:1~2 eV) plasma can be generated by the microwave plasma source utilizing
a spoke antenna without using complex components such as magnetic coil as shown in
Figures 6 & 7 . The T is almost independent of working pressure up to ~150 mTorr as
shown Figure 8, which is suitable for the large area thin film processing.
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Fig. 7. Electron density and electron temperature plotted against working pressure.
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Fig. 8. The radial and axial distributions of n ¢ and Te in microwave Ar plasma under
microwave power of 700 W at 80 mTorr with Ar flow rate of 20 sccm.
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3.2 Fast deposition of highly crystallized c-Si:H films with low defect density from

SiH4 using low-pressure high-density microwave plasma

In this study, a new source gas supply method was introduced, i.e., the SiH4 was introduced

using a shower head placed 2 cm above the sbstrate holder under a steady flow of the H »
plasma supplied by the ring. The results from these gas supply method were compared with

the results from the another gas supply method, i.e. a SiHs-H, mixture was fed into the

chamber using a ring just beneath the quartz plate. Figure 9 shows the schematic of the two
different gas supply methods. The film depo sition parameters were included the SiH4
concentration R=Fr(SiH4)/[Fr(SIH 4)+Fr(H>)] (Fr is the flow rate). The SiH4 concentration was
varied in a range from 5% to 67% by increasing Fr(SiH;) from 3 to 30 sccm with a constant
H, flow rate of 15 sccm. The film depositions were performed at the distance (Z) between
the quartz plate and the substrate holder of 6 cm and the working pressure of 80 mTorr. The

microwave power was fixed at 700W.

Ne & Te

S I 02 o o TS

p €

4 cm

SiH4+H2
(-l
<

S|H4 TSE H2

\ /

ne \ Al v
4%5 Hst+H>
SiH,4 | H>

?; Vsuh

Z (cm)

Fig. 9. Schematic of the two different gas supgdy methods used in this study. The distance
(Z) between the quartz plate and substrate holder was 6 cm.

Fig. 10 shows the deposition rate dependence of ESR spin density, Nfor the corresponding
ic-Si films fabricated using two different SiH 4 gas supply methods at Ts of 150 and 250°C.
Here, the film deposition rate was controlled by varying Fr(SiH 4) from 3 to 30 sccm under
constant Fr(H,) of 15 sccm and working pressure of 80 mTorr. For all samples, the film
thickness was ~ 1.5 im and the ESR measurements were pegformed directly on these films.
It is to be noted that Ns was decreased by about one orde of magnitude when the shower
head was used for both Ts conditions despite the other deposition conditions being the
same. However, Ns was almost independent of Fr(SiH,) on the order of (3-4)x106 cm3,
which was still one order of magnitude larger than that of high quality  ic-Si films reported
elsewhere.
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Fig. 10. ESR spin density, N for corresponding ic-Si films fabricated using different gas
supply method as well as that for samples prepared at Ts=1500C are plotted as a function of
film deposition rate R g.
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Fig. 11. ic-Si:H film microstructure
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A very fast deposition rate of 65A/s has been realized for pc-Si:H films with a Raman
crystallinity ratio of Ic/la of about 3.5 under very low H > dilution (i.e. with high SiH4

concentration of 67%) as shown in Fig. 12 and low defect density of (1-2) x18 cm-3 using
high-density and low-temperature microwave pl asma. The imaginary part of the dielectric
function < 6> spectra of pc-Si:H fims fabricated from SiH 4 using high-density and low-

temperature microwave plasma is shown in Fig. 13 along with that using rf PE-CVD

methods. Using the optical model the best fitted volume fraction of c-Si and void i.e. fc-Si
and fvoid in the bulk layer and void in surface layer, fiq, With SiH 4 concentration R for the
corresponding [c-Si films is shown in Fig. 14.
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Fig. 12. Film deposition rate and Raman crystallinity, |/l 5 as a function of SiH,s
concentration R: Fr(SiHa)/Fr(SiH 4)+Fr(H ).
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Fig. 13. Imaginary part of the pseudo dielectric function< &> spectra for the pc-Si films
fabricated from SiH 4 using MW Plasma along with that using rf PECVD methods and five
layers optical model.
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