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This paper reports that the intrinsic microcrystalline silicon (uc-Si:H) films are prepared with plasma enhanced

chemical vapour deposition from silane/hydrogen mixtures at 200°C with the aim to increase the deposition rate.

An increase of the deposition rate to 0.88 nm/s is obtained by using a plasma excitation frequency of 75 MHz. This

increase is obtained by the combination of a higher deposition pressure, an increased silane concentration, and higher

discharge powers. In addition, the transient behaviour, which can decrease the film crystallinity, could be prevented

by filling the background gas with Ha prior to plasma ignition, and selecting proper discharging time after silane flow

injection. Material prepared under these conditions at a deposition rate of 0.78 nm/s maintains higher crystallinity and

fine electronic properties. By H-plasma treatment before i-layer deposition, single junction uc-Si:H solar cells with 5.5%

efficiency are fabricated.
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1. Introduction

Microcrystalline silicon (uc-Si:H) is used in thin
film single junction pc-Si:H and amorphous silicon (a-
Si:H)/puc-Si:H tandem solar cells because of its lower
band gap, and hence the optical absorption in the near
infrared region is higher.' =4 However, we estimate
that for a sufficient absorption, a film thickness of
several microns is necessary, which is a critical point,
because in general the deposition rates of pc-Si:H in
standard plasma enhanced chemical vapour deposi-
tion (PECVD) are very low. Increasing growth rate
of pc-Si:H requires reasonably high discharge power
for high dissociation of the reactant gases, leading
to higher sheath voltages, and thus higher ion en-
ergy. High-energy ions impinging on the growth sur-
face, however, are considered to be detrimental to
the quality of pc-Si:H, causing defect formation and
deterioration in crystallinity.[:6] Therefore, suppress-
ing the high-energy ions in the plasma is of partic-

ular necessity at a high deposition rate (Rp). Ef-
fective methods to reduce ion energies while main-
taining high deposition rates are (i) very high fre-
quency (VHF) excitation of the discharge, where lower
peak-to-peak voltages for a given discharge power re-
sult in lower maximum-ion energies,!” % and (ii) high
working pressure (pgepo) With an increased discharge
power, where ion energies are reduced by multiple col-
lisions in the plasma sheath.['911] Recently, also com-
binations of VHF-PECVD and high working pressure
have been investigated.'2=14 In addition, transient
depletion of source gases can play an important role
in materials processing, particularly during the initial
phase of thin film synthesis in which nucleation takes
place and the interface is formed. Donker et all'®]
demonstrated that high Hy flow generally applied dur-
ing deposition of puc-Si:H in the 13.56 MHz high pres-
sure depletion (HPD) regime is needed to suppress
SiH4 back diffusion (an initial diffusion flux of SiHy
from the reactor’s dead volume back into the plasma),
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which caused the decrease of Raman crystallinity in
film. Therefore, there is interest in investigating the
effect of SiH4 back diffusion to the film crystallinity
and microstructure under HPD-VHF plasma.

In this paper we present a study of the different
gas conditions prior to plasma ignition on the growth
and microstructure of pc-Si:H films, and report on fur-
ther studies of such a combination of VHF-PECVD
at 75 MHz at high working pressures for the growth of
pe-Si:H at higher deposition rates and fabricate sin-
gle junction pc-Si:H solar cells at higher intrinsic film
deposition rate. In p-i-n solar cells, the i/p interface
properties can affect the cell performance and the sta-
bility. To provide a good grain boundary passivation
and a compact material structure in i/p interface, dif-
ferent times of H-plasma treatment after p-layer de-
position are used.

2. Experimental details

The p, i, and n layers of the uc-Si:H solar cells
were deposited in individual chambers of a cluster-tool
deposition system!'! by PECVD to form p-i-n single-
junction diodes. Figure 1 shows a schematic picture
of the deposition chamber. The electrode configura-
tion consists of a 31.0 cm diameter powered electrode.
Substrate size is 5cm x 5cm. The electrode distance
is 15 mm. A metal shield around the electrodes to pre-
vent deposition on the chamber walls, as indicated in
Fig.1, can be removed for discharge adjustment. The
gas supply is realized through a showerhead arrange-
ment.

SiH4 + H2 VHF generator
removable shield

el substrate

thimble
pump

Fig.1. Schematic picture of the PECVD deposition cham-
ber.

Solar cells are deposited on ZnO/SnO. bi-layer-
coated glass substrates.!'”] Substrate temperatures are
150, 200, 170°C for p-, i-, and n-layer depositions. The
pe-Si:H i layers were deposited with VHF-PECVD
at 75 MHz. The pc-Si:H p and a-Si:H n layers were

deposited with conventional RF (radio frequency)-
PECVD at 13.56 MHz.['8] The H-plasma treatment
was applied to p-layers in the VHF chamber. In or-
der to illustrate the impact of the hydrogen plasma,
a series of different exposure times of the p-layer,
as exposed to hydrogen bombardment by the hydro-
gen plasma, was carried out. The applied hydrogen
plasma conditions were chosen in view of yielding
a low energy ion-bombardment!'?] (Pdepo = 133 Pa,
Fl(HQ) = QOOSCCHI, PVHF = 40W at f =75 MHZ)
needed to avoid the etching of the p-layer, i.e. by sput-
tering. The silane concentration (SC), SC = [SiHy] /
([SiFLy)+
and hydrogen, plasma power and deposition pressure

[Hs]), defined by the gas-flow ratio of silane

were varied in order to obtain higher deposition rate.
The detailed deposition parameters of the intrin-
sic films are shown in Table 1, in which Flioa means
the total gas flow ([SiH4] + [Ha]).
The deposition time for i-layers was adjusted to
The
thickness of the solar cells was measured with a step

obtain a thickness of approximately 0.8 ym.

profiler. The deposition rate was calculated from the
thickness measurement in the centre of the substrate.
The area of individual solar cells is defined by the
5mm X 5 mm evaporated Al back contact and consists
of a 30nm thick microcrystalline p-layer, a 1.5 um-
thick microcrystalline i-layer, and a 50 nm thick amor-
phous n-layer. The J-V characteristics of the solar
cells, i.e., efficiency, open-circuit voltage Voc, fill fac-
tor FF, and short-circuit current density Jsc, were
measured under AM1.5 illumination at 25°C.

To study the effect of transient depletion on the
film microstructure, several series of samples were de-
posited at different gas backgrounds prior to plasma
ignition in two gas mixture SC (SiHy/(SiHy + Hs) =
2%, 4%), each series at a fixed VHF power in 100 W.
The different gas conditions in the Hy backgrounds
were achieved by adjusting the time intervals between
SiH4 flow injecting into the chamber and plasma ig-
nition. The deposition time is started from the mo-
ment of plasma ignition and maintains deposition for
1-2min, and the spectroscopic ellipsometry (SE) is
used to provide information on crystallinity vs film
thickness. SE spectra were analysed using the Brugge-
man effective medium approximation (BEMA) assum-
ing the pc-Si:H films consisting of microcrystalline and
amorphous silicon phases and voids. The model de-
scribing the films consists of (1) the interface with the
substrate; (2) the bulk microcrystalline film; (3) the
‘growth-front’ and rough surface layer.
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The dark conductivity (op) and photoconductiv-
ity (opn) were measured at room temperature using
coplanar Al contacts by 1 mm interval using Keith-
ley 6517 multimeter with or without AM1.5 illumina-
tion. The coplanar temperature-dependent dark con-
ductivity op(7T) measured on the samples over a wide
temperature range (300-450K) in a vacuum cham-
ber shows an activated behaviour: op = oge™Fa/kT
where gg is known as the conductivity prefactor and
FE, as activation energy. To study the crystallinity of
the films, Raman spectra were measured in a back-
scattering configuration using a Raman spectrome-

ter with a He-Ne laser exciting source. 5.0mW out-

put power and 632.8 nm wavelengths were used in the

measurements. The crystalline ratio X. was obtained
[20]

as

Xe = (Is20 + I510)/ (Is20 + Is10 + Lug0),

where I599 and I519 are the intensities of crystalline
like peaks whereas I5¢ is that of amorphous like peak
of the transverse optic Si—Si vibrations in the Raman
spectra. Scan electron microscopy (SEM) is used to
investigate the section morphology of boron-doped mi-
crocrystalline layers.

Table 1. Deposition parameters of the intrinsic films.

series name  SC/%  Fliotar/sccm  Pyur /W pdepo/Pa Tyup/°C
Inscl 2-5 250 140 300 200
Insc2 24 300 140 350 200
InPp 4 250 60-140 133-350 200
Cellsc 4 250 140 300 200

3. Results
3.1. The transient depletion effect

Figure 2 shows the Raman crystallinity of pc-Si:H
films deposited under different gas condition in the Hy
backgrounds. The abscissa in the figure represents the
time intervals between silane injection and plasma ig-
nition: ‘0’ means the plasma is ignited at the moment
of silane inpouring into the chamber; other points in-
dicate that plasma is ignited after silane has injected
into the chamber for corresponding time. The Raman
crystallinity of pc-Si:H films increases first, then de-

60 N\ SC = 2%; 220°C; 300 Pa
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= RN
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Fig.2. The Raman crystallinity of films deposited under
different gas conditions.

creases with the time prolonging between silane in-
jection and plasma ignition. The highest crystallinity

is obtained at time interval between silane injection
and plasma ignition of 20s for SC = 2%, and of
30s for SC = 4%.

tallinity decreases with the increase of silane concen-

Under same time interval, crys-

tration. Figure 3 shows the deposition rate in the ini-
tial film growth stage under different gas conditions.
The trends of deposition rate are reversed with that
of film crystallinity, and increase with the delay of
plasma ignition.

0.8 | -

0.7 |

o \

0.6 | D\DD'D'D

Deposition rate/(nm/s)

0.4
0 1 2 3 4 5

Discharge intervals/min
Fig.3. The variation of deposition rate in the initial
plasma ignition stage under different gas conditions.

The SiH4 back diffusion is responsible for the ex-
perimental results. The effect of SiHy back diffusion
on the dust formation process in the plasmal?!! and the
preventing method!!?! had been discussed. This back
diffusion, as one transient behaviour, can be explained
in terms of a transformation of the gas composition, as
sketched in Fig.4. In the standard deposition process,
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the entire reactor is filled with the SiH,/Hs gas mix-
ture before plasma ignition (Fig.4(a)), whereas in the
stable situation after plasma ignition (Fig.4(d)) the
SiH, is heavily depleted [22-2%] and the reactor is pre-
dominantly filled with Hy. During the transformation,
the SiHy depletion in the plasma zone (Fig.4(b)) drives
a diffusion flux of SiH4 from the reactor’s dead volume
back into the plasmal?§! (Fig.4(c)). The back diffusion
of SiH, increases the real density of silane in plasma,
leading to the decrease of film crystallinity, and the in-
crease of amorphous incubation layer’s thickness and

of the deposition rate. The SiH, diffusion flux should
be proportional to the initial SiH, density in the re-
actor. So, the effect of this back diffusion becomes
more serious with the delay of plasma ignition and
the increase of silane concentration in the feed gases,
as shown by experimental results. By designing a ded-
icated plasma ignition procedure involving a Hy purg-
ing step prior to ignition, the influence of the transient
depletion induced incubation layer can be succeeded
in elimination, and is applied in the followed deposi-

tion process.
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Fig.4. Schematic representation of the sequence of processes that occur after plasma ignition in the standard

process: (a) stable situation before plasma ignition; (b) plasma ignition and initial SiH4 depletion in the

plasma zone; (c) SiHy back diffusion and purging; (d) stable situation after plasma ignition.

The best-fit corresponding BEMA models show-
ing the microstructure of films are reported in Fig.5.
The microcrystallinity of the samples can be inferred
by the presence in the SE spectra of the Fy and F»
critical points. It is interesting noting that under con-
stant silane concentration: 1) The crystalline volume
fractions in bulk and surface layers increases first with
the delay of plasma ignition behind the silane flow in-
jection and gets a maximum at 20s or 30s, then de-
creases with further increasing of delay time. 2) The
voids volume fractions are much lower in bulk layers

19% pc-Si 28% pc-Si
81% voids | 7-4nm 72% voids
34% pc-Si 44% pe-S1
13% voids |24 3nm 10% voids
53% a-Si 46% a-Si
glass glass
0s 20s

than in surface layer, and decrease with the decreasing
of crystallinity in corresponding layers. However, the
voids volume fractions are high in the bulk layers at 0s
time interval. 3) The thick interface a-Si layers appear
at longer time intervals. In addition, the crystallinity
decreases with the increasing of silane concentration.
The ellipsometric analysis indicates that changing gas
condition before plasma ignition is effective in sup-
pressing removal of the amorphous interface layer at
the onset of crystallite nucleation.

SepeS ]
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45% a-Si roughness

8.3nm

25 104 1)
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Fig.5. The best-fit BEMA models of the imaginary part, (e2), of the pseudodielectric function of
pe-Si:H films deposited under different time intervals at (a) SC = 2%; (b) SC = 4%.

3.2. The high deposition rate of intrinsic
pe-Si:H films

Figure 6 shows the deposition rates and Raman
crystallinity for i-layers deposited at an excitation fre-
quency of 75 MHz as a function of the SC with var-
ious total gas flow (Fliota1) and deposition pressure.
As expected, the deposition rate increases with the
SC and Fligtal, Pdepo- At SC = 2% and with lower
Fliotal and pdepo, we have a low deposition rate of
about 0.4nm/s and material with a crystalline vol-
ume fraction of 76%. Increasing the SC to 5% leads
to an increase of the deposition rate to 0.88nm/s,
but the film has a larger amorphous phase fraction.
Figure 7 shows the variation of dark conductivity
with temperature. The op and o, for SC = 3%
and 4% are 3.11 x 1075S/cm, 2.04 x 107*S/cm and
2.83 x 107%S/cm, 1.01 x 107* S/cm, which yield acti-
vation energies of F, = 0.385eV and E, = 0.442¢€V,
respectively. Increasing Fliotal and pgepo in Fig.6 re-
sults in an increase of the rate, but the decrease of
Raman crystallinity.
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Fig.6. Deposition rate and Raman crystallinity as a func-
tion of the silane concentration for films deposited at var-
ious Fliotal and pdepo-
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Fig.7. The variation of dark conductivity with tempera-

ture at various silane concentrations. Lines are drawn as
guides for the eye.

Figure 8 shows a pc-Si:H formation map on VHF
power and deposition pressure plane. The areas of
close and open triangle represent crystalline volume
fraction and deposition rate, respectively, in puc-Si:H

deposited under given conditions at SC = 4%. As is

)
140 >
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z fsi
\E 100 /a-Si
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Q>( _/"
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100 133 150 200 250 300 350
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Fig.8. Formation map of pc-Si:H in VHF power and de-
position pressure plane. The areas of close and open tri-
angle represent crystalline volume fraction and deposition
rate, respectively. The dashed line in the figure means
pnc-Si:H/a-Si:H transition.
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seen in the figure, good crystallinity is obtained under
high power and low pressure conditions. At constant
Ddepo, an increase in the Pypr did hardly increase the
deposition rate, but did increase the crystallinity of
the films. This results in a shift of the pc-Si:H/a-Si:H
transition to higher pgepo, and therefore leads to a
higher Rp for the optimum films. On the other hand,
an increase in the pqepo at constant Pypr did lead to
a higher Rp, but lower crystallinity. With this shift of
the pc-Si:H/a-Si:H transition at higher pgepo, the Rp
for the optimum films decreased.

3.3. The fabrication of solar cells

Lots of researches demonstrate that optimum so-
lar cells are always found to be close to the transi-
tion from microcrystalline to amorphous growth, with
a crystallinity of about 60%.!"32" So, Cellsc (Rp =
0.78nm/s, X. = 56.9%) is selected as the optimum
conditions to deposit the i-layers of solar cells. Under
higher deposition rate, i/p interface properties become
very important. In order to improve the i/p interface
properties, H-plasma treatment is used before uc-Si:H
i-layers deposition. Figure 9 shows the effect of H-
plasma treatment to the characteristics of single junc-
tion pc-Si:H thin film solar cells. The Voc and Jsc
of solar cells increased with the increasing H-plasma
treating time. After 20 min H-plasma treatment, the
efficiency of solar cells increased more than 20%, and
highest efficiency of 5.5% was obtained (see Fig.10).
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Fig.9. The effect of H-plasma treatment to the character-
istics of pc-Si:H thin film solar cells.

It was suggested that H-plasma treatment provides a
good grain boundary passivation and a compact ma-
terial structure in i/p interface,l?®! and increases the
crystallinity of p-layers.[??! To make it clear may need
further research. Figure 11 shows SEM section micro-

graph of pc-Si:H single junction solar cell. It can be
clearly seen that the growth of pc-Si:H film presents
certain column characteristic.
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Fig.10. The current-voltage characteristic of single junc-
tion microcrystalline silicon solar cells.
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Fig.11. The SEM micrograph of pc-Si:H single junction
solar cell.

4. Conclusions

It has been shown that by changing time inter-
vals between the silane injection and plasma ignition
in a Hy background, SiH4 back diffusion can be sup-
pressed and high-quality pc-Si:H can be deposited,
and the deposition rate of uc-Si:H increases combin-
ing high plasma excitation frequencies, high plasma
power, higher deposition pressure and high SCs. Us-
ing these conditions, we can improve the structure
with respect to the crystalline volume fraction. The
high deposition rate of 0.78 nm/s material maintains
good electronic properties with dark conductivities of
2.83 x 1079S/cm. Using this film as i-layer of sin-
gle junction pc-Si:H thin film solar cells, and applying
H-plasma treatment before its deposition, we obtain
highest efficiency of 5.5%.
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