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Nanocrystalline silicon (nc-Si:H) is commonly used in the
bottom cell of tandem solar cells. With an indirect bandgap, nc-
Si:H requires thicker (~1 pm) films for efficient light harvesting
than amorphous Si (a-Si:H) does. Therefore, thin-film high depo-
sition rates are crucial for further cost reduction of highly effi-
cient a-Si:H based photovoltaic technology. Plastic substrates al-
low for further cost reduction by enabling roll-to-roll inline depo-
sition.

In this work, high nc-Si:H deposition rates on plastic were
achieved at low substrate temperature (150°C) by standard Ra-
dio-frequency (13.56 MHz) Plasma Enhanced Chemical Vapor
Deposition. Focus was on the influence of deposition pressure,
inter-electrode distance (1.2 cm) and high power coupled to the

1 Introduction Hydrogenated amorphous silicon (a-
Si:H) has been widely used in the manufacture of low cost
solar cells and panels. The addition of a nanocrystalline sil-
icon (nc-Si:H) bottom cell in high efficiency multi-junction
solar cells [1-2] improves conversion efficiency and solar
cell stability under illumination. It also brings about the
need to increase the absorption layer deposition rate, since
a much thicker nc-Si:H layer is required to absorb the same
amount of light as a-Si:H does. Moreover, nc-Si:H films
are normally deposited under conditions of very high hy-
drogen dilution of silane, which dramatically lowers the
deposition rate under standard radio-frequency (13.56
MHZz) Plasma Enhanced Chemical Vapor Deposition (rf-
PECVD) conditions. Therefore, increasing the deposition
rate, while keeping up the film electronic quality, is an es-
sential step to enable industrial production at a competitive
price of next generation thin-film Si solar cells. High depo-
sition rates have been demonstrated using VHF-PECVD
[3]. However, in large-area deposition systems, conven-
tional rf-PECVD is preferred because it facilitates homo-
geneous deposition over large areas [4] and because it is
familiar to the industry. Several groups reported in the li-
terature the key role of using a high pressure deposition re-
gime to achieve high quality solar cells at high deposition
rates by rf-PECVD [5-6]. Using a small inter-electrode dis-
tance can also slightly increase the deposition rate [7] but,

plasma, on the hydrogen-to-silane dilution ratios (HD) necessary
to achieve the amorphous-to-nanocrystalline phase transition and
on the resulting film deposition rate. For each pressure and rf-
power, there is a value of HD for which the films start to exhibit
a certain amount of crystalline fraction. For constant rf-power,
this value increases with pressure. Within the parameter range
studied the deposition rate was highest (0.38 nm/s) for nc-Si:H
films deposited at 6 Torr, 700 mW/cm? using HD of 98.5 %. De-
creasing the pressure to 3 Torr (1.5 Torr) and rf-power to 350
mWi/cm? using HD = 98.5 % deposition rate is 0.12 nm/s (0.076
nm/s). Raman crystalline fraction of these films is 72, 62 and
53 % for the 6, 3 and 1.5 Torr films, respectively.

more important for industrial reactors, it avoids the use of
large gas volumes and saves pumping power.

Thin-film photovoltaics can only compete in a market
dominated by highly efficient c-Si technology if they offer
very low price and/or focus on niche markets. One way to
achieve both goals is to use flexible, inexpensive plastic
substrates which moreover lend themselves to inline high
throughput fabrication processes.

This paper describes the optimization of a-Si:H and nc-
Si:H intrinsic and doped layers deposited by rf-PECVD on
plastic (PEN) at 150°C. A small (1.2 cm) inter-electrode
distance was used. Focus was placed in the influence of
deposition pressure and power coupled to the plasma, on
the deposition rate and film electronic quality.

2 Experimental a-Si:H and nc-Si:H thin films were
deposited by rf-PECVD on 125 um thick plastic substrates
(PEN, polyethylene terephthalate) using SiH, diluted in H,.
HD between 96 and 99% was used [HD = Fy/(Fsing +
Fh2)x100%, where F’s are gas flow rates. Substrates were
clamped to the top earthed electrode, placed 1.2 cm from
the bottom powered electrode, in a parallel plate capacitor
configuration, and heated to the deposition temperature
Tsw = 150°C. Three HD-series of films were prepared at
deposition pressure p,= 1.5, 3 and 6 Torr. In all series rf-
power, Py, was 10 W, corresponding to a power density of
350 mW/cm?. The 6 Torr series was repeated using Py =
20 W (power density = 700 mW/cm?).
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Deposition rate, ryg, was derived from the thickness ob-
tained by analysis of interference fringes in the UV-
visible-NIR transmittance spectra and confirmed by profi-
lometry. Film structure was studied by Raman and FTIR
spectroscopy. The Raman crystalline fraction, X, and crys-
tallite size, d.., of the films was calculated according to
reference [8]. For the amorphous films, the bond angle
deviation AO was related to the full width at half maximum
(FWHM) T of the TO peak centered at 480 cm™. Room
temperature dark conductivity, o, and secondary photo-
conductivity, oy, Were measured between coplanar Al con-
tacts 6 mm long with 1 mm gap. Urbach tails and deep de-
fect absorption were obtained from Constant Photocurrent
Measurements (CPM).
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Figure 1 Raman spectra for samples deposited on PEN at (a) py,=
1.5 Torr and P¢= 10 W, (b) p,= 3 Torr and P,;=10 W and (c) p,, =
6 Torr and P;= 20 W, using different hydrogen dilutions near the
amorphous to nanocrystalline transition point. X, is crystalline frac-
tion and d, is crystallite size.

3 Results and discussion
3.1 Structural properties Raman spectra of films
deposited under HD= 97, 98 and 98.5% at p,= 1.5 Torr
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[fig. 1(a)], 3 Torr [fig. 1(b)] and 6 Torr [fig. 1(c)] show
that for HD= 98% their structure is amorphous at 6 Torr
and nanocrystalline at 3 and 1.5 Torr (X.=34% and 56%,
respectively). It is concluded that the hydrogen induced
amorphous-to-nanocrystalline transition (a—nc) requires a
progressively higher HD as the pressure is increased from
1.5 to 3 and 6 Torr. At 6 Torr the a—nc transition occurs
only for HD=98.5% after increasing rf-power to 20 W
[fig.1(c)]. Films deposited at 6 Torr and P;= 10 W (not
shown) are amorphous up to extreme HD = 99% at which
the a—nc occurs (X.~70%). This finding can be correlated
with results in literature that show, in high H, diluted si-
lane plasmas, a progressive shift in concentration of posi-
tive ion species from H* to SiH,," as pressure increases in
the range 0.1-10 Torr. Moreover, the concentration of pos-
itive ions becomes much higher than that of neutral radi-
cals as p,—10 Torr [9].

For all pressures and rf-powers studied the a—nc occurs
abruptly, within a 0.5-1% interval in the HD scale. Nano-
crystalline samples deposited at 6 Torr have lower sized
(< 5 nm) Si nanocrystals, when compared to the films de-
posited at 1.5 and 3 Torr (crystallite size ~ 7 nm). This ef-
fect is clearly seen in the Raman spectra by the shift of the
crystalline peak towards the low wave number side.

3.2 Deposition rate Increasing the deposition rate
of nc:Si-H films is an objective central to the present work.
Figure 2 shows the deposition rate, rg, as a function of HD
for films deposited at 1.5 (P+=10 W), 3 (P+=10 W) and 6
Torr (P+=10 and 20 W) (see also Table I in last section).
Also shown, for comparison, are HD series of films de-
posited at a larger inter electrode distance (4 cm) using
high pressure (1.5 Torr) and high power (10 W) and using
low pressure (160 mTorr) and low power (2 W < 60
mW/cm?). In general, ry increases with pressure and rf-
power, and decreases with inter electrode distance. For
example ry increases from 0.04 to 0.1 nm/s at HD =
98.5%, P,s= 10 W and p,, = 1.5 Torr, when the inter elec-
trode gap decreases from 4 to 1.2 cm.

It is known that during the deposition process silylene
(SiH,) and silyl (SiH3) radicals generated by the chemical
reactions between the secondary species in the plasma,
mainly determine the film growth rate. Even though silyl
radicals will diffuse towards the film surface at both elec-
trode distances, they have however less relative incorpora-
tion probability (0.1) into the film for the shorter dis-
tance[10]. This is because the survival rate of the much
more reactive SiH, radicals, having the diffusion length
around 0.5 cm and high incorporation probability (0.65-
0.8)[11] into the film, is favoured by the short distance be-

tween the electrodes. Possibly the silylene radicals are
therefore playing an important role in increasing the depo-
sition rate when the inter electrode gap is reduced.

In fig.2, data points with abscissa HD = 98.5% corres-
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Figure 2 Deposition rate as a function of HD for films deposited

on plastic substrates at different pressures (0.160, 1.5, 3, and

6Torr) and rf-power (2, 10 and 20 W).

pond, with one exception at 6 Torr (10 W), to nanocrystal-
line films with X, >50%. ry increases ~10-fold from bot-
tom to top, i.e. from 0.04 nm/s at 1.5 Torr (10 W) to 0.38
nm/s at 6 Torr (20 W). The transition from an amorphous
film at p,= 6 Torr (10 W) to a highly crystalline one (X.=
72%) at py,= 6 Torr (20 W) might correspond to the thresh-
old of a high-pressure SiH, depletion regime, thus inhibit-
ing the H annihilation reaction (H+SiH, — H,+SiH;) and
consequently increasing atomic H concentration. It was
found in ref.[12] that this high rate deposition regime for
nc-Si:H preserves the high electronic quality of the films.

3.3 Opto-electronic properties Table | summariz-
es important optical and electronic properties of selected
samples. Figure 3 shows the photo-to-dark conductivity ra-
tio (photosensitivity, S) as a function of HD. Two groups
of films can be identified: those obtained at lower H, dilu-
tion, with high photosensitivity, and those obtained at
higher values of HD, with lower photosensitivity. The
maximum value of photosensitivity (S = 4x10°) is obtained
for the film deposited at 1.5 Torr, HD = 96% and P,; =10
W. Photosensitivity remains high (~10°) for HD up to
98.5 % at 6 Torr (10 W). For deposition pressures of 1.5
and 3 Torr or 6 Torr (20 W) S drops abruptly at HD= 98
and 98.5%, respectively. If one combines the information
conveyed in fig.3 with the results of the Raman analysis in
section 3.1 one concludes that amorphous films are those
that exhibit high S-values while a nanocrystalline film
structure is typical of the low photosensitivity samples, due
to their indirect bandgap that strongly reduces the optical
absorption. The photosensitivity of films deposited at 6
Torr reaches its maximum value right before the a—nc
transition. The amorphous films with high photosensitivity
(>10°) are good candidates for the fabrication of the top so-
lar cell in tandem or triple junction structures.

Results from CPM measurements made in the a-Si:H
films show Urbach tails increasing with deposition pres-

sure from 64 meV at 1.5 Torr to 81 meV at 3 Torr and 85
meV at 6 Torr. These values, particularly for the higher p,-
films, are rather high and one may speculate that they are a
consequence of incorporation of dust from the plasma dur-
ing deposition. Otherwise it is hard to understand how such
broad band tails can coexist with the film high photosensi-
tivity shown. Dangling bond concentration, obtained from
the CPM spectra, is ~3.5x10"" cm™ in these films. Bond
angle disorder, A0, is 6.79, 6.94 and 6.96 for the films de-
posited at 1.5, 3 and 6 Torr, respectively.

3.4 Doping Phosphine (PH3) or diborane (B,Hg) were
added to the reactive gas mixture, while keeping up the de-
position conditions that yielded the best nc-Si:H (higher
X¢) and a-Si:H films (higher S) to obtain n- or p-type films,
respectively. Results can be seen in Fig.4 where oy is plot-
ted as a function of the its activation energy, E, 4, for films
deposited at p,, = 1.5, 3 and 6 Torr. For n-type films R, de-
fined as the dopant-gas to silane flow rate ratio, was kept
constant and equal to 2.5. For p-type films R was varied in
the interval [0.5, 2.5] (R =0.5, 1, 1.5, 2 and 2.5).
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Figure 3 Photosensitivity as a function of HD for films depo-
sited on plastic substrates at different pressures (1.5, 3, and
6Torr) and rf-power (10W and 20W).

N-type nc-Si:H films with g = 0.69 Q'em™ (E,q= 49
meV) and 7.8 Q'em™ (E,q=24 meV) were obtained at 1.5
and 3 Torr, respectively. At 6 Torr it was not possible to
obtain highly P-doped films because their structure was
strongly amorphized by the dopants. Consequently the
highest oy was only 2x102 ™ cm™ (E, g= 140 meV). The
most strongly P-doped a-Si:H film was obtained at 3 Torr,
followed by the film deposited at 1.5 Torr. In both cases
oa~10° Qlem™ (B, g~ 0.25eV) .

P-type nc-Si:H films with gg ~ 1 Q'em™ (Epgc ~ 30
meV) were obtained at 1.5 and 3 Torr, using R=1 and 0.5,
respectively. At 6 Torr it was not possible to obtain B-
doped nanocrystalline films. The highest p-type conductiv-
ity obtained for a-Si:H films was ~5x107 Q'cm*
(Eaak~0.5 eV) for R= 2.5, obtained at all pressures studied.
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Table | Deposition conditions, structural and optoelectronic properties of selected intrinsic films on PEN.

Sample  py P HD 4 Eopt Ok Oph Eadk Xc
(Torm) (W) %)  (As)  (eV) (@tem?) @lem?) (V) (%)
S844 1.5 10 96 0.17 1.5 5.1 x10™ 2.1 x10™ 0.62 0
$847 3 10 98 0.2 1.75 4.2 x10™° 2.4 x10* 0.64 34
S857 6 10 98 0.31 1.85 4.8 x10™° 4.8 x10* 0.57 0
S887 6 20 98 0.52 1.6 1.2 x10™ 1.2 x10° 0.74 0
S843 15 10 98.5 0.07 2.1 3.4 x10° 1.0 x10™ 0.38 53
S846 3 10 985  0.12 2.0 4.8 x10° 25x10* 042 62
S873 6 10 99 0.10 2.0 1.2 x10° 3.9 x10° 0.55 74
S874 6 20 98.5 0.38 15 3.1 x107 2.5 x10° 0.47 72
phase film was obtained at 6 Torr, 20 W and had photosen-
sitivity in excess of 10°. n- and p-type nc-Si:H films were
10" obtained with oy = 7.8 and 0.87 Q'cm™, respectively. At 6
3 n-type : ; S
] Torr, it was not possible to obtain highly doped nanocrys-
—~ 10" 5 nc-Si talline films. Amorphous films were much highly doped
£ o : 1'2 E[[ with P than with B. n-type conductivity was 10° Q*cm™
. E v 6Torm while p-type og= 5x107 Q'cm™.
R v
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