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Synthesis of nanocrystalline
silicon thin films using the
increase of the deposition
pressure in the hot-wire
chemical vapour deposition
technique

S. Halindintwali”", D. Knoesen®, R. Swanepoel’,
B.A. Julies’, C. Arendse’, T. Muller’, C.C.Theron’,
A. Gordijn°, P.C.P. Bronsveld’, J.K. Rath° and
R.E.l. Schropp’

Nanostructured thin silicon-based films have been deposited using
the hot-wire chemical vapour deposition (HWCVD) technique at the
University of the Western Cape. A variety of techniques including
optical and infrared spectroscopy, Raman scattering spectroscopy,
X-rays diffraction (XRD) and transmission electron microscopy
(TEM) have been used for characterisation of the films. The electri-
cal measurements show that the films have good values of photo-
response, and the photocurrent remains stable after several hours
of light soaking. This contribution will discuss the characteristics of
the hydrogenated nanocrystalline silicon thin films deposited using
increased process chamber pressure at a fixed hydrogen dilution
ratio in monosilane gas.
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degradation measurements, stability, photoresponse

Introduction

Hot-wire chemical vapour deposition, also known as catalytic
chemical vapour deposition, is one of the techniques used to
prepare thin amorphous and microcrystalline films for photo-
voltaic and large-area electronic applications."™ The process
involves the catalytic decomposition of the feed gases over a
resistively heated filament followed by a deposition of a layer on
a substrate kept in an evacuated chamber. When silane or a
silane/hydrogen mixture are used as feed gases, films ranging
from amorphous to polycrystalline hydrogenated silicon can be
obtained by proper control of the deposition parameters such as
the hydrogen dilution ratio in the silane gas,’ the substrate and
filament temperature®® and the process pressure. Hydrogenated
nanocrystalline silicon (nc-Si:H)-based devices have been reported
to be more stable than their amorphous (a-Si:H) counterparts.”
Klein et al® have recently shown that microcrystalline silicon
films grown at a high deposition rate could be obtained ata high
deposition pressure, but the material quality decreased. In this
study, good-quality intrinsic nanocrystalline silicon films have
been deposited using the increase of the deposition pressure at
deposition rates as high as 4.7 s™.
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Methods

Thin films ranging from ~500 nm to 1 000 nm were deposited
onto 2 cm X 2 cm Corning glass and c-Si (100) substrates. More
details on the deposition chamber and the deposition process
have been given elsewhere.”’ The thickness was calculated
using the computing method of Swanepoel" and measured by a
Dektak profilometer. For this effect, a Veeco Dektak 6M profiler
was used to take measurements electromechanically by moving
the sample beneath a diamond-tipped stylus that rides over the
sample surface. The scan traces were always taken from a bare
area of the substrate to the surface of the deposited layer and
average step heights were calculated to estimate the thickness
using the interfaced software."” To ensure that the films were free
of impurities during growth, a background pressure of less than
107 mbar was always achieved before deposition. The tantalum
filament catalyser consisted of seven parallel wires maintained
at 1 600°C. The temperatures of the substrate heater (T, ) were
preset at 375°C, 410°C and 450°C. The distance between the fila-
ment and the substrate was fixed at 3.6 cm. Table 1 gives the de-
tails of the deposition conditions of the films used in this paper.
The hydrogen dilution ratio in the silane gas was calculated as

(o)
Rits = by + ) @

where ¢, and ¢sins represent the flow rates of hydrogen and
silane, respectively. The phase changes were observed by XRD
and by Raman scattering spectroscopy. X-ray diffraction spectra
were obtained by means of a D8 advance Bruker diffractometer,
a theta-2 theta (6-20) machine situated at iThemba LABS, Faure.
The used X-ray radiation was Cu Ka, with a wavelength of
0.15nm. The intensity of the diffracted radiation was detected as
a function of 26. In this study the value of 26 varied from 22° to
70.72° with an angular resolution of 0.04° and an accumulation
time of 30 s per step, i.e. 10 h per sample. Raman measurements
were performed using the 514.5 nm line of a Spectra Physics
Ar*-ion laser, a SPEX triple-grating monochromator and a
CCD-detector situated in the Physics Department, Utrecht
University (the Netherlands). The crystalline volume fractions
(f) were calculated from the deconvoluted peaks using the
Raman data according to
(I+1 )
'fc: ¥ (Ic+1gb+la) (2)

where [, I and I, are the integrated intensities of the crystalline

Table 1. Deposition conditions of the samples.

Tow A, Pressure  Thickness Phase Sample no.
(°C) (%) (ubar) (nm)
375 80 30 980 Amorphous 1
410 87 20 855 Amorphous 2
30 1070 Amorphous 3
40 1020 Amorphous 4
60 890 nc-Si:H 5
(f. = 6%)
92 20 800 Amorphous 6
30 650 nc-Si:H 7
(f. =17%)
40 540 pc-Si:H 8
(f. =31%)
60 535 pc-Si:H 9
(f. =51%)
450 90 40 515 nc-Si:H 10
(f. = 8%)
95 20 535 pc-Si:H 11
(f, = 53%)




Research Letters

peak, intermediate peak of the amorphous to crystalline phase,
and the amorphous phase respectively.” The hydrogen content
(Cn) was calculated from Fourier transform infrared spectros-
copy measurements, using the integrated absorption coefficient
of the rocking mode vibration at ~640 cm™."" " For dark conduc-
tivity and photoconductivity measurements, two silver electrodes
with a length of 20 mm separated by a distance of 0.5 mm were
deposited on the samples. The photoconductivity was measured
using a solar simulator with the AM1.5 spectrum at an intensity
of 100 mW cm™**"* and an applied voltage of 100 V. For activa-
tion energy (E.) measurements, dark currents were measured
from films successively annealed and cooled down in a vacuum
from 160°C to room temperature. Activation energy was ob-
tained from the Arrhenius plot of the dark conductivity data
versus the reciprocal temperature in the cooling region. The
light degradation experiment was done using the same setup
as the one used by Britton et al.' The samples were illuminated
for 300 h and the photocurrent was measured at different time
intervals at an applied voltage of 50 V.

Results and discussion

Phase transition

Figure 1 displays the Raman spectra of the films deposited at
a fixed hydrogen dilution ratio of 87% with the deposition
pressure varying from 20 ubar to 60 ubar. The first three samples
deposited within the range 20-40 ubar were fully amorphous, as
shown by the broad peaks centred around 480 cm™. The fourth
sample deposited at a pressure of 60 ubar was just above the
edge of crystallinity. Its Raman spectrum is showing an asymme-
try towards 520 cm™ and its deconvolution into different
Gaussians produced a small peak around 506 cm™ in addition to
the amorphous one centred around 480 cm™. This has been
interpreted as the inclusion of a finite number of small crystal-
lites in an amorphous network. A crystalline volume fraction
equal to 6% was calculated for this sample. The abundance of
atomic hydrogen on, or near, the growing surface is essential for
a change from an amorphous phase to a crystalline phase*"” as
the atomic hydrogen is known to passivate the surface and to
etch away weak Si-Si bonds in the subsurface region.” An
increase of the deposition pressure had the beneficial effect of
increasing the silane conversion rate and thus generating more
silicon and atomic hydrogen precursors. It was even easier to
induce crystallinity by increasing the pressure within the same
range of 20-60 ubar at a fixed higher hydrogen dilution of 92% as
shown in Fig. 2;” increasing values of hydrogen dilution ratio
produced more atomic hydrogen resulting from an increased
splitting of molecular hydrogen on the hot filament. In Fig. 2(i),
an increasing trend of the peak centred around 515 cm™ with an

Sample 2; P = 20 pbar
Sample 3; P = 30 pbar
Sample 4; P = 40 pbar
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Fig. 1. Raman shift spectra as a function of the deposition pressure. The hydrogen
dilution ratio was fixed at 87%.
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Fig. 2. Raman and XRD results as a function of the deposition pressure at a fixed H,
dilution ratio of 92%. (i) Raman shift spectra. (ii) X-ray diffraction spectra.

increase in pressure, is observed on the spectra corresponding to
Samples 7-9. The increasing Raman intensity of this peak at
increasing process pressure is indicating an increase of the crys-
talline volume fraction. Sample 6 remains amorphous as its
Raman spectrum shows only a broad peak centred around
480 cm™. The XRD results in Fig. 2(ii) agreed well with the Raman
results for Samples 6, 8 and 9. The XRD spectrum of Sample 7
was not conclusive enough, suggesting that, for films near the
edge of crystallinity, a complementary sensitive method mustbe
used to confirm the phase of the material. The UV-VIS reflection
measurements on the same samples in Fig. 3 agreed with the
XRD and Raman findings for the three investigated films
(Samples 6, 8 and 9); the crystal Si direct-transition UV
reflectance signatures at 365 nm and 275 nm® revealed the
presence of any crystalline phase at the surface. No crystalline
signature was observed in the case of Sample 6, meaning that it
was fully amorphous. The transition peaks for Samples 8 and 9
are distinguishable around 275 nm; they are not sharp as in the
case of the c-Si substrate due to the residual amorphous
network. Figure 4 displays the typical cross-section transmission
electron micrographs of a nc-Si:H film near the edge of
crystallinity with a crystalline volume fraction of 8% and a
uc-Si:H film with f, of 53%. They are identified as Samples 10 and
11in Table 1. The dark regions dispersed in much brighter areas
are the crystals embedded in an amorphous network. The crys-
tal sizes observed from TEM fell in the calculated range of about
2-40 nm as determined by the Scherrer formula on XRD data.

Sample 6; P =20 pbar; a-Si:H
50 osi Sample 8; P= 40 pbar; c-Si:H
Sample 9; P =60 pbar; c-Si:H
40 c-Si substrate for comparison
S
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Fig. 3. Reflection spectra as a function of crystallinity. The H, dilution ratio was fixed
at 92% and the deposition pressure varied from 20 pbar to 60 pbar.
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200 nm

Fig. 4. Cross-section TEM micrographs for (i) a nc-Si:H film at the edge of
crystallinity and (ii) a pc-Si:H. The deposition conditions are those of Samples 10
and 11, respectively, in Table 1.

Deposition rate

Figure 5 shows the deposition rate against the deposition
pressure at a fixed hydrogen dilution ratio of 87%; it is observed
that the deposition rate increased with an increase in pressure
until a point where it saturated. The supply of Si-containing
radicals increased with the process pressure; but since the
surface of the filament was limited, a saturation point of the
decomposition of the feed gas would have been reached and
thus the deposition rate saturated. For the films deposited at
a higher hydrogen dilution of 92%, at increasing chamber
pressures within the same range of 20-60 ubar, slower growth
rates were observed (2.17-3.00 A s™). This is explained by both
the depletion of the SiH, gas in the chamber resulting in less
species decomposed on the filament for film growth, and the
increase of H, in the chamber giving rise to the concentration of
atomic hydrogen decomposed from the filament that, in turn,
increased the etching effect on the growing surface.”
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Fig. 5. Deposition rate as a function of the deposition pressure. The H, dilution ratio
was fixed at 87%.
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Fig. 6. Absorption coefficient spectra as a function of the photon energy. The
hydrogen dilution ratio was fixed at 92% and the process pressure varied from
20 pbar to 60 pbar.

Absorption coefficient

Figure 6 shows the absorption coefficient (a) spectra for films
ranging from amorphous to microcrystalline silicon. They were
processed using the deposition conditions of Samples 6-9 as
given in Table 1. As expected, the amorphous sample deposited
with a deposition pressure of 20 ubar had higher a-values in the
visible part of the spectrum than the microcrystalline films. Its
value at 2 eV (~600 nm) was greater than the minimum reference
value of 3.5 x 10* cm™ for ‘device quality” amorphous silicon
films.” Furthermore the calculated values for the three uc-Si:H
films all had, at the same wavelength of the spectrum, relatively
high values (greater than 1 x 10* cm™) decreasing with the
increase in crystallinity. This improved light absorption of the
two-phased material was attributed to the remaining amorphous
network in the films, which allowed direct optical transitions.

Electrical properties

Table 2 summarises the electrical characteristics of Samples
2-5. It transpired from the table that the dark conductivity
values were low, a sign that the films were truly intrinsic and
the incorporation of impurities had been minimised. They
compared well with the reported value for an amorphous silicon
‘device quality’ film of <1 x 107" Q" cm™.™"* The values
recorded for the activation energy supported this observation,
as they agreed with the calculated energy gap values found in
therange ~1.6-1.9 eV. The photoresponse of Sample 5 was main-
tained particularly high for a film above the edge of crystallinity,
showing that the carriers recombination on the grain boundaries
was insignificant. We conclude that the film contained a suffi-
cient amount of hydrogen, as depicted in the last column of
Table 2, such that the grain boundaries were passivated very
well. A degradation study was conducted on the sample to
investigate its stability under illumination. Figure 7° displays the
measured photocurrent values as a function of the light-soaking
time. The stability of Sample 5 (Table 1) was high as the change in
photocurrent after more than 200 h of illumination was ob-
served to be far less than one order of magnitude. The measured

Table 2. Electrical properties and hydrogen content as a function of the deposition
pressure. The H, dilution ratio was maintained at 87%.

Pressure g, o Photoresponse E, (eV) C

(wbar)  (@cm™y  (Qom) (Opal0n)  (x100 meV)  (at %)
20  B866E-11  7.79E-08  B8.99E + 02 0.797 47
30 533611  206E-07  3.87E +03 0.834 41
40  7.50E-12  3.68E-07  4.90E +04 0.955 41
60 113E-10  6.88E-07  6.08E + 03 0.778 43
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Fig. 7. Normalised photocurrent (/(t)//(t = 0)) as a function of the light-soaking time.
The deposition conditions of the two compared films are given in Table 1.

small value of the dark current was not affected by the illumina-
tion, and thus maintained the photoresponse at a high level.
Compared to the graph of an amorphous Si film identified as
Sample 1 in Table 1, it follows that the nanocrystalline material
showed an improved stability against light exposure. This result
is in agreement with other published reports.” The noticeable
difference between our results and those reported by Souffi
et al.” is the sharper drop of the photoconductivity for our
amorphous film in the first 20 h of illumination. On the other
hand, the photocurrent of the two films probed in our investiga-
tion stabilised after 200 h of illumination. The last observation
was one of the advantages of a-Si:H films deposited by HWCVD
over those deposited by plasma-enhanced chemical vapour
deposition (PECVD).

Those deposited by PECVD reportedly do not attain a stable
photoconductivity after several hours of illumination,” in
contrast to the HWCVD samples investigated in this study.

Conclusion

An increase in the deposition pressure at a fixed optimum
hydrogen dilution ratio in the HWCVD process can be used to
produce nc-Si:H intrinsic films that are both photosensitive and
stable against light degradation effects. It has been shown that at
a fixed relatively low hydrogen dilution ratio of 87% in silane,
the films remained amorphous up to 60 ubar. When the hydrogen
dilution ratio was increased to 92%, a gradual increase of the
process pressure allowed the crystallisation of the films at a
much lower pressure of 30 ubar. This method of inducing
crystallinity using an increase in deposition pressure is particu-
larly beneficial because relatively high deposition rates are
achieved, although a saturation point will ultimately be reached
due to the limited surface area of the filament catalyser. In this
study, a deposition rate as high as 4.7 A s was achieved for a film
at the edge of crystallinity with a crystalline volume fraction of
6%. The electrical properties studies have shown that this layer
has a good photoresponse of 6.08 x 10° while the degradation
measurements have shown that the sample is quite stable.
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