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Abstract

The possibility to employ spatially resolved optical emission spectroscopy (SROES) as a

diagnostic tool for the prediction of the transition from microcrystalline to amorphous silicon

growth was investigated. The transition was achieved by increasing the silane fraction in the

mixture and was identified through the solar cell performance. A drastic change of the shape

of the emission profiles, characterized by an enhancement of the production of species closer

to the substrate, was observed in the transition region when increasing the silane fraction.

Calculations of the probability of various species to reach the surface have shown that the

change of the shape of the radical generation distribution in space finally leads to an increase

of the contribution of highly reactive, highly sticking radicals like SiH2 to the film growth. On

the other hand less reactive species like H atoms are less affected by the shape of their

generation profiles. Their probability to reach the surface drops because of the increase of the

collision frequency. Both these factors can explain the transition to amorphous silicon growth

and the relation between emission profiles and the transition indicating a clear potential for

using SROES in thin film solar cell performance optimization.
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1. Introduction

The use of hydrogenated microcrystalline silicon (mc-Si:H) in single- or multi-
junction solar cells has shown an important potential for obtaining higher stable
efficiencies [1]. Recent progress in understanding the properties of mc-Si:H absorbing
layers has shown that higher cell efficiencies can be obtained when these films are
deposited in the transition range between amorphous and microcrystalline growth
[2]. The conditions leading to this transition depend on a combination of a number
of plasma parameters as frequency, total pressure, gas flow, RF power and silane
fraction. Thus, the optimization of the discharge conditions leading to the best suited
films for application in solar cells is a time-consuming procedure requiring a large
number of experiments. It would therefore be very useful to have a diagnostic tool
able to predict this change thus allowing to fine tune the discharge conditions.
Plasma emission has been suggested to serve as such a tool, based on the idea that
the transition from the amorphous to the microcrystalline growth depends on
changes in microscopic plasma properties [3].
In this work we present an investigation of the possibility of utilization of spatially

resolved optical emission spectroscopy (SROES) for the prediction of the plasma
conditions that lead to the growth of mc-Si:H films near the transition to amorphous
silicon growth. For this purpose, depositions of intrinsic layers were carried out at
two total gas pressures (5 and 10Torr) and the transition from amorphous to
microcrystalline growth was achieved by successively increasing the SiH4 fraction in
the gas mixture from 0.5 to 3.33%. At each condition, the spatial distribution of
emission between the two electrodes from both the excited silylidine radical (SiH*,
A2D) and the b-Balmer line of atomic hydrogen (Hb) were recorded with a spatial
resolution of 1mm.The spatial emission profiles thus obtained were compared with
the characteristics of complete p–i–n cells deposited using the same apparatus and
conditions. A relation was found between the transition and the emission profiles, as
the successive increase of the SiH4 fraction was found to modify the shape of the
emission profiles indicating an enhanced production of species closer to the substrate
in the amorphous regime. This correlation was further strengthened by calculating
the effect of the change of the spatial distribution of species on their probability to
reach the deposition surface. The results show that the enhanced production of
species closer to the surface favours mainly the probability of species with high
reactivity in the gas phase (SiH2) to reach the surface, while the probability of other
species with lower reactivity (H atoms) is less affected.
2. Experimental

Silicon thin films were prepared in a multi-chamber PECVD reactor with an
electrode area of 150 cm2 and interelectrode distance of 10mm. The grounded
electrode consists of a substrate holder suitable for 10� 10 cm2 substrates, and the
powered electrode is made in the showerhead configuration assuring a homogeneous
gas supply. The thin film solar cells described in this paper are deposited in the p–i–n
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Fig. 1. Experimental setup used for recording spatially resolved emission profiles.
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deposition sequence (‘superstrate configuration’) on texture-etched ZnO:Al coated
glass substrates. The cell area, defined by a 500 nm Ag back contact, was 1 cm2.
Silicon layers in the cells were prepared using solely 13.56MHz excitation frequency
and the i-layers were deposited at 5 and 10Torr and generator power of 80W. The
i-layer thickness and the corresponding deposition rate were determined by
measuring the whole cell thickness with a step profiler and subtracting the
thicknesses of the doped silicon layers (about 30 nm) and the ZnO.
The setup used for recording spatially resolved emission profiles is shown in Fig. 1.

Light collection is made through an optical assembly comprising two slits, of 0.5mm
width and 2 cm height each and with a distance of 10 cm between them, located as
close as possible to the reactor side optical window. An optical fibre, equipped with
an entrance collimating lens set is directing the collected light through a suitable
interference filter and a focusing lens to the entrance slit of a photomultiplier. The
interference filters used were Ealing type 35-3250 and type 35-3458 for recording the
emission intensity of the silylidine (SiH) radical and the b-Balmer line of atomic
hydrogen, respectively. The slits assembly was mounted on an optical rail that is used
for the linear translation of the system in parallel to the electrode axis in order to
record complete spatial emission distribution profiles in the entire interelectrode
space.
3. Results

Two set of experiments were performed in order to investigate the role of total gas
pressure and of silane fraction in the gas mixture, on the transition from
microcrystalline to amorphous silicon growth. The first one at the total gas pressure
of 5Torr and variable SiH4 fraction from 0.5% to 3.33% and the second one at the
gas pressure of 10Torr and silane fraction from 0.5% to 2.2%. All other discharge
parameters as nominal power, excitation frequency, total gas flow and electrode gap
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were maintained constant at 80Watt, 13.56MHz, 360 sccm and 10mm, respectively.
Spatially Resolved emission profiles of both SiH and Hb species have been recorded
under these conditions and the results were compared to the performance of the cells
incorporating these layers.
Fig. 2 presents the time-averaged axial emission profiles resulting from one-

electron impact dissociative excitation of SiH4 towards SiH (A2D), a process with an
appearance threshold of 10.5 eV [4], at the pressure of 5Torr. The shape of the
emission profiles reflects the distribution of effective electrons, having energy higher
than the process threshold. As one can observe this distribution is strongly affected
by the increase of the SiH4 fraction in the mixture. Namely, for percentages between
0.5% and 1.5% the profiles show a rather sharp maximum of intensity located closer
to the RF electrode (�3–4mm) whereas a further increase of SiH4 fraction result in a
relative enhancement of the production of excited species in the bulk of the plasma
and consequently closer to the grounded electrode. Taking into account the fact that
in these high pressure conditions the main mechanism through which the electrons
gain energy is ohmic heating [5], one can say that the increase of SiH4 fraction leads
to an enhancement of the bulk relative to sheath ohmic heating mechanism. This
change can be either attributed to the weakening of the RF field in the sheath, caused
by the increase of the density of large SiH4 molecules, or to the enhancement of the
bulk field due to electron attachment to SiH4 molecules. Whatever the case, the
change of the distribution of electrons having enough energy to dissociate SiH4 will
certainly affect the film growth since it will shorten the distance between the growing
film surface and the point where film precursors are initially produced. This will
result in a modification of the relative flux of species reaching the surface (H, SiH2,
SiH3, etc), because of the different gas phase reactivity of each species, thus
modifying their probability to participate in surface reactions.
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Fig. 2. Spatial distribution of SiH (A2D–X2II) emission intensity in 5Torr SiH4/H2 for six different SiH4

fractions.
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The same effect of silane fraction on the shape of the distribution of the
production of species is further demonstrated at the pressure of 10 Torr on another
elementary process as well. Thus, Fig. 3 presents the spatial distribution of the
normalized emission profiles of the b-Balmer line of atomic hydrogen resulting from
one electron dissociative excitation of H2. The appearance threshold of this process is
17.6 eV, much higher than the SiH* threshold discussed above [6]. The change of the
electron heating mechanism in these conditions is more intense compared to the 5
Torr case. Actually, for fractions between 0.5% and 1% the sheath ohmic heating in
front of both the powered and grounded electrode sheath leads to the appearance of
the two peaks near the electrodes. As expected, electron heating is much more
effective near the RF electrode sheath, due to the higher field in this region.
However, a further increase of SiH4 fraction above 1.0% leads to a complete change
of the profiles shape that now present only one local maximum of intensity close to
the middle of the electrode gap leading to the consequences for the film growth
discussed above.
It must be noted here that single point or total emission measurements would fail

to reveal this change in the discharge structure. Moreover, this change in the shape of
the emission distribution can lead in the recording of false trends when using single
point measurements.
Figs. 4(a) and (b) show the initial efficiencies of the solar cells deposited in the

p–i–n sequence on ZnO:Al coated glass substrates. The i-layers in these cells were
prepared at the conditions used for optical measurements, as described above. In the
5Torr case (Fig. 4a) the increase of SiH4 fraction up to 2.25% leads to an almost
linear enhancement of the efficiency. However, a further increase result in a drop of
the efficiency from 6.3% to 2.9% that is characteristic of the transition from
microcrystalline to amorphous silicon growth of the i-layer mainly due to a drop of
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Fig. 4. Cell efficiencies as a function of SiH4 fraction in the gas mixture at the total pressures of (a) 5Torr

and (b) 10Torr.
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the fill-factor (FF) and the short circuit current (Isc) [7]. In the 10Torr case (Fig. 4b),
the relation between cell efficiency and SiH4 fraction is the same as for 5Torr but the
transition from microcrystalline to amorphous silicon takes place at a lower silane
fraction (i.e., 1.5% compared to 2.25%).
It is clearly observed by comparing the spatially resolved emission to the cell

efficiency results that the transition from microcrystalline to amorphous silicon
growth can be related to the change of the spatial distribution of radical production.
As shown above, in both pressures the change of the emission profile shape occurs at
the same range where the cell efficiency drop is observed. The reasons behind this
relation are further discussed in the following section.
4. Discussion

The transition from microcrystalline to amorphous silicon growth has been the
subject of several studies reported in the literature [8–10]. The reduction of hydrogen
flux [8], the increase of ion bombardment [9] and the contribution of highly sticking
radicals to the film growth [10] are some of the reasons evoked to explain this
transition. In the case of increasing silane fraction discussed here, a reduction of the
atomic hydrogen flux due to the reaction of H with SiH4 may be one reason.
Moreover, the production as well as the consumption of highly sticking radicals will
be favoured by the increase of SiH4 percentage. The enhancement or not of the
contribution of these radicals to the film growth will then be determined by the
distribution of their production in space. This distribution is roughly depicted by the
recorded emission profiles because of the very rapid de-excitation of these one
electron impact produced species. From this point of view, the profiles presented
here can be used to estimate the effect of increasing SiH4 fraction on the contribution
of the species to the film growth.



ARTICLE IN PRESS

E. Amanatides et al. / Solar Energy Materials & Solar Cells 87 (2005) 795–805 801
The probability of a radical to reach the growing surface can be expressed as [11]:

PiðxÞ ¼ e�vi t (1)

where x is the position between the two electrodes where the specie is generated, vi is
the collision frequency of the radical leading to consumption and t is the time
required for the specie to reach the surface if no reactive collisions take place during
this trip. Collision frequency can be calculated taking into account secondary
gas phase reactions in which the species participate before reaching the surface. In
Table 1 is presented the calculated collision frequency for the silylene (SiH2)
radical, taking into account the two most important gas phase reactions of this
species [12]:

SiH2 þ SiH4 ! Si2H6 k1 ¼ 1:1� 10�10ð1� 1=ð1þ 0:63 	 PÞÞ (R1)

SiH2 þ SiH4 ! SiH4 k2 ¼ 3� 10�12ð1þ 1=ð1þ 0:03 	 PÞÞ (R2)

The collision frequency increases with SiH4 fraction mainly due to R1 which is
much faster than R2. P in R1 and R2 is the total gas pressure expressed in Torr.
The time t required for the SiH2 radical to reach the surface will depend on the

velocity of the species and the distance from the substrate. In order to have an
estimation of the SiH2 velocity one must determine the gas flow regime first. For this,
one can use the Pecklet number ðPe ¼ u 	 d=DSiH2

Þ to determine if diffusion or
convection is the main mass transport mechanism and consequently if the gas flow
velocity or the thermal (random) velocity will be used for the calculation of time t.
For the calculation of Pecklet number at the specific conditions, the total gas flow
was used for the determination of velocity u, the interelectrode distance was
considered as the characteristic length d, while the Chapman–Enscog theory [13] was
used for the calculation of the diffusion coefficient of SiH2 in the binary mixture. The
results of these calculations are summarized in Table 1 where one can observe that
Pecklet has values quite smaller than unity, indicating that thermal motion
determines the mass transport of SiH2 radical. Thus, the time t can be calculated
Table 1

Diffusion coefficient ( DSiH2
), Pecklet number (Pe ), collision frequency for reaction vi (s

�1 ) and total

probability of reaching the substrate for SiH2 radicals and H atoms at the total pressure of 5 Torr and for

different fractions of SiH4 in the mixture

% SiH4 DSiH2
Pe vi (� 105, s�1) SPNav (SiH2 ) SPNav (H)

0.5 250.2 0.00799 5.64 0.00231 0.10006

1 245.6 0.00814 5.69 0.00244 0.09883

1.5 241.3 0.00829 5.75 0.00299 0.09376

2.22 235.6 0.00849 5.82 0.00313 0.09322

2.78 230.7 0.00867 5.88 0.00330 0.09311

3.33 226.3 0.00884 5.93 0.00386 0.09316



ARTICLE IN PRESS

E. Amanatides et al. / Solar Energy Materials & Solar Cells 87 (2005) 795–805802
according to the relation

t ¼
l

uth
; (2)

where, l is the distance of the radical from the substrate and uth ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
kb 	 T=p 	 mSiH2

p

the species thermal velocity. Using the calculated values of vi and t in Eq. (1) permits
the calculation of the probability P of SiH2 radical to reach the substrate, starting
from each point of the interelectrode gap. In Fig. 5 (a) is presented the variation of
PSiH2

as a function of the initial position of the radical and as a function of SiH4

fraction. The increase of the distance from the substrate, placed at x ¼ 1, results in a
continuous drop of the probability to contribute to the film growth. On the other
hand, the increase of % SiH4 fraction leads to a drop of PSiH2

if one compares
probabilities for the same x mainly due to R1 favoured by the increase of SiH4

concentration.
However, these calculations are only valid for a uniform spatial distribution of the

generation of the species. As already observed in the emission profiles presented, this
is never the case in real discharges where the spatial non-uniformity has to be taken
always into account. Therefore, the total number of SiH2 radicals that will reach the
substrate from a specific distance x should be expressed as:

NðxÞ PSiH2
ðxÞ ¼ NðxÞe�vitðxÞ; (2a)

where, N(x) is the density of SiH2 radicals at a position x. The value of N(x) is
related to the average density of SiH2 and to the emission intensity distribution as
follows:

NðxÞ ¼ Nav
IðxÞ

ITOT
; (3)
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generation according to the spatially resolved emission profiles of Figs. 2 and 3). Substrate position x ¼ 1:
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where IðxÞ=ITOT is the normalized emission intensity. Substitution of Eq. (3)
to Eq. (2a) result in an expression of the form:

NðxÞ PSiH2
ðxÞ ¼ Nav

IðxÞ

ITOT
e�vitðxÞ ¼ NavPNav ðxÞ: (4)

The function PNav ðxÞ on the right-hand side of Eq. (4) holds all the information
concerning the effect of spatial non-uniformity on the probability of SiH2 radicals to
reach the surface. This term multiplied by the average density (Nav) gives the
probability of SiH2 radicals to reach the surface starting from point x. Thus, in Fig.
5(b) is presented the variation of PNavas a function of the position in the discharge
and as a function of the SiH4 fraction in the gas mixture. This time the effect of SiH4

fraction is far more important than in the case of uniform production revealing the
importance of the spatial distribution of radical production in the discharge.
Namely, the increase of SiH4 fraction significantly increases the probability of SiH2

radicals, originating not further than 4mm away from the surface, to contribute to
the film growth. The radicals generated in those 4mm give the observed increase of
their probability of contribution despite the increase of their consumption with silane
fraction. This is clearly a result of the change of the spatial distribution of radicals
that enhances the production of species very close to the surface as observed in the
emission measurements.
Moreover, the total probability of SiH2 radicals to reach the growing film surface

was calculated by integrating PNav over the interelectrode space and the results show
an increase of PNav with % SiH4 fraction (Table 1).
The analysis presented so far revealed the specific importance of the spatial

distribution of radical generation in the discharge on their probability to reach the
growing film surface for SiH2, which is a radical with rather high reactivity in the gas
phase. It is clear from this discussion that species with lower gas phase reactivity will
be less affected by the change of the shape of the distribution. Indeed, a similar
analysis was also performed for H atoms that have much lower gas phase reactivity
and the calculated total probability of these species to reach the surface is included in
Table 1. It is observed that the increase of SiH4 fraction decreases PNav for H atoms.
This is due to the fact that the probability of the much less reactive H atoms is almost
unaffected by the change in the shape of their generation profiles, because in every
case H atoms have a good chance to reach the surface even if they originate much
further than 4mm away from it. However, their total probability is still affected by
the increase of the collision frequency due to the increase of silane density.
The enhanced contribution of high sticking coefficient radicals (like SiH2) to the

film growth, due to the enhancement of their production closer to the surface,
combined to the drop of H atom probability with % SiH4 fraction can probably
explain the observed transition from microcrystalline to amorphous silicon growth
and the correlation of this transition to the change of shape the emission profiles.
Spatially resolved emission spectroscopy has proved to be a sensitive diagnostic tool
that, at least in these conditions, can be used for predicting the microcrystalline to
amorphous growth transition.
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5. Conclusions

Spatially resolved optical emission spectroscopy was evaluated as a diagnostic tool
for the prediction of plasma conditions that lead to growth of mc-Si:H films near the
transition to amorphous silicon growth.
The transition from microcrystalline to amorphous silicon growth was achieved by

increasing the fraction of SiH4 in the gas mixture and was identified through the
performance of the solar cells prepared at these conditions. The shape of the
emission profiles of SiH* and b-balmer line of atomic hydrogen was found to change
drastically for SiH4 fractions around the transition leading to an increase of radical
production closer to the deposition surface. This change of the shape of the emission
intensity distribution was attributed to the change of the electron heating mechanism
from sheath to bulk ohmic heating caused by the increase in silane density.
The effect of the observed change of the spatial profiles on the contribution of

various radicals to the film growth was discussed by evaluating their probabilities to
reach the growing film surface. The results show that the production of species closer
to the substrate enhances the contribution of highly sticking radicals like SiH2 to the
film growth, despite the increase of its consumption due to the increase of silane
density. The change of the shape of production has a less significant effect on species
with lower gas phase reactivity like H atoms, the probability of which to reach the
surface is still decreased because of the increase of the collision frequency with silane.
Both these effects can serve as an explanation for the transition from microcrystal-
line to amorphous silicon growth and also for the relation between the shape of the
emission profiles and the transition. In any case the observed change of the shapes
must be also evaluated against the large differences in the calculated probabilities
between uniform and non-uniform production. These differences point out the
systematic flaw of single point or overall emission intensity measurements and the
necessity for spatially resolved diagnostics.
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