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Silicon thin films grown near the boundary between the amorphous/microcrystalline growth offer superior
properties for industrial applications. Series of silicon samples, in which crossing of this transition region
was achieved by changing a single technological parameter (dilution of silane in hydrogen, deposition
temperature, sample thickness) were used to test our model of transport, connecting the macroscopically
observed transport properties and the crystallinity, hydrogen content, grain size and grain boundaries.
Microscopic study by AFM led to the formulation of the geometrical model of growth of mixed phase Si.
The demand for research of microcrystalline or polycrystalline silicon prepared at low substrate tempera-
tures is stimulated by the use of cheap plastic substrates. In addition to a direct deposition an alternative
technology, such as metal-induced crystallization supported by the electric field is discussed. Possible future
application of thin silicon films, for example in a “nanolithography”, is also shown.
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1 Introduction

Amorphous hydrogenated silicon (a-Si:H) today belongs among important industrial materials, first of
all due to large area matrix of a-Si:H field effect transistors, controlling LCD flat panel displays, as well
as due to its use in photovoltaic (PV) solar cells. However, advantages of crystalline forms of thin film
silicon, like resistance of nano(micro)crystalline hydrogenated silicon (uc-Si:H) against the light induced
degradation or the higher mobility of polycrystalline silicon (poly-Si) attracted lot of researchers to these
new materials.

The possibility of depositing Si thin films on flexible plastic substrates is a prerequisite for large variety
of new applications of a-Si:H and p.c-Si:H and this stimulated our recent research. However, the properties
of common plastic substrates limit the deposition to substrate temperature Tg < 100 °C. There are gen-
erally two ways how to prepare pc-Si:H or poly-Si at low Tg, either by direct deposition, for example [1]
by plasma enhanced chemical vapor deposition (PECVD), or by deposition of a-Si:H and its subsequent
crystallisation.

Many efforts have been directed towards developing various approaches for crystallization of a-Si:H
films, for example by solid-phase crystallization [2], excimer laser annealing [3, 4] or furnace annealing [5—
8]. However, the temperature for common furnace crystallization of a-Si:H films must reach at least 600 °C
and this is not compatible with low-cost glass or plastic substrates.

In this article we first review many interesting aspects of a-Si:H/uc-Si:H transition with an emphasis
to low substrate temperatures (Tg < 100 °C), and technological and application related aspects of the
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pc-Si:H growth. Finally we illustrate an alternative way of preparation of polycrystalline Si at low Tg by
transversal electric-field-assisted Metal-Induced Solid Phase Crystallisation (MISPC) and the possibility
of using a-Si:H for “nanolitography”.

2 Experimental details

We present the results on 4 series of samples, for which a-Si:H/uc-Si:H transition is achieved by chang-
ing of one technological parameter. The first series of thin silicon samples [9] has been prepared by PECVD
at a very high frequency of 54 MHz, at Tg = 60 °C and with the H dilution (ry = [H2]/[SiH4]) changing
from 26 to 167. The second series [1, 10] has been prepared also at 54 MHz but at Tg = 80 °C with the
dilution rg changing from 34 to 168. The third (thickness) series [1] has been prepared at 54 MHz, Tg
=75 °C and rg = 29 with the thickness changing from 40 nm to 1000 nm and the last series [10, 11] at
54 MHz and high dilution (rzy = 134) in a wide range of temperatures 35 °C < Tg < 200 °C. The thickness
of samples was around 400 nm for the first series, around 1000 nm for the second and around 350 nm for
the last series.

For crystallisation experiments the a-Si:H films have been deposited at 13.56 MHz from SiH, diluted
strongly with helium. The substrate temperature Tg was kept as low as 50 °C. For experiments with
formation of the charge patterns by the atomic force microscope (AFM) tip the a-Si:H films has been
deposited at 13.56 MHz and Tg = 250 °C with the dilution r;y = 11.5.

For evaluation of the crystalline fraction (X ) the Raman spectroscopy has been used. Coplanar contacts
have been used for measurement of the room temperature dc dark conductivity (op), its temperature de-
pendence as well as for photoconductivity (o pgr) and the steady-state photocarrier grating (SSPG) method,
from which the ambipolar diffusion length parallel to the substrate (Lg; ¢ ¢) can be evaluated. H content was
determined by elastic recoil detection analysis (ERDA) [12]. For evaluation of roughness we have used
our modified AFM [13] by which we measure simultaneously both surface topography and a local current
map. More details of the different evaluation techniques are in [10].

3 Physics of a-Si:H/uc-Si:H transition, the role of H and grain boundaries

Since the first demonstration of the fully pc-Si:H solar cell [14] this material is one of the most studied
forms of thin film silicon. Different groups have shown that the best solar cells (both a-Si:H and pc-Si:H
based) are prepared near the a-Si:H/uc-Si:H transition region.

We have initially studied this transition on pc-Si:H samples, in which the transition naturally appears
with the increasing thickness. The results, related mainly to transport properties of pc-Si:H, have been
recently summarized in [10]. Our proposed model of transport [15], verified also for a-Si:H/ic-Si:H super-
lattices [16], is based on the measurements of the dc coplanar dark conductivity, in particular its activation
energy E 4 and prefactor o, Raman spectroscopy, which allowed us to evaluate the crystallinity, and AFM
morphology (RMS roughness).

The basic idea, schematically illustrated in Fig. 1, is the following. It is well known that most of the
pe-Si:H contains grains with sizes from few nm (as observed from X-ray diffraction) up to hundreds of nm
(evident in microscopical images). We assume that small grains (10 — 30 nm) and also their boundaries
are nearly defect-free. Whatever is their nature — remaining a-Si:H tissue or tilted boundaries [17] — these
boundaries present no barrier for band-like electron transport.

On the other hand we assume that when “large grains” (100 — 300 nm large, sometime labelled as
“columns”) are formed, most of the defects and impurities like O, N, C [18], as well as H, segregate to these
boundaries, formed by a-Si:H tissue, whose mobility gap is increased by alloying. Therefore the potential
barrier formed at such grain boundaries (see the shifted Ec in Fig. 1) limits the band-like transport and
the dominant transport path is forced down to hopping through the tail states below the mobility edge Ec.
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Fig. 1 Schematic drawing of the pc-Si:H film structure and the density of states — N(E) in different parts
of the sample as a basis of our model of transport in pc-Si:H, see text (Er — Fermi level, E¢ — conduction

band edge).
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Fig.2 Crystallinity X o (open symbols) together with room temperature dark conductivity op (full
symbols) of two series of thin silicon films (prepared at Ts = 60 °C (circles) and Tg = 80 °C (trian-
gles) [1, 9, 10]), together with the photoconductivity (crosses) of Tg = 60 °C sample series as a function
of the dilution ratio rz;. The lines are added as guides for the eye.

This model is supported for example by ESR results [19]. When the columns are formed in a pc-Si:H, the

transport is often anisotropic [10].
Here we will test on few low Tg sample series whether this model is relevant also to these samples and
what is the role of H and grain boundaries within and outside the a-Si:H/pc-Si:H transition region.
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The transition region is usually defined by the drop of room temperature dark conductivity (typically
below 10~7 Q~'cm™1) as well as crystallinity drop (X — typically below 40 %) [10]. In Fig. 2 there are
the results for two dilution series, prepared at Tg = 60 °C and Tg =80 °C [1, 9, 10].

While for the Tg = 80 °C series the transition region is rather sharp and narrow (see shadowed region
in Fig. 2 for 45 <rgy < 56), for Tg = 60 °C series quite substantial difference between conductivity and
crystallinity drops is observed at 61 <ry < 100 (marked again as shadowed region in Fig. 2). Interesting
is a clear minimum in photoconductivity (o pg) just in a transition region. Both for a-Si:H and pc-Si:H it
is generally accepted that the decrease of the o pys is related to the increase of the number of defects (see
for example [20, 21]). This is actually in good agreement with our assumption that the defects concentrate
to the (large) grain boundaries.
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Fig. 3 Absorption coefficient (o), measured by CPM for the Ts = 80 °C sample series as a function of the
dilution ratio rg;. AFM topography is shown for selected samples, illustrating the relation to CPM curves.

Direct experimental support to “generally accepted notion” is in Fig. 3, where it is for the Tg = 80 °C
dilution series seen that in the region of transition (ry = 51) the large grains are clearly formed (see the
topography in right-hand part of Fig. 3) and the defect controlled region (1.2 — 1.5 eV) of the constant
photocurrent method (CPM) curves increases. We have to remark that this increase could be in principle
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also due to the increase of the crystalline fraction (before transition to fully microcrystalline state), but then
a decrease of « above 2 eV should be observed in parallel, and this is not the case.

In addition to the results shown in Figs. 2 and 3 for the T = 80 °C dilution series we have evaluated for
this series from SSPG measurement the diffusion length and from AFM topography the RMS roughness.
For both of them we have found within the transition region, marked by the shadow in Fig. 4(a), a sharp
peak atrgr = 51. The peak in Lg; ¢ ¢ in the transition region, in which for the Tg = 60 °C series a minimum
of o pyr has been observed (see Fig. 2), might be a bit surprising and this is discussed below.
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Fig. 4 Diffusion length Ly; ¢ from SSPG and surface RMS roughness (a) for the Ts = 80 °C sample
series together with the values of room temperature dark conductivity prefactor oy and activation energy
E 4 (b) as a function of the dilution ratio rz;. For the meaning of the horizontal line at 0y = 100 O lem—!
and E4 = 0.5 eV see text.

The drop of conductivity and crystallinity — together with the topography — illustrated fact (see Fig. 3
and for full series of AFM topography see [1]) that c-Si grains just started to touch at ry = 51 which
indicates the presence of a percolation threshold. Having in mind our model of transport [15] the question
arises whether the percolation threshold is related to formation of "large grains”, for which a typical feature
is the drop of the conductivity prefactor o9 below 100 2~ 'cm~! and of the activation energy E 4 to below
0.5 eV. Fig. 4(b) displays o and E4 evaluated recently as a function of rz for the Tg = 80 °C series.
Clearly large grains are formed also in the transition region.

Recently we have studied in detail the “temperature series”, prepared at ry = 134 in a wide range of
temperatures 35 °C<Tg < 200°C. Fig. 5 shows the conductivity and crystallinity for this series as a
function of the Tg.

With decreasing Tg from 200 °C to 100 °C the conductivity decreases, then it starts to rise again and
finally drops below a typical value of op ~ 10~7 Q~em™1! at about 60 °C. Moreover, for Ts < 60 °C the
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Fig. 5 Room temperature dark dc conductivity op together with crystallinity X of sample series, pre-
pared at 54 MHz and high dilution (ry = 134) as a function of the substrate temperature Tg.

34 pA

Fig. 6 Surface topography taken by air AFM microscope (a) and UHV-AFM topography (b) combined
with the map of local currents (c) of 3 thin silicon samples deposited at 54 MHz and high dilution (ryy =
134) and substrate temperatures Tg = 200 °C, 65 °C and 35 °C.

crystallinity drops below 70 % and the roughness (see below) starts to rise — all these facts indicate that
there is the a-Si:H/uc-Si:H transition region for Tg < 60 °C, marked by shadowing.
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To understand what is going on we have measured AFM topography combined with the maps of local
currents [11, 13, 22] for this series, see Fig. 6.

The real surprise was the air AFM topography of the sample prepared at Ts = 35 °C, see Fig. 6(a),
indicating “large crystallites”. Indeed (see Fig. 5) more than 50% crystallinity was later confirmed. The
topography measured by UHV-AFM, see Fig. 6(b), is not influenced by the surface adsorbates and gives
much better resolution: for the Tg = 35 °C sample it illustrates that “large crystallites” are actually com-
posed of smaller ones. Very interesting results are seen from the maps of local currents, see Fig. 6(c),
in which white regions represent more conductive crystalline parts and black ones much less conductive
amorphous tissue [13].

It can be seen that even UHV-AFM topography does not precisely describe the real microstructure. The
Ts = 200 °C sample is formed by a lot of tiny crystallites, feature typical for high Hs dilution. For the
Ts = 65 °C sample an increased content of amorphous tissue is already evident and in Tg = 35 °C sample
the crystallites are mostly isolated by amorphous tissue. This explains why for the Tg = 35 °C sample,
even with 50% crystallinity the transport properties are controlled by amorphous tissue, see Fig. 5.
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Fig.7 Surface RMS roughness (bottom) together with values of the conductivity prefactor oy and of
the activation energy E 4 (top) of sample series, prepared at 54 MHz and high dilution (rgy = 134) as a

function of the substrate temperature Tg. For the meaning of the horizontal line at ¢y = 1002~ 'cm~!
and E4 = 0.5 eV see text.

However, what is the reason for a minimum of conductivity in Fig. 5 in the region 90 °C <Tg < 110°C,
marked by vertical dotted lines? In Fig. 7 there are RMS roughness and the conductivity activation energy
E 4 and prefactor 0y. Increasing roughness for Ts < 60 °C confirms, in agreement with results in Fig. 5,
that there is the a-Si:H/puc-Si:H transition region for Ts < 60 °C, marked by shadowing again.

In agreement with our model of transport (see above and reference [15]) the drop of prefactor o to
below 1002 'cm~! and activation energy E 4 below 0.5 eV (see Fig. 7) on the edge of the transition
region confirm that the “large grain boundaries (LGB)” are formed. Actually in all samples for Ts > 60 °C,
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except the Tg = 100 °C sample, the condition for LGB formation (og < 1002 *cm~! and E4 < 0.5¢eV)
is fulfilled. The sample prepared at Tg = 100 °C is the only sample outside the transition region, for which
values of o and E 4 indicate no LGB. So why is this sample exceptional?
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Fig. 8 Optical gap E(opt) and hydrogen content from ERDA of the sample series, prepared at 54 MHz
and high dilution (rz = 134) as a function of the substrate temperature Tg.

In addition to the peaks of diffusion length and of roughness in a-Si:H/pc-Si:H transition region usually
the peak in H content is observed, too [12]. Clear increase of H content for Tg < 60 °C, see Fig. 8, is the
last confirmation that really for Ts < 60 °C there is the a-Si:H/pc-Si:H transition region.

However, the H content dependence on substrate temperature in Fig. 8 shows another interesting feature
— a sharp maximum at Tg = 85°C and a smaller one at Tg = 120 °C! In the same figure there is the
optical gap, which for Tg < 120 °C smoothly increases from 1.5 to 1.75 eV. The complicated behavior of
H content, while its average increases similarly to optical gap, has one simple explanation — H fluctua-
tions are concentrated to narrow space (and the natural candidate are the grain boundaries) so that volume
averaged optical properties are not so influenced by these fluctuations.

Basic idea of our model of transport is that formation of LGB is connected to the potential barrier,
related to larger (mobility) gap of LGB tissue due to the alloying with H (and other “impurities” like O,
C), which concentrates to these LGB.

Recent results, observed by Yoon [23] support this idea. Yoon has done annealing of pc-Si:H [23]
and observed the substantial decrease of H content, accompanied by the increase of E 4 above 0.5 eV. We
have evaluated [10] from his data prefactor o, which after annealing increased above the 100 2~ !cm ™!
limit. He concluded that the grain boundaries have been modified, in our terminology annealing- induced
decrease of H content lead to the annihilation of LGB.

Now we can explain the results in Figs. 5, 7 and 8. The unique Tg = 100 °C sample is just on the edge
but there are no LGBs in it. Small increase or decrease of Tg lead to the increase of H content, see Fig. 8,
LGBs are formed and the decrease of activation energy E 4 and prefactor o is observed, see Fig. 7. The
asymmetrical change of E 4 and oy around Tg = 100°C , as well as of both diffusion length and opy,
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Fig. 9 Diffusion length L 4;7 from SSPG and photoconductivity (cp) of sample series, prepared at
54 MHz and high dilution (ry = 134) as a function of the substrate temperature Tg.

see Fig. 9, is related to the fact that while for Tg > 100 °C there is almost no change in crystallinity, for
Tg < 100 °C the crystallinity slightly (about 5% ) decreases, see Fig 5.

Last point which needs an explanation, is the clearly opposite behavior of diffusion length and opp,
observed in Fig. 9 and in a transition region also for Tg = 60°C and Ts = 80 °C series, see Figs. 2 and
4. The probable reason is the fact that the o pr is controlled by majority carriers, while Lg; ¢ by minority
carriers. These quantities are strongly and inversely dependent on the position of the Fermi level.

To summarize this part, we have illustrated that the peaks in Ly, f ¢, roughness and H content are together
with the sharp changes of X, the op, E 4 and o the features, typical for a-Si:H/puc-Si:H transition region.
We have found that even at Tg = 35°C the crystallinity as high as 50% can be achieved. Dramatic
changes of transport properties (Lg; ¢ ,0p and oprr) have been observed for pc-Si:H temperature series
also outside the a-Si:H/uc-Si:H transition region (90 °C<Tg < 110 °C). We have proposed, in agreement
with the recent independent result [23], that the H-induced changes of the grain boundaries can explain
these observations.

4 Geometry of the uc-Si:H growth and its application aspects

The microstructure of pc-Si:H influences electronic transport on multiple scales: subnanometric (atomic
composition and local arrangement), nanometric (crystalline grains and their boundaries) and submicron
(large grain aggregates or columns). Further complication arises from the evolution of the structure and
film properties with the growing film thickness [24].
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Fig. 10 In the top part the AFM morphologies are shown for the thickness series (a). The simplest possible
shape of the grains would be a spherically capped cone with the apex angle v shown in the inset of the
graph (b). The apparent  for a large number of grains for several thickness series as a function of the film
thickness is plotted in the graph (b). The reconstruction of the grain shape evolution for the same series as
shown in the top is then drawn in (c).

In the previous chapter 3 we have illustrated the changes of the pc-Si:H charge transport properties at
the a-Si:H/uc-Si:H transition and explained them using the simple model using the concepts of density-
of-states, transport path and the potential barrier at the “large grain boundaries” illustrated in Fig. 1. Here
we want to point out that the experimentally observed properties such as the dark conductivity, photocon-
ductivity, diffusion length are the effective properties in which the influence of the material structure is
averaged over the whole sample. In this part we shall use a microscopic approach, looking into the details
of the microstructure resulting from the growth. Then we shall explore how the geometrical description
of the microstructure could be used to simulate the effective transport properties and discuss its possible
application related aspects.

We have previously discussed a description of the pc-Si:H geometry based on the growth of grains in
the Voronoi network of grain neighbourhoods [25]. The model was constructed on the basis of an AFM
observation such as shown in the Fig. 10a) for a thickness series of the pc-Si:H samples. At the lowest
thickness we have observed roughly circular isolated grains (in this part we use the term grain to denote
the observed microcrystalline regions, although it should be kept in mind that they are in fact aggregates
composed of nanometer sized subgrains [24]).

With the growing sample thickness the grains enlarge and collide, forming nearly straight boundaries.
We have described the network of the grain boundaries by Voronoi tessellation [25] and used it to model
the evolution of roughness and grain size [1]. The model assumed the simplest possible geometry shown
schematically in the Fig. 10b) which assumes that the isolated grains grows as a spherically capped cone.
Conical grain with a spherical cap would grow as a result of different growth rates v, and v, of the amor-
phous and (micro)crystalline surfaces. The cone angle v (measured from the cone axis) is given by formula
CO8Y = Vg /Ve.
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We have later [26] reexamined this assumption by measuring the radii of a large number of grains ob-
served on the surface of several thickness series of yic-Si:H samples (grown at low substrate temperatures).
We have avoided smaller grains resulting from the late nucleation and assumed that the grains started to
grow without an incubation layer and plotted the apparent apex angle v vs. the thickness of the films in
Fig. 10b. The apparent apex angle ~ is not constant during the film growth, it first increases as the grains
expand and then decreases again in so called elongation phase of the growth.

An idealized evolution of the grains for the thickness series of samples is shown in Fig. 10c), corre-
sponding the the AFM images in the same figure. In the same study [26] it was observed that the grain
caps may indeed be approximated by spherical cap (disregarding the finer roughness due to cauliflower
structure), although the sphere centre did not coincide with the grain tip. The grain shape evolution should
reflect the microscopic processes by which the growth precursors are incorporated into the growing grain
or surrounding amorphous matrix [27], however, further study is needed to establish whether and how this
may be used to extract an information about these processes from the grain shapes.

Simple analytic description of the mixed phase jic-Si:H geometry makes it easier to simulate the electric
field distribution and thus also the transport of the charge carriers. While the Voronoi network corresponds
to the cell boundaries, its dual, Delaunay triangulation, corresponds to the grain connections [28]. If we
want to study electrical transport parallel to the substrate, the Delaunay edges point to the nearest neighbors
of any grain and so they correspond to the most probable current path.

We can use the grain distance or the area of their boundary to find a resistance limiting the current flow
between two nearest neighbors and then we calculate sample conductivity as a resistor network using the
Kirchhoff’s laws applied to the Delaunay network as an electrical circuit [29-31]. This approach has been
used for simulating polycrystalline materials, for example ceramic multicrystals [32] and it was noted that
the field inhomogeneities lead to the current concentration to filaments of the lowest resistance.
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Fig. 11 Concentration of field and photogeneration to the grain tip. The plot (a) shows current density at
the bottom electrode as a function of the radial distance from the grain axis. The currents were obtained
from the numerical solution of the Laplace equation as shows in the inset. (b) A schematic illustration of
the light concentration to the tip of the conical grain from the most simple ray tracing.

Even larger concentration of the electric field can be expected when the external bias is applied to the
sandwich arrangement of electrodes, used also in solar cells. The conductivity of the grains is much higher
than that of the amorphous silicon. If we cover the film with a top electrode and apply a voltage, the grain
behaves almost as an equipotential and brings the potential of the top electrode much closer to the layer
bottom interface. The drop of the applied potential on much smaller distance between the grain tip and
the sample bottom contact will locally create much stronger electric field, which will be increased even
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further by the sharpness of the tip. Concentrated electrical field will also increase the current density in the
amorphous phase near the grain tip.

For example, we have numerically solved the electrostatics of the grain embedded in a 500 nm thick
film with a 50 nm thick incubation layer as shown in the inset of the Fig. 11a). The grain was surrounded
by an amorphous vicinity with the diameter 600 nm, corresponding to the surface crystallinity 18%. Using
the values of conductivity 10719 Q~1em ™! for a-Si:H and 1075 Q~*cm~! for the grain (typical values for
intrinsic device-grade a-Si:H and pc-Si:H), the presence of the grain leads to an increase of the current in
sandwich samples about 2 times. Moreover, the current density at the bottom electrode (Fig. 11a) reaches
a maximum at the grain tip where the field si concentrated about 20 times, and in fact, almost 60% of the
total current passes through the sample under the grain — although it covers only 18% of the surface.

The concentration of the electric field near the grain tip may also coincide with the concentrated photo-
generation of the carriers. Corrugation of the pc-Si:H surface leads to inherent light trapping and is usually
described by the scattering factors [33], using an assumption of a random, non-correlated surface with typ-
ical features much smaller than the light wavelength. For grains with size comparable or surpassing the
wavelength of visible light this assumption is no longer valid. Spherical surface of large enough grains
may lead to at least partial light focussing as shown schematically in Fig. 11b). Coincidence of the electric
field and photogeneration concentration, due to the growth of the grains with conical shapes, may result in
a new principle of the solar cell operation [26].

5 Non-traditional preparation of polycrystalline silicon

It was reported that solid-phase crystallization temperature can be substantially decreased when certain
metals are in contact with the a-Si:H precursor. In particular, nickel [34] and aluminium [35] turned out to
be suitable for this purpose. Depositing a very thin Ni layer onto an a-Si:H film and, in addition, applying
a dc electric field, the crystallization temperatures to as low as 500 °C [36] or even 380 °C [37] have been
achieved. The electric field can thus also contribute to reducing the crystallization temperature and one
speaks about electric-field-assisted MISPC.

0
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Fig. 12 Three examples of current-voltage plots measured on three different nickel contacts. Scheme of

the device is shown in the inset. The polarity refers to the nickel electrode. The stepwise increase in current
at —6.5 V indicates crystallization.
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All preceding studies dealing with the electric-field-enhanced MISPC of a-Si:H used low electric fields
of the order of 10 to 100 Vem™!, applied laterally via a pair of coplanar electrodes deposited to the a-
Si:H films. We have shown recently that a-Si:H can get crystallized even at room temperature(!) [2, 38],
provided that:

o the a-Si:H film contains high concentration of hydrogen (from 20 to 45 at. % H) and

e high electric field of the order of 10° Vem™! is applied in perpendicular to the substrate on which
a-Si:H film is deposited.

Under these conditions, instantaneous or “explosive” crystallization occurs without any additional heat-
ing or laser illumination. Here we briefly review the main features of this phenomenon.

The structure (see Fig. 12) used for crystallization experiments has been prepared as follows. A Corn-
ing 7059 glass substrate has been covered with a thin film (about 350 nm) of transparent conductive oxide
(indium tin oxide (ITO)) onto which the a-Si:H film has been deposited by plasma enhanced chemical
vapor deposition using pure SiH, diluted strongly with helium. The substrate temperature Tg was kept as
low as 50 °C instead of the usual 250 °C used commonly for device-grade a-Si:H film fabrication. Such
low temperature together with the helium dilution of SiH, assured high hydrogen content in prepared a-
Si:H [39]. The thickness of the a-Si:H films varied between 0.4 and 1.7 ym. On the top of the films,
circular nickel electrodes with thickness of 40 nm and diameter of 1 to 3 mm were evaporated. The electric
field was applied across the film between the top (Ni) and the bottom (ITO) electrodes using spring stain-
less steel contacts. All crystallization experiments have been performed at room temperature and ambient
atmosphere.

(a) (b)

1 mm

Fig. 13 Microscopic view of a virgin nickel contact before the crystallization step (a) and after the crys-
tallization (b). The irregular island represents crystallized poly-Si.

We have obtained the first experimental manifestation of ongoing crystallization during the measure-
ment of current-voltage curves on as-prepared samples. These curves are displayed in Fig. 12. At low
voltages, the intact samples exhibit very low conductivity owing to the large bandgap of hydrogen rich
a-Si:H. A striking increase in current occurs at approximately —6.5 V (the voltage polarity refers to the
nickel electrode); the corresponding electric field across the a-Si:H film is about 1.6 x 10> Vem~!. By
observing the sample simultaneously with an ordinary microscope, we found clear correlation between this
sudden current rise and instantaneous appearance of a crystallized region in the sample.

Typical example of a microscopic view of a nickel contact is shown in Fig. 13. (We should note that this
observation was performed “from below” by taking advantage of the good transparency of both ITO and
hydrogen-rich a-Si:H to visible light.) The left view (a) represents a virgin Ni contact before reaching the
“threshold” voltage of —6.5 V, while the right view (b) shows an irregular crystallized silicon island which

© 2004 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim



1110 J. Kocka et al.: Aspects of the transition from amorphous to microcrystalline and polycrystalline silicon

appeared always simultaneously with the stepwise rise in current (see Fig. 12). The crystalline nature of the
island was evidenced, among others, by the X-ray diffraction technique [40] and by electroluminescence
studies [38]. Here we present an example of micro-Raman investigation of the crystallized regions, together
with information about the morphology and the crystalline volume fraction of resulting poly-Si [2].

The micro-Raman spectra were studied using a Renishaw 1000 system equipped with a Leica micro-
scope (excitation wavelength 514 nm, spot diameter about 2 mm). Shown in Fig. 14 are the optical micro-
graphs taken from the topside of the sample (left-hand column) and micro-Raman spectra (right-hand
column) measured at points indicated by full circles on the line in the left part. Panel (a) represents results
obtained in an as-prepared a-Si:H film. The micro-Raman lines are wide and peaked at about 480 cm~!
which is a very well known fingerprint of a-Si:H. The observed background in micro-Raman spectra is due
to room temperature photoluminescence occurring in hydrogen-rich a-Si:H [41].

Panel (b) shows results obtained in a polycrystalline film prepared by applying a negative polarity elec-
tric field to a tiny patterned Ni contact. The difference to panel (a) is striking. Uniform-sized fine poly-Si
grains with a mean size of ~ 3 mm can be recognized in the left column. Raman spectra in the right column
contain narrow peaks at 520 cm ™', characteristic of crystalline silicon. Virtually no photoluminescence
background can be seen and the crystalline volume fraction achieves a value close to 100%.
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Fig. 14 Optical micrographs (left) and micro-Raman spectra (right) measured at points indicated by full

circles on the line in the left part. (a) As prepared a-Si:H precursor. (b) crystallized poly-Si upon application
of an electric field with negative polarity.
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While we have tested empirically on a large number of samples that this explosive room-temperature
electric-field-assisted MISPC works absolutely reliably, we understand the physics behind it qualitatively
only. The process is obviously initiated by dielectric breakdown of the a-Si:H film at the threshold electric
field of about 10> Vem™!. The accompanying Joule heat induces creation of nickel silicides NiySi and
NiSis, because these are formed at relatively low temperature ( 200 °C). The silicides then migrate through
the a-Si:H matrix and represent effective nucleation sites for silicon crystallization since the lattice constant
of NiSiy differs from that of crystalline silicon by 0.5% only. The whole process is kept going partially by
exploiting the released latent heat of crystallization.

Of crucial importance appears the high hydrogen content in the a-Si:H precursor. Recently a theoretical
model of hydrogen-induced crystallization of a-Si:H has been proposed [42]. The model demonstrates,
using molecular-dynamics simulation, that crystallization is mediated by the insertion of H atoms into
strained Si-Si bonds. Such H-insertion facilitates chemically (not thermally)-induced rearrangement of
the a-Si:H network and allows crystallization even at very low temperatures, in full agreement with our
experimental data.

Another supporting factor can be the presence of higher concentration of microscopic voids in the a-Si:H
network containing more than 14 at. % of H, as established quite recently [43]. The nickel silicides can
diffuse much more easily through a widely branching void network in an a-Si:H film with high hydrogen
content. The progress of the crystallization front leads finally to eruption of hydrogen, which gives the
process an explosive character.

Last but not least, the polarity of the applied voltage with respect to the Ni contact plays also a role.
The onset of crystallization in Fig. 12 occurs at a negative polarity, and Fig. 13 and Fig. 14 are related
also to a negative polarity. Achieving crystallization under a positive polarity turned to be more difficult.
This observation correlates with the finding that nickel atoms in NiSis carry probably a negative electric
charge [36]. The Coulomb force then pushes the crystallization front across the whole film thickness,
facilitating thereby full crystallization.

6 Possibility to use a-Si:H for ‘“‘nanolitography”

PECVD preparation of a-Si:H and pc-Si:H is well established industrial technology. Of great interest
are today hybrid organic — silicon devices, in which bio-active molecules could be arranged or even better
self-organised on silicon interface without the complicated conventional technological steps and with the
necessary (nm) resolution.

Contrary to pc-Si:H, which has rather complicated microstructure, a-Si:H is very homogeneous (namely
a-Si:H prepared from pure undiluted SiH,) down to few nm scale and so we could use it for the “nano-
lithography” when the suitable recording method is at hand. Recently [13, 44] we have observed what we
called “memory effect” during the AFM measurement. Consecutively [44, 45] we have studied this effect
in detail as a function of AFM tip polarity, proposed a model and discussed the role of charge trapping and
oxidation.

In Fig. 15 [46] it is demonstrated that for applied positive tip voltages the topography is unchanged and
so oxidation can be excluded, while the profile of the surface potential (recorded by measuring in parallel
Kelvin Force Microscopy — KFM) is changed, clearly indicating important role of metastable charge
trapping. All experimental details and procedures are in detail described in [45, 46], important is that due
to the low re-emission probability of the trapped charge the charge patterns persist for long enough time
(up to 17 hours).

Moreover, by adjustment of the voltage pulse amplitude, contact force and the scan speed the potential
difference as high as 0.8 V (close to theoretical limit), see Fig. 16, has been achieved [46] and it has been
shown that the exposure to water (needed for biological applications) has no influence or even improves
the contrast of the recorded charge patterns [46].
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Fig. 15 (a) AFM surface topography (Z range 40 nm) and (b) surface potential (Z range 0.8 V) images of
a-Si:H after the series of positive tip voltage pulses (5 — 35 V). (c) Corresponding line profiles acquired
along the arrows in the images.

relative potential (mV ~—
i
o
K

0 10 20 30 40 50
lateral distance (um)

Fig. 16 (a) Kelvin force microscopy image of potential (Z range 0.8 V) of a-Si:H surface, where a cross-
like charge pattern has been written using 60 V. (b) corresponding line profile across the pattern (acquired
along the arrow in the image).

7 Conclusions

Silicon thin films prepared near the boundary between the a-Si:H and pc-Si:H growth not only
offer superior properties for industrial applications (PV cells, thin film transistor arrays for LCDs), but
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also an excellent opportunity for studying the role of hydrogen, grain boundaries and other factors de-
cisive for the device performance. We have used four series of Si samples in which the a-Si:H/uc-Si:H
boundary was crossed by changing a single technological parameter (dilution of silane in hydrogen, depo-
sition temperature, sample thickness).

For each of the technological parameters there exists a threshold for a conductivity increase from the
a-Si:H value 10~ Q~'em™! to the pc-Si:H value above 10~7 Q~'cm~'. The difference between the
threshold value of the deposition parameters for the conductivity transition and for the crystallinity transi-
tion has been observed, for very low substrate temperatures surprisingly large.

We have used a model of transport based on the concept of the potential barrier at the boundary of
large (100 — 300 nm) grains (LGB) and its effect on the transport path for a unified description of the
electronic transport. The model is able to explain all experimental data and was further supported by the
increase of hydrogen content observed by ERDA at the a-Si:H/pc-Si:H transition region and also by a direct
observation of the morphology and local electronic properties of the Si films using a conductive tip of AFM.

The surprising changes of the diffusion length and photoconductivity outside the a-Si:H/uc-Si:H tran-
sition region, observed for the temperature series, have been clearly related to the H content and their
opposite changes explained by the Fermi level shift.

Macroscopic electronic transport measurements result in effective parameters, influenced by the grain
boundaries, amorphous tissue and barriers averaged over the whole sample. In order to gain a microscopic
understanding we have discussed the geometrical model of mixed phase Si which can be used for transport
simulation. We have pointed out the presence of electric field inhomogeneities. We have also noted that
for large grains (with sizes reaching up to 1 um) the spherical caps may concentrate the photogeneration to
region with an enhanced electric field near the grain tip.

We have devoted special attention to the deposition at low substrate temperatures as a reaction to the
current demand for the use of cheap plastic substrates. We have also pointed out the results of an alternative,
low temperature way of preparing polycrystalline Si films by the metal-induced crystallization of a-Si:H
supported by the electric field.

Finally, we have illustrated how the vast amount of the technological know-how for a-Si:H and uc-Si:H
may find a new use in future applications by using an example of possible nanolithography, which uses the
AFM tip to inject electronic charge into the surface of a-Si:H.
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