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The numerous studies of electrical transport in undoped hydrogenated microcrystalline siliconsmc-Si:Hd
failed so far to establish an agreement of where does the current flow in this heterogeneous system. Here we
present a comprehensive local probe investigation that solves this intriguing question and sets up a self
consistent picture of the conduction mechanisms and routes in this system. The corresponding significance
regarding the emerging field of percolation in semiconductor composites and the related photovoltaic applica-
tions are discussed.
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Hydrogenated microcrystalline siliconsmc-Si:Hd has at-
tracted much interest in recent years because of its promising
photovoltaic properties.1,2 The corresponding interest has
drawn attention to some basic physics issues in this system;
in particular, to the intriguing problems of hydrogen induced
crystallization3 and the competition between different elec-
trical transport routes and mechanisms in it.4–7 The latter
problem, with which we are concerned here, is of general
physics interest as it touches upon the intricate percolation
problem in semiconductor composites, whose study is still at
its infancy. The complexity of the latter problem, in compari-
son with classical percolation theory,8 involves three factors.
First, at least two phases, as well as the interface regions
between them, may be involved in the transport. Second,
charge transfer between elements of the same phase may be
nontrivial involving tunneling or thermal emission, and third,
there may be a connected network of aggregates of such
elements. The main problem regarding such composites is
then the determination of the dominant electrical conducting
network and the related transport mechanism. As will be de-
scribed below,mc-Si:H is a prototype of such a composite.
By macroscopic measurements one can determine the domi-
nant transport mechanism in such a system, as we have done
in Ref. 7, but not the specific network responsible for the
observed electrical conduction. In order to get a comprehen-
sive picture of the percolation conduction in such a system
we report in this paper on “where” the current flows noting
that we have resolved the corresponding “how” question in
Ref. 7. Correspondingly, in the present study not only did we
reveal the dominant conducting networks as a function of the
crystallite silicon content,x, but we also put the many frag-
ments of macroscopic data on the transport in this system
into one framework. Our above approach seems to be helpful
in the study of other semiconductor composites and in par-
ticular in polycrystalline semiconductors. This is not only
within the academic interest, as described above, but also for
applications such as photovoltaic devices. In the latter con-
text we note that the route and mechanism we found in the
present studysconduction in the disordered tissue that encap-
sulates the crystallites columns, see belowd and in Ref. 7
sconduction in a disordered tissue with carrier-type inversion

thered are vary reminiscent of the phenomena found recently9

in polycrystalline CdTe, that was suggested to be associated
with its improved photovoltaic properties. In fact a similar
role of the conducting networks has been recognized10,11 in
various polycrystalline systems.

mc-Si:H is actually a wide class of heterogeneous
materials5,7 consisting of a microcrystallites phase with vol-
ume fractionx, an amorphoussa-Si:Hd phase and, in some
cases, voids.4,12–15 In between elements of each pair of
phases there is a corresponding disordered silicon tissue, or
boundary.4,5,7,16In addition, there is a disordered silicon tis-
sue that may form a barrier between adjacents“touching”d
individual crystallites,4,17 and another tissue that encapsu-
lates the crystallites aggregates that have the form of col-
umns in the direction of the film growth.5,7,12,13In particular,
it has been systematically shown12 that the latter structure is
well developed in sampleswith x larger than 0.5, such as the
systems that exhibited the improved photovoltaic properties
susually forx<0.7±0.1d.2,18,19

Numerous papers have been published on macroscopic
transport measurements in the latter systems and essentially
all possible current flow scenarios that follow from the above
heterogeneous structure have been proposed.4,5,20,21Such are
the intercrystallite transport models,17,22,23the a-Si:H phase
model,4,24,25 and various disordered tissues models.4,5,7,26 In
the high-x regime, two additional possible scenarios, illus-
trated in Fig. 1sad, have been considered: transport via the
crystallites columns4,13,15,16and transport in the disordered
tissue13,19 that encapsulates them.

An obvious conclusion from the above collection of inter-
pretations, based on macroscopic measurements, is that these
cannot distinguish reliably between the various current-flow
scenarios and that a direct experimental determination is
called for. This was realized by Rezeket al.27 who applied
conductive atomic force microscopysC-AFMd to high-x un-
doped mc-Si:H, and by Rosset al.28 who used scanning
tunneling microscopysSTMd to low-x doped mc-Si:H
samples. The latter study has shown that conduction takes
place through the individual crystallites, consistent with
macroscopic data and in accord with the relatively high con-
ductivity of those crystallites.17,22,23,25The fact that the same
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conclusion was drawn from the C-AFM experiments,27 how-
ever, did not yield a consistent picture since for such systems
the macroscopic data of many groups,4,15,25,26 including
ours7 and those of the group that performed the C-AFM
measurements,5,6 suggested that transport takes place in
some disordered silicon tissue, rather than via the crystal-
lites. Following this discrepancy and searching for a self
consistent picture of the current networks inmc-Si:H we
turned to a comprehensive scanning probe microscopy study
on thevery sameundopedmc-Si:H, samples on which we
have previously determined the transport mechanism.7

Our mc-Si:H films, about 1mm thick, were grown by the
hot-wire chemical vapor depositionsHW-CVDd technique or
the radio frequency plasma-enhanced chemical vapor depo-
sition srf-PECVDd technique. The details of the deposition
process and a full report on their structural and optical prop-
erties as well as on their electrical conductivity can be found
in Refs. 29 and 30. The silicon crystallite content was con-
trolled by the degree of hydrogen dilution and characterized
by Raman spectroscopy.12,29,30 Samples for “lateral trans-
port” measurements were deposited on a Corning glass sub-
strate, and a gold strip evaporated onto one edge served as a
counter electrode to the conductive AFM tip that scanned a
few millimeters away from it. For the “vertical transport”
configuration the samples were deposited onto Au/Cr films
predeposited on a glass substrate, that served as a counter
electrode. The C-AFM data were acquired in the constant
force mode, using various types of conductive tips.31

For the single phasesx<1d mc-Si:H we also performed

STM measurements, in particular current imaging tunneling
spectroscopysCITSd. In this mode32 the topographic map is
derived as usual, but at each point the feedback is discon-
nected momentarily and the tunneling current is acquired for
a bias that is different than the one used in the topographic
map.

Turning to our experimental results, we show in Fig. 1sbd
a STM topographic image of single-phasemc-Si:H. Here we
see that the crystallites’ aggregatessencircled by curvesd are
composed of microcrystallites with diameters of about
20 nm, in good agreement with the values we estimated from
our Raman spectra.29,30 The STM image, however, does not
yield any contrast between the crystallites and thespossibly
existing10d disordered Si tissues. Such information, which
obviously is of utmost importance for the present investiga-
tion, is provided by monitoring the phase shift in AFM tap-
ping mode measurements, known to yield material-
dependent contrast.33 Figure 1scd shows a phase-shift map of
an x<1 sample. While not resolving the inner crystallite
structure of the columns, it is evident that they are encapsu-
lated by a different material, which can be attributed to a
disordered Si tissue that forms a continuous geometrical, and
thus a possible conducting, percolation network.

Considering the current flow, we examined whether the
column tissue has a higher conductivity in comparison with
the crystallite aggregates within the columns themselves
and/or thea-Si:H matrix. This was done by using a thin film
s0.3 mm thickd in the vertical transport configuration with an
x<0.2, low enough, to avoid lateral conduction between the
columns but high enough to have some columns. The
C-AFM data shown in Fig. 2 demonstrate that indeed the
current flows in the columnar-disordered tissue, as the
“rings” in the current image and the columns diameterfsee
also Fig. 1sbdg are both about 0.1mm. Thus, the conductivity
of the column’s tissue is seen to dominate over the other
possible routes.

For the high-x contents we examined films, withx<1, in
both the “vertical” and “lateral” configurations. Results ob-
tained in the lateral transport configuration, which were
qualitatively the same as those measured in the vertical con-
figuration, are exhibited in Fig. 3. They show that the current
flows mainly at the column boundaries, namely,through a
disordered Si tissue, and not through the crystallites. This is

FIG. 1. sColor onlined sad Schematic top view of themc-Si:H
film showing the columns’ tops and the surrounding disordered Si
tissuesgrayd. Two possible conduction paths are shown, through the
crystallitesssolid lined, and through the disordered Si tissuesdashed
lined. sbd STM image of amc-Si:H sample prepared by HW-CVD.
The white curves mark the crystallites columns edges. STM set-
tings:V=1.5 V, I =0.1 nA.scd AFM phase-imaging map portraying
the mc-Si:H columnssbrighter regionsd that are surrounded by a
disordered Si tissue. Color/gray scale ranges: 23 nm in the topog-
raphy image and 8° in the phase image. Both images are 0.2
30.2 mm2 in size.

FIG. 2. sColor onlined C-AFM imagess2.532.5 mm2d acquired
in the vertical-transport configuration on a sample that contains
mostly a-Si:H. The current imagesto the rightd was acquired at a
bias voltage of 10 V. Color/gray scale ranges: 45 nm in the topo-
graphic image and 0.4 nA in the current image.
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clearly portrayed also by the normalized topography-current
cross-correlation function plotted in the inset. At zero rela-
tive displacementsgraph centerd the cross-correlation func-
tion attains a minimalsnegatived value, reflecting the fact
that maximal local current is obtained at the columns-
interfacesdeeperd regions. However, now, from the examina-
tion of the lateral configuration, it is also clear that the
“touching” columnar tissues form a lateral percolating net-
work.

Since our above findings are in contrast with the C-AFM
results reported by Rezeket al.,27 we carried out many tests
that have shown that no artifacts associated with tip-sample
contact are involved. In particular, to get a completely inde-
pendent test of our conclusions we have also performed
contact-lessSTM-CITS measurements, the results of which
are displayed in Fig. 4. Here, again, the current flows prima-
rily at the boundaries of the crystallite columns, in particular
it exceeds the current through the boundaries of the indi-
vidual crystallites. These CITS measurements thus corrobo-
rate our C-AFM results, and in particular conclusively ex-
clude the possibility that the latter were dominated by any
tip-sample contact effect. We note that the results were al-
ways qualitatively the same for both HW-CVD and rf-
PECVD films, thus establishing the generality of our results
for mc-Si:H systems.

The discrepancy between the macroscopic and micro-
scopic results of Rezeket al.27 and the corresponding self
consistency in our experiments can be explained as follows.
They found a dominant tissuelike conduction in their macro-
scopic measurements,5 for “regularly” deposited samples,
but a conduction that appeared to take place through the
crystallites in their microscopic measurements,27 on samples
deposited at ultrahigh vacuum. Following the previously
suggested34,35 efficient and strong oxygen doping effect of,
apparently, the column’s encapsulating tissue, it is very likely

that in the regularly deposited samples the dominant trans-
port is via this oxygen unintentionally doped tissue while the
opposite applies to the films prepared under ultrahigh
vacuum conditions.

In order to find the relation between the many studies that
suggested4,5,7,13,21 transport in a disordered tissue and the
above derived dominant transport route, we have also carried
out C-AFM measurements in the lateral configuration on a
mixed phasemc-Si:H/a-Si:H system withx<0.5. The cor-
responding results indicated that the currentdoes notflow
through the columns’ tissue network, but rather through the
a-Si:H matrix, although its conductivity is much smaller in
comparison with the one observed in the columns’ tissue of
thex<1.0 samples. This is well understood now to be due to
the fact that no lateral percolation network of the columnar
disordered tissue is completed here. It is thus also apparent

FIG. 3. sColor onlined 131 mm2 AFM topog-
raphy imagesleft paneld and lateral-transport cur-
rent map atV=6 V sright paneld acquired simul-
taneously on amc-Si:H film sprepared by HW-
CVDd. The disordered tissue that encapsulates the
crystallites columns forms a continuous percola-
tion network and the current flows mainly
through that network. Color/gray scale ranges
are: 30 nm in the topography image and 1 nA in
the current image. The inset shows the cross-
correlation function of the two images.

FIG. 4. sColor onlined CITS imagess0.1230.12mm2d, focus-
ing on a single column, obtained on a single-phasemc-Si:H film.
The topography imagessetting:V=2 V, I =0.1 nAd is shown to the
left and the current imagesat 3.5 Vd to the right, portraying en-
hanced current in the encapsulating disordered tissue. Color/gray
scale ranges: 15 nm in the topography image and 0.4–7.4 nA in the
current image.
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that the large “jump” observed5 in the macroscopic lateral
conductivity for x<0.7 is associated with the formation of
that connected network.

Our present results enable now the understanding of the
sharp percolation transition at lowx s,0.3d values that was
reported forn-type17,21,23and p-type26 doped materials, and
the relatively high-x s,0.7d percolation threshold that we29,30

and others4,5 found in undoped systems. According to the
structural data12 and the present detection of the conducting
columnar tissue, one would expecttwo subsequent percola-
tion transitions inmc-Si:H; a low-x transition that is associ-
ated with conduction in a regular percolation system made of
sphericallike conducting particles,36 and another, high-x tran-
sition, that is associated with the intercolumn tissue, such as
the one observed in a network of conducting sheets.37 While
the low-x value is well understood21,36 the high-x value is
not, since the relation between the tissue content andx is not
a straight forward matter.20 However, following the two di-
mensional Scher and Zallen prediction36 and considering
straight cylindrical columns, one would expect that the high-
x value will be 0.45. Adding to that the crystallites that are
outside the columns, a corresponding percolation transition
in the 0.7ùxù0.5 range is to be expected. In fact a close
examination of the data of us29,30 and others5,19 confirms
these expectations. In particular, one can see that the data of
Koynov et al.15 exhibit very clearly the existence of the pres-
ently predicted two subsequent percolation transitions sce-
nario. They found in undopedmc-Si:H a conductivity tran-
sition from 10−12 to 10−9 sV cmd−1 at a low-x value, and a
subsequent conductivity transition between 10−8 and

10−3 sV cmd−1 at a higher-x value. We were able to repeat
their findings, on our films, with our deposition technique
indicating their generality for themc-Si:H system. We were
able to repeat their findings, on our films, that were prepared
under somewhat different conditions, indicating the general-
ity of these two percolation transitions in themc-Si:H sys-
tem. Considering the tunneling or thermal emission conduc-
tion suggested17,22,23for the low-x regime and the band-tails
conduction that we and others suggested5,7 for the high-x
regime, we obtain nowa comprehensive picture of the elec-
tronic transport inmc-Si:H. This picture enables us now to
review the many data in the literature within the framework
of two types of percolation networks. Moreover, the opti-
mized crystalline content ofx<0.7, for solar cell
operation,2,5,18 is suggested now to be associated with the
onset of connectivity of the columns tissues network.

In summary, our comprehensive local probe study clearly
indicates that the dominant transport route in undoped
mc-Si:H is in the disordered tissue that encapsulates the
crystallites columns. This conclusion seems to explain the
fundamentals of the transport phenomena observed in this
system and provides a general approach for the evaluation of
electrical transport in other semiconductor composites.

The authors would like to thank D. Cahen and I. Visoly-
Fisher for helpful discussions. This work was supported in
part by the Israel Science Foundation, the Hebrew University
Yissum Fund, and the Enrique Berman Solar Energy Re-
search Fund.

1R. E. Schropp and M. Zeman,Amorphous and Microcrystalline
Silicon Solar Cells: Modeling Materials and Device Technology
sKluwer, Boston, 1998d.

2O. Vetterlet al., Sol. Energy Mater. Sol. Cells62, 97 s2000d; C.
Benekinget al., Thin Solid Films 351, 241 s1999d.

3For example, S. Sriramanet al., NaturesLondond 418, 62 s2002d.
4For a recent review see, K. Lipset al., Sol. Energy Mater. Sol.

Cells 78, 513 s2003d.
5For a recent review on transport in undopedmc-Si:H see, J.

Kocka et al., Sol. Energy Mater. Sol. Cells78, 493 s2003d.
6G. Juskaet al., Phys. Rev. Lett.84, 4946s2000d.
7I. Balberget al., Phys. Rev. B69, 035203s2004d.
8D. Stauffer and A. Aharony,Introduction to Percolation Theory

sTaylor, London, 1992d.
9I. Visoly-Fisheret al., Appl. Phys. Lett.82, 56 s2003d.

10T. Bounassisiet al., J. Appl. Phys.95, 1556s2004d.
11D. Shvydkaet al., Appl. Phys. Lett.84, 729 s2004d.
12For a detailed structure analysis see, L. Houbenet al., Philos.

Mag. A 77, 1447s1998d.
13D. Will et al., Mater. Res. Soc. Symp. Proc.467, 361 s1997d.
14J. Gaoet al., J. Vac. Sci. Technol. B15, 1313s1997d.
15S. Koynovet al., J. Non-Cryst. Solids198–200, 1012s1996d.
16A. Heyaet al., J. Non-Cryst. Solids227–230, 1016s1998d.
17H. Overhofet al., J. Non-Cryst. Solids227–230, 992 s1998d.
18A. Baia Netoet al., J. Non-Cryst. Solids299–302, 274 s2002d.

19T. Mateset al., J. Non-Cryst. Solids299–302, 767 s2002d.
20J. J. Schellenberg and R. D. Mcleod, Solid State Commun.66,

159 s1988d.
21For a review of the various percolation models in themc-Si:H

system see, I. Balberget al., Int. J. Mod. Phys. B18, 2091
s2004d.

22P. G. LeComberet al., J. Non-Cryst. Solids59–60, 795 s1983d.
23K. Shimakawa, J. Non-Cryst. Solids266, 223 s2000d.
24B. G. Budaguan, Mater. Res. Soc. Symp. Proc.467, 239 s1997d.
25G. Lucovsky and H. Overshof, J. Non-Cryst. Solids164–166,

973 s1993d.
26S. B. Concariet al., J. Appl. Phys.94, 2417s2003d.
27B. Rezeket al., J. Appl. Phys.92, 587 s2002d, and references

therein.
28Ch. Rosset al., J. Non-Cryst. Solids266–269, 69 s2000d.
29P. Brogueiraet al., J. Appl. Phys.78, 3776s1995d.
30P. Alpuim et al., J. Appl. Phys.86, 3812s1999d.
31D. Azulay et al., Phys. Rev. Lett.90, 236601s2003d.
32D. Katz et al., Phys. Rev. Lett.89, 086801s2002d.
33Y. Martin et al., J. Appl. Phys.61, 4723s1987d.
34S. Vepreket al., J. Phys. C16, 6241s1983d.
35See, for example, P. Torreset al., Appl. Phys. Lett. 69, 1373

s1996d.
36I. Balberg and N. Binenbaum, Phys. Rev. B35, 8749s1987d.
37I. Balberg, Phys. Rev. B33, 3618s1986d.

BRIEF REPORTS PHYSICAL REVIEW B71, 113304s2005d

113304-4


