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Current routes in hydrogenated microcrystalline silicon
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The numerous studies of electrical transport in undoped hydrogenated microcrystalline (gioc&n: H)
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 silicauc-Si:H) has at-  there are vary reminiscent of the phenomena found recéntly
tracted much interest in recent years because of its promising polycrystalline CdTe, that was suggested to be associated
photovoltaic properties? The corresponding interest has with its improved photovoltaic properties. In fact a similar
drawn attention to some basic physics issues in this systemgle of the conducting networks has been recogriiz€dn
in particular, to the intriguing problems of hydrogen inducedvarious polycrystalline systems.
crystallizatiod and the competition between different elec- uc-Si:H is actually a wide class of heterogeneous
trical transport routes and mechanisms -t The latter ~material§'’ consisting of a microcrystallites phase with vol-
problem, with which we are concerned here, is of generalime fractionx, an amorphousa-Si:H) phase and, in some
physics interest as it touches upon the intricate percolationases, void$!%~® In between elements of each pair of
problem in semiconductor composites, whose study is still aphases there is a corresponding disordered silicon tissue, or
its infancy. The complexity of the latter problem, in compari- boundary*>7-1€In addition, there is a disordered silicon tis-
son with classical percolation thedhynvolves three factors. sue that may form a barrier between adjacgtduching”)

First, at least two phases, as well as the interface regioniadividual crystallites}!’” and another tissue that encapsu-
between them, may be involved in the transport. Secondates the crystallites aggregates that have the form of col-
charge transfer between elements of the same phase may b@ns in the direction of the film growth’-1213In particular,
nontrivial involving tunneling or thermal emission, and third, it has been systematically shotfrihat the latter structure is
there may be a connected network of aggregates of suahell developed in samplesith x larger than 0.5such as the
elements. The main problem regarding such composites isystems that exhibited the improved photovoltaic properties
then the determination of the dominant electrical conductingusually forx=~0.7+0.1).218.19

network and the related transport mechanism. As will be de- Numerous papers have been published on macroscopic
scribed belowuc-Si:H is a prototype of such a composite. transport measurements in the latter systems and essentially
By macroscopic measurements one can determine the donal possible current flow scenarios that follow from the above
nant transport mechanism in such a system, as we have doheterogeneous structure have been proph8é¢?*Such are

in Ref. 7, but not the specific network responsible for thethe intercrystallite transport modeis?223the a-Si:H phase
observed electrical conduction. In order to get a comprehermodel#?425and various disordered tissues modei€:26In

sive picture of the percolation conduction in such a systenthe highx regime, two additional possible scenarios, illus-
we report in this paper on “where” the current flows notingtrated in Fig. 1a), have been considered: transport via the
that we have resolved the corresponding “how” question ircrystallites columrfst®1516and transport in the disordered
Ref. 7. Correspondingly, in the present study not only did wetissué®1°that encapsulates them.

reveal the dominant conducting networks as a function of the An obvious conclusion from the above collection of inter-
crystallite silicon content, but we also put the many frag- pretations, based on macroscopic measurements, is that these
ments of macroscopic data on the transport in this systerannot distinguish reliably between the various current-flow
into one framework. Our above approach seems to be helpfi@icenarios and that a direct experimental determination is
in the study of other semiconductor composites and in parealled for. This was realized by Rezek al?” who applied
ticular in polycrystalline semiconductors. This is not only conductive atomic force microscogZ-AFM) to highx un-
within the academic interest, as described above, but also fafoped uc-Si:H, and by Rosst al?® who used scanning
applications such as photovoltaic devices. In the latter contunneling microscopy(STM) to low-x doped uc-Si:H

text we note that the route and mechanism we found in theamples. The latter study has shown that conduction takes
present studyconduction in the disordered tissue that encapplace through the individual crystallites, consistent with
sulates the crystallites columns, see bglamd in Ref. 7 macroscopic data and in accord with the relatively high con-
(conduction in a disordered tissue with carrier-type inversiorductivity of those crystallite$’-222325The fact that the same

1098-0121/2005/711)/1133044)/$23.00 113304-1 ©2005 The American Physical Society



BRIEF REPORTS PHYSICAL REVIEW F'1, 113304(2005

FIG. 2. (Color onling C-AFM images(2.5x 2.5 um?) acquired
in the vertical-transport configuration on a sample that contains
mostly a-Si:H. The current imagéto the righ) 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.

STM measurements, in particular current imaging tunneling
spectroscopyCITS). In this modé? the topographic map is

derived as usual, but at each point the feedback is discon-
FIG. 1. (Color onling (a) Schematic top view of theic-Si:H  nected momentarily and the tunneling current is acquired for

film showing the columns’ tops and the surrounding disordered Sh pias that is different than the one used in the topographic
tissue(gray). Two possible conduction paths are shown, through themap.

crystallites(solid line), and through the disordered Si tisqdashed Turning to our experimental results, we show in Figh)1
line). (b) STM image of auc-Si:H sample prepared by HW-CVD. 5 g1\ topographic image of single-ph'aseSi:H. Here we
The white curves mark the crystallites columns edges. STM Setéee that the crystallites’ aggregatescircled by curvesare
tings:V=1.5 V,1=0.1 nA.(c) AFM phase-imaging map portraying . . . .

the uc-Si:H columns(brighter regions that are surrounded by a composed of microcrystallites with diameters of about

disordered Si tissue. Color/gray scale ranges: 23 nm in the topo%o an’ in good agr%eggﬁ]nt \éV_IIEh the valuehs we eStIrSated from
raphy image and 8° in the phase image. Both images are O. ur Raman spectret: e M image, however, does not

X 0.2 um? in size. yield any contrast between the crystallites and (fhessibly
existing®) disordered Si tissues. Such information, which
conclusion was drawn from the C-AFM experimefithiow-  obviously is of utmost importance for the present investiga-
ever, did not yield a consistent picture since for such systemgon, is provided by monitoring the phase shift in AFM tap-
the macroscopic data of many groyp¥2526 including ping mode measurements, known to yield material-
ours’ and those of the group that performed the C-AFMdependent contragt.Figure Xc) shows a phase-shift map of
measuremenf3® suggested that transport takes place inan x=~1 sample. While not resolving the inner crystallite
some disordered silicon tissue, rather than via the crystalstructure of the columns, it is evident that they are encapsu-
lites. Following this discrepancy and searching for a selflated by a different material, which can be attributed to a
consistent picture of the current networks jt-Si:H we  disordered Si tissue that forms a continuous geometrical, and
turned to a comprehensive scanning probe microscopy studjus a possible conducting, percolation network.
on thevery sameundopeduc-Si:H, samples on which we Considering the current flow, we examined whether the
have previously determined the transport mecharfism. column tissue has a higher conductivity in comparison with

Our uc-Si:H films, about 1um thick, were grown by the the crystallite aggregates within the columns themselves
hot-wire chemical vapor depositighlW-CVD) technique or  and/or thea-Si:H matrix. This was done by using a thin film
the radio frequency plasma-enhanced chemical vapor dep®.3 um thick) in the vertical transport configuration with an
sition (rf-PECVD) technique. The details of the deposition x=~0.2, low enough, to avoid lateral conduction between the
process and a full report on their structural and optical prop€olumns but high enough to have some columns. The
erties as well as on their electrical conductivity can be foundC-AFM data shown in Fig. 2 demonstrate that indeed the
in Refs. 29 and 30. The silicon crystallite content was con-current flows in the columnar-disordered tissue, as the
trolled by the degree of hydrogen dilution and characterizedrings” in the current image and the columns diamdtee
by Raman spectroscop$?®2° Samples for “lateral trans- also Fig. 1b)] are both about 0.Lm. Thus, the conductivity
port” measurements were deposited on a Corning glass subf the column’s tissue is seen to dominate over the other
strate, and a gold strip evaporated onto one edge served apassible routes.
counter electrode to the conductive AFM tip that scanned a For the highx contents we examined films, with=1, in
few millimeters away from it. For the “vertical transport” both the “vertical” and “lateral” configurations. Results ob-
configuration the samples were deposited onto Au/Cr filmgained in the lateral transport configuration, which were
predeposited on a glass substrate, that served as a countgralitatively the same as those measured in the vertical con-
electrode. The C-AFM data were acquired in the constanfiguration, are exhibited in Fig. 3. They show that the current
force mode, using various types of conductive fips. flows mainly at the column boundaries, namelyough a

For the single phaséx=1) uc-Si:H we also performed disordered Si tissue, and not through the crystallitBsis is
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FIG. 3. (Color onling 1 X 1 um? AFM topog-
raphy imageleft pane) and lateral-transport cur-
rent map alV=6 V (right pane] acquired simul-
taneously on auc-Si:H film (prepared by HW-
CVD). 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.
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clearly portrayed also by the normalized topography-currenthat in the regularly deposited samples the dominant trans-
cross-correlation function plotted in the inset. At zero rela-port is via this oxygen unintentionally doped tissue while the
tive displacementgraph centerthe cross-correlation func- opposite applies to the films prepared under ultrahigh
tion attains a minimalnegative value, reflecting the fact vacuum conditions.
that maximal local current is obtained at the columns- In order to find the relation between the many studies that
interface(deepey regions. However, now, from the examina- suggestet® "3 transport in a disordered tissue and the
tion of the lateral configuration, it is also clear that the above derived dominant transport route, we have also carried
“touching” columnar tissues form a lateral percolating net-out C-AFM measurements in the lateral configuration on a
work. mixed phaseuc-Si:H/a-Si:H system withx=0.5. The cor-
Since our above findings are in contrast with the C-AFMresponding results indicated that the currdoes notflow
results reported by Rezek al,?” we carried out many tests through the columns’ tissue network, but rather through the
that have shown that no artifacts associated with tip-sampla-Si:H matrix, although its conductivity is much smaller in
contact are involved. In particular, to get a completely inde-comparison with the one observed in the columns’ tissue of
pendent test of our conclusions we have also performethex= 1.0 samples. This is well understood now to be due to
contact-lessSSTM-CITS measurements, the results of whichthe fact that no lateral percolation network of the columnar
are displayed in Fig. 4. Here, again, the current flows primasdisordered tissue is completed here. It is thus also apparent
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 uc-Si:H systems.
The discrepancy between the macroscopic and micro-
scopic results of Rezekt al?” and the corresponding self
consistency in our experiments can be explained as follows.
They found a dominant tissuelike conduction in their macro- g, 4. (Color onling CITS images(0.12x 0.12 um?), focus-
scopic measurementsfor “regularly” deposited samples, ing on a single column, obtained on a single-phaseSi:H film.
but a conduction that appeared to take place through thenhe topography imagesetting:V=2 V, 1=0.1 nA) is shown to the
crystallites in their microscopic measuremetitsn samples left and the current imagéat 3.5 V) to the right, portraying en-
deposited at ultrahigh vacuum. Following the previouslyhanced current in the encapsulating disordered tissue. Color/gray
suggestetf-3® efficient and strong oxygen doping effect of, scale ranges: 15 nm in the topography image and 0.4—7.4 nA in the
apparently, the column’s encapsulating tissue, it is very likelycurrent image.
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that the large “jump” observédn the macroscopic lateral 1072 (2 cm)™* at a higherx value. We were able to repeat

conductivity forx=0.7 is associated with the formation of theijr findings, on our films, with our deposition technique

that connected network. . indicating their generality for thec-Si:H system. We were
Our present results enable now the understanding of thgp|e 1o repeat their findings, on our films, that were prepared

sharpt p;;cma:lonét;?{]g;tlog attloxé(;dOS) \éaluets t.h?t Wasd under somewhat different conditions, indicating the general-
reported torm-typ andp-type™ doped materials, and . ¢ these two percolation transitions in thee-Si:H sys-

. ) _ . 0
the relatively highx (~0.7) percolation threshold that tem. Considering the tunneling or thermal emission conduc-

and other$® found in undoped systems. According to the . 223 . .
structural dat® and the present detection of the conductingtlon suggested #**for the low=x regime and the band-tails

columnar tissue, one would expeeto subsequent percola- conduction that we and others sug.geéﬁgﬂ)r the highx

tion transitions inuc-Si:H; a lowx transition that is associ- egime, we obtain nova comprehensive picture of the elec-
ated with conduction in a regular percolation system made offonic transport inuc-Si:H. This picture enables us now to
sphericallike conducting particlé8 and another, high-tran-  review the many data in the literature within the framework
sition, that is associated with the intercolumn tissue, such asf two types of percolation networks. Moreover, the opti-
the one observed in a network of conducting shée®hile  mized crystalline content ofx=0.7, for solar cell

the lowx value is well understodd®® the highx value is  operatior?58 is suggested now to be associated with the
not, since the relation between the tissue contentxasdot  onset of connectivity of the columns tissues network.

a straight forward mattéf. However, following the two di- In summary, our comprehensive local probe study clearly
mensional Scher and Zallen predictbrand considering ingicates that the dominant transport route in undoped
straight cylindrical columns, one would expect that the high-/,csi:H is in the disordered tissue that encapsulates the
x value will be 0.45. Adding to that the crystallites that are orystallites columns. This conclusion seems to explain the
outside the columns, a corresponding percolation transitiog,nqamentals of the transport phenomena observed in this

in the 0.7=x=0.5 range is to b(g expected. n fact a closegystem and provides a general approach for the evaluation of
examination of the data of & and other$'® confirms  gjectrical transport in other semiconductor composites.

these expectations. In particular, one can see that the data of
Koynov et al1® exhibit very clearly the existence of the pres-  The authors would like to thank D. Cahen and I. Visoly-

ently predicted two subsequent percolation transitions sce~isher for helpful discussions. This work was supported in
nario. They found in undopegc-Si:H a conductivity tran- part by the Israel Science Foundation, the Hebrew University
sition from 10%?to 10° (Q cm)™ at a lowx value, and a Yissum Fund, and the Enrique Berman Solar Energy Re-
subsequent conductivity transition between “®10and  search Fund.
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