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We show that local currents observed by the conductive atomic force microscopy �C-AFM� of silicon thin
films measured in ambient atmosphere are generally limited by surface oxide, either native or created by the
measurement itself in a process of local anodic oxidation. The tip-induced oxidation changes character of the
local current maps, either in repeated scans or even in the first scan of a pristine surface. In particular, the
preoxidation of the neighboring scan lines leads to the appearance of grain edges as conductive rings, previ-
ously interpreted as an evidence of the main transport route at the grain boundaries in microcrystalline silicon.
We also show that stripping of the surface oxide by HF etch restores the local currents to the values corre-
sponding to C-AFM done in ultra-high-vacuum on in situ deposited samples.
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Hydrogenated microcrystalline silicon ��c-Si:H�, a mate-
rial important especially for thin film solar cells, has compli-
cated microstructure consisting of columnar grains sur-
rounded by disordered tissue and/or amorphous phase.1 The
variability of structure and resulting electronic transport
properties has lead to a controversy over the dominant
charge transport mechanism2,3 and, in particular, over the
location of the dominant transport route.4 The capability of
scanning probe microscopy �SPM� to measure local currents
with nanometer resolution offers a chance to look for the
transport route directly by identifying more conductive parts
of the �c-Si:H samples.5–7 The conductive atomic force mi-
croscopy �C-AFM� �Ref. 5� was also used in a paper4 in
which Azulay et al. observed higher local currents at the
edges of isolated grains. They concluded that the conductiv-
ity through �via� a percolating network of a disordered tissue
surrounding the columnar grains dominates over other pos-
sible routes, as illustrated by their Fig. 1�a�.

First of all, we have to mention that Azulay et al.4 claimed
that there was a “discrepancy between our macroscopic and
microscopic data” �see Refs. 5 and 27 in Ref. 4�, which they
tried to explain by oxygen doping of the disordered tissue.
However, there is no discrepancy between our results. We
have never said that in macroscopic measurements transport
via disordered grain boundary tissue dominates. Our model
of transport,1,3,8 which is in agreement with both our macro-
scopic and microscopic data �and actually corresponds to the
“full-line” transport path from Fig. 1a of Ref. 4�, is based on
the idea that whenever the “large grain boundaries” �LGBs�
are formed, the bandlike transport is blocked by these resis-
tive LGB and another path, via localized tail states within the
grains and through �not along� thin blocking tissue prevails.

Moreover, our samples for microscopic and macroscopic
measurements are usually prepared in the same run, at the
same vacuum level; their oxygen content is identical and as
low as state-of-the-art thin film Si of the other authors. Even-
tual aging �oxygen intake�, possible for some highly crystal-
line and porous �c-Si:H, is again the same for macroscopic
and microscopic measurements when C-AFM is done in air.
We have used UHV setup �mentioned in Ref. 4 to support the
claim of different oxygen content in our samples� just for our
first C-AFM measurements5,7 to prevent native oxide forma-
tion. The samples have been prepared in standard plasma

enhanced chemical-vapor deposition �PECVD� chamber and
transferred in situ to C-AFM UHV system.

The fact that conductive grain boundaries are in direct
conflict with our model stimulated our interest. We tried to
verify the results in Ref. 4, suspecting at first that the higher
conductivity at the grain boundaries resulted from a geo-
metrical effect of the tip with worn metallic coating.7 On the
way we have discovered a completely different origin of the
higher conductivity at the grain boundaries, namely, the in-
fluence of surface oxidation induced by the tip when the
sample is positively biased. This effect, denoted as local an-
odic oxidation �LAO�, is well known and is often used for

FIG. 1. �Color online� Memory effect in the local current image
of �c-Si:H thin film. The 6�6 �m2 scan shown in �a� was mea-
sured by C-AFM at −5 V bias applied to the sample after the
previous +10 V scan of the central area 5�4.5 �m2. The previ-
ously scanned �dark� area is not only less conductive, but it also
shows a different character as seen in �b� where it is plotted again
with adjusted color scale. The grains now appear more conductive
at the edges.
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SPM lithography.9 It was also considered as one of the rea-
sons for so-called memory effect, i.e., lowering of the local
currents observed by C-AFM in the second scan of the same
area of the Si surface.10–12 Here we present a surprising ef-
fect of LAO on C-AFM, namely, that the tip induced oxida-
tion can make the grain boundaries appear more conducting
even in the very first scan of a pristine surface.

We have used a thin film of �c-Si:H grown on polished
crystalline Si wafer �with 0.1 nm rms roughness� by PECVD
in a mixture of silane �SiH4� and hydrogen at the following
conditions: discharge frequency 13.56 MHz, dilution ratio of
the gas flows rH= �H2� / �SiH4�=28, pressure 70 Pa and sub-
strate temperature 250 °C. The conditions were close to the
boundary between the amorphous and microcrystalline
growth, resulting in a film consisting of relatively few large
conical microcrystalline grains surrounded by a smooth
amorphous surface, similar as in our previous works5,13 and
also to the sample used in Ref. 4. The film thickness of
1.1 �m was determined by stylus method �Tencor Al-
phaStep 100� and the surface crystallinity 17�2% was de-
termined by AFM.14

The samples were measured by Veeco Dimension 3100
AFM equipped with the extended TUNA �Tunneling AFM�
module for the current detection in the pA range. All AFM
results reported below were performed in contact mode using
the Cr/Pt coated Si cantilevers �BudgetSensors ContE� with
resonant frequency around 13 kHz and force constant 0.2
N/m. We used fresh cantilevers to avoid artifacts due to the
conductive layer abrasion.7,15 Local current flowing through
the grounded cantilever was induced by a dc bias applied to
the underlying silicon substrate. The set point of the AFM
scan corresponded to the applied normal force around 25 nN
and minimal possible scanning speed was used �mostly 500
nm/s�. All C-AFM measurements were performed at 25 °C
and approx. 30% humidity of the ambient air. Results of the
AFM measurements were processed with WSXM software.16

The results shown in Fig. 1 illustrate the memory effect in
ambient C-AFM. The sample was first scanned in a smaller
area with a high oxidizing voltage �+10 V�, same as in Ref.
4. Then, the current map in Fig. 1�a� was recorded across a
bigger area with nonoxidizing voltage of −5 V. The previ-
ously scanned area appears dark as the current values were
decreased by about one order of magnitude. The same area is
rendered in Fig. 1�b� in a finer current scale to visualize the
details. It can be seen that the oxidation led not only to
overall lower currents but also to a change in features in the
current image. The current lowering is more pronounced on
the grains than at the grain edges and so the edges appear
brighter than the grain interiors. As a result, the grain edges
in the oxidized image form rings of relatively higher conduc-
tivity.

We have verified that the surface scanned with a high
oxidizing voltage underwent topographical changes expected
after local anodic oxidation. We have indeed observed ap-
proximately 1 nm high surface step at the edge of the area
scanned at +10 V. Note that this height does not correspond
to the full oxide thickness as there was already some native
oxide on the surface and LAO leads to the oxide growth also
into the sample interior.9 The oxide growth induced by the
AFM tip proceeds also laterally and the Fig. 2 shows the

result of another experiment designed to find the width of the
oxide line. The sample was oxidized in a zigzag pattern
�along the path marked by the dashed line in Fig. 2� at
+10 V and then imaged as the local current map at −2.5 V.
It can be seen that the scanning tip at oxidizing bias leaves
behind an oxide line which influenced the local current
within approximately 50 nm wide band, in agreement with
the minimal line widths in LAO based lithography.9

Thus the oxidized line is several times wider than the
separation of the individual lines in the typical AFM scans:
commonly used 256 lines per image means scan lines are
separated by 8 nm for a 2 �m wide field of view. Therefore
at oxidizing conditions only the first line actually scans the
pristine surface and all subsequent neighboring lines record
the local current values on already locally oxidized surface.

Consequently, the neighboring line preoxidation can lead
to formation of the conductive rings already in the very first
scan of the sample, as shown in Fig. 3. In this case the
expected width of the oxidized line �50 nm� is about ten
times bigger than the 5 nm separation of the scan lines in
Fig. 3. Therefore, before a value in the local current map is
recorded, the same point was already oxidized by approxi-
mately ten passages of the AFM tip in the previous line
scans. The local current image is similar to the image in Fig.
1�b�, showing similar current scale and again the conductive
rings at the grain edges. When the current map is recorded
using nonoxidizing voltage, there is no difference in the
character of the local current recorded at the grain edges or
in the interior of the grains, similar as in Ref. 5.

As far as we know, the conditions of the scan presented in

FIG. 2. �Color online� Local current map measured at nonoxi-
dizing −2.5 V bias after the previous zigzag scan �along the path
marked by the white dashed line� at +10 V sample bias. The dark
�less conductive� lines across the bright �more conductive� grains
illustrate the width of the oxidized lines.
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FIG. 3. �Color online� Local conductivity map resulting from
C-AFM in the first scan of a pristine area of the sample at voltage
+10 V applied to the substrate. Rings with relatively higher con-
ductivity at the �c-Si grain edges are observed.
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Fig. 3 were identical to the conditions used in Ref. 4, so we
conclude that even in their case the conductive rings were
actually an artifact resulting from the tip induced surface
oxidation. This is a surface effect for which the oxygen con-
tent within the sample is only secondary, offering a simpler
explanation of the observed facts than the effect of possible
oxygen doping proposed in Ref. 4.

Finally, we want to comment results by current image
tunneling spectroscopy �CITS� from Fig. 4 of Ref. 4, which
were used to support conductive rings around the grains as
detected by C-AFM. First of all, to our best knowledge the
samples have been transferred through air. Due to strong
sensitivity of the STM to the surface states, lot of things
could lead to the observed current traces. Second, the support
is weak because the CITS measurements have not been done
on the same, low crystallinity �x=0.2� sample as C-AFM, but
on a highly crystalline �x=1� sample with very different
properties. Last, the CITS current image in Fig. 4 of Ref. 4
shows enhanced current only on one side of the column
while the opposite side of the column appears dark, i.e., less
conductive. Note that CITS keeps the tip at certain distance
from the surface using tunneling current feedback at one
voltage and records the current image at higher voltage at the
same distance. Thus this effect most probably reflects the
different feedback reaction dependent on the scan direction
on the relatively rough �15 nm range� surface of the sample.
This effect may be even further enhanced by the increase in
voltage due to a nonlinear character of local I-V
characteristics.7 We have also performed the CITS experi-
ments ourselves �in UHV using in situ prepared sample to
avoid any oxidation�, but the results were inconclusive, just
as in the Ref. 4.

The hindered anodic oxidation at the grain edges in am-
bient C-AFM may arise by a number of different mecha-
nisms. It can be attributed to different geometry of the tip-
sample contact at the grain edges to the decline in oxidation
rate due to build up of space charge17 or a higher resistance
of the boundary between the grain and surrounding amor-
phous tissue. In particular, the voltage drop due to the higher
boundary resistance would decrease the field assisting the
migration of ions necessary for the anodic oxidation and

hence lead to the oxide layer being thinner in the vicinity of
the GB. In that case, the conductive rings at the grain edges
in oxidized state would actually support the notion of less
conductive grain boundaries in �c-Si:H, as presented in our
model of transport in �c-Si:H �Ref. 8� assuming the lower
conductivity of the LGB resulting from the band gap in-
creased by hydrogen and oxygen alloying and leading to the
presence of transport barriers.

The oxidation artifacts in �c-Si:H local current maps can
be avoided by not using high positive sample voltages. Fur-
thermore we have successfully tested a simple procedure for
removing the oxide from the surface of the silicon films:
samples were put into 10% water solution of HF for a few
seconds, rinsed by de-ionized water and blown dry by an air
jet. This procedure restored the local current values and fea-
tures to comparable to those measured by C-AFM in UHV
on in situ prepared samples.5–7 Hence this procedure can be
easily used to verify C-AFM results even on aged samples.

To conclude, we have demonstrated how the local anodic
oxidation leads to a surprising artifact of the conductive rings
at the grain boundaries �see Figs. 1 and 3�. The neighboring
line preoxidation leads to the appearance of the same effect
even in the very first scan of a pristine surface. The observed
apparent higher conductivity at the grain edges reflects a
state of the surface of the sample and it cannot be used for
arguing about the transport route within the material itself.
Finally, the artifacts due to neighboring lines may need to be
considered not only for silicon thin films15 but also when
C-AFM is used to study other heterostructural materials or
nanostructures, e.g., polycrystalline films,18 bulk organic
heterojunctions,19 nanocomposites,20–22 diamond surface
structures,23 semiconductor nanocrystals,24,25 or quantum
dots.26
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