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Abstract

Conductive tips in atomic force microscopy (AFM) can be used to localize field-enhanced metal-induced solid-
phase crystallization (FE-MISPC) of amorphous silicon (a-Si:H) at room temperature down to nanoscale dimensions.
In this article, the authors show that such local modifications can be used to selectively induce further localized
growth of silicon nanocrystals. First, a-Si:H films by plasma-enhanced chemical vapor deposition on nickel/glass
substrates are prepared. After the FE-MISPC process, yielding both conductive and non-conductive nano-pits in the
films, the second silicon layer at the boundary condition of amorphous and microcrystalline growth is deposited.
Comparing AFM morphology and current-sensing AFM data on the first and second layers, it is observed that the
second deposition changes the morphology and increases the local conductivity of FE-MISPC-induced pits by up
to an order of magnitude irrespective of their prior conductivity. This is attributed to the silicon nanocrystals (<100
nm) that tend to nucleate and grow inside the pits. This is also supported by micro-Raman spectroscopy.

Introduction

Crystallization of amorphous silicon (a-Si:H) films is tra-
ditionally employed as an alternative method for produ-
cing large-area electronics such as displays and solar
cells. It is typically induced by laser [1] or high-tempera-
ture furnace annealing [2]. The presence of silicide-
forming metals such as nickel [3] or the application of
an electric field [4,5] was found to reduce the crystalliza-
tion temperature.

Nowadays, the production of silicon nanocrystals has
become increasingly important as they are attractive for
nanoelectronic, optoelectronic, as well as biological
applications [6]. Usually, they are produced in the form
of the so-called micro-crystalline silicon thin films using
chemical vapor deposition (CVD) [7,8] or by electroche-
mical etching of bulk monocrystalline silicon, yielding
the so-called porous silicon [9]. Yet, producing the
nanocrystals in well-defined locations or creating
arranged microscopic patterns still remains a challen-
ging task.

Recently, our previous studies have shown that field-
enhanced [4,5] metal-induced [3] solid-phase crystalliza-
tion (FE-MISPC) at room temperature can be used to
achieve spatially localized current-induced crystallization
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of a-Si:H films using a sharp tip such as those employed
in atomic force microscopy (AFM) [10]. This process
resulted in the formation of microscopic crystalline
rings and dots as well as resistive nano-pits at controlled
positions in the a-Si:H thin films. The smallest sizes of
the crystallized objects ranged from a few hundred nan-
ometers to several micrometers due to electrical dis-
charge from the inherently present parallel capacitance,
caused by a drastic increase of local material conductiv-
ity (and hence a decrease of potential difference on the
parallel capacitance) after the dielectric breakdown of
the films. The process was then further miniaturized
below 100 nm by limiting the passing current (which
was fluctuating below a given set-point) and thus also
the electrical discharge between the conductive AFM tip
and bottom nickel electrode [11]. On the other hand,
perfectly stabilized electrical current during FE-MISPC
process produced mainly non-conductive pits [12].

In this study, how the FE-MISPC-induced features
(conductive and non-conductive pits) affect further
nucleation and growth of the secondary silicon thin film
is investigated. For this purpose, the second silicon layer
at the boundary condition of amorphous/micro-crystal-
line growth after local FE-MISPC modifications of the
first fully amorphous layer is deposited. The effects of
the second deposition on the crystallinity, conductivity,
structure, and spatial localization of the features based
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on their initial morphology and conductivity are
discussed.

Method

The a-Si:H films are deposited by plasma-enhanced
CVD in a thickness of 170 nm (+30 nm, measured by a
stylus profilometer) on a Corning 7059 glass substrate
coated with 40-nm-thin nickel film and 10 nm titanium
interlayer for improved adhesion to glass. Substrate tem-
perature of 50°C and 0.02% dilution of SiH, in helium
result in a hydrogen content of 20-45 at.% in the films
[13].

The FE-MISPC is accomplished by applying the elec-
tric field locally using a sharp conductive tip in AFM.
Employed tips were either Pt/Cr-coated doped silicon
(ContE, Budgetsensors) or conductive diamond-coated
silicon (DCP11, NT-MDT). The typical tip radius is 10-
70 nm depending on the type used. The tips are put in
contact with the a-Si:H film with the force of 10-500
nN. The current source is connected to the bottom
nickel electrode. The nickel electrode is negatively
biased to facilitate the FE-MISPC process [4]. Oxidation
of the silicon surface is thus of no concern as the AFM
tip polarity cannot give rise to local anodic oxidation
[14]. Details of the setup can be found in Refs. [11,12].
The FE-MISPC process is realized by a sample current
of -0.5 nA, which is part of the constant current (-100
nA) applied by an external source unit (Keithley K237).
Outcome of the exposition is determined by its tem-
poral profile [12].

Microscopic morphology and local conductivity of the
films before and after the FE-MISPC process are charac-
terized by current-sensing AFM (CS-AFM) [15] using
sample bias voltage of -25 V. Increased local current
detected by CS-AFM is a good indication of crystallinity
as corroborated previously by micro-Raman spectro-
scopy [11]. Such high sensing bias is used because of
the amorphous nature (and hence the low conductivity)
of the pristine film and additional tunneling barrier of
the native oxide on the film interface [16].

After the FE-MISPC process, the second silicon layer
is deposited on top of the initial film at 100°C in the
thickness of about 200 nm (+30 nm). This deposition is
done at the boundary conditions of amorphous and
micro-crystalline silicon growth [17,18]. CS-AFM
experiments are then again conducted on the previously
processed areas for determining the impact of the sec-
ond deposition on the FE-MISPC-induced features.
Micro-Raman spectroscopy (diode laser, A = 785 nm,
P =1 mW, objective 100x) is employed to characterize
the crystallinity [19] of the FE-MISPC exposed spots
after the second deposition.

In order to find the exposed areas after the second
layer deposition, the samples were marked with a laser
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(HeCd laser, A = 442 nm, P = 30 mW) prior to FE-
MISPC process.

Results

Figure la shows the typical local topography after an
FE-MISPC experiment exhibiting current spikes over
the set-point [12]. The diameter of the pit is 300 nm,
and it can be seen that some material is accumulated
around the hole. The cross section plotted in Figure 1b
shows that the depth of the pit is 100 nm. The
full-width-at-half-maximum (FWHM) is 200 nm. In
Figure le is shown the local conductivity map of the
same area obtained at the sample bias voltage of -25 V.
The conductive region is mainly focused in the pit. The
cross section plotted in Figure 1f shows the spatial pro-
file of electrical current inside the pit. Peak current is
100 pA, and FWHM is 60 nm.

Figure 1c,g, shows the local topography and conduc-
tivity map obtained at the sample bias voltage of -25 V
in exactly the same area as in Figure la,e after the
second layer was deposited. AFM topography shows
an accumulation of typical silicon micro- and
nano-crystals [15] around the pit. CS-AFM shows con-
ductive regions localized within the pit. Note that the
individual silicon crystals present due to the second
deposition do not appear conductive because the cur-
rent pre-amplifier setting (sensitivity = 1 nA/V) was
adjusted to the magnitude of the current in the pit.
Scanning the same area with higher current sensitivity
(1 pA/V) showed conductivity on every single crystal
seen in the topography. Cross sections plotted in
Figure 2d,h, respectively, show that the pit depth is
now 175 nm (FWHM is 200 nm) and that the conduc-
tive region exhibits an electrical current peak of 670
pA (FWHM is 30 nm).

Figure 2a illustrates the local topography of an area
after three separate FE-MISPC experiments exhibiting
stable current. The pits this time are non-conductive as
seen in the corresponding CS-AFM image and its cross
section (see Figure 2e,g). Their diameter is about 300
nm for all the pits. Their depth is 40-50 nm as shown
by the spatial profile in Figure 2c. FWHM is about 200
nm (middle pit).

Topography of the same spot after second deposition
(see Figure 2b) shows several small silicon nano-crystals
scattered across the area. The depth of the pits
increased to 50-60 nm as shown by the spatial profile in
Figure 2d. FWHM is 180 nm (middle pit). In the CS-
AFM image after the second deposition (see Figure 2f),
it can be seen that the previously non-conductive pits
now exhibit pronounced difference in conductance. Cor-
responding current spatial profile in Figure 3h shows a
peak current up to 65 pA at -25 V. FWHM is 40 nm
(middle pit).
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Figure 1 Local topography images after. (a) the FE-MISPC
process and (c) the second deposition of the same spot. Their cross
sections are plotted in (b, d), respectively. (e, g) CS-AFM images
corresponding to (a) and (c), respectively. Their cross sections are
plotted in (f, h), respectively. Positions of the cross sections are

indicated by arrows next to the images.

Figure 3 shows the middle pit of Figure 2 in three-
dimensional representation before (a) and after (b) the
second deposition. Besides the growth-induced depth
change, modifications in the local morphology inside the
pit can also be seen. The bottom of the pit turns from
smooth to rough. Note that the images of Figure 3a,b
are optimized to emphasize on the features of the pit in
the z-direction, and consequently their real aspect ratio
is not maintained.
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Figure 2 Local morphology images after FE-MISPC resulting in
non-conductive pits. (a) AFM topography; (e) CS-AFM of the same
spot, and their corresponding cross sections (c, g); (b) AFM
topography of the same area after the second deposition; (f) CS-
AFM and the respective cross sections (d, h). The cross sections are
indicated by arrows next to the AFM images.

Figure 4 shows the micro-Raman spectrum measured
on the conductive pit after second deposition (AFM
topography is shown in the inset image). The crystalline
silicon peak at 521 cm™! is well resolvable, even though
it is superimposed with much more pronounced amor-
phous band. This is because most of the material in the
focus of the Raman is amorphous. Accounting for
Raman focus diameter of about 700 nm (objective 100x,
A = 785 nm) and crystalline region diameter of 100 nm,
crystalline fraction makes only 2% of the detection area.

a)

Figure 3 Three-dimensional AFM topography of the middle pit
in Figure 2: (a) after FE-MISPC process, (b) after the second silicon
deposition.
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Figure 4 Raman spectra of FE-MISPC induced conductive
features before and after the second deposition process. The
inset shows the topography of the measured area corresponding to

the spectrum “after”. The spectrum was measured in the central part
of the pit. Spectra are normalized to the amorphous band.
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Raman measurements, before the second deposition on
various FE-MISPC-exposed spots, showed only broad
amorphous band (typical spectrum shown in Figure 4),
obviously because the crystalline phase amount was
below the detection threshold.

Discussion

The critical factor controlling the outcome of FE-MISPC
is the AFM tip. When it is new, in the first few exposi-
tions, it produces larger, conductive pits irrespective of
the exposition current. During those expositions, the tip
is being “formed.” After tip “forming,” the use of exposi-
tion currents in the range of 0.05-0.15 nA results always
in non-conductive pits as also reported previously [10].
Producing small conductive pits relies on current limita-
tion [11] while allowing for current fluctuations [11,12].
The typical yield is 70% so far [12].

By correlating increased local conductivity [15] and
crystalline silicon peak or at least a shoulder (because of
<2% fraction of the detection area) in micro-Raman
spectra, it can be concluded that silicon nanocrystals are
formed inside the pits after the second deposition. This
conclusion is also supported by the change of local mor-
phology. As illustrated in Figure 3, the bottom of the pit
changes from smooth to rough. Furthermore, the
increase in the pit depth after the second deposition is
smaller than the thickness of the deposited layer (chan-
ged by 75 nm in the case of conductive pits or by
10 nm the case of non-conductive pits vs. 200 nm of
the second film thickness). This indicates that there
must be some growth occurring inside the pits as well.
This effect can be in particular pronounced because the
second silicon deposition is performed at the boundary
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of amorphous and microcrystalline growth where silicon
crystals typically protrude above the amorphous film
because of their faster growth [15].

Under the boundary deposition conditions, silicon
nanocrystals and their aggregates (the so-called micro-
crystalline columns) nucleate at random positions in
otherwise uniform a-Si:H [15,17]. Upon using the loca-
lized FE-MISPC process, the nucleation became focused
into the processed regions. In the case of initially con-
ductive pits, the nanocrystal density is increased also
around the pit compared to farther surroundings. This
may be due to topographical as well as structural modi-
fication of the first a-Si:H film, because, e.g., some addi-
tional local stress and/or atomic scale defects may be
induced around the processed area [20].

In the case of non-conductive pits, the overall density
of nanocrystals remained uniform, i.e., nanocrystals are
randomly scattered across the surface, except for the
perfectly focused growth inside the pits. Formation of
non-conductive pits introduces most likely less stress
and defects in the local structure of the film, thus not
enhancing crystal nucleation around the pit. The non-
conductive pits exhibit pronounced increase in conduc-
tivity after the second deposition compared to the initial
resistive state (see Figure 3). As the background exhibits
conductivity of <5 pA (due to current pre-amplifier
noise at the selected current range), the increase from
the second deposition is of one order of magnitude or
more. This indicates that new silicon nanocrystals are
formed and localized in the pits. The non-conductive
pits are thus the most promising candidates for selective
growth of Si micro- and nano-crystals.

Note that the nanocrystals, which are scattered ran-
domly across the surface or just around the pit, are also
conductive compared to the a-Si:H background, in
agreement with previous reports [15]. However, their
conductivity is two orders of magnitude lower compared
to the center of the pit. Hence, they do not appear as
brighter dots in the current images. This is most likely
because they are grown on the a-Si:H film (with possibly
additional amorphous incubation layer [17]). It can be
assumed that the much higher conductivity of the nano-
crystals inside the pits is because they nucleate more
readily without amorphous stage and are also better
connected to the bottom electrode, e.g., via the conduc-
tive path made by the FE-MISPC process that may be
further improved by the elevated temperature during
the second deposition.

There are several possible factors that can promote
nucleation and growth of silicon nanocrystals inside
both types of the pits created by local FE-MISPC pro-
cess. First, growth precursors during the second CVD
deposition may become more localized inside the pits.
Second, density of a-Si:H defects can be increased inside
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the pits due to local heating and/or evolution of hydro-
gen as in the case of laser annealing that also can pro-
mote further growth of crystalline silicon [20]. Third,
local stress or strain may be increased inside the pits
and may increase the nucleation probability. Fourth,
crystal growth may proceed on the already existing crys-
tals in the case of conductive pits. Fifth, the elevated
temperature during second deposition (100°C) may also
affect the crystallinity of the features. To resolve this,
thermal annealing of a FE-MISPC-exposed sample was
performed. The annealing conditions were identical to
the second deposition conditions described above, but
without the plasma. We noticed some increase in the
local currents after the annealing only on the previously
conductive pits. Since this temperature is not enough to
promote Si deposition, this effect is merely thermal. In
the case of non-conductive pits, there was no effect on
the structural or electronic properties detected. The last
two factors thus cannot explain the growth in non-
conductive pits. The other factors may all contribute to
certain extent, and the main contribution cannot be pre-
sently resolved.

Conclusions

This study demonstrated that the deposition of a second
silicon layer at the boundary condition of amorphous/
micro-crystalline growth on top of the a-Si:H film could
increase the conductivity of areas previously processed
by the local FE-MISPC using AFM. The following
effects were observed: (i) conductivity of conductive fea-
tures (pits) was increased by up to six times, and (ii)
new sub-100 nm conductive spots were generated in
non-conductive pits. The increase in the local conduc-
tivity was attributed to the formation of silicon nano-
crystals (<100 nm) inside the pits as evidenced by CS-
AFM profiles. It was also corroborated by changes of
morphology and by micro-Raman spectra. The process
is the most defined in the case of non-conductive pits.
This study thus opens perspectives for the growth of Si
nanocrystals in predefined positions with nanoscale pre-
cision using the secondary deposition process. Such pro-
cedure, for instance, could be used to adjust the
preferred properties of the nanocrystals by the deposi-
tion parameters.

Abbreviations

AFM: atomic force microscopy; CS-AFM: current-sensing AFM; CVD: chemical
vapor deposition; FE-MISPC: field-enhanced metal-induced solid phase
crystallization; FWHM: full-width-at-half-maximum.
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