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ABSTRACT: The in-plane growth of high-quality crystalline silicon nanowires Selective laser-heating of catalysts for guiding
(SiNWs) guided by laser-heated metal catalysts provides a solid one-dimensional ~growth of IPSLS SiNWs
channel material for the integration of high-performance Si-based electronics, '
while the growth control of these SiNWs remains an unexplored problem. In this
study, we demonstrate that the laser-heated growth of IPSLS SiNWs can be
modulated by the diameter of leading catalysts. The large catalysts with a diameter
of ~220 nm were directly heated under continuous laser illumination by a typical
selected laser-droplet-heating mode, which resulted in the rapid growth of high-
quality SiNWs with a large diameter of 166 + 27 nm. Conversely, the small
catalysts (diameter of <130 nm) can only be activated by the underlying silicon substrate heated under laser illumination, allowing
the rapid growth of thin SINWs of 74 + 9 nm within 30 s. The different growth modes can be explained by a size-dependent heating
theory of nanoscale catalysts with laser illumination. This study proposes a comprehensive understanding of the growth and diameter
control of in-plane SiNWs under laser illumination, providing high-quality channel arrays for the construction of Si-based electronics.
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B INTRODUCTION

Silicon nanowires (SiNWs) are one of the most important
quasi-one-dimensional semiconductor channel materials for
building a new generation of high-performance electronic
logic,l’2 thin-film transistors,>™ and chemical or biosen-
sors,é_lo due to its unique slim structure, large surface-to-
volume ratio, and excellent transport characteristics.""
Currently, the reliable fabrication and integration of crystalline
SiNW channels are usually accomplished by state-of-the-art
top-down etching techniques, including expensive electron
beam lithography (EBL),'” deep ultraviolet,'”'* extreme
ultraviolet lithography,'> and self-aligned double pattern-
ing.lé’17 In addition, bottom-up catalytic growth of SiNWs
guided by metal droplets (such as Ni, Au, and Sn) is a more
cost-effective and simpler approach than that by complex top-
down etching methods, for example, the well-known solid—
liquid—solid (SLS)'®"” and vapor—liquid—solid (VLS) growth
methods.”™* Nevertheless, a significant obstacle to the
growth of high-quality SINWS is the necessity of temperatures
usually >600 °C and the challenge of achieving precise
nanowire positioning without the use of complex transfer
processes.”” >

To address the self-localization challenge, we have
developed an in-plane solid—liguid—solid (IPSLS) growth
strategy in our previous study,”* >* where the indium (In)
catalyst droplets move along a predesigned guiding edge and
absorb a hydrogenated amorphous Si (a-Si:H) layer to produce
SiNW arrays, as illustrated in Figure la. The as-grown SiNWs
have been widely applied in field effect transistors
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(FETs),”” ™" logic,”” sensing,’”** and NEMS devices,.>>>°
Since the growth temperature in IPSLS mode is only required
at the droplet level, we recently developed a self-selected laser-
droplet-heating strategy to elevate temperature for the in-plane
growth of high-quality SiNWs,”” where the leading In droplets
show much stronger absorption to infrared laser (808 nm)
than those of the surrounding a-Si:H and glass or silicon wafer.
Thanks to the direct heating of the leading droplets, the quality
of the as-grown SiNWs has been proven to be equivalent to
those produced with high-temperature (>600 °C) environ-
mental heating. Importantly, these selective nanoscale In metal
heaters allow the high heat to be localized in a submicrometer
space, which opens an effective way to integrate high-quality
NW channels directly upon polymer substrates for developing
high-performance flexible electronics.

Considering the extremely small heat capacitance of the tiny
catalyst droplets and droplet volume-dependent heating
efficiency ~D;,” (diameter of In droplet), the local temper-
ature elevation of catalyst droplets under laser-heated mode
could also be catalyst size-dependent. Different from the
traditional substrate heating mode used in our previous works,
where all of the droplets are heated and activated to guide the
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Figure 1. (a) High-quality IPSLS SiNW arrays grown by selected laser-droplet-heating mode are very important for high-performance FET
integration. (b) All of the droplets are heated to guide the growth of SINW in the traditional substrate heating mode in the PECVD system, with
the Dyw ~ fD,.. (c) Growth control of SINWSs by catalyst size-dependent heating under laser illumination. (d) The results in COMSOL simulation
indicated that the heating efficiency of the catalyst under laser illumination is size-dependent, where large droplets are easily heated to high
temperature (~600 °C) for the guiding growth of SINWs.

(a) Catalyst droplet formation after H, plasma treatment
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Figure 2. Catalyst droplet formation with different nominal thicknesses. (a) A schematic illustration of the formation of In droplets. The stripe
region was first prepared by photolithography (i); then In catalyst stripe was formed by thermal evaporation and lift-off procedure (ii); the sample
was loaded into PECVD and treated by H, plasma treatment to form spherical droplets (jii). (b—d) The morphology of as-received droplets with
nominal catalyst thicknesses of 16, 32, and 64 nm. (e—g) The statistic of droplet distribution of different catalyst thicknesses. Scale bars in b—d
stand for 100 nm.
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Figure 3. IPSLS growth of SiNWs led by catalysts with a diameter of ~60 nm under laser illumination. (a—c) and (e) The growth of SINWs heated
by 3, 7, 10, and 12 W of laser power for 10 min. (d) The middle segment of as-grown SiNWs after 10 W laser heating for 10 min, and the
corresponding diameter statistics of SINWs is shown in (g). (f) The image of growth end of SiNW, with a gap between the droplet and the SINW.
(h—j) The dynamic growth of SINWs heated by 7 W of laser at growth times of 10 s, 30 s, and 5 min. (k) The curve of substrate temperature as a
function of laser power. The temperature was recorded when it reached a steady-state value. Scale bars in (a), (b), (d), (f), (h), and (i) stand for

200 nm; in (c) for 100 pm; in (e) for 2 um; and in (j) for 20 um.

growth of SiNWs with diameters of Dyy ~ fDy, %"

(Figure 1b), the size-dependent heating in the laser heating
mode may result in a different IPSLS SiNW growth (Figure
1c). However, this important aspect has never been verified
experimentally. The heating capacity of In catalysts with
different sizes under 808 nm laser illumination was first
determined using COMSOL simulation toolkits, as shown in
Figure 1d. The results indicated that the larger droplets (e.g,,
Dy, = 300 nm) are indeed more readily heated to a high
temperature (~600 °C) than smaller ones (D;, = 100 nm).
This unique capacity thus inspires us that the large droplets
can be quickly heated and guide the fast growth of SiNWs,
while the surrounding smaller droplets remain at a relatively
low temperature and suppress the growth of SINWs (the right
panel of Figure 1d).

In this work, we systematically investigated the heating
effects and growth of SiNWs led by different catalyst sizes from
the nominal thicknesses of 16, 32, and 64 nm. It was found that
the larger catalyst droplets were directly heated by a laser,
facilitating the guiding growth of high-quality SiNWs with large
diameters via a laser-heated mode. Conversely, smaller droplets
can only be heated by the substrate heat transferring mode,
resulting in the leading growth of smaller SiNWs. This study
provides a new and comprehensive understanding of the laser-
droplet-SiINW growth process, which plays a vital role in the

growth or diameter control of in-plane SiNWs and their
integration into electronic devices.

B RESULTS AND DISCUSSION

To better understand the absorption and heating capacity of
catalyst droplets under NIR laser illumination, three samples
with nominal catalyst thicknesses of 16, 32, and 64 nm were
first prepared at the end of guiding edges by thermal
evaporation (Figure 2a(i,ii)). Then, the samples were loaded
into a plasma-enhanced chemical vapor deposition (PECVD)
system and treated with H, plasma at 250 °C to remove the
oxide layer of In and allow them to agglomerate into discrete
droplets (Figure 2af(iii)). The SEM images in Figure 2b—d
show that the sizes of obtained droplets increased with the
increase of In thickness, with the statistical diameters of 63 +
20, 133 + 59, and 225 + 104 nm (Figure 2e—g).

We first studied the IPSLS growth of SiNWs under laser
illumination, led by the In catalyst droplets formed from an
initial thickness of 16 nm. Before the SiNW growth, the
amorphous silicon layer of ~20 nm thickness, commonly used
for IPSLS growth of SiNWs,>**" was deposited as a precursor
in the PECVD system, by controlling the deposition time of 4
min. Then, the 808 nm laser was applied to illuminate the
samples to heat the catalysts for driving the growth of SINWs
along the guiding edge. During this course, the In droplets
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Figure 4. IPSLS growth of SINW led by initial droplet diameter of ~220 nm from T, of 64 nm under laser illumination. (a—c) The growth of
SiNWs heated by different laser powers of 7, 9, and 10 W for 10 min, respectively. (d) The image of the growth end of SINW, where the In droplet
was tightly attached to the end of SINW, indicating a fast cooling of droplet after the laser was off. (e) Dissociation of In-coated PI substrate after
10 W laser illumination. (f) The diameter statistics of SINWs grown by 10 W laser heating. (g) TEM view of the selected area of SINW for FIB
etching. (h) HR-TEM image of the cross section of SINW and the corresponding electron diffraction pattern is shown in (i). Scale bars in (a) and

(b) stand for 10 yum; in (c) for SO um; in (d) for SO0 nm; in (g) for 200 nm; in (h) for 1 nm; and in (i) for S1/nm.

became molten and started to absorb nearby a-Si to establish a
supersaturation state in the droplet. Eventually, c-Si seeds will
form preferentially at the bottom edges, joined by the liquid
droplet and the substrate surface, and continue to grow larger
and larger to tilt the droplet to move in the opposite direction.
Since the amorphous thin film has a higher Gibbs energy than
¢-SiNWs, with the energy difference /\G ~ 0.12—0.15 eV, the
a-Si thin film is constantly absorbed at the front In/a-Si
interface into the In droplet, while c-SiNW is produced at the
rear SINW/In deposition interface.”® The growth of SiNWs
under different laser powers of 3, 7, 10, and 12 W is shown in
Figure 3a—f, with a constant illumination time of 10 min. The
results showed that SINWs started to grow when the power
reached up to 7 W, indicating that a related large laser power
was needed to build up enough temperature to melt the
droplets, against the heat dissipation into the contacted
environment. When the power is raised to 10 W, long SINW
arrays can be observed along the guiding edge (Figure 3c,d),
with a diameter distribution of 74 + 9 nm in Figure 3g. More
importantly, an obvious gap was found at the end of SINW and

the leading In droplet in this situation (Figure 3f), indicating a
typical environmental heating and cooling growth mode.””
During SINW growth, the In droplets absorb all of the thin a-Si
deposited on their surface and produce SiNWs on the planar
surface, with no obvious interface between the a-Si film and the
In droplets.

We further measured the temperature elevation on the Si
substrate under illumination with different laser powers. As
shown in Figure S1 in the Supporting Information, the wafer
on glass was placed on the lifting stage to reach a suitable
position to be more effectively illuminated and heated by the
laser beam shed through the top glass window. Then, a
thermocouple was fixed on the wafer to measure the surface
temperature, and a black tape was used to shield the
thermocouple tip from laser illumination. After that, the laser
illumination with different powers was applied on the wafer.
The temperature was recorded when it reached a steady-state
value. Figure 3k shows that the surface temperature increases
with increasing laser power, which can be easily raised to the
melting point of In at 156 °C with 3 W irradiation. The
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mechanism for selective growth and diameter control of SiNWs under laser illumination.

temperature reached a high value of 320 °C when the laser
power was set at 10 W, which approximated the temperature
used for the growth of IPSLS SiNWs in the substrate heating
mode.**** Similarly, we also investigated the guiding growth of
SiNWs under 10 W laser illumination, using droplets from 4
and 32 nm thick In, as witnessed in Figures S2 and S3. The
apparent gaps were also found at the end of SiNWs and the
leading droplets, indicating a substrate heating mode for SINW
growth when using these catalysts. In addition, the geometry of
the IPSLS SiNWs is well determined by the ratio of a-Si:H
layer thickness to catalyst droplet size.”’ The a-Si layer of ~20
nm provides a suitable precursor supply for the large In catalyst
to guide the growth of straight SINWs along the edge (Figure
S3), while it is too thick for the smaller ones, resulting in the
growth of meandering and thin SiNWs (Figure S2).

Interestingly, when the power reached 12 W, all of the In
droplets disappeared at the starting and the leading end
positions (Figure 3e). This phenomenon can be attributed to
the vaporization of the In nanodroplets caused by direct laser
heating. Note that the short growth of SiNWs can also be
found under this condition, demonstrating that the temper-
ature was gradually increased until it reached the vaporization
temperature of In. Briefly, during the high-power laser
illumination, the substrate temperature was rapidly increased
above the melting point of In of ~156 °C, and the solid In
spheres were transformed into liquid droplets; then the
temperature was continuously increased and the In droplets
started moving along the guiding edge to produce SiNWs;
finally, the temperature reaches up to the vaporization
temperature of In due to the constant laser illumination,
resulting in the rapid vaporization of the In droplets and
growth stop of SINWs.

In addition, the dynamic growth of SiNWs under a constant
laser power of 7 W was examined by SEM, after different
growth durations, as shown in Figure 3h—j. The In droplets
remained intact during the first 10 s of illumination (Figure

16878

3h), indicating that a necessary incubation time is required for
the In droplets to absorb and build up sufficient temperature to
melt from the substrate by thermal transmission. Then, the
molten droplets started to move and absorb the covered a-Si:H
layer to establish a supersaturation of Si atoms in the droplets,
triggering the kickoff growth of SiNWs after 30 s of
illumination, as seen in Figure 3i. Notably, the very fast
activation growth of SiNWs has never been observed in the
conventional substrate heating mode, although the heat mode
was considered as the substrate heating from laser illumination.
After that, all of the In droplets were activated to lead the
growth of long SiNWs along the guiding edges, with a length of
~60 pm, as shown in Figure 3j at t = S min. These results
demonstrated that the SINW growth under laser illumination,
with an In thickness of 16 nm, was dominated by the substrate
heat, while the effect of the direct heat of the In droplets on the
growth can be negligible.

Figure 4a—c shows the IPSLS growth of SiNWs under
different laser powers of 7, 9, and 12 W, led by the In catalyst
droplets formed from an initial thickness of 64 nm. Under the
laser power of 7 W, most of the SiNWs seem to stop at more
or less the same lengths, as marked by the yellow dashed line in
Figure 4a, indicating that the SINW growth was stopped
almost immediately after the laser illumination. According to
our previous study,’”’ the sudden-growth-stop growth of
SiNWs is a typical feature of the self-selected laser-droplet-
heating mode, which can be explained by the fact that when
the laser was turned off, the In droplets were almost instantly
frozen into a solid due to the rapid heat dissipation from the
tiny droplets into the large environment. Under a laser power
of 9 W, the longer and denser SiNWs were grown along the
predefined guiding edges (Figure 4b). From the enlarged
image of the growth end (Figure 4d), In droplets were tightly
attached to the end of SiNWs, in strong contrast to the
droplet-SiNW detaching situation observed in Figure 3f, which
is also an important feature of the selected laser-droplet-
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heating mode. In addition, a typical growth area of ~1 mm?®
and the magnified image of three SINWs are also shown in the
SEM images (Figure S4), demonstrating the potential
integration of the IPSLS SiNW channel for Si-based
electronics. Furthermore, the moving track of the laser beam
can be controlled by a micromotor to achieve line-by-line laser-
induced droplet heating, enabling the scalable growth of SINW
arrays on large-area substrates. When the laser power reached
up to 10 W, all of the guiding edges were filled with thick
SiNWs, with a length of ~185 nm (Figure 4c) and a diameter
of 166 + 27 nm (Figure 4f). These results indicated that the
larger catalyst droplets can indeed easily absorb the NIR laser
and facilitate the fast guiding growth of SiNWs, while the
temperature elevation of the substrate produced by laser
illumination had little effect on the growth of large SiNWs.
This unique capability can also be demonstrated by a simple
experiment. The catalyst pads with nominal thicknesses of 32
and 64 nm were deposited on polyimide (PI) substrate, and
then the NIR laser with a power of 10 W was illuminated on
the films. Figure 4e indicates that the laser leads to serious
deterioration and dissociation of the underlying PI thin film
with the 64 nm thick catalyst, resulting in reduced transparency
and cascading burning spreading from the region below the In
pads. In comparison, the PI substrate remains intact when the
10 W laser illumination was applied to the catalyst pad with 32
nm thickness (Figure S3d). Note that the high temperature in
growth zones can be effectively separated from the underlying
PI thin film by the use of a SiO, buffer layer before they can be
used to fabricate the electronics.”” Thanks to the high
evaporation point of the large droplets, the temperature on
these In droplets did not lead to their disappearance during the
growth of SiNWs.

To examine the crystallinity of SiNWs grown by laser
heating, a cross section of the nanowire was prepared by
focused ion beam (FIB) milling (as shown in Figure 4g) and
then characterized by high-resolution transmission electron
microscopy (HR-TEM). Close HR-TEM examination (Figure
4h) showed that the as-grown SiNW had a crystalline lattice
with a clear fringe spacing of 0.31 nm, corresponding to that of
the Si (111) planes. According to the electron diffraction
pattern shown in Figure 4i, a set of coherent Si lattices was
observed, with a growth orientation along the Si [110]
direction, which was consistent with the TEM results in our
previous report.37

Furthermore, the growth rate and diameter of SiNWs heated
by an NIR laser, led by different In droplet sizes, are shown in
Figure Sa,b. The growth rates highly depend on the laser
intensity and the catalyst sizes. Specifically, the growth rate of
SiNWs guided by large droplet size of ~220 nm was almost
two times higher than those of ~130 and ~60 nm with the
same laser power of 7 W, which can be attributed to the high
temperature directly generated by the large droplets under
laser illumination. However, the temperature was insufficient
to activate the In droplets with a diameter of <130 nm for
SiNW growth, due to the low substrate heating effect in this
situation. Fortunately, the growth rate can be significantly
improved by increasing the laser intensity. For example, the
growth rate under 10 W illumination was two times higher
than that at 7 W. Similarly, the diameter of the as-grown
SiNWs also depended on the laser intensity and the catalyst
size. In addition, the SINW diameter produced by the droplet
size of <130 nm was smaller than that by the large droplets of
~220 nm, which can be attributed to the fact that the diameter

of as-grown SiNWs is roughly proportional to the size of
leading droplets.

Similar to the photothermal conversion in popular metal
nanomaterials, such as gold and silver particles, the selected
heating of In nanodroplets under laser illumination can also be
explained by surface plasmon resonance. When the incident
light irradiates conductive In droplets, the light interacts with
free electrons or holes in In and causes a coherent oscillation.
The electrons jump to an excited energy state, followed by the
electron—electron scattering, thereby leading to the redis-
tribution of hot electrons.”** Hot electrons can release
thermal energy through the process of electron—phonon
relaxation, which produces photothermal heating of the In
nanodroplets.

Theoretically, the heat (Q;,, W) generated on spherical In
nanodro})lets under laser illumination can be described as Qy,
= Cyue,'® where C,, is the absorption cross-section area and
can be quantitatively derived as C,, o Vi, o« Ry,%* and I 'is
the laser fluence. Considering the heat transfer with the
surrounding medium, the temperature elevation (ATy,) of the
spherical In droplets can be calculated by AT, = Q/
47K Ry, """ where K, is the thermal conductivity of the
surrounding medium. Therefore, the temperature elevation on
In nanodroplets heated directly by the laser is proportional to
the catalyst size Ry, (or Dy,). This unique capability results in
different growth modes of IPSLS SiNWs. Specifically, Figure
Sc shows the schematic of SINW growth via substrate heating
mode when the leading In droplets are small (e.g, <130 nm),
where Qy, is very small and insufficient to directly melt the
droplets. During this course, the fast heating of silicon
substrate under continuous laser illumination transfers the
heat to the above droplets and melts all of the small catalysts to
guide the growth of thin SiNWs (also shown in Figure 3g). In
contrast, the selective and direct heating of the large-size
droplets with 220 nm makes them fast moving and leads to the
growth of large SiNWs (Figure Sd). Note that substrate
heating also plays an important role in the heating of small
droplets among the large ones, resulting in a guiding growth of
small and relatively short SINWs, which can be witnessed by
the image of SINW at the stating position in Figure SS.
Considering the integration of SiNW channels for high-
performance FETs, the high-quality and thin-diameter SiINWs,
grown by selected laser-droplet-heating mode, are required,
which can be achieved by modulating the wavelength and
power of the laser and the size of the leading droplets.

B CONCLUSIONS

In summary, the effect of catalyst size-dependent heating on
the controlled growth of IPSLS SiNWs under laser
illumination has been established. The growth rate and
diameter of as-grown SiNWs under laser illumination were
determined by the droplet size and laser powers. For the
leading growth of SiNWs by small size of droplets, the
substrate heating dominates the SINW growth with a diameter
of 74 + 9 nm, while the direct laser heating effect on droplets
can be neglected. We also found that the large catalyst droplets
were directly heated to a high temperature by laser to guide the
SiNW growth with a large diameter of 166 + 27 nm, while the
small droplets among the large droplets were still heated
through substrate heating mode and led the growth of small
SiNWs. Thus, this study develops a new approach for diameter
control of IPSLS SiNWs and provides a solid material basis for
the construction of Si-based electronics.
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B EXPERIMENTAL SECTION

Catalyst Deposition and the Droplet Formation. A silicon
wafer coated with S00 nm thick SiO, was first cleaned sequentially
with acetone, ethanol, and deionized water for 10 min each in an
ultrasonic cleaning machine. Then, the straight guiding step edges
were defined on the substrate surface by photolithography and etched
into the SiO, layer to a depth of ~150 nm using inductively coupled
plasma. After that, the region for the In catalyst was patterned by
lithography at the end of the guiding edge. The In films with different
thicknesses were deposited by thermal evaporation and followed by a
lift-off procedure in acetone solution. Then, the samples were loaded
into the PECVD system and treated with H-plasma at 250 °C for S
min to remove the native surface In oxide layer and to melt and
agglomerate them into discrete droplets at a pressure of 140 Pa and a
radio frequency power of 10 W.

Laser lllumination for the IPSLS Growth of SiNWs. An
amorphous silicon (a-Si) layer with a thickness of ~20 nm was
deposited at 150 °C (below the melting point of In) using SiH,
plasma for 4 min at a flow rate of SiH, and a pressure of S SCCM and
20 Pa, respectively. Then, laser illumination was applied to the
samples in a vacuum, with different powers and durations. Briefly, the
selected lasers with powers of 3, 7, 10, and 12 W were separately
irradiated on the different samples for 10 min each. For the dynamic
growth of SiNWs under laser heating, the 7 W laser was applied to the
samples with an illumination time of 10 s, 30 s, or S min. The In
droplets molten again and started to move along the guiding edges,
absorbing the nearby a-Si layer to produce crystalline SiNWs. The
morphologies of the as-grown SiNWs were collected in SEM. The
crystalline lattice and growth direction of SiNWs were characterized
by TEM, where a focused ion beam (FIB) milling was first used to cut
a cross-sectional slice of SINW. The growth rate and diameter of
SiNWs under different laser powers were obtained from the statistical
results in SEM images.

Finite Element Simulation of Size-Dependent Catalyst
Heating under Laser lllumination. The heating capacity of In
droplets with different diameters was determined using COMSOL
simulation toolkits. The In droplets with diameters of Dy, = 100 and
300 nm were constructed on Si wafers, with the a-Si film and the c-
SiNW at the front and back interface, respectively. The power of the
808 nm laser was assumed to be 10 W.
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