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Initial nucleation and growth of in-plane solid-liquid-solid silicon nanowires catalyzed by indium
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We report a systematic investigation of the initial nucleation and growth of in-plane solid-liquid-solid
(IPSLS) silicon nanowires (SiNWs), catalyzed by indium (In) drops prepared in sifu by a H, plasma superficial
reduction of indium tin oxide in a plasma-enhanced chemical-vapor deposition system. A supersaturation of Si
atoms in the In catalyst drop is first established by the absorption of the hydrogenated amorphous silicon
(a-Si:H) layer coating the catalyst drops. The initial nucleation of Si seeds in the catalyst drop is found to
happen preferentially along the catalyst bottom edge and the lateral growth of SINW is actually triggered by
the largest Si seed that tilts the catalyst drop into the opposite direction to form new absorption edge with
nearby a-Si:H layer. We show that the ratio of the a-Si:H layer thickness to the catalyst diameter is a key
controlling factor for achieving a high-growth activation rate of the lateral IPSLS-SiNWs.
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Silicon nanowires (SiNWs) can be obtained via different
mechanisms, for example, the well-known vapor-liquid-solid
(VLS) (Ref. 1) and oxide-assisted growth (Ref. 2) modes,
and serve as the key elements for high performance SiINWs-
based transistors,>* biosensors,® and energy harvesting
devices.”® Recently, we reported an in-plane solid-liquid-
solid (IPSLS) growth mode for fabricating lateral SINWs in
a plasma-enhanced chemical-vapor deposition (PECVD) sys-
tem during an all-in situ process.” The indium (In) catalyst
drops, covered by a thin hydrogenated amorphous silicon
(a-Si:H) layer, are activated into lateral growth during a
reacting-gas-free thermal annealing process. This IPSLS
growth mode can be viewed as a nanoscale solid-state crys-
tallization process guided by a moving In catalyst drop. Dur-
ing the lateral movement, the In catalyst drops absorb the
a-Si:H matrix and produce crystalline SINWs behind. A high
growth rate of ~10%> nm/s and rich growth dynamics, due to
the interplay between the absorption and deposition inter-
faces, are directly witnessed in real time scanning electron
microscopy (SEM) characterizations.” While the unique
growth mechanism and growth dynamics are of fundamental
interest, this IPSLS growth mode renders a rich flexibility in
controlling the morphology and position of the produced
SiNW, and thus opens new opportunities for various SINWs-
based device applications.

In order to achieve full control over the growth of SINWs
obtained via IPSLS mode, it is crucial to obtain an in-depth
understanding of the initial nucleation and growth of the
IPSLS-SiNWs, in order to identify the key controlling fac-
tors for a high activation rate. In this paper, we focus on the
initial nucleation of Si seeds in the In catalyst drop and ex-
plore how these crystalline seeds eventually trigger the
growth of lateral IPSLS-SiNWs. We show that the ratio of
the covering a-Si:H layer thickness to the catalyst diameter is
the key parameter that influences the growth activation rate
of the IPSLS-SiNW. The major steps involved in the forma-
tion of the lateral SINW are discussed in detail.

The experimental procedure for the growth of IPSLS
SiNWs includes three steps: (1) the In catalyst drops are
prepared in situ by a H, plasma treatment of an indium tin
oxide (ITO) substrate in a PECVD system at 250—350 °C;
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(2) the substrate is cooled to a temperature below the melting
point of In (7},=157 °C) and covered with a thin layer of
a-Si:H (10-100 nm); (3) the sample is annealed in vacuum
(in the same chamber) at substrate temperature of Ty
=350-500 °C to activate the lateral growth of the SiNWs.
All the fabrication steps can be done in a one-pump-down
process. More details about the plasma deposition conditions
are provided in our previous work.’

A SEM image of a typical IPSLS SiNW and a schematic
illustration of the sample structure are presented in Figs. 1(a)
and 1(b), respectively. The in-plane growth of the SINW is
guided by an In catalyst drop that consumes the a-Si:H ma-
trix and produces a crystalline SINW behind, during a ther-
mal annealing at 450 °C for 10 min. The insets in Fig. 1(a)
provide enlarged views of the original nucleation site and
final end of the SINW.

Similar to the solid-phase crystallization process of
a-Si:H, the nanoscaled crystallization process of the a-Si:H
matrix into crystalline SINWs is driven by the Gibbs energy
difference between the amorphous and the crystalline Si
phases. The higher Gibbs potential energy in the amorphous
a-Si:H matrix (E,) as compared to that in crystalline SINWs
(E,), with AE,.=E,—E,~0.12-0.15 eV,'%!! provides the
major driving force for the lateral growth of the IPSLS
SiNWs. From a kinetics point of view, the In catalyst in the
IPSLS growth mode plays an important role to lower the
transformation energy barrier in a direct solid-phase-
crystallization (amorphous-to-crystalline) process, which
arises from the high energy saddle states during the network
rearrangement and is ~2.7 eV.'>!3 Meanwhile, in the IP-
SLS growth mode, the Si atoms are absorbed from solid
a-Si:H matrix at the front interface and then transported and
deposited at the crystalline SINW end. The major steps in-
volved in the IPSLS growth mode share much similarity with
the well-known VLS process, except that in the VLS mode
the feeding precursor is in gas phase.!'

Taking the Gibbs energy of Si atom in crystalline silicon
as a reference, as illustrated in Fig. 2, the chemical potential
of the dissolved Si atom in an In catalyst (E; with a concen-
tration of Cg;) can be given by!3-17
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FIG. 1. (Color online) (a) SEM image of a typical SINW obtained via IPSLS mode. The upper and down insets provide enlarged views
of the original site and the final end of the SiNW; (b) schematic illustration of the sample structure and the IPSLS growth mechanism of a

lateral SINW catalyzed by an In drop.

Au=E;~E.=kT-In S =kT-In(Cg/C",). (1)

where C,, is the equilibrium Si concentration at the
¢-SiNW/In interface and S= Cg;/ ng is the supersaturation in
the In catalyst while k and T are the Boltzmann constant and
the substrate temperature, respectively.

The higher Gibbs energy in the a-Si:H matrix leads to a
higher equilibrium Si concentration at the a-Si/In interface
than that at the c-Si/In (or SINW/In) interface,

CZq — ng . eAEaC/kT’ (2)

which establishes a supersaturation of dissolved Si atoms
with respect to the c-Si/In interface. The maximum super-
saturation that can be established (at ~500 °C) in the In
catalyst is estimated to be

S=Cg/Cy, = = C0/Co = el = 6.1-9.5. (3)

This supersaturation state enables the nucleation of stable Si
seeds in the In catalyst with a critical size of around

rC=2' ’YIS'QSi/A/'l‘:Z' ’ylS-QSi/(kT'ln S) ~24-33 nm,
4)

where 7, and (g; are the interface energy between Si seeds
and In and the atomic volume of Si, respectively.

The nucleation process is schematically shown in Fig.
3(a). During the thermal annealing, when the substrate tem-
perature increases to T, > T1,=157 °C, the In catalyst turns
into liquid state and begins to absorb the Si atoms from the
covering a-Si:H layer (with a thickness of H,). Therefore, the
concentration of Si atoms in the catalyst increases until Cg;
~ Czq. Then, nucleation of stable Si seeds may happen in the
In catalyst and provide nucleation centers for further hetero-
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FIG. 2. (Color online) Schematic illustration for the relative

Gibbs energy state of Si atoms in the crystalline SINW (E,), In
catalyst solution (E;), and a-Si:H matrix (E,).

geneous nucleation and growth. It is worth to note that, ac-
cording to the SEM observations, the formation of Si seeds
seems to preferentially happen along the bottom edge of the
catalyst drop, at the triple interface between a-Si:H, the ITO
layer and the In catalyst. This can be inferred from the SEM
images taken in the area of SiNW nucleation, as shown in
Fig. 1(a) (upper inset) and Fig. 4(a). It can be seen that a
chain of small Si seeds are found along the edge of the start-
ing pits left by the catalyst drops. This can be explained by
the fact that: the c-Si/In interface energy (7, on the order of
~1 J/m?) (Ref. 17) is much larger than the energies of the
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FIG. 3. (Color online) [(a) and (b)] Schematic illustration of the
absorption of the covering a-Si:H and initial nucleation of Si seeds
in the In catalyst; [(c) and (d)] the nucleation of the lateral IPSLS
SiNW triggered by the formation of large Si seed that tilts the
catalyst drop to specific direction and forms a new absorption in-
terface with the nearby a-Si:H.
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FIG. 4. (Color online) Close views of the original starting site of
two lateral SINWSs, where the largest Si seeds on the edge are al-
ways opposite to the initial growth direction of the SINWs but not
necessarily connected to the SINWs.

amorphous-crystalline Si interface (7,.) and the oxide
(ITO)/Si interface (y,.).'® The effective/average surface en-
ergy seen by a Si seed at the bottom edge line is

Yetf = Yac ™ ®ct Yoo~ Coct Vis- (1 = Oy — aoc) < Y (5)

with «,. and «,, being the portion of touching area between
Si seed with the a-Si:H and ITO, respectively. Therefore, the
nucleation barrier at the sites along the bottom edge (which
is ~9%) (Ref. 15) is generally lower than that inside the
catalyst liquid and thus allows for the formation of smaller
stable Si seeds first at the bottom edge line (since r.~ ).
Interestingly, the initial growth direction of the lateral
SiNW is always found to be opposite to the largest Si seed,
as shown, for instance, in Figs. 1 and 4. These observations
suggest that the catalyst drop is actually tilted by the largest
Si seed on the catalyst bottom edge into a specific growth
direction. As illustrated in Fig. 3(c), once the stable Si seeds
are formed along the bottom edge, the largest one will pro-
vide the most stable sink for the dissolved Si atoms. Accord-
ing to the regular faceting of the largest Si seeds, as shown in
Figs. 1 and 4, these seeds are usually terminated by relatively
more stable Si(111) and Si(100) planes. When one of the
crystalline seeds finally becomes large enough to effectively
tilt the In drop towards the opposite direction, the liquid
catalyst drop has a chance to contact the nearby a-Si:H layer
and form a new absorption front there. As discussed in our
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FIG. 5. SEM images of the inactive catalyst drops due to (a) the
formation of multiple Si seeds around the bottom edge line or (b) a
vertical growth that detaches the catalyst from the substrate.

previous work, this newly formed triple phase line, between
the In, a-Si:H, and vacuum media, will exert a drawing force
on the liquid catalyst drop.” This force, arising from the im-
balanced surface tensions at the triple line (due to the con-
tinuous absorption of Si atoms at the In/a-Si interface), even-
tually initiates the lateral growth of IPSLS-SiNW.

It is worth to point out that the largest Si seed, which tilts
the catalyst drop for lateral movement, is not always the
nucleation center for the following growth of lateral SINWs.
In some cases as shown in Figs. 1, 4(a), and 4(b), the newly
formed interface with the nearby a-Si:H layer could foster
other Si seeds to serve as the nucleation center for the start
up of the lateral SINWSs. This situation allows us to clearly
identify the initial zriggering Si seed that sits at the opposite
side of the original pit. It is also possible for the drawing
force on the triple phase line to displace or even break the
initial segment of SiNWs away from its initial nucleation
seeds.

Meanwhile, inactive catalyst drops (which fail to lead a
lateral growth of SINWs) are also observed. There are gen-
erally two situations for these inactive drops: (i) as shown in
Fig. 5(a), if the catalyst drop produces simultaneously mul-
tiple Si seeds of similar size at the bottom edge line, the
forces of the Si seeds to tilt the catalyst drop into one direc-
tion cancel each other; (ii) if the growth of the SINW seg-
ment develops in a vertical direction [similar to the VLS
growth mode as shown in Fig. 5(b)], the catalyst drop is no
more in contact with the a-Si:H on the substrate. In this case,
the catalyst drop is unable to reach the nearby a-Si:H layer to
form a new absorption front and thus the growth will stop
after consuming all of the covering a-Si:H layer. Therefore,
the formation of a new absorption front (interface) with the
nearby a-Si:H layer that covers the substrate, as illustrated in
Fig. 3(c), is the key step for a successful growth of lateral
SiNWs. This will, in turn, rely on the formation of large
enough and asymmetrically distributed Si seeds at the cata-
lyst bottom edge to effectively tilt/trigger the catalyst drop
into one specific growth direction.

Considering that the nucleation of Si seeds in the catalyst
relies on the supply of Si atoms from the a-Si:H layer to
build up a supersaturation concentration of dissolved Si at-
oms in the catalyst, with respect to a-Si/In interface C‘jq
=ng-eAEaﬂ/ KT q critical thickness of the a-Si:H covering thin
layer needs to be absorbed. Since the solubility of Si in In
(Ref. 19) is much lower as compared to that in Au (Ref. 20)
and Cu,?! much less Si atoms have to be absorbed in order to
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FIG. 6. (Color online) (a) Statistics on the dependence of the successful growth of lateral SINWs on the diameter of the In catalyst drops
(is), for various a-Si:H covering thickness (H,): 10, 17, and 34 nm. (b) The data in (a) are replotted with the size of the active catalyst as a
function of the thickness of the a-Si:H covering layer. The FWHM of the distributions in (a) are used to define an activation corridor for

achieving a high activation rate of lateral SINWs.

establish supersaturation in the In catalyst. The critical thick-
ness for establishing an initial supersaturation (of CZq) in the
In catalyst drop is estimated to be

H™ 7R

AE kT
e ac . Q l/Q n’ R
(m/6)R Iy, S

P |
> = H = Gy :

~ 107 -R,, (6)

with Qg;, Qy,, and R, being the atomic volume of Si and In
atoms and the diameter of the In catalyst drop, respectively.
HZ'" is usually less than <1 nm for typical catalyst drops of
200-500 nm (at 500 °C). However, this is far less than the
thickness required for the formation of large Si seed(s) to
effectively tilt the catalyst, which will require continuous
absorption of Si atoms from the a-Si:H covering layer. If the
volume ratio of the largest Si seed to the catalyst drop is
roughly of o,=V,,.,/V,.~0.02 (for typical catalyst drops in
range of 300-500 nm according to SEM observations), with
Vieea and V. being the volume of the Si seed and catalyst
drop, a minimum thickness of the a-Si:H covering layer for
the nucleation and growth of the large Si seed(s) is required

m- GURC
3a
~1072-R,, (7)

H'm-R>- af(wl6-R) =m- 0, = H' =

where m=1 is the number of coexisting Si seeds of similar
size and « is a geometry constant that accounts for the vol-
ume contraction between amorphous and crystalline Si.
According to the statistics on the successful growth of
SiNWs, it is the ratio of the covering a-Si:H thickness (H,)
to the diameter of the catalyst (R,) that determines the acti-
vation rate of the catalyst drops for the growth of lateral
SiNWs. A series of three samples were prepared with differ-
ent a-Si:H covering thickness of 10, 17, and 34 nm but with
the same H, plasma treatment and annealing temperature of
450 °C. For each condition, 30-40 active catalyst drops

(leading the lateral growth of SiNWs) were sampled by using
SEM characterizations to produce the statistics data. As
shown in Fig. 6(a), the most likely size for an active catalyst
drop shifts from around 151 to 841 nm with the increase in
covering a-Si:H thickness. The data in Fig. 6(a) are replotted
in Fig. 6(b) with the size of the active catalyst as a function
of the thickness of the a-Si:H covering layer. Moreover, we
use the full width at half maximum (FWHM) of the distri-
bution fittings in Fig. 6(a) to define a region for which the
growth of the IPSLS SiNW will most likely take place. As
depicted in Fig. 6(b), we identify this region as an activation
corridor for achieving a high activation rate of the lateral
SiNWs.

As can also be seen in Fig. 6(b), a too thick a-Si:H layer
(for a given catalyst size) is unfavorable for the growth of
IPSLS SiNWs. This can be understood based on the fact that
in order to form a new absorption front/interface with the
nearby a-Si:H layer, the catalyst drop needs to emerge out of
the covering a-Si:H shell, which is solid in the temperature
range of experiment. The influence of the Si seeds on the
catalyst drop will be limited by the solid shell. Before the
full consumption of the solid a-Si:H covering shell, the
movement of the catalyst drop (guided by the contact inter-
face with the a-Si:H shell) is basically vertical since the
forces in lateral direction cancel each other for a hemispheri-
cal catalyst. So, with a too thick a-Si:H layer, the catalyst
will most likely produce multiple Si seeds around the bottom
edges or grow in a basically vertical way before emerging
out of the a-Si:H layer. This will detach the catalyst drop
from substrate and limit the chance for the catalyst to form a
new absorption interface with the nearby a-Si:H layer. There-
fore, a suitable thickness of a-Si:H layer should (i) provide
enough Si atoms for the formation of large enough Si seeds
and (ii) allow for the catalyst to quickly emerge out of the
solid a-Si:H shell to form a new absorption interface with the
nearby a-Si:H layer, as illustrated in Figs. 3(c) and 3(d).

Besides the general trend shown in Fig. 6, there are also
some exceptional cases for very large catalyst drops, which
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are active even in a range far away from the activation cor-
ridor, as can be seen in Fig. 6(a). This could be explained, for
example, by considering that there is just one dominant Si
seed formed along the bottom edge. This seed would collect
most of the dissolved Si atoms in the catalyst while the larger
surface area of the catalyst drop (proportional to ~R§) would
enable this lucky Si seed to grow into a size large enough to
tilt the catalyst drop. However, further investigation about
this point is still needed.

In summary, we have presented a comprehensive investi-
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gation of the initial nucleation and growth of IPSLS SiNWs.
The major growth steps and the underlying mechanism have
been discussed. A successful activation of the catalyst drop
for the SINWs growth relies on the formation of a new ab-
sorption interface with the nearby a-Si:H layer. The ratio of
the covering a-Si:H thickness to the diameter of the catalyst
is identified as the key parameter for achieving a high growth
activation of the IPSLS-SiNWs, which provides important
information for understanding the initial stage of the IPSLS-
SiNWs and lays a basis for their future device applications.
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