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hen their electrodes are made of

nanomaterials or materials with

nanoscale features, energy con-
version and storage devices, such as solar
cells and rechargeable batteries, often
exhibit new and improved properties.' ©
Depending on the detailed processes invol-
ved, different devices benefit from the elec-
trode innovations at the nanoscale differ-
ently. For instance, better light absorption
or improved charge collection or both have
been shown by solar cells containing nano-
wires;” '° faster charge and discharge rate
or prolonged cycling lifetime or both have
been reported when nanostructures are
used for Li-ion batteries.>''~'* A key factor
that enables these encouraging results is
our ability to design and synthesize materi-
als at the nanoscale. To advance research in
these areas further, we need detailed under-
standings about how various chemical pro-
cesses produce these nanostructures. Despite
intense research efforts, however, this
knowledge is limited.>%'*'8 The limitation
is exemplified in the unique two-dimen-
sional (2D) nanonet system that we recently
studied.'®2° Different from other hierarchi-
cal or branched nanowires (or nanorods),
the structural complexity of the nanonet
is confined within a flat sheet. We have
demonstrated that this novel material is a
promising platform for a number of applica-
tions, including solar water splitting?' —2*
and Li-ion batteries.'*'* Although our initial
results suggest that the nanonet growth is
governed by the nature of TiSi, crystal
structures, and that higher Si-to-Ti ratios
favor the 2D nanonet morphology,'®?° a
number of important questions remain un-
answered. For instance, how do the initial
nuclei form? What is the driving force for the
branch formation? Can we control the de-
gree of the complexity? These questions are of
fundamental importance to the revelation of
the detailed processes involved in the nano-
net synthesis and will likely contribute to the
understanding of nanostructure synthesis in
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ABSTRACT The titanium disicilicate (TiSi,) nanonet is a material with a unique two-dimensional
morphology and has proven beneficial for energy conversion and storage applications. Detailed
knowledge about how the nanonet grows may have important implications for understanding
seedless nanostructure synthesis, in general, but is presently missing. Here, we report our recent
efforts toward correcting this deficiency. We show that the TiSi, nanonet growth is sensitive to the
nature of the receiving substrates. High-yield nanonets are only obtained on those exhibiting no or
low reactivities with Si. This result indicates that Si-containing clusters deposited on the substrate
surfaces play an important role in the nanonet synthesis, and we suggest they serve to initiate the
growth. The morphological complexity of the nanonet depends on the precursor concentrations but
not on the growth durations. More TiCl, results in nanonets with more complex structures. We
understand that once a beam of a TiSi, nanonet is formed, its sidewalls are resistant to branch
formation. Instead, the tip of a beam is where a branch forms. This process is driven by the reactions
between Ti- and Si-containing species. Building on this understanding, we demonstrate the creation
of second-generation nanonets.

KEYWORDS: titanium silicide - nanostructures - nanonets - chemical vapor
deposition - seedless growth

general. Answers to these questions may
eventually enable the development of che-
mistries that can produce nanomaterials with
desired morphologies and properties—a
grand challenge in materials chemistry—and
therefore will have a profound impact on
research in this field. Here, we report results
that may help answer these questions. Our
results show that the initiation of the nanonet
growth is dependent on the type of substrates
used and that the branch formation is driven
by the reactions of the precursors at the
growth tips. Using this understanding, we
demonstrate that the complexity of the
2D structure can indeed be controlled and
present the formation of second-generation
nanonets.

RESULTS AND DISCUSSION

* Address correspondence to

. C . . dunwei.wang@bc.edu.
To elucidate how the initial nucleation 9@

process takes place, we first carried out a
series of growths on different substrates,
including Si, Si with thermally grown oxides,
quartz, Ti foil, Ti foil with a Pt coating, Ti foil
with a Si coating, Si with a Ni coating, and
stainless steel foil. A clear trend was observed
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Figure 1. Comparison of TiSi, nanonet yields on different
substrates. (a) Ni-coating on Si; (b) stainless steel; (c) Ti foil;
(d) Ti foil with Pt coating; (e) Ti foil with Si deposition; (f) Si
with thermally grown oxide; (g) quartz; (h) Si; (i) the back-
side of Si. The yield for each sample was normalized relative
to that on the Si substrate. Two representative top-view
scanning electron micrographs (SEM) of TiSi, nanonets
grown on Si and Ti, respectively, are included as insets. Scale
bars: 1 um.

when the nanonet yields on these substrates were
directly compared. Generally, low yields were obtained
on substrates that can react with Si at elevated tem-
peratures, as shown in Figure 1. For example, scarce
TiSi, nanonets were found on Ni-coated substrates.
The majority of the products were sheets that could be
identified as NiSi, (see Supporting Information).>>2¢
Given that the growth parameters, including the pres-
sure (P), the temperature (T), the precursor flow rates
(SiH,4 and TiCl,, respectively), and the growth durations
(t) were identical for all samples examined, we con-
cluded that the different yields result from the differ-
ences in the nucleation processes on various subs-
trates. We suggest that the initial nuclei leading to the
production of TiSi, nanonets are made of Si, which
form as a result of the SiH, thermal decomposition
under the growth conditions. If the substrate onto which
the nanonets are grown reacts with Si, the nuclei will fail
to form, resulting in low or no yield of nanonets. That the
yields on Si-based and Si-covered substrates (including
those of amorphous and crystalline SiO,) are comparable
also supports this hypothesis because Si deposition on
these surfaces is expected to be comparable. Note that
the yield on Pt-coated substrates was lower than those
on Si-based substrates by 30% presumably because of
relatively poor adhesion of Si onto Pt surfaces.

In addition, we suggest that the growth of TiSi,
nanonet is a surface process but not a gas-phase one.
This means the nanostructures are not formed in the
gas phase and then deposited onto the receiving
substrate. Instead, they directly grow on the surface.
Two pieces of evidence support this conclusion. First,
no measurable differences in the yield were observed
on the front side (facing up) or the back side (facing
down) of a Si substrate. Second, we did not observe any
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Figure 2. Evolution of TiSi, nanonets at different growth
stages, varying from (a) 75 s, (b) 90 s, (c) 120 s, and (d) 6 min.

nanonets downstream away from the heated (i.e., the
growth) region in the growth chamber. Once pro-
duced, the nanonets were typically affixed to the
substrate and could survive harsh treatments such as
pressurized gas blowing or rinsing. Our previous results
indicated that the nanonets form a good electrical
contact to the supporting substrate with negligible
resistance.'>*">> This means the interface between the
initial growth nuclei and the substrate surface is of high
quality. The property is an added benefit if the nano-
nets are to be used for energy-related applications,
where low impedance charge transport is desired.
We next sought to examine how the nanonets form
the 2D complexity by observing the different stages of
a nanonet growth, at 75 s, 90 s, 120 s, and 6 min,
respectively (Figure 2). According to the existing litera-
ture, at least two competing mechanisms can be used
to explain the formation of a complex nanostructure.
The first one involves the formation of a trunk first,
from which branches grow.'®'7?73% Alternatively,
different parts of a complex nanostructure can grow
at the same time, creating the final product in a
one-step reaction.”'*2°*%*! Qur experimental observations
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Figure 3. TiSi, nanonets of different complexities were produced under different TiCl, feeding rates: (a) 1.9 sccm, (b) 2.3 sccm,
and (c) 3.0 sccm. The flow rate of SiH,; was fixed at 50 sccm. Scale bars: 200 nm.
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Figure 4. Schematics of the proposed mechanism governing the TiSi, nanonstructure growth. The chemistry starts with
nucleus formation (a), followed by the elongation of C54 (b) and C49 (d) rods. The branching is caused by the breaking of side
passivations at the growth front by Ti-containing clusters (c and e). Second-generation (2G) nanonets can be produced when
the conditions change to suppress the continued growth of the original nanonets and to favor the initiation of new ones (f).
Legends of color-coded balls in this schematic: red is Si; yellow is Ti; gray is H; and green is Cl.

indicated that the nanonet growth is likely governed by the
second mechanism. As can be seen in Figure 2, the 2D
nature of the nanonet was apparent 90 s after the growth
was initiated. Throughout the growth, no branch-free
trunks dominate the morphology. It suggests that all
branches within a nanonet are of similar chemical reactiv-
ities. We also note the growth progresses at a relatively
rapid pace. The size of a nanonet typically reaches >2 um
in 6 min. This is consistent with the report by Kim et al.
that silicide nanowires and nanotubes grow rapidly on
the surface.®

Another important fact was revealed by Figure 2.
Although the size of a nanonet increased as the growth
continued, the complexity remained unchanged. The
complexity can be quasi-quantitatively defined as the
ratio between the areas covered by TiSi, branches and
those by the voids if a nanonet were laid flat on a
surface. It was approximately 1:2 for the nanonets
shown in Figure 2 and was increased to 1:1 for those
shown in Figure 3a, 4:1 in Figure 3b, and higher than 9:1
in Figure 3c when different growth conditions were
applied. While the SiH, flow rate was fixed at 50 sccm,
the TiCl, flow rates varied from 1.9, 2.3, to 3.0 sccm for
those in Figure 3a—c, respectively. Indeed, the nano-
nets shown in Figure 3c are so complex that they
appear as continuous sheets, although voids as a result
of the growth mechanism are still distinguishable.
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Significant to our discussions, the 2D nature of the
highly complex nanonets remains unchanged.

We understand the result as follows. At the initial
stage of the growth, nuclei mainly consisting of Si are
formed. Subsequent co-deposition of Ti and Si to the
nuclei leads to the formation of anisotropic TiSi, beams
in a form similar to nanorods or short nanowires. Due to
the passivation effect of Si on the {010} planes as a
result of relatively high concentrations of SiH,, the
preferred crystal structure is C49 under the growth
conditions (SiH,4 flow rate 50 sccm). As a C49 TiSi, beam
continues to elongate, Ti-rich clusters occasionally
break the Si passivation and lead to the formation of
a branch perpendicular to the original beam. We
hypothesize that the branching effect predominantly
takes place at the growth front. That is, once a beam is
formed, its sidewalls are passivated by Si; further
deposition of Ti or Si or both onto the sidewalls is
unlikely. The hypothesis is supported by the observa-
tion that the beams of a nanonet did not increase in
diameters as the growth progressed. As a result of this
branching mechanism, the complexity of a nanonet is
determined by the growth condition (more specifically,
the availability of Ti clusters). We believe Ti is the key
reason for the branch formation because higher
Ti concentrations produce more complex nanonets.
Alternatively, one may argue that Cl in TiCl, could be
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Figure 5. Splitting of TiSi, nanowires under high TiCl, flow rates. (a) Overview of nanowires with split tips by SEM. For a
comparison, those without the splitting effect are shown in the inset. (b) Higher resolution SEM images reveal more details of
how the nanowire tips split. (c) Further details are revealed in the TEM data. Yellow arrows point to the joints where the
nanowire is split once (left arrow) and twice (right two arrows). The areas in the light blue and the purple squares are viewed

under HRTEM mode, and the data are shown in (d) and (e).

the reason for the greater complexities observed when
higher flow rates of TiCl, were used. This possibility was
ruled out by control experiments where HCl was
intentionally added, which resulted in extremely low
yield of nanonets. A summary of the understanding is
schematically illustrated in Figure 4.

The key new information reported here is that Ti
plays an important role in producing branched nano-
structures. This conclusion is further supported by the
following experimental observations. As we have pre-
viously reported, the products are predominantly TiSi,
nanowires (of C54 crystal structure) when SiH,; flow
rate falls below 20 sccm.?° Under the low flow rates of
SiH4, nanowires with branches were observed when
relatively high TiCl, flow rates (e.g., >3.0 sccm) were
used (Figure 5a—c). Several important features can be
identified by examining the transmission electron
microscopy (TEM) data in Figure 5c. We first direct
the readers' attention to the splitting phenomenon as
highlighted by the yellow arrows. That the joints
appear more than once indicates the splitting is not a
random process. Next we used high-resolution TEM
(HRTEM) and elemental analysis (energy-dispersive
spectroscopy, EDS; also see Experimental Section) to
study the joint areas and measured higher Ti-to-Si
ratios (0.43:1) here than other areas (0.38:1; Figure 5).
Note that the ratios were lower than the stoichiometric
0.5:1 as derived from the chemical formula (TiSi,)
because of the surface passivation by Si. This point
has been previously discussed by us.?® Despite the
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differences in the Ti/Si ratios, the crystal structure of the
stem and the branches was C54 without observable
defects. In other words, each wire, regardless of how
many times it has split, is a monolithic piece.
Presently, it is not clear why higher Ti concentration
leads to the splitting of nanowires or the branching of
nanonets. We hypothesize that the detailed processes
may involve the breaking of Si passivation by the
reaction between Ti and Si.'?° The intricate balance
between Si depositions that are inert (on the sidewalls)
and those that react with Ti (on the growth fronts) may
be critical to the unique seedless growth. It is also
intriguing that once the sidewalls (passivated by Si) are
formed, they are resistant to further reactions, which
we believe is due to the existence of Cl in the synthesis
system. It is important to note that the condition
windows for the various nanostructures' growths are
relatively narrow, beyond which the main products are
generally featureless particles made of Ti and Si.
Lastly, we show the understanding that Si-contain-
ing clusters initiate the growth and that Ti-containing
ones produce complexity can help us create more
complex nanostructures. After a typical nanonet
growth lasting 15 min, the pressure of the reaction
chamber was brought to the base level (0.5 Torr), which
caused the nanonets to stop growing. Shortly after-
ward (15 s), the precursors (SiH; and TiCl,) were
introduced to raise the pressure to 5 Torr again. Instead
of observing the previously produced nanonet continue
to grow, we found new nanonets formed from the
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Figure 6. Creation of more complex nanonets. When the growth of nanonets was perturbed and then resumed, 2G nanonets were
produced at the tips of the previously grown ones. The structures are shown under different magnifications in (a) and (b) by SEM.

beam tips (and from the tips only), creating second-
generation (2G) nanonets (Figure 6). This phenomenon
may be explained as follows. After the growth was
stopped, the growth tips remained active. However,
when the reactants were reintroduced, the previous
balance between the tip growth and the side passiva-
tion no longer existed. Instead, a new balance was
established, leading to the production of new nano-
nets. Because the tips of the previously grown nano-
nets were the most active, new nanonets tended to
grow from there. We later discovered that the produc-
tion of 2G nanonets was highly reproducible and that
relatively mild changes of pressures (e.g., from 5 to 4 Torr
during the growth) accompanied by disruptions of the
continuous feeding of the precursors could yield similar
results, although the effect was less pronounced. These
highly complex nanostructures are of higher surface
areas than simple nanonets or nanowires and therefore
may be of interest for energy-related applications.

CONCLUSIONS

Many studies on nanostructure synthesis are driven
by how the resulting materials may be used for various

EXPERIMENTAL SECTION

Material Preparation. Following the procedures reported
before,'*?° we grew TiSi, nanostructures in a home-built che-
mical vapor deposition (CVD) system. Note: the system is
configured such that the time required for a pressure change
from the base level (0.5 Torr) to 5 Torr is generally less than 15 s.
For a typical growth, the reaction chamber was heated to 675
°C, and 50 sccm SiH4 (10% in He, Voltaix) and 2 sccm TiCly
(carried by 100 sccm H,) were delivered into the chamber. The
pressure was maintained constant at 5 Torr during the growth.
The duration of a typical growth was 6 min.

For the production of more complex nanonets, the reaction
chamber was evacuated to the base pressure (0.5 Torr) after a
growth of TiSi, nanonets. During the process, all precursor and
carrier gases were kept flowing at constant rates. Shortly after
the pressure reached the base level (e.g., 15 s), the pressure was
allowed to increase to 5 Torr again. The growth was maintained
for 4 min before the system was evacuated again without
precursor gases flowing. Afterward, the system was brought
to room temperature for sample extractions.

The nanonet growth was also carried out on various substrates.
They included Si (Wafernet, San Jose, CA), Si with thermally
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applications. A critical challenge in this area is to
produce materials with controlled compositions,
crystal structures, morphologies, and properties.
Seemingly elusive, this goal might be eventually
achieved if we gain enough understanding on the
chemistries that produce various nanostructures.
Reported here were our efforts toward this goal. In
line with other literature reports, we discovered that
the yield of TiSi, nanonets depended on the type of
substrates they were grown on, from which we
concluded the growth was initiated by the formation
of Si-containing clusters. We found the complexity of
TiSi, nanonets did not change as a function of
growth time but was only sensitive to the precursor
concentrations. This observation led us to uncover
the role played by Ti-containing clusters, which was
to split the growth fronts. We demonstrated that this
understanding could be used to produce second-
generation nanonets on the tips of existing ones.
The resulting materials may be useful for energy-
related research owing to their unique morphologi-
cal complexities and their physical and chemical
properties.

grown oxides (100 nm SiO,; Wafernet), Si with Ni coating
(100 nm, prepared in a sputtering system; AJA international
Orion-8), stainless steel (McMaster-Carr, 0.05 mm), Ti foil (Sigma,
0.127 mm), Ti foil with Pt coating (100 nm, prepared in an
e-beam evaporation system; Lesker PVD 75), quartz (Chemglass,
New Jersey). The Si coating on Ti foil was achieved by exposing a
Ti foil in the same CVD system used for the nanonet growth. The
deposition was carried out at 675 °C for 5 min with 50 sccm SiH,
(10% in He) and 100 sccm H, flowing (Piotal = 5 Torr). The
resulting Si coating was estimated to be approximately 20 nm
by SEM (JEOL, JSM6340F).

Nanonet Yield Quantification. Once synthesized, the nanonets
on a given supporting substrate were surveyed by the SEM. The
yield was quantified by counting how many nanonets were
observed in a 24 x 18 um? area. For a typical experiment, more
than 15 frames of SEM pictures were examined to obtain an
accurate measure of the average yield. The density of nanonets
on Si substrates was set as 100% for the normalized yield.

Structural Characterizations. A scanning electron microscope
(JEOL, JSM6340F) and a transmission electron microscope
(JEOL, JEM2010F), operating at 5 and 200 kV, respectively, were
used for structural characterizations. An energy-dispersive X-ray
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spectroscopy (EDS) attachment to the TEM was used to measure
the chemical compositions.
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