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Uniform size of Si nanowires (NWs) is highly desirable to enhance the
performance of Si NW-based lithium-ion batteries. To achieve
a narrow size distribution of Si NWs, the formation of bulk-like Si
structures such as islands and chunks needs to be inhibited during
nucleation and growth of Si NWs. We developed a simple approach to
control the nucleation of Si NWs via interfacial energy tuning between
metal catalysts and substrates by introducing a conductive diffusion
barrier. Owing to the high interfacial energy between Au and TiN,
agglomeration of Au nanoparticle catalysts was restrained on a TiN
layer which induced the formation of small Au nanoparticle catalysts
on TiN-coated substrates. The resulting Au catalysts led to the
nucleation and growth of Si NWs on the TiN layer with higher number
density and direct integration of the Si NWs onto current collectors
without the formation of bulk-like Si structures. The lithium-ion
battery anodes based on Si NWs grown on TiN-coated current
collectors showed improved specific gravimetric capacities (>30%) for
various charging rates and enhanced capacity retention up to 500
cycles of charging—discharging.

Introduction

The soaring demand for mobile and independent energy-
consuming devices has driven an urgent need for the
improvement of electrical energy storage (EES) systems.
Lithium-ion batteries (LIBs) are essential components of EES
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systems, as they are light weight and offer a high energy density
and acceptable lifetime."* The main driver of LIB development
is to increase capacity." Alloying Li with host electrode materials
remarkably enhances capacity, compared with Li intercalation.?
Silicon (Si) is a useful alloying element for LIB anodes because it
offers a high theoretical specific capacity of 3579 mA h g7,
exceeding that (372 mA h g~ ") of commercialized graphite, by
alloying Li,Si at room temperature.* However, Si experiences
a volume change of ~300% during lithiation and delithiation;*
the resulting mechanical stress induces fractures in Si anodes,
resulting in the loss of electrical contact between Si anodes and
current collectors. An architectural solution for Si-based LIB
anodes is one-dimensional (1D) nanostructures, such as nano-
wires (NWs) among the different types of structures.>** NWs
provide robust and reliable electrical contact with current
collectors, because stress can be relieved along the lateral
direction in 1D nanostructures. Several pioneering studies of Si
NW-based anodes have shown gains in specific energy density,
as well as faster charging, due to the combination of small
lateral size and high interfacial contact with electrolytes.
Nevertheless, physically implemented Si NW-based anodes have
not fully met the expected performance level of LIB electrodes
due to discrepancies between the ideal and manufactured
architectures.

The ideal architecture of Si NWs for LIB electrodes requires
Si NWs to contact current collectors directly, without uninten-
tional interruption in the form of bulk-like structures, such as
islands or aggregated materials (chunks).>*'* Direct electrical
contact can be achieved by growing Si NWs on metal substrates.
Si NWs have been grown successfully on stainless steel disks,
a typical part of a coin cell, using the Au-catalyzed vapor-liquid-
solid (VLS) growth mechanism. However, the direct growth of Si
NWs on current collectors causes the formation of metal silicide
layers with dead-weight, in that these layers do not contribute to
capacity but increase the weight of LIB anodes. Moreover, Si
NWs directly grown on current collectors contain Si islands and
chunks among or below the NWs, which act as interfaces that
become delaminated from current collectors during lithiation

© 2022 The Author(s). Published by the Royal Society of Chemistry
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and delithiation. Delamination then occurs, as these bulk-like
structures have sizes that are larger than the critical length for
fracture (>240 nm)."* Although the formation of metal silicide
layers and bulk-like Si structures can be reasonably mitigated by
controlling growth conditions' and implementing template-
assisted growth," the aforementioned methods still have limi-
tations due to catalyst contamination and manufacturing costs.
Transition metal catalysts, particularly Au nanoparticles, for
VLS growth of NWs, tend to form alloys with substrate mate-
rials.**"** The unintentionally formed alloy, composed of Au and
metal entities, contaminates the catalysts as nucleation sites;
hence, the nucleation of Si NWs is delayed at these sites, and Si
is consumed by silicide formation.” Template-assisted growth
to minimize the formation of Si islands and aggregates requires
the preparation of templates such as anodized aluminum oxide
(AAO) layers on current collectors. Typical AAO-assisted growth
of Si NWs involves additional steps of Al deposition, anodiza-
tion, electrodeposition of Au seed layers, and etching of the
sacrificial AAO layers.” The requirement for multiple fabrica-
tion steps has prevented template-assisted growth from being
applied in practice for high performance LIB electrode
production. Thus, an advanced, simple and economical Si NW
growth technique on current collectors is required to mitigate
unintentional catalyst contamination. Si NW-carbon nanotube
(CNT) hybrids were employed to eliminate the contamination."”
Although the hybrids showed remarkable improvement of LIB
anode performances, the CNT growth at 750 °C prevents direct
synthesis of CNTs on metal current collectors. Deposition of
conductive diffusion barriers on current collectors can be a cost-
effective solution for the catalyst alloying problem. As titanium
nitride (TiN) is a metallic and refractory material, it has been
widely employed as a diffusion barrier material for similar
problems in the Si-based electronics industry for several
decades.'®?° TiN layers have also been used as coating materials
for daily use machine tools, due to their chemical stability and
availability for economical processes, such as sputtering and arc
deposition. However, to our knowledge, studies of NW growth
on TiN have been limited to nitride NWs [e.g., gallium nitride
(GaN)].Zl’ZZ

Here, we demonstrated a controlled nucleation of Si NWs on
a TiN layer by inhibiting agglomeration of Au nanoparticle
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catalysts on TiN. Due to the high interfacial energy between Au
and TiN, the size of Au catalysts on TiN was smaller than that
observed on Si as investigated by electron microscopy and
density functional theory calculation. The resulting Au catalysts
allowed nucleation and growth of Si NWs on TiN with a narrow
size distribution and without the formation of bulk-like Si
structures. The rate-dependent specific gravimetric capacities of
Si NW-based LIB anodes prepared on TiN-coated current
collectors were studied in conjunction with the morphology of
Si NWs, which were governed by nucleation behavior.

Materials and methods

Prior to the growth of phosphorus (P)-doped n-type Si NWs
[Si(P) NWs], uncoated and TiN-coated polished stainless steel
304 (SS304) disks (spacers for CR2325 coin cells; MTI Corpo-
ration, Richmond, CA, USA) were prepared. A 50 nm-thick TiN
thin film was deposited onto SS304 disks by sputtering at room
temperature. After TiN deposition, the coated SS304 disks
showed metallic gold color, indicating the formation of stoi-
chiometric TiN. Details of TiN deposition are described else-
where.”®*** A 3 nm-thick Au film was deposited onto uncoated
and TiN-coated SS304 disks by electron (e)-beam evaporation.
The deposition temperature, pressure, and deposition rate were
295 K, 3 x 10 7 Torr, and 0.5 A s !, respectively. The Au film
thickness was monitored using a quartz crystal microbalance in
the e-beam evaporator chamber. For comparison with Si(P) NW
growth on Si, a 3 nm-thick Au film was also deposited onto Si
(111) substrates, which were cleaned using the RCA-1 process
(Scheme 1).

High-resolution scanning electron microscopy (SEM) images
of Au layers were obtained at the magnification of 1 000 00x in
the extreme high-resolution mode of an FEI Magellan 400. To
investigate the formation behavior of Au particles on Si (111),
SS304, and TiN, SEM observation of Au layers on each substrate
was conducted before and after the thermal annealing process.
The size of Au nanoparticles was measured by using a Moun-
tainsSEM® of Digital Surf.

The Au-deposited substrates were heated to 380 °C, the
growth temperature of Si(P) NWs, for 10 minutes at 1.5 Torr
under hydrogen flow to emulate the initial stage of Si(P) NW
growth. The precursors of Si(P) NWs were silane (SiH,, 50%

(b)

Si(P) NW ) Si(P) NW
/
Au Au
e —e——8( TiN
SS304 ¢ E«X«/ SS304
) A/

Scheme 1l Schematic representation of Si(P) NWs grown on 3 nm-thick Au/SS304 disks (a) and 3 nm-thick Au/50 nm-thick TiN/SS304 disks (b).
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diluted with hydrogen) and phosphine (PH3, 5000 ppm diluted
with hydrogen). The growth temperature, reactor pressure, and
growth time were 380 °C, 2 Torr, and 10 minutes, respectively.
The P/Si ratio was ~4 x 10, For one growth run, six substrates
were loaded. The average weight of Si(P) NWs on each substrate
was 180 + 5 nug.

Results and discussion

Fig. 1 shows the top-view SEM images of Au-deposited
substrates before (a, c, e) and after (b, d, f) the annealing
process. Fig. 1(a), (c), and (e) show the top-view SEM images of
the as-deposited Au layer on Si (111), SS304, and TiN, respec-
tively. The Au layer on the Si (111) substrate did not show any
distinguishable features. On the other hand, the as-deposited
Au on SS304 and TiN exhibited dot-like features, as shown in
Fig. 1(c) and (e). The morphological difference of Au layers
deposited on Si, SS304, and TiN originates from wetting
behavior governed by the contrast in the surface free energies of
Au and the given substrates. The surface free energies of Au, Fe,
Si (111), and TiN are 1.537, 2.475, 1.24, and 0.063 J m >,
respectively.”>?* The surface free energy difference between Au
and Si (111) is less than 0.3 eV, whereas the difference between
Au and Fe or TiN is about 1 eV. The significant difference in
surface free energy among Au, Fe, and TiN induces Volmer-
Weber mode of deposition, resulting in dot formation due to
unfavorable wetting of the deposited material during Au depo-
sition onto SS304 and TiN substrates.*® Thus, Au on SS304 and
TiN formed nanodots spontaneously, as shown in Fig. 1(c)
and (e).

As ‘deposited,y'or_vr Si

¥

¢

As deposited on-SS304
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The Au morphology at growth temperature of Si NWs was
also investigated because Au nanoparticles act as nucleation
sites of Si NWs at elevated temperatures. The annealing process
consisted of heating the substrates to 380 °C, the typical growth
temperature of Si NWs, and cooling down to room temperature.
The Au morphology after annealing at 380 °C exhibited strong
dependence on the substrates used. Fig. 1(b), (d), and (f) show
the top-view SEM images of the annealed Au on Si (111), SS304,
and TiN, respectively. The SEM images revealed that the spon-
taneously formed Au nanoparticles on SS304 and TiN were
preserved, whereas the Au on Si (111) formed agglomerates with
lateral sizes of ~200 nm (Fig. 1(b)) at 380 °C. However, the size
of Au nanoparticles on SS304 and TiN in Fig. 1(c-f) increased
during the annealing process.

The size distribution of Au nanoparticles on SS304 and TiN
was quantified by lateral diameter measurements of ~300
nanoparticles in each SEM image (Fig. 2); several distinct
features were resolved. (1) The nanoparticle size increased with
annealing at 380 °C on both SS304 and TiN. (2) The change in
the lateral size of Au nanoparticles on SS304 upon annealing
was noticeably larger than that on TiN. (3) The annealed Au
nanoparticles on SS304 were larger than those on TiN. Table 1
summarizes the average lateral diameter (D) and the sample
standard deviation of the lateral diameter (S) of Au nano-
particles on SS304 and TiN, before and after annealing at
380 °C. The average lateral diameters of the as-deposited Au
nanoparticles on S$S304 (13.9 nm) and TiN (14.1 nm) were
similar. However, the lateral size distribution of the as-
deposited Au nanoparticles on SS304 was broader than that
on TiN, as quantified using the S. The S of Au nanoparticles on

(e) As deposited on TiN

Annealed on SS304

Fig. 1 Top-view high-resolution SEM images of the as-deposited and annealed Au on Si (a, b), SS304 (c, d), and TiN (e, f).
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Fig. 2 Distribution of diameters of the as-deposited and annealed Au
nanoparticles on SS304 (a) and TiN (b), and of Si(P) NWs grown on
SS304 and TiN (c).

SS304 increased significantly after annealing, from 5.6 to 7 nm.
In contrast, the S of annealed Au nanoparticles on TiN (3.7 nm)
was nearly identical to that of the as-deposited nanoparticles
(3.6 nm).

As shown in Fig. 2(c), the Au nanoparticle diameter trends
correspond to the Si(P) NW diameter trends. For the

© 2022 The Author(s). Published by the Royal Society of Chemistry
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approximately 600 NWs sampled for each substrate, the Si(P)
NWs grown on TiN had a D of 36 nm and a S of 9 nm, while the
Si(P) NWs grown on SS304 had a D of 39 nm and a S of 11 nm.

The preservation of Au nanoparticles on SS304 and TiN after
annealing, observed in Fig. 1, implies that Au agglomeration via
surface diffusion on SS304 and TiN is suppressed compared
with that on Si (111). However, the differences in the D and S of
the as-deposited and annealed Au nanoparticles on SS304 and
TiN, shown in Fig. 2, indicate that the surface diffusion
behavior of Au depends on the substrates. The agglomeration of
Au on a substrate consists of energetically favorable adsorption,
surface diffusion, and clustering of Au atoms at specific sites.
Density functional theory (DFT) calculation was used to identify
the reaction path and Au diffusion barrier for Au cluster
formation on Si (111), TiN (100), and Fe (111) surfaces. To
simplify the calculation, Fe (111) was selected as a surrogate
SS304. Details of the DFT calculation are described in the ESL.}
Fig. 3 shows the energies for reaction pathways along Au
adsorption and cluster formation through surface diffusion on
Fe (111), Si (111), and TiN (100) surfaces. The energy required to
form the initial state describing Au adsorption on the surfaces
suggests that Au adsorption on TiN (100) is energetically more
stable than that on Fe (111) or Si (111). Moreover, Au atoms
encounter a higher cluster formation barrier with Fe (111) (X,
0.28 eV per electron) and TiN (100) (X4, 0.31 eV per electron)
than that with Si (111) (44, 0.17 eV per electron). Taken together,
this implies that Au cluster formation on TiN (100) and Fe (111)
is more likely to show dot formation with suppressed agglom-
eration. However, the less favorable adsorption of Au on Fe
(111) than on TiN (100) indicates that Au atoms go through
other reaction pathways, not necessarily limited to surface
diffusion of Au on Fe (111). The DFT calculation is qualitatively
consistent with the experimental observation of Au dot forma-
tion and suppressed agglomeration on SS304 and TiN shown
in Fig. 1.

The effect of TiN on Si NW morphology was investigated by
low-pressure chemical vapor deposition (LPCVD) of Si(P) NWs
on SS304 and TiN/SS304 disks and subsequent SEM observa-
tions. LIB anode performances were evaluated, with a focus on
fast lithiation in phosphorus doped n-type Si(P) NWs.*' Prior to
the Si(P) NW growth, a 3 nm-thick Au layer was deposited onto
SS304 and TiN/SS304 disks under the same conditions utilized
for Au dot formation (Fig. 1 and 2). Fig. 4 shows the typical top-
and 45° tilted-view SEM images of Si(P) NWs grown on SS304
and TiN/SS304 disks. The top-view SEM images (Fig. 4(a) and
(c)) revealed NW growth and agglomerate formation on both
SS304 and TiN surfaces. The number densities of NWs, esti-
mated by counting in the top-view SEM images of 18 samples
for each case, are 5-8 and 10-12 wires per um? for S$304 and
TiN surfaces, respectively. The larger number density of NWs on
TiN than on SS304 provides insight into either enhanced NW
nucleation or suppressed bulk-like agglomerate formation on
TiN. The tilted-view SEM images (Fig. 4(b) and (d)) reveal the
dominant presence of chunks at the bottom of the samples
grown on SS304. Fig. 4(c) shows that the chunks and short NWs,
with >200 nm lateral size, prevailed on the surface of SS304. In
contrast, Fig. 4(d) shows that a significant amount of the Si(P)

Nanoscale Adv., 2022, 4,1962-1969 | 1965
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Table 1 Lateral size distribution of Au nanoparticles on SS304 and TiN before and after annealing at 380 °C

On SS304

On TiN

Lateral sizes of Au nanoparticles As deposited

After annealing As deposited After annealing

Average diameter (nm) 13.9
Sample standard deviation (S, nm) 5.6

0.2 ——TiN Surface: reaction-path for Au clustering
—=—Si Surface: reaction-path for Au clustering
-0.4 —+—Fe(111) Surface: reaction-path for Au Clustering|
= 06 Final state
S - Initial state Y ‘~\\\ (Au clustering)
= / X N
O -0.8 1
Q
9D 10
o
~ -1.2
)
— -14
()
c 3,
W -16 TiN
-1.8

Reaction coordinate

Fig. 3 Au cluster formation pathways on Fe (111) (grey, triangles), Si
(111) (orange, squares), and TiN (100) (blue, diamonds). The energy
barriers for Au diffusion and cluster formation on Fe (111), Si (111), and
TiN (100) are X;, 44, and Xy, respectively.

Au/SS304

Au/TIN/ SS304

20.5 14.1 16.3
7.0 3.6 3.7

NWs were not buried in chunks, but instead were attached
directly to the TiN surface. Suppressed agglomeration of Au on
TiN, as shown by Fig. 1-3, can be reasonably correlated with the
higher number density of Au-catalyzed NWs on TiN.

The effects of the morphological differences of Si(P) NWs
induced by TiN introduction were examined with respect to the
electrochemical performances of Si-based LIB anodes, using
specific gravimetric capacity measurements at various charging
rates in a 2032 type half-coin cell configuration. There were no
additives in the half-coin cell. Before the first cycle at a current
rate of interest, each half-coin cell was cycled at a current rate of
200 mA g~ (0.05C for Si) in the voltage windows of 0.005 and
1.5 V to form a conformal solid electrolyte interphase. Fig. 5(a)
shows the specific gravimetric capacity curves of Si(P) NWs
grown on SS304 and TiN/SS304 disks, along with the number of
cycles at a current rate of 800 mA g~ (0.2C for Si). The specific
capacities of Si(P) NWs grown on SS304 and TiN/SS304 disks at
the first cycle were 1720 and 2480 mA h g, respectively. The
specific capacity of Si(P) NWs on TiN/SS304 decreased steadily
during the cycling, whereas that on SS304 showed a two-step
decrease. During the charging/discharging cycles up to 500

Au/SS304

“1'um

(d)

AU/TiIN/SS304

Fig.4 SEMimages of Si(P) NWs grown on 3 nm-thick Au/SS304 disks (a, b) and 3 nm-thick Au/50 nm-thick TiN/SS304 disks (c, d). (a, c) and (b, d)

show the top-view and 45° tilted-view images, respectively.
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Fig. 5 Specific gravimetric capacities of Si(P) NWs grown on SS304
(black, square, empty) and on TiN/SS304 (red, circle, solid) over cycling
at 800 mA g1 (0.2C for Si) (a) and at different charging rates (b).

times, the specific capacity of Si(P) NWs on TiN/SS304 was
noticeably larger than that on SS304. After the 500th-cycle of
charging and discharging at 800 mA h g~* (0.2C for Si), the
specific capacity of Si(P) NWs grown on TiN/SS304 was
1000 mA h g~ " whereas that on SS304 was 230 mA h g~ *. The
retained ratio of specific capacities at the 500th-cycle to those
from the 1st-cycle was 0.4 and 0.13 for TiN/SS304 and SS304,
respectively. Cyclic voltammetry measurements show that TiN
does not reversibly react with lithium within the potential range
of the cell, and thus does not contribute to the enhanced
retained capacity (see the ESI, Fig. S2). The chemical inertness
of TiN is consistent with reported results.**** Rate-dependent
specific capacity was also used to assess LIB anode perfor-
mance. Fig. 5(b) shows the rate-dependent specific gravimetric
capacities of Si(P) NWs grown on TiN/SS304 and SS304 at
various current rates ranging from 400 (0.1C for Si) to 8000 (2C
for Si) mA g~ ". For all current rates in the range of 400 and
8000 mA g, the specific capacities of Si(P) NWs grown on TiN/
SS304 are 30-50% larger than those on SS304. The rate- and
cycle-dependent electrochemical characterization revealed that
introducing TiN as a substrate of Si(P) NWs significantly

© 2022 The Author(s). Published by the Royal Society of Chemistry
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improved LIB anode performances in the case of direct growth
of Si(P) NWs on a metal current collector. The improved LIB
anode performances are attributed to the larger fraction of NWs
than that of the bulk-like chunks. Reducing these bulk-like
structures via suppressed agglomeration of nuclei for Si
results in an increase in the fraction of NWs. The conductive
diffusion barrier design could also be expanded to other current
collectors such as carbon based and stainless-steel fibers aim-
ing toward improved performance for various battery type
applications.>**® Consequently, Si NWs directly grown on
a current collector enhance LIB anode performances with
minimal hindrance from bulk-like structures.

Conclusion

We achieved enhanced Si-based LIB anode performances via
suppressed agglomeration of Au particles as nucleation sites of
Si NWs. Energetics at the interface between Au and TiN led to
the spontaneous formation of Au nanoparticles and minimal
surface diffusion of Au on TiN. The underlying interfacial
characteristics of the Au/TiN interface resulted in preferential
nucleation of Si(P) NWs over the growth of bulk-like Si struc-
tures, such as chunks. A higher fraction of Si(P) NWs in the LIB
anode improved Si-based LIB anode performances, in terms of
rate-dependent specific gravimetric capacity and durability. Our
method of Si NW growth on TiN provides a facile and
economical way to realize high-performance LIB anodes due to
the established deposition of TiN, which is widely employed in
various industries and applications, such as semiconductor
device manufacturing, machine tool fabrication, aerospace, and
biomedical tools.
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