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ABSTRACT We present an amorphous Si anode deposited on a Cu nanopillar
current collector, fabricated using a thermal roll-to-roll process followed by
electroformation and LPCVD, for application in high-rate Li-ion batteries. Cu
nanopillar current collectors with diameters of 250 and 500 nm were patterned
periodically with 1 z«m pitch and 2 um height to optimize the diameters of the

Thermal roll to roll

Cu e-beam evaporation

a-Si deposition
and electroforming

pillars for better electrochemical performance. Void spaces between Cu nanopillars allowed not only greater effective control of the strain caused by the Si

expansion during lithiation than that allowed by a nonpatterned electrode but also significantly improved cycle performance even at 20 C measured after

the same rate test: After 100 cycles at 0.5 C, the patterned electrodes with 250 and 500 nm diameter nanopillars showed high capacity retentions of 86%

and 84%, respectively. These electrodes retained discharge capacities of 1057 and 780 mAh/g even at 20 C, respectively.
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wing to the recent development of
electronic devices such as personal
computers and smart phones,
wearable devices have become remarkably
attractive as the next generation of smart
devices, heralding a paradigm shift in trends
from portable to wearable devices. Because
wearable devices need to be more compact
and lightweight and need to retain the high
performance of portable ones, Li-ion bat-
teries play a key role in this paradigm shift.
Thin-film batteries are the most suited for
this application and provide a major break-
through in the size reduction of wearable
devices while maintaining high energy
density.“5 However, the use of carbon-
based materials in a conventional system
does not meet the demands owing to their
low theoretical capacity (372 mAh/g).?
Among the various potential anode ma-
terials, Si has been intensively investigated
because it imparts a high theoretical capa-
city to the electrodes (4200 mAh/g) that is
over 10 times higher than that of graphite.’
Despite these superior characteristics, Si
undergoes a 400% change in volume during
lithiation, which results in pulverization and
degradation of the electrical connection
between electrodes.®~"" This disadvantage
is the main factor in the significant capacity
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loss in the system during the electrochemi-
cal reaction (i.e., Si + xLit + xe™ <> Li,Si)."?
To prevent this crack formation caused by
the stress in Si during cycling, two basic
principles are applied in nanoengineering
of Si-based electrodes to reduce the strain
as follows:'*~23 (i) Empty space is incorpo-
rated into the electrode for effective accom-
modation of strain during cycling. There
have been reports that Si nanowires,”® Si
nanotubes,?® and Si nanoparticles encapsu-
lated in hollow carbon tubes®* are used for
nanoengineered active materials;>> =2 (ji) Si
thin film that is thinner than the critical
thickness is deposited on the planar surface
of the current collector using various de-
position processes to prevent the loss of
electrical connectivity between the active
materials and the current collector.3°32
With respect to the two approaches, three-
dimensional (3D) nanostructured electro-
des have been widely considered because
they significantly improve Li-ion diffusion
and electron transport to overcome the low
energy per unit area limitation of planar
electrodes 3373¢

Accordingly, we demonstrate a 3D nano-
structured thin-film electrode consisting of
Cu nanopillars fabricated using roll-to-roll hot
embossing followed by Cu electroforming
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(a) Thermal roll to roll

(b) Cu e-beam evaporation and electroforming

(c) &-Si deposition

Figure 1. Schematic of the fabrication of 3D amorphous Si on a Cu nanopillar electrode. (a) Patterned polyvinyl chloride
obtained from thermal roll-to-roll processing, (b) Cu nanopillar substrate applied via electroplating, (c) amorphous Si
deposited on the Cu nanopillar substrate by low-pressure chemical vapor deposition.

with the a-Si thin layer coated on Cu nanopillars via
low-pressure chemical vapor deposition (LPCVD). As a
current collector, a Cu nanopillar substrate provides a
high surface area for better mass accommodation of Si
deposition, while the space between Cu nanopillars
enhances the electrochemical reaction between the
electrode and electrolyte and accommodates the vo-
lume change during cycling. In addition, because the
fabrication of the Cu nanopillar substrate involves only
conventional top-down processes, the nanopillars can
be generated through a facile and fast process with
control of the surface area and simple modulation of
the nanopillar density or diameter. Remarkably, the
well-patterned nanopillar substrate imparts a signifi-
cantly enhanced connection between the current col-
lector and active materials without a binder and also
provides free space to accommodate Si expansion
without pulverization during cycling.

RESULTS AND DISCUSSION

Figure 1 shows a schematic of the fabrication of
the electrode comprising amorphous Si deposited on a
3D Cu nanopillar substrate (a-Si/3D-Cu nanopillar
electrode). First, Ni metal plate stamps with pitches of
1 um, heights of 2 um, and diameters of either 250 or
500 nm were fabricated. In the fabrication process of a
Ni stamp, the height of 2 um was the optimal dimen-
sion to reproduce the desired pattern by the thermal
roll-to-roll method. If the aspect ratio of the pillar is too
high (>9) in our experimental conditions, the Ni pillars
were deformed during contact with the PVC film, as
shown in Figure S1. Then, the prepared patterned Ni
stamp was transferred to polyvinyl chloride (PVC, glass
transition temperature = 80 °C) at 100 °C and ~10 atm
to prepare the patterned mold (Figure 1a). The Cu
nanopillar substrate was formed by deposition of Cu
onto the embossed PVC mold by e-beam evaporation
at 60 °C and 2.7 x 107> atm to form a seed layer by
100 nm followed by electroformation at 0.02 Afor 1 hin
a Cu plating solution (CuSO,-5H,0/H,50,4 = 2.5:1 with
70 ppm HCI) (Figure 1b). Finally, the well-arrayed Cu
nanopillar substrate (Figure S2) was detached from the
polymer mold, and amorphous Si was deposited onto
the prepared substrate by LPCVD using 2% SiH, at 200 °C
and 0.839 atm with an RF power of 50 W (Figure 1c).
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For comparison, the electrode configuration of a
blanket film and a-Si/3D-Cu electrodes with 250 and
500 nm diameter nanopillars was characterized by
transmission electron microscopy (TEM) and energy-
dispersive X-ray (EDX) elemental mapping (Figure 2).
The structures of the a-Si/3D-Cu nanopillar electrodes
show clearly well-developed periodic patterns con-
sistent with the schematic in Figure 1, as shown in
Figure 2a, b, and c. Each electrode contains small pores,
which were expanded during sample preparation by a
focused-ion-beam treatment, at the interface between
the Cu formed by e-beam evaporation and the electro-
forming process, described as white spots in the TEM
results. In Figure 2d, e, and f, the thickness of the a-Si
deposition layer was fixed at 200 nm for the blanket
film and 130 nm for both a-Si/3D-Cu nanopillar elec-
trodes, and the amorphous Si structure was confirmed
via fast Fourier transform (FFT) analysis. The thickness
difference caused by a-Si deposition via LPCVD is not
relevant in this work, especially for the electrochemical
test. From the energy-dispersive X-ray elemental
mapping images shown in Figure 2g, h, and i, it was
confirmed that the electrode structures spatially corre-
spond to a-Si and Cu and the likelihood of producing
Cu silicide during processing and X-ray diffraction
(XRD) analysis is low (Figure 53).37

For electrochemical characterization, the blanket
film and a-Si/3D-Cu nanopillar electrodes with 250
and 500 nm diameters were cycled at 0.5 C rate
between 0.005 and 1.5 V in Li half-cells (2032R, 1 C =
2000 mA/q). The first cycle voltage profiles of each
electrode are shown in Figure 3a; all electrodes exhibit
no plateau below 0.1 V after lithiation, which is the
typical a-Si electrochemical behavior. The discharge
capacities of the blanket film and a-Si/3D-Cu electro-
des with 250 and 500 nm diameter nanopillars during
the first cycle are 1947, 1982, and 1847 mAh/g with
coulomb efficiencies (C.E.) of 92.2%, 95.3%, and 91.3%,
respectively.

Figure 3b exhibits the cycle retention of each elec-
trode at 0.5 C rate. After 100 cycles, the a-Si/3D-Cu
electrodes with 250 and 500 nm diameter nanopillars
show 1627 and 1420 mAh/g discharge capacities,
respectively; on the contrary, the blanket film shows
a 138 mAh/g discharge capacity with 7.1% retention.
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Figure 2. Cross-sectional TEM images of the overall configuration of the (a) blanket film and (b and c) a-Si/3D-Cu electrode
with 250 and 500 nm diameter nanopillars, respectively. (d, e, and f) Expanded views of each structure at the interface
between the Cu and a-Si layer, as indicated in rectangular regions in a, b, and c (inset: FFT analysis for a-Si). (g, h, and i) Energy-

dispersive X-ray elemental mapping images of each electrode.

The main reason for the better cycle retention of the
a-Si/3D-Cu nanopillar electrodes is the morphology
variation in each electrode before and after 100 cycles.
As shown in Figure 4a and d, after 100 cycles, the
blanket film electrode shows a high concentration of
cracks and delamination, which is related to the strain
caused by the significant mechanical stress due to the
a-Si volume change, resulting in a loss of electrical
connectivity. In contrast, both a-Si/3D-Cu nanopillar
electrodes exhibited smooth surfaces even after
100 cycles (Figure 4b, ¢, e, and f). From Figure S4, it
becomes evident that the adhesion between a-Si and
the Cu layer is still strong after 100 charge and dis-
charge cycles.

These results indicate that not only do a-Si 3D-
nanopillar electrodes have sufficient void space to
accommodate volume changes during the electroche-
mical reaction, but the well-patterned nanopillar sub-
strate also allows significant enhancement of the
connection between the current collector and active
materials without binder. The high performance of the
electrodes was confirmed by dQ/dV analysis, as shown
in Figure S5. The differential plot of the first cycle
exhibits two peaks at 0.08 and 0.23 V for lithiation
and 0.3 and 0.48 V for delithiation.>® The reversibility
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was maintained without additional polarization even
after 100 cycles. The retention results indicate that the
electrode with a 500 nm diameter nanopillar array
exhibited poorer performance than the electrode with
a 250 nm diameter nanopillar array, because the free
space between the nanopillars was insufficient to
completely accommodate the expansion of Si, result-
ing in the slight deformation of the nanopillar array, as
shown in the inset of Figure 4f. Also, the improved first
C.E. and cycle retention of the 250 nm diameter sample
compared to the 500 nm one are related to the
nanopillar's resistance after volume expansion of a-Si.
It is reported that the resistance is increased as copper
strain is developed after deformation.* Therefore, the
more deformed 500 nm sample may be expected to
build up a resistance, resulting in a decrease of electron
transport for the charger-transfer reaction. In addition,
the structural discontinuity of the deposited film plays
a key role of improving the electrochemical perfor-
mance of the a-Si/3D-Cu nanopillar electrode. Not
only can the discontinuity of the electrode provide a
greater interface region between active materials and
the electrolyte, but also the region where cracks exist
could buffer to some degree the volume expansion
(Figure S6).
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Figure 3. Electrochemical evaluation of 3D amorphous Si on a nanopillar Cu electrode. (a) First cycle voltage profiles of the
blanket film and a-Si/3D-Cu electrodes with 250 and 500 nm diameter nanopillars at 0.5 C rate. (b) Plot of the discharge
capacity as a function of cycle number and coulomb efficiency at 0.5 C rate between 0.005 and 1.5 V in a 2032 coin-type half-
cell (1 C = 2000 mA/qg). (c) Rate capability of the blanket film and a-Si/3D-Cu nanopillar electrodes with 250 and 500 nm
diameter from 0.5 to 20 C rate between 0.005 and 1.5 V followed by recovery at 0.5 C, and the cycle retention plot at 20 C,
respectively (the charge and discharge rates were the same).

film 500 nm diameter array
" _ o - © ®
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Figure 4. SEM images of the as-fabricated blanket film and a-Si/3D-Cu electrode with 250 and 500 nm diameter nanopillars
before (a, b, and c) and after 100 cycles (d, e, and f), respectively (inset: top view).

Figure 3c demonstrates the improved rate capability conditions (1 C = 2000 mA/g). The voltage profiles for
of both g-Si/3D-Cu nanopillar electrodes from 0.5 to each electrode are shown in Figure S7. The a-Si/3D-Cu
20 C and improved cycle stability, even after the rate electrode with 250 nm diameter nanopillars exhibits
test at 20 C rate, compared to those of the blanket discharge capacities of 2466, 1474, 1122,and 587 mAh/g
film electrode under the same charge and discharge atrates of 0.5, 3, 7,and 20 C, respectively, with a capacity
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retention of 23.8% at 20 C; in comparison, the blanket
film electrode has a capacity retention of ~0% under
the same conditions. Remarkably, after the same rate
test, the a-Si/3D-Cu nanopillar with both 250 and
500 nm diameter electrodes underwent little capacity
fading after 300 cycles at 20 C rate, showing 996 and
719 mAh/g discharging capacities with 99.3 (+0.3) and
99.9 (+0.3) % C.E,, respectively. This result is compar-
able to that of an electrode that is surface-treated with
carbon or Al,05.3° The capacity increase at the begin-
ning condition in the range from 3 to 20 C may be
related to the activation of the unreacted inside region
of silicon, which is generally known from Si electrodes
operated at high C-rate condition.*' ~** The mainte-
nance of the morphology of the a-Si/3D-Cu nanopillar
electrodes after cycling (Figure S8) is the likely cause of
the excellent cycling stability and rate performance.

CONCLUSION

We have designed an g-Si/3D-Cu nanopillar elec-
trode resulting in improved cycle stability and rate
performance, even at 20 C rate, over those of conven-
tional planar thin-film electrodes. These excellent per-
formances are attributed to the following reasons:
First, the deposited a-Si maintains good attachment
to the nanopillar Cu electrode with no peeling-off due

EXPERIMENTAL SECTION

Fabrication of the a-Si/3D-Cu Electrode. The pitches and heights
of the Ni metal plate stamps were 1 and 2 um, respectively,
and the diameters of the pillars were either 250 or 500 nm.
The nanoscale surface protrusion pattern of a rolled Ni metal
plate stamp was transferred to polyvinyl chloride by thermal
roll-to-roll processing (order production, CMP Co., Ltd.) at
100 °C under ~10 atm of pressure. Cu metal was then
deposited over the embossed PVC film using e-beam eva-
poration at 60 °C and 2.7 x 107 atm with a rate of 3 A/s to
form a seed layer of 100 nm for the electroforming process
(EBX-1000, ULVAC Inc.). Electroformation at 0.02 Afor 1 hina
Cu plating solution (CuSO4-5H,0/H,5S0, = 2.5:1 with 70 ppm
HCl; Americhem, Inc.) filled the cavities with Cu and formed
the Cu film. Then, the Cu foil with an array of Cu nanopillars
was detached from the polymer film and covered with an
amorphous Si layer using LPCVD with 2% SiH, at 200 °C and
0.839 atm under 50 W of RF power (SJF-1000T2, Sungjin
Semitech Co., Ltd.).

Fabrication of the Li-lon Half-Cell. A coin-shaped half-cell
(2032R) was fabricated with an a-Si/3D-Cu working elec-
trode (the blanket film contains 0.136 mg of Si, correspond-
ing to 0.088 mg/cm?, while the a-Si/3D-Cu electrodes with
250 and 500 nm diameter nanopillars contain 0.142 and
0.129 mg of Si, corresponding to 0.092 and 0.084 mg/cm?,
respectively) and metallic Li reference electrode. The work-
ing and reference electrode were punched for the 2032R
half-cell with diameters of 14 mm and separated with a
polypropylene separator. The electrolyte (Panax Korea) was
1.3 M LiPFs in a blend of ethylene carbonate and ethyl
methyl carbonate with 10 wt % flouroethylene carbonate
additive.

Electrochemical Characterization of the Half-Cell. For the electro-
chemical characterizations, the blanket film and a-Si/3D-Cu
electrodes with 250 and 500 nm diameter nanopillars were
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to the 3D concavo-convex structure, which expands
the contact area, and therefore it is expected to
improve the rate capability. Furthermore, this unique
3D nanostructure enhances the adhesion of the a-Si
layer, leading to increased endurance of the a-Si layer
against the repeated volume change. Second, the a-Si
structure would be an essentially beneficial factor for
the improved electrochemical behavior due to the
homogeneous volume expansion/contraction with
no appearance of two-phase regions unlike the crystal-
line structure. After 100 cycles, the thickness of the
delithiated a-Si layer is 190 nm, which expanded 46%
from the initial thickness. Also, the amorphous phase of
Si is well known to have higher diffusivity than the
crystalline phase due to grain boundary characteristics,
whose feature is generally a high concentration of
diffusion-mediating defects due to incomplete bond-
ing or disorder.

On the basis of these results, nanopattern technol-
ogy can play a key role in enhancing the performance
of various types of active materials because of the low
internal resistance caused by enhanced attachment
between the patterned current collector and active
materials, facile charge transport due to the three-
dimzensional configuration, and stress relaxation as a
result of the voids between the nanopillars.

cycled between 0.005 and 1.5 V in Li half-cells (2032R, 1 C =
2000 mA/g, Wonatech Co,, Ltd.) at 24 °C.

Morphology Characterization of the a-Si/3D-Cu Nanopillar Electrodes.
The electrode configurations of the blanket film and a-Si/3D-Cu
electrodes with 250 and 500 nm diameter nanopillars were
characterized by high-resolution transmission electron micro-
scopy (JEM-2100F, JEOL Inc.), energy-dispersive spectroscopy
(JEM-2100, JEOL Inc.) elemental mapping, and field emission
SEM (EX-200, Horiba Inc.). The TEM sample was fabricated using
a focused-ion-beam instrument (Quanta 3D FEG, FEl Inc.).
The presence of a-Si was confirmed via fast Fourier transform
(JEM-2100, JEOL Inc.) analysis, and the crystallization of Cu was
confirmed by X-ray diffraction (Rigaku) analysis.
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