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High aspect-ratio vertical structures of amorphous silicon have been realized using hydrogen-assisted
low-density plasma reactive ion etching. Amorphous silicon layers with the thicknesses ranging from
0.5 to 10 um were deposited using radio frequency plasma enhanced chemical vapor deposition
technique. Standard photolithography and nanosphere colloidal lithography were employed to realize
ultra-small features of the amorphous silicon. The performance of the patterned amorphous silicon
structures as a lithium-ion battery electrode was investigated using galvanostatic charge-discharge
tests. The patterned structures showed a superior Li-ion battery performance compared to planar
amorphous silicon. Such structures are suitable for high current Li-ion battery applications such as

electric vehicles. © 2014 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4902068]

Hydrogenated amorphous silicon (a-Si:H) has important
applications in thin film transistors (TFTs), solar cells,
lithium-ion batteries, and RF-ID tags."™ Owing to its low
temperature processing and also its compatibility with glass
substrates, amorphous silicon is a highly favorable material
for large area electronic and photonic applications.” The use
of amorphous silicon in large area X-ray imagers is another
prominent application of this material.®’ Furthermore, the
application of amorphous silicon layers in highly textured
solar cells to improve their conversion efficiency has drawn
significant attention."®

Moreover, amorphous silicon is a promising material in
the field of Li-ion batteries. Graphite is the common anode
material in commercial Li-ion batteries. However, its spe-
cific capacity is only 372 mAh/g, which is a modest value.
So it cannot meet the demands of higher energy density for
future portable electronics, electric and hybrid vehicles,
and renewable energy applications. Intensive research is
currently ongoing to identify higher capacity anode materials
for the next generation of lightweight and compact Li-ion
batteries.'” An attractive candidate to replace carbonaceous
anodes is silicon, which has the highest theoretical specific
capacity, in excess of 4000 mAhg ' and low discharge
voltage upon intercalation of 4.4 Li atoms per Si atoms.''
However, the Li incorporation into silicon involves almost a
three-fold increase in its specific volume, leading to disinte-
gration of crystalline Si electrodes. Thus, its capacity fades
away if cycling is quite rapid. Although both amorphous and
crystalline Si have a similar specific capacity to store Li",
upon lithium insertion, amorphous Si does not disintegrate
as intensely as its crystalline counterpart. Studies have
shown that homogenous volume expansion in amorphous Si
causes less pulverization and better cycling performance.'®
To overcome the above issue, nanostructuring of silicon film
has been considered as a suitable approach.'?
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In this paper, we report the formation of high aspect-
ratio amorphous silicon nanostructures using hydrogen-
assisted deep reactive ion etching (H-DRIE) as a top-down
process compatible with large area applications. Since the
processing is achieved on amorphous silicon layers, it can be
performed on SiO,/Si as well as on glass substrates.
Moreover, the use of flexible substrates such as stainless
steel is conceivable. Apart from standard lithography, we
have used our recently reported nanosphere colloidal lithog-
raphy method to fabricate amorphous silicon vertical nano-
rods on SiO, underlayers.'? As an immediate application of
such highly featured structures, we have examined the
performance of vertically etched a-Si nanorods as Li-ion
batteries electrodes. The galvanostatic charge-discharge tests
were performed on such arrays of amorphous silicon nano-
rods to demonstrate their suitability for high current level
Li-ion battery applications.

The a-Si:H films were deposited in a radio frequency
plasma enhanced chemical vapor deposition (RF-PECVD)
unit operated at 13.56 MHz. The deposition temperature,
pressure, and power density were set at 300°C, 2 Torr, and
0.3 W/cm?, respectively. A mixture of SiH, and H, was used
as the source gas during the deposition. After deposition of
amorphous silicon, the samples were coated with a layer of
Cr with a thickness of 10 nm and patterned to act as the hard
mask in the DRIE process for etching into desired a-Si:H
structures. Figure 1(a) shows scanning electron microscopy
(SEM) image of a 10 um thick a-Si:H film deposited on
glass. Raman spectroscopy of the sample shows the typical
broad peak around 480 cm ™' corresponding to amorphous Si
layer (inset of Fig. 1(a)). The evolution of vertical features of
the amorphous silicon film is based on deep reactive ion
etching of silicon for which a programmable mixture of
oxygen, hydrogen, and SF¢ is used in an RIE unit with
13.56 MHz source. The deep etching consists of two consec-
utive steps; etching and passivation. During the etching step,
only SFg is fed into the reactor for a short period of
time (9-17s), and the plasma power is set at 170 W. The
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passivation step is critical for the formation of either vertical
or three-dimensional structures. For vertical features, hydro-
gen, oxygen, and SF¢ are flown into the reactor with duration
of 50s and a plasma power of 170 W. If under-etching is
desired (as in the three-dimensional features), the duration of
the passivation sub-cycle is set at 30 s, and the plasma power
is maintained at a lower value of 125 W.

Apart from vertical etching, one can program the proce-
dure to arrive at highly featured three-dimensional structures
at both micro and nano scales. In Figure 1(b), two arrays of
hollow structures and curved features are placed aside. In parts
(c) and (d), more complex features are demonstrated. The
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FIG. 1. SEM image of (a) 10 um-thick
a-Si:H film deposited on glass, indicat-
ing a smooth surface. Arrow points at
the glass-film interface. Inset shows
the Raman spectrum of the deposited
Si film. (b)—(d) show the evolution of
highly featured structures to demon-
strate the ability of this deep etching
technique in controlling the profile of
each feature independently. The neck
diameter in (d) is around 200 nm.

features of such complex structures can be controlled by prop-
erly adjusting the etching and the passivation sub-sequences.
Figure 2 collects the results of high aspect ratio amor-
phous silicon rods formed using a combination of nanosphere
lithography and high-precision deep etching. Polystyrene
nanospheres with diameters of 300 and 460nm were self-
assembled onto the surface by spin-coating (Fig. 2(a)). Then,
a thin nickel layer was electron-beam evaporated to act as a
hard-mask for subsequent etching purposes. After lifting-off
the 300 nm polystyrene beads through sonication in dichloro-
methane solution for 4 min, 50-60nm triangular nickel
masks in hexagonal pattern were produced (inset of

FIG. 2.(a) Primary nanospheres
placed in an array format. Inset shows
the evolution of ultra-small features of
nickel after PS lift-off. (b) and (c¢)
tilted views of highly ordered hexago-
nal vertical features of amorphous sili-
con nanorods formed by nanosphere
lithography and vertical etching in
RIE. Inset of (b) shows the formation
of well-resolved nanorods with the
width of 50 nm. (d) Transmission elec-
tron microscopy image plus diffraction
pattern of an a-Si nanorod.
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FIG. 3. Schematic representation of the fabricated lithium ion battery based
on a vertically aligned a-Si nanorod array.

Fig. 2(a)). Next, the samples were vertically etched using
RIE technique. Tilted views of highly ordered hexagonal ver-
tical features of amorphous silicon nano-pillars are given in
parts (b) and (c) of Figure 2. The inset in part (b) depicts the
formation of nanorods with the width of 50 nm. Finally, the
transmission electron microscopy (TEM) image of a fabri-
cated a-Si:H nanorod in part (d) shows the amorphous nature
of the nanorods after the process completion, which is also
corroborated by the electron diffraction pattern in the inset of
this image.

As mentioned above, we examined the efficiency of the
fabricated a-Si nanorod arrays as a Li-ion battery electrode.
Figure 3 shows a schematic view of the assembled battery.
We employed Li metal as the counter electrode. The electro-
lyte in this battery consisted of 1M LiPFg in ethylene carbon-
ate (EC)/dimethyl carbonate (DMC) (1:1 wt) solution. Also,
polypropylene film was used as the separator.

To provide proper ohmic contacts to the silicon wafer,
we used a p-doped silicon wafer coated with 70 nm Ni on its
back and front sides. The front side of the silicon wafer has
been further coated with a 20 nm chromium layer just on the
previously coated nickel film to improve the adhesion of
a-Si:H film and to provide appropriate ohmic contact.
Moreover, the deposited layers serve as barriers against the
lithium ion diffusion into the silicon wafer. Next, vertical
nanorods with 750 nm height were fabricated as outlined pre-
viously. Finally, the charge-discharge rate performance of
the nanorods versus Li/Li* electrode was evaluated using
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galvanostatic tests. For comparison, similar tests were per-
formed on a planar a-Si:H film with a thickness of 750 nm.
Figure 4(a) shows the voltage versus charge state profiles for
the first and second cycles of the nanorod array cycled at a
high rate of 1.2C. A so-called “C”-rate is a measure of the
rate at which a battery is discharged (or charged) relative to
its theoretical capacity. In general, “1C” rate corresponds to
a current at which the battery will be discharged (charged)
theoretically in 1 h.'* The obtained profiles (Fig. 4(a)) show
a sharp drop with a long flat plateau during the first discharge
period where a-Si alloys with Li to form amorphous Li,Si.
These results are in general agreement with previous
reports,ls’16 The first cycle discharge specific capacity was
3914 mAh/g, which is slightly lower than the theoretical spe-
cific capacity of silicon (4200 mAh/g). This could be caused
by the extended polarization effects due to high discharge
rate, although other parameters as working temperature
might be responsible, too.'®

By referring to Figures 4(a) and 4(b), the first charge spe-
cific capacity was 2348 mAh/g giving the first cycle a cou-
lombic efficiency of 60%. Coulombic efficiency is a measure
of the fraction of the lithium ions stored in the sample during
a subcycle that are recoverable during the subsequent sub-
cycle. Here, coulombic efficiency of a cycle is calculated
through dividing the value of charge capacity by the value of
discharge capacity. This irreversible capacity loss during the
first cycle could be attributed to Solid Electrolyte Interphase
(SEI) formation at the anode.'” The second discharge specific
capacity decreased to 3691 mAh/g; however, the second
charge specific capacity increased to 2401 mAh/g indicating
the columbic efficiency of 65%. As Figure 4(b) reveals, after
the second cycle, the discharge capacity abruptly diminished
by 21% (but not the charge capacity) giving the third cycle
the discharge specific capacity of 2923 mAh/g. Afterwards,
the capacity fading rate significantly decreased; so that the
average discharge and charge capacity fading rates of cycles
3 to 25 were 4.6% and 2.9%, respectively. Even after 25
cycles of charge and discharge with such a high rate (1.2C),
the sample discharge and charge capacities were 1244 mAh/g
and 1156 mAh/g, considerably higher than graphite anodes
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with a theoretical specific capacity of 372 mAh/g.'®
Moreover, during the cycling process, coulombic efficiency
increased to finally reach a high value of 93% after 25 cycles
(Fig. 4(c)). It is worth noting that the rate at which this galva-
nostatic test was performed (1.2C) is considered a high rate,
while the capacity of a battery usually decreases with increas-
ing the test current due to amplified polarization effects. This
statement is confirmed experimentally in Figure 4(d), which
shows charge and discharge curves of the nanostructured
sample at various rates. This figure demonstrates that the
sample capacity is higher at lower rates.

The same galvanostatic charge-discharge tests (with
1.2C rate) were also performed on an a-Si:H planar film. We
have observed that amorphous silicon planar film cannot be
cycled efficiently at such a high rate (inset of Fig. 4(b)).
SEM analysis of this sample after the galvanostatic test
showed that the weak performance of the sample is due to
the formation of a thick passivation layer on the sample dur-
ing the first discharge, after which Li ions cannot effectively
reach the a-Si surface.'* After this step, the cell will mainly
be charged and discharged capacitively rather than by a
faradic mechanism where the electrodes act like the planes
of a simple capacitor with an insulator between them."?

One main reason behind the observed high performance
of amorphous silicon nanorods as opposed to planar a-Si film
could be their significantly larger active surface area causing
their corresponding current density to be markedly lower
than that of an a-Si:H planar film. Hence, the damage
inflicted on a-Si:H nanorods upon cycling at high rates will
be less. The approximate surface area enhancement (A) for
the nanostructured sample (a-Si:H nanorods with hexagonal
pattern) was estimated as:

A =145 2—2,
where “r” and “h” denote the average radius and height of
rods, and “‘s” represents the spacing between the initial poly-
styrene nanospheres measured between their centers. In our
experiment, these values were 1:50nm, s:460nm, and
h:750 nm, yielding A:2.57. Thus, the effective current den-
sity was only 69 uA/cm? for the hexagonal patterned a-Si
nanorod array with 1.2C =100 nA, while this value was
1000 uA/cm? for the planar a-Si film with 1.2C =560 pA.
Another reason for the improved performance of the nanorod
sample may be their ability to accommodate volume changes
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and the resulting strain without pulverization and the corre-
sponding loss of contact.

In summary, we have fabricated highly featured amor-
phous silicon nanorods in large area by means of nanosphere
lithography and hydrogen-assisted deep reactive ion etching.
The ability of depositing thick and smooth films with good
adhesion to the substrate allows one to realize high perform-
ance batteries with a-Si electrodes. Such devices are suitable
for high-current applications, e.g., electric vehicle batteries.
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