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ABSTRACT: An electrochemical liquid—liquid—solid
(ec-LLS) process that yields crystalline silicon at low
temperature (80 °C) without any physical or chemical
templating agent has been demonstrated. Electroreduction
of dissolved SiCl, in propylene carbonate using a liquid
gallium [Ga(l)] pool as the working electrode consistently
yielded crystalline Si. X-ray diffraction and electron
diffraction data separately indicated that the as-deposited
materials were crystalline with the expected patterns for a
diamond cubic crystal structure. Scanning and trans-
mission electron microscopies further revealed the as-
deposited materials (ie., with no annealing) to be faceted
nanocrystals with diameters in excess of 500 nm. Energy-
dispersive X-ray spectra further showed no evidence of any
other species within the electrodeposited crystalline Si.
Raman spectra separately showed that the electrodeposited
films on the Ga(l) electrodes were not composed of
amorphous carbon from solvent decomposition. The
cumulative data support two primary contentions. First,
a liquid-metal electrode can serve simultaneously as both a
source of electrons for the heterogeneous reduction of
dissolved Si precursor in the electrolyte (i.e., a conven-
tional electrode) and a separate phase (i.e., a solvent) that
promotes Si crystal growth. Second, ec-LLS is a process
that can be exploited for direct production of crystalline Si
at much lower temperatures than ever reported previously.
The further prospect of ec-LLS as an electrochemical and
non-energy-intensive route for preparing crystalline Si is

discussed.

P resently, the major industrial method for the production of

crystalline silicon, the key semiconductor in many
optoelectronic technologies, involves a series of energy-
intensive, highly polluting carbothermal reduction reactions
that produce undesirable byproducts, including CO,."?
Electrodeposition has long been identified as a potential
alternative route for the preparation of Si since electro-
depositions can be inherently simple, clean, and comparatively
non-energy-intensive.3’4 However, resource-intensive carbo-
thermal reactions are generally still preferred over electro-
deposition for Si production for two principal reasons. First, as-
prepared Si from low-temperature electrodepositions is often
impure with components from the electrolyte at >10™" atom
9>° and is always amorphous,® ' requiring additional thermal
annealing and purification. Second, excessively high (>700 °C)
temperatures are required for an electrodeposition process to
yield crystalline Si.>~'® The incompatibility of low temper-
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atures and a pure, crystalline product have thus severely limited
the appeal of Si electrodeposition. Accordingly, a new Si
electrodeposition method that overcomes this longstanding
challenge would be highly desirable and could have substantial
technological impact.

We recently reported on the concept of using liquid-metal
electrodes that act as both an electron source for reducing
dissolved species in solution and a solvent for recrystalliza-
tion."””>' We have dubbed this strategy an electrochemical
liquid—liquid—solid (ec-LLS) process for the direct preparation
of crystalline semiconductor materials. This tactic has proven
versatile, affording the direct electrodeposition (i.e., reduction
of dissolved precursor to give fully reduced crystalline material
without need for subsequent annealing) of copious amounts of
crystalline Ge and GaAs from an aqueous solution at or near
ambient conditions. A key advancement for ec-LLS as a
synthetic strategy would be to determine whether a liquid-metal
electrode could facilitate the direct preparation of crystalline Si.
Accordingly, here we report data demonstrating the use of a
liquid-metal electrode as a platform for direct electrodeposition
of crystalline Si from a dissolved precursor under relatively
benign conditions.

Figure la illustrates one possible means for the direct
electrodegposition of crystalline Si. As has been demonstrated
for Ge'®*° and GaAs,?' the initial stage would involve
electroreduction of an oxidized precursor (SiCl,) to the fully
reduced state (Si) at the electrode—electrolyte interface.
Electroreduction of SiCl, at solid electrodes has been
investigated previously>®®'" and found to produce purely
amorphous Si. In the ec-LLS scheme, the initially reduced Si
could be partitioned into the liquid gallium [Ga(l)] phase. The
solubility of Si in Ga between room temperature and 100 °C, as
determined by extragolations of published metallurgical data for
the Ga—Si system, 223 ranges from 107 to 107% atom %.
Although low, the solubility of Si in Ga at 100 °C is comparable
to the solubility in another ec-LLS system (Ge in Hg at room
temperature)** demonstrated previously.'® The dissolved Si in
Ga(l) could then reach saturation and supersaturation
conditions if SiCl, is continually reduced at the electrode—
electrolyte interface. When a critical supersaturation condition
is reached, phase separation of Si(s) from Ga(l) followed by
crystal growth would occur.

To determine whether any observable for the electro-
reduction of SiCl, at Ga(l) electrodes would support Figure 1a,
a two-compartment electrochemical cell was used to electro-
deposit Si onto a Ga(l) electrode at several temperatures up to
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Figure 1. (a) Schematic depiction (not drawn to scale) of an
electrochemical liquid—liquid—solid (ec-LLS) process yielding crystal-
line Si with a liquid Ga [Ga(l)] electrode. (b) Voltammetric response
after correction for solution resistance for a Ga(l) electrode in
propylene carbonate containing 0.2 M TBACI without (black) or with
(red) 0.5 M SiCl,. (c) Optical photograph of a clean Ga(l) working
electrode. (d) Optical photograph of the same electrode after
galvanostatic electrodeposition of Si in propylene carbonate containing
0.2 M TBACI and 0.5 M SiCl, at 20 mA cm™ for 2 h at 100 °C. The
image was obtained after physical removal from the cell. (e)
Representative X-ray diffractogram collected from the black film in

).

200 °C. The cell was pressurized to 2.76 X 10° Pa (400 psi) to
offset the volatility of SiCl, at elevated temperatures.”® Figure
1b shows representative voltammograms for a Ga(l) working
electrode scanned to negative potentials in propylene carbonate
containing 0.2 M tetrabutylammonium chloride (TBACI) with
or without 0.5 M SiCl, at 100 °C. The data have been corrected
for the iR drop from solution resistance, as measured by
impedance analysis [Figure S1 in the Supporting Information
(SI)], and are the responses observed after the first scan. The
presented voltammetry data differ from results reported for the
electroreduction of SiCl, at a solid Ni electrode® in that no
diffusion-controlled peak was observed under these conditions.
Additional voltammetric analysis indicated that a diffusion-
controlled peak at these current densities could be observed
only at lower SiCl, concentrations and lower temperatures
(Figure S2). Furthermore, the voltammetric response for the
first scan always differed from the responses observed for
subsequent scans with the appearance of a prewave at a
potential ~0.5 V more positive than the onset of SiCl,
reduction.

Figure 1c,d highlights the optical appearance of a Ga(!) pool
electrode before and after a galvanostatic experiment at +20 mA
cm™ at 100 °C for 2 h. The mass of the dull black film on the
Ga(l) electrode following the galvanostatic deposition was
sensitive to the length of the experiment, with a smaller
apparent mass collected after shorter experiments. The as-
prepared film was physically removed from the surface of the
Ga(l) pool electrode, dried, and collected as a powder. After
washing/etching of the collected mass to remove solvent,
physisorbed electrolyte salt, and native oxide (see the SI), the
black powder was stored dry under ambient conditions.
Notably, the hue and texture of the collected electrodeposit
did not change over time in air (Figure S3). Analogous
electrodepositions performed at 25 °C yielded similar dark
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films whose color changed to grayish yellow over the course of
a few hours, as commonly observed for porous, amorphous Si
in air.”*'%%* In contrast, electrodepositions performed at 100
°C but at low (ambient) pressure yielded crystalline character
analogous to that obtained at high pressure (Figure S$4),
indicating that temperature rather than pressure is more
influential on the observation of crystallinity. Further experi-
ments performed under identical conditions but without
potential or current control did not yield any deposit on the
Ga(l) electrode surface (Figure S4). Finally, experiments in
which films were electrodeposited at room temperature and
then heated to 100 °C for 2 h inside the cell also produced pale,
white material. The absence of any signatures indicative of
crystalline Si in these last control experiments argue for a
concerted ec-LLS process in the main experiments that is not
equivalent to separate electrodeposition and annealing.

Figure le presents a representative powder X-ray diffracto-
gram after correction for the scattering contribution from the
underlying support. The corresponding raw X-ray diffraction
data are presented in Figure S5. As shown in Figure le, the as-
deposited mass yielded sharp diffraction patterns in accord with
the diamond cubic crystal structure expected for crystalline Si.
Using either Rietveld refinement or Scherrer line width analysis,
the crystalline domain size inferred from the X-ray diffraction
data was large (>100 nm). Repeated electrodeposition
experiments performed at temperatures as low as 80 °C
showed similar X-ray diffraction patterns (Figure S6). Electro-
depositions performed at 25 °C yielded dark films that showed
no detectable signatures for crystalline Si in the collected X-ray
diffraction patterns. An exhaustive analysis of the crystallinity
across a large temperature range is currently in progress. Raman
spectra showed both the phonon mode for crystalline Si and a
lower-frequency signature suggestive of nonzero amorphous
content (Figure S8). Raman measurements were also
performed to determine whether the material obtained through
electrodeposition also contained a substantial amount of
amorphous carbon from the decomposition of solvent at the
interface with the Ga(l) electrode. A representative spectrum
obtained for the as-prepared (i.e., no etching or washing steps)
electrodeposited Si mass (Figure S9) shows no detectable
Raman signatures for either amorphous or diamond-like
carbonaceous species.””

Figure 2a,b presents representative scanning electron
microscopy (SEM) images that detail the morphology of the
as-electrodeposited Si powder. Uniformly sized grains were
consistently observed with total widths of ~500 nm. A fraction
of the observed particles appeared fused together along an
edge. However, the majority of particles looked unfused but
aggregated in large clusters. Nearly every observed grain
showed sharp facets, consistent with the premise that each grain
constituted a single crystal. Electron backscatter diffraction
experiments were attempted in order to determine whether
each grain in an aggregate was in fact a uniform single crystal,
but the grain sizes were too small for conclusive evidence to be
obtained. Instead, transmission electron microscopy (TEM)
was performed on individual Si grains. Figure 2c¢ shows a
representative high-resolution TEM image. Lattice fringes
commensurate with the d;; spacing for crystalline Si were
observed. A representative selected-area electron diffraction
(SAED) pattern obtained along the [011] zone axis is shown in
the inset of Figure 2c. The observed diffraction pattern is
consistent with a diamond cubic lattice and d;;; = 3.1 A, as
expected for a single crystal of Si. Every particle observed by
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Figure 2. (a, b) SEM images of electrodeposited Si at (a) 20 000X and
(b) 80000X times magnification. (c) High-resolution TEM image of
electrodeposited Si at 800 000X magnification. Inset: SAED pattern
obtained with the electron beam parallel to the [011] zone axis. (d)
EDX spectrum of a crystalline Si grain taken in the transmission
electron microscope at 300 kV. Crystalline Si was electrodeposited in a
propylene carbonate solution containing 0.2 M TBACI and 0.5 M
SiCl, at 20 mA cm ™ for 2 h at 100 °C and 2.76 X 10° Pa. As-deposited
Si was etched in 5% HF solution for 30 s prior to electron microscopy
analysis.

this method exhibited similar diffraction characteristics. Figure
2d shows an energy-dispersive X-ray (EDX) spectrum for the
sample in Figure 2c. In this spectrum, only two signatures (Si K
and Cu K) were observed above the background level, with the
Cu K peak arising from the Cu TEM grid itself. The data in
Figure 2d indicated that this grain was not a Si alloy/mixture
with Ga, C, or Cl impurities at the level of detection (~0.1
atom %). EDX spectral measurements on the bulk material did
show detectable Ga, but the difficulty in rigorously excluding
Ga upon removal of the film from the electrode limited
accurate ensemble assessment of the residual Ga content
(Figure S10).

Taken together, the data presented here represent the first
successful demonstration of an unassisted (i.e., no sonication,®
no additional chemical reductant/templatezg) electrochemical
process that produces crystalline Si in a single step under
extremely mild conditions. The lowest temperature demon-
strated here (80 °C) significantly bests both the previous
reported record for direct electrodeposition of crystalline Si
(745 °C in a fluoride melt electrolyte)'® and more recent
reports on the electrodeposition of Si through CaSiO; (850 °C
in molten CaCl,).>° The electrodeposition temperatures shown
here are also below the known temperature thresholds for
metal-induced amorphous-to-crystalline Si transitions."

In this work, the dissolved reducible species (SiCl,), the
electrolyte (TBACI), and the solvent (propylene carbonate) all
are electrochemical components that have previously been
explored separately and collectivelzy in studies that universally
yielded only amorphous Si>”'*** Thus, the key innovation
shown here is the specific use of Ga(l) as a liquid-metal
electrode, consistent with ec-LLS at low temperatures. As
described previously,” ™" the ability of a liquid metal to act as a
separate phase for recrystallization is a powerful and
underutilized concept in electrochemistry. The present results
are strong evidence in support of the contention that the ec-
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LLS approach can be exploited for the preparation of crystalline
Si.

Further work is needed to advance the Si ec-LLS strategy as a
practical and scalable wet-chemical process for the preparation
of crystalline Si. The electrochemical reduction of SiCl, is not
optimal at scale since SiCly is readily hydrolyzed by water and is
itself a high-energy-content, highly refined chemical. The
reactivity of SiCl, toward trace water in the solvent is
detrimental in the presented system since an insulating film
that limits the progression of Si electrodeposition can develop.
We observed this directly in prolonged electrodeposition
experiments, where the masses of the crystalline Si films (i.e.,
after washing of the as-prepared films) increased with time for
short (<1 h) experiments but were invariant with time in longer
experiments because of a glassy coating on top of the crystalline
Si film (Figure S11). Furthermore, SiCl, is prepared from Si
rather than SiO,, so this particular ec-LLS process parallels the
Siemens process more than carbothermal reduction.” Never-
theless, further studies of Si ec-LLS with SiCl, in propylene
carbonate should still be useful for understanding how the
interplay of steps 2—4 in the Si ec-LLS process (Figure 1a)
affects the resultant crystallinity/morphology. The results of
such investigations should prove informative and general for
the maturation of a viable ec-LLS process for crystalline Si that
does use raw feedstock like silica. The electrochemical
reduction of fully oxidized (low-energy-content) Si precursors
in step 1 in Figure la also requires a more detailed and
microscopic understanding of electrodepositions at liquid-metal
electrodes. Such work is ongoing in our laboratory.
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