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Abstract.

Room-temperature electrodeposition of Ge crystallites was investigated by the electrochemical
liquid-liquid-solid (ec-LLS) process using a family of Hg;Iny alloys. The objective was to determine
whether different liquid metal alloys with nominally the same bulk solubility towards Ge but potentially
different surface character would yield any differences in the resultant Ge crystallites. Variation of the In
fraction in the these alloys was the control variable. The following details were ascertained from the
cumulative data. First, in accord with thermodynamic predictions, the surface of HgiIni.« alloys was
strongly enriched with Hg according to X-ray specular reflectivity data. These data further indicated that
the surface enrichment was confined exclusively to a single atomic layer at the liquid metal surface. These
properties of the Hg«Iny / electrolyte interface structure facilitated the first two steps of the ec-LLS process.
Second, the presence of In influenced the morphology of the resultant Ge crystallites from ec-LLS, in accord
with mediated transport of the Ge upon initial electroreduction. Specifically, X-ray diffraction, Raman, and
microscopy data suggest that a strong affinity between In and Ge that affects the crystal morphology. This
study thus motivates further exploration of both In as a component in liquid metal solvents to facilitate

grain size and more general studies detailing how the surface structure and composition of liquid metals



influence crystal growth. These findings significantly advance the prospect for preparing technologically-
relevant inorganic crystalline semiconductors at low temperatures.
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Introduction.

Liquid metals are natural media for growing inorganic crystals.'"” For crystalline inorganic
semiconductors, elemental liquid metals in vapor-liquid-solid (VLS) and liquid phase epitaxy (LPE)
processes have been explored and utilized successfully.®® In this regard, the choice of the liquid metal is
known to strongly influence how the inorganic solute becomes a crystalline material. So far, the
overwhelming majority of studies have focused largely on just unary liquid metals and the corresponding
binary solvent/solute mixtures. Comparatively few studies have focused explicitly on exploring the
composition space of liquid metal alloys to identify more optimal solvents for crystal growth. Accordingly,
although the chemistry and metallurgy of liquid metal alloys have been studied intensely and even
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recently, strategies that exploit this knowledge to design optimal liquid metal alloy solvents for the

growth of target, crystalline inorganic materials are still lacking.

In both VLS and LPE, it is widely understood that crystal growth in a given elemental liquid metal
can be improved by adding a second alloying metal to increase the solubility of the target solute.”> The
guiding rationale has been that adding elements with higher bulk solute solubilities (i.e. type A metals) into
liquid metals with low bulk solute solubilities (i.e. type B metals) lowers the supersaturation attained during
nucleation and crystal growth in the bulk liquid metal alloy. According to classical nucleation theory and

crystal growth models,**’

controlling the supersaturation is the most direct way to obtain more pristine,
larger solute crystals with fewer defects. This premise has been described sporadically but it is not clear if
it represents the only or most impactful strategy for designing liquid metal crystal growth solvents.
Specifically in VLS, it is widely accepted that the interfacial properties during the crystal growth process

are important and potentially control is well established.***’

Previously, identification of how a specific component alters the properties of a molten alloy during
a crystal growth process was complicated by the need for high temperatures. However, a new liquid-metal-
based process for growing crystalline inorganic semiconductors introduced this past decade offers a simpler
alternative.*' By utilizing electrochemical gradients rather than thermal gradients, the electrochemical
liquid-liquid-solid (ec-LLS) strategy mirrors the nucleation and crystal growth aspects of VLS and LPE but
without any heating or extensive support apparatus. Simply, a liquid metal acts as the working electrode
where oxidized species can be reduced and then dissolved into the liquid metal at rates dictated by the
electrochemical reduction reaction, surface chemistry, and rates of dissolution.*** Recent studies have
shown that the liquid metal alloy composition affects the resultant crystal size and morphology,***’ but

clear design rules for the liquid metal have yet to be identified.



In this study, the liquid Hg-In alloy system is a useful testbed for exploring and identifying aspects
that may be relevant to crystal growth in ec-LLS and, by extension, to other related processes that rely on
liquid metal solvents using alloys of only ‘type B’ metals. The Hg;«Inx alloy system is notable since In is
a solid at room temperature but can be uniformly dissolved in Hg as a homogeneous liquid phase up to
concentrations of ~70 at.% at room temperature (Figure 1a).* A wide composition range of molten, liquid
Hg.«Iny alloys are readily accessible at room temperature just by mixing predefined amounts of each metal.
Here, we use Ge as the test solute for this family of liquid metals since Ge ec-LLS by the electrochemical
reduction of dissolved GeO, in water is known for both pure Hg and In nanodroplets.*":*” Based on the
available metallurgical for each metal,*° the solubility of Ge in both pure In and pure Hg at room
temperature is roughly of the order of 10 at. % (Figure 1b). Although there is some uncertainty in these
data, both from extrapolation in the case of In and from Hg in the spread of the available experimental

measurements,>*!

the data clearly show that neither metal would be expected to appreciably increase the
solubility of Ge in the other. Moreover, neither In nor Hg form germanicides at any temperature, and the
atomic size of each metal is roughly similar (Table 1).**:*% Accordingly, if bulk solute solubilities are the
only important factors in designing liquid metal solvents, the expectation is that the crystallographic
properties of Ge formed within every composition in the Hg-In alloy family would be the same. In contrast,
these two metals differ notably in their surface properties. For example, liquid/air surface tensions for Hg
and In in Table 1 differ noticeably.’*>* More importantly, the wettability of these liquid metals towards Ge
differs noticeably. Hg does not readily wet a solid Ge surface while molten In readily wets Group IV
semiconductor surfaces.’®>’ In fact, molten In at elevated temperatures has been used previously to grow
crystalline Ge by liquid phase epitaxy and by VLS.***® Accordingly, if surface wetting of the liquid metal

to solid Ge is relevant, a change in the observable crystal growth would be expected as the liquid Hgi«Iny

alloy composition is varied.

Herein, a series of electrochemical, materials characterization, and surface characterization data are
presented to describe the Ge ec-LLS process using electrode compositions spanning the Hgi«Iny family.
The purpose of this work is to evaluate the hypothesis that adding In into liquid Hg will effect no change
in the crystalline properties of the resultant Ge. Direct insight into the liquid metal / electrolyte interface at
which the solute atoms are formed is achieved. We accomplish this by X-ray reflectivity (XRR)
measurements, which provide detailed data on the local atomic structure (e.g. atomic layering)®*' and
composition of the interface. Specifically, the angle-dependent specular X-ray reflectivities of the two
central systems under study, pure liquid Hg and liquid HgosIno7 (i.e., the alloy with the highest dissolved
In content) in contact with the 0.1 M NaB4Oy electrolyte solution were collected in the potential range of
Ge electrodeposition. The cumulative findings are significant in the context of developing improved

strategies to grow technologically important semiconductors at low temperatures.



Experimental.

Materials and Chemicals Acetone (ACS grade, Fisher Scientific), Hg (triply distilled, D. F.
Goldsmith), indium (99.99% Gallium Source), germanium dioxide (99.998% Sigma-Aldrich), sodium
borate (>99.5% Sigma-Aldrich), Indium foil (99.998 %, Alfa Aesar), and Pt wire (0.25 mm diameter, Alfa
Aesar) were used as received. Nanopure water with a resistivity > 18.2 MQ ¢cm™ (Barnstead Nanopure) was

used throughout.

Electrochemical Details Both a CH Instruments 420A and a Solarton 1176A potentionstat were
used to perform cyclic voltammetry and chronocoulometry experiments. A dual compartment, three-
electrode cell was used for all electrodepositions and consisted of a 200 pL liquid metal pool housed within
a bowl and contacted from the top by an insulated Pt wire (working electrode), a graphite rod (counter
electrode), and an anodized Ag wire with a AgCl coating immersed in sat. KCIl in a separate fritted
compartment (reference electrode). All potentials in this work are given with respect to this reference
electrode. For experiments featuring solid In as the working electrode, the Pt wire contact was not used.
Voltammetry experiments were performed in solutions containing either 0.01 M NaB4O7 or 0.01 M NaB4O;
with 0.05 M GeO». After electrodeposition, the electrolyte was suctioned off by hand with a pipette.
Following, the liquid metal pool electrode was washed with nanopure water multiple times until residual
salt crystals were no longer visible. Then, electrodeposited Ge was collected carefully from the liquid pool

electrode with a clean plastic spatula, dried under N», and then characterized.

Materials Characterization Scanning electron microscopy (SEM) images were obtained using a
JEOL JSM-7800FLV field emission scanning electron microscope (FESEM) operating at an accelerating
voltage of 10.00 kV using an in-lens ion annular secondary electron detector. X-ray diffraction spectra were
collected with a Bruker D8 Advance diffractometer equipped with a Cu Ka source, parallel beam optics
and a LynxEye detector. Raman spectra were obtained with a Tescan RISE SEM equipped with a Raman

spectrometer featuring a 532 nm Ar" laser at a radiant power of 50 uW on the sample.

X-Ray Reflectivity Measurements X-ray reflectivity (XRR) measurements of the liquid metal/liquid
electrolyte interfaces were performed using the Liquid Interface Scattering Apparatus (LISA)
diffractometer® at beamline P08 of the PETRA III synchrotron source at DESY in Hamburg, Germany.®
All experiments utilized a beam energy of 25 keV, corresponding to a wavelength of A = 0.4959 A. The
reflected intensity was recorded with a two-dimensional GaAs X-ray detector (Lambda from X-Spectrum).
The detector was composed of 1536 X 512 pixels with 55 um pixel size providing a resolution of 3.3 x 10
* A"V in both the horizontal ¢, and vertical ¢. directions. The background, due to scattering by the Hg and
electrolyte bulks, was measured by offsetting the detector by 0.08° horizontally out of the plane of



reflection, and subtracting an area with 0.08 © horizontal and 0.4° vertical angular acceptance, from the
specular signal. A custom designed electrochemical X-ray scattering cell with 5 cm diameter was used
throughout the experiments, allowing for the injection of the Hgi«Iny alloy as well as the electrolyte
solution. Solutions were purged with N, gas for at least 30 minutes prior to injection into the cell. Liquid
metal electrodes were biased for at least 15 minutes before each reflectivity measurement to ensure a stable

interface.

In the XRR data analysis, first the background-subtracted detector signal was normalized by the
direct beam intensity and plotted versus the surface-normal scattering vector, ¢ (= 4n\”" sina). The resulting
experimental X-ray reflectivity, R(g-), was normalized by the Fresnel reflectivity, Rr(g:), of a perfectly
sharp interface between the liquid metal sample (Hgo 3Ing 7 or Hg, respectively) and the aqueous electrolyte.
Here, the critical scattering vector, ¢., for total external reflection at the liquid metal/electrolyte interface
was determined from the difference of the total electron densities of the bulk liquid metals, p re, Which are
3.24 eA” for Hg and 2.24 eoA~ for Hgo3Ino 7, and for the bulk electrolyte (pe.20 = 0.33 eoA™). From these
values scattering length densities of 8.177-10° A~ for Hg/0.1 M NaB4O7 and 5.364-10” A for Hgo3Ino7 /
0.1 M NaB4Oy, are calculated, resulting in g. values of 0.064 and 0.052 A™!, respectively. R/Rr at each ¢ is

a function of the laterally averaged electron density, < P, (z)> , profile along the surface-normal according
to the master equation.®*®> R/Rr values were fitted by a modification of the distorted crystal model,®" ¢
which was previously employed for the interface between liquid Hg and NaF solution.®®®” This first layer
model treats < P, (z)> of the liquid electrolyte/liquid metal junction (normalized by the bulk metal density)
as a function of three independent terms, with the first describing the electrolyte, the second representing

an explicit atomic layer at the interface, and the third summation term representing the decaying atomic

layering in the near-surface region of the liquid metal:
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Here, zu20 and ox20 describe the position and width of the electrolyte front, pyand oy are the amplitude and
root mean square displacement of the first layer, respectively, d is the atomic layer spacing after the second
metal layer, zris the position of the first layer, and ‘d - z/ is the distance between the first and second liquid

metal layers. o, is the root mean displacement of the nth layer which increases with z towards the liquid

metal bulk and is given by o, = \/O'l.z + nof , where o; is the intrinsic width common to all sub-surface

layers and ¢ describes the rate by which o,, increases.®' %



The model was fitted to the experimental XRRs in a two stage process, using a custom python
script. First, a global optimization was performed, with defined upper and lower bounds for each fitting
parameter. Then, the resulting values were used as starting point for a local refinement. The parameters

describing the electrolyte, o, , and p, ,, had little influence on the resulting fit and thus were kept at

the same values as for Hg in NaF solution.®” The final fit was determined when % was minimized below a

threshold value of 0.1.
Results.

X-Ray Reflectivity Representative XRR curves are shown in Figure 2a and c. At low g, the
measured data (circles) closely follow the corresponding Fresnel reflectivities (dashed lines), indicating
that the interfaces are atomically smooth. At ¢. > 2 A™ a characteristic maximum is observed in both
samples, which corresponds to the well-known quasi-Bragg peak associated with the atomic layering in the

near-surface region of the liquid metal. ¢!- %4 6667

The detailed behavior is more easily discernible after normalizing the XRR data by the Fresnel
reflectivity (Figure 2b and d). For the case of pure Hg, the XRR curves in 0.1 M NaB4O; strongly resemble
those observed for the Hg/0.01 M NaF interface.®®’ Specifically, R(g.) initially decreases up to ¢.= 1.2 A™!
and then increases again towards the quasi-Bragg peak at g. = 2.22 A™'. Quantitative fits to the model
described in the experimental section provide very similar structural parameters and electron density
profiles as in NaF solution at the most negative potentials (see Figure 2b and Table S1 of the Supporting

Information). In particular, the first layer density ps/pe e is very similar for Hg in NaB4O7 and in NaF.

In contrast, a very different behavior is found for the XRR of liquid Hgo 3Ino 7. Here, the normalized
X-ray reflectivity values initially increase, leading to a local maximum near ¢. = 0.6 A™'. Furthermore, the
quasi-Bragg peak is much more pronounced. The initial increase to an R/R, > 1 is indicative of a higher
electron density at the surface relative to that in the bulk. Similar effects were reported for the free surfaces
of other liquid metal alloys and could be explained by surface segregation of the higher-Z element.®*"°
Accordingly, the X-ray reflectivity data indicates a Hg-rich surface. This point is supported by the best fit
(Figure 2d, Table S1 of the Supporting Information), which corresponded to a liquid metal surface featuring
a surface layer that consists almost exclusively of Hg on top of a surface-layered bulk liquid with a
composition of Hgoslng7, as depicted schematically in the inset of Figure 2d. In the surface layer, the
concentration of In is no greater than 0.01, whereas all following atomic layers correspond to the nominal
In concentration of 0.7. This result is also in accordance with the layer spacings. At the depth of second

layer and below, the fitted parameters are identical to that at the surface of molten In at 443 K, ®* which is

understandable taking into account thermal expansion effects and the high In content of the Hgg 3Ing 7 alloy.



In contrast, the spacing of the surface layer to the subsequent layer is much larger, as expected for a layer
consisting of the more bulky Hg atoms.”>”' The decay of the atomic layering towards the liquid metal bulk
is comparable to that found in pure liquid Hg and In, albeit a detailed comparison with the latter is difficult

due to the differences in sample temperatures.

Electrochemical Responses The voltammetric responses of Hg, Hgi«Iny, and In electrodes in 0.01
M NaB,O; were examined in detail at a slow scan rate of 0.01 V s™! (Figure 3). Hg pool electrodes show a
featureless steady-state current response when scanned between -0.4 V and -1.9 V (solid green line, Figure
3a). Figure 3a also shows the response when the scan is limited to -0.9 V and -1.9 V (dashed green line).
H; evolution leads to some mechanical movement of the liquid metals that introduce noise in the data but
the two traces are otherwise identical. Figure 3b shows similar voltammetry for Hgo7Ings. In this case,
initiating the scan at -0.4 V resulted in a large cathodic wave with a maximum at -1.09 V and a peak current
density of 0.24 mA cm™. Integration of this peak corresponded to a charge density of 3.86 mC cm™. On the
return wave, anodic current onset at -0.87 V with a peak at -0.81 V and a steady—state anodic current of
0.10 mA cm™ at more positive potentials. Integration of this anodic current corresponded to a charge density
of 0.78 mC cm™. When the electrode scan was initiated at -0.9 V, i.e. the electrode potential as never
allowed to drift more positive than -1.0 V, the cathodic wave disappeared. Further, the current for H»
evolution was consistently higher. Similar observations were noted for Hg sIng s and Hgo 3Ino 7 (Figures 3d
and 3e, respectively). The peak current densities and integrated charge densities of the cathodic wave that
preceded the current onset for H» evolution when the voltammetric scan was initiated at -0. 4 V did not
track monotonically with bulk In content (Table S2, Supporting Information). Data were also recorded
using solid In foil as an electrode (Figure 3e). In this case, a more prominent cathodic wave was observed
that again was absent when the potential was held more negative than the onset of anodic current (i.e. -1.3
V in this case). Notably, although H» bubbles were visibly observed, the current-potential response lacked

any appreciable noise.

The voltammetric responses for these same electrodes at the same scan rate and initiated at -0.4 V
were recorded after introduction of dissolved GeO; at a formal concentration of 0.05 M (Figures 3f-j). The
principle observation was that the current at potentials more negative than -1.1 V were consistently higher,
in accord with additional current for the reduction of dissolved GeO; (i.e. HGeO; + 4¢”+ 2H,0 — Ge +
50OH"). From these data, a cursory estimation of the faradaic efficiency for GeO; reduction at -1.4 V and -
1.9 V was determined (Table S2). The faradaic efficiencies for GeO, reduction with Hg;.«In, alloys was
consistently higher than for solid In electrodes. A second observation in these data was that the cathodic
wave at more positive potentials for electrodes containing In was consistently attenuated and shifted

towards more negative potential. Similarly, the anodic current profile was altered.



Figure S2 in the Supporting Information contains the amperometric responses of these electrodes
for Ge ec-LLS performed in the same electrolyte at -1.4 and -1.9 V, respectively. In every case, after the
initial charging current dissipated within 100 s, the faradaic current slowly decayed to different quasi-steady
state current densities. To obtain the target charge density, a total ec-LLS time between 12,500 to 75,000 s
at £ =-1.4 V and between 3,000 to 12,000 s at £ =-1.9 V was necessary. Notably, electrodes with lower

In content took longer to reach the target charge density.

Raman Spectral Analyses A black particulate Ge film completely covered the electrode surface
after all Ge ec-LLS trials. Figure 4 highlights representative Raman spectra for the as-deposited Ge
crystallites collected with each type of electrode. The LO phonon mode for crystalline Ge near but
substantially less than 300 cm™ was observed for every sample. Table S3 in the Supporting Information
collects and summarizes the peak position and full widths at half maximum (fwhm) for each ec-LLS
experiment. Three general features were apparent. First, for a given electrode material, the Ge produced at
-1.4 V exhibited a smaller fwhm value than the corresponding material produced at -1.9 V. Second, the
phonon peak position for crystalline Ge prepared with pure Hg was at a larger frequency than the phonon
peak positions for crystalline Ge prepared with Hg;.«Iny. Third, the phonon peak positions tracked with In

content for Hgi«Iny and In electrodes.

X-ray Diffraction Analyses Figure 5 shows representative power X-ray diffractograms of the ec-
LLS deposited Ge crystal. The strong diffraction pattern of the as prepared Ge crystal exhibited the
reflection of diamond cubic lattice structure of crystalline Ge. Table S4 in the Supporting Information
collect and summarizes the diffraction peak positions, full widths at half maximum (fwhm), corresponding
crystal size and average crystal size, peak intensity ratio and lattice parameter for Hg, Hgi.xInx, and In
electrodes at two different applied potential. Two general characteristics were clearly visible. First, the
relative intensities of the peaks in the diffractograms were not the same, indicating some change in crystal
orientation or possible preferred growth direction. Second, the lattice constant for Ge was clearly a function

of In increasing with the increasing amounts of In (Figure 6).

Scanning Electron Microscopy Analyses Representative scanning electron micrographs of as-
deposited Ge crystallites for each film are presented in Figure 7. As reported previously,*' a leaf-like
microstructure was observed on the Hg pool electrode (Figure 7a) at less negative potentials and a bundle
of nanofibers at more negative potentials (Figure 7f).*! However, with increasing In content in the Hg;.Iny
alloys (Figures 7b-d,g-i), these morphologies were not conserved. For Hgo 7Ing 3, the leaf-like shape was
observed at both potentials, with no evidence of nanofibers. For Hgo sIno s, faceted grains appeared ~5 um
in size and their structure was not leaf-like at -1.4 V and only somewhat at -1.9 V. Additionally, sporadically

interspersed in the Ge grains were smooth nanowires. For Hgo 3Ino 7, the Ge grains were larger (>10 pm) at



both potentials. Again, a minority fraction of Ge nanowires were intermixed throughout the ec-LLS product
material. These features were in contrast with the morphologies observed with solid In electrodes (Figure
7e,j), where there were no faceted grains. Instead, the surface was coated with a contiguous, granular film
with particles of ~0.2 um at both potentials. Smaller Ge nanowires were heterogeneously located on top of
the granular surface coating. The contrasting crystalline Ge morphologies obtained with HgpsIngs and
HgosIng7 are particularly notable since the total reaction time required to pass the target charge was
comparable, indicating that the operative growth rates in these two cases were essentially identical but the

crystal morphology was patently different.

Figure 8 shows scanning electron micrographs specifically detailing the Ge nanowires observed
with the HgosIngs, HgosIlng7, and In electrodes. With the liquid Hg;«Iny alloys, the Ge nanowires were
several microns in length and could approach 1 micron in diameter. Additionally, these nanowires were
often kinked multiple times and sometimes coiled. Almost uniformly, these nanowires featured an obvious
round liquid metal cap on the tip. Elemental analysis indicated the composition of these caps were 52.6%
In, 14.5 % Hg, 20.2 % Ge and 12.6 % O. For crystalline Ge electrodeposited with solid In electrodes, the
nanowires were noticeably shorter and much smaller in diameter (~0.1 um) but still exhibited numerous

kinks.
Discussion.

The presented data support two primary points. First, the surface of Hgj«Iny alloys is enriched by
Hg but only in the topmost atomic layer of the liquid metal. Second, the presence of In during Ge ec-LLS
did not alter the nucleation and crystal growth rates but did accelerate the diffusion of Ge along the growing

crystal surface, greatly impacting the resultant crystal morphology. These points are discussed below.

Surface Composition of Liquid Hg, . In. Alloys The surface composition of an ideal liquid metal
mixture can be determined from the Gibbs adsorption isotherm. Specifically, in an ideal mixture, the
component with the higher surface energy will have a more dilute fractional composition on the surface

relative to its fractional composition in the bulk mixture,”

X, = - ®)

where x; is the bulk composition of In in the binary alloy, v and yu, are the surface tensions for In and Hg,
respectively, 4 is the average area per atom in the binary liquid alloy, k3 is the Boltzmann constant, and T

is the temperature. To estimate accurately the surface composition of Hg;«Iny alloys immersed in aqueous



sodium tetraborate, the potential dependence of the surface tensions for each pure liquid metal in this
electrolyte is required. Nevertheless, from surface tensions of In and Hg relative to vacuum (Table 1), the
general expectation is that the surface of Hg.xInx alloys should be largely composed of Hg (e.g. x; ~ 0.3
when x; = 0.7).” The X-ray reflectance data directly confirm this concept, i.e. even the Hgln alloy with the
highest bulk In content is Hg-rich at the electrolyte/liquid metal interface. Additionally, the collected XRR
data provide further structural insight, i.e. the bulk composition is maintained just beneath the outer, Hg-

rich surface layer.

Although XRR data were collected at a single electrolyte composition, the observed surface
features of Hg)xIny should not depend strongly on the concentration of the supporting electrolyte. The best
fit of the XRR data showed no evidence that adsorption of the supporting electrolyte occurs at the negative
potentials of interest. No suitable fit was possible that included an explicit adlayer at potentials relevant to
ec-LLS. Moreover, the background ion concentration does not appreciably change the electron density of
the electrolyte, further limiting the impact of concentration on the XRR interpretation. The electrochemical
data corroborate the inferences from the X-ray data. In the blank electrolyte without dissolved GeOs, all the
liquid Hg«In, alloy electrodes exhibited H' reduction current-potential profiles consistent with the
behavior of pure Hg rather than In electrodes. Since the electrochemical reduction of H to H» is an inner-
sphere redox process that depends strongly on the electronic character of the electrode surface, these data

are fully in line with these liquid metals possessing a surface layer of predominantly/exclusively Hg atoms.

The electrochemical data separately indicate that In atoms are still able to participate in interfacial
processes. The appearance of the cathodic redox wave near -1.1 V for Hg;«In, alloys strongly mirrors the
reduction of the surface oxide on pure In,” even for HgosIng3. The integrated charge under these curves
constituted several monolayers worth of indium oxide, indicating that the sub-surface In atoms are readily
oxidized in these Hg«Inx liquid metal alloys. The exact mechanism of how sub-surface In atoms are
oxidized is not presently clear but the occurrence and re-occurrence of indium oxidation suggests x; # 0, in
line with the estimate of x; < 0.02 from the X-ray data. In this case, the oxidation of In atoms ‘getters’ In°
from the surface, which are then rapidly replaced by the ample supply of sub-surface In. If the supply rate
of In atoms to the electrolyte/liquid metal surface influences the rate of In oxide formation, then a difference
in electrochemical behaviors at positive potentials would be expected. However, the return sweeps in the
voltammetry in Figures 4b-d exhibit oxidation peaks with equivalent positions and profiles. Accordingly,

the exchange rate between surface and sub-surface atomic layers is not assumed to be limiting in the

reactivity of In atoms at the electrolyte/electrode interface.

The collective data highlight beneficial properties of the Hg;.«Iny/electrolyte interface structure for

the electrochemical reduction of dissolved GeO, and Ge incorporation into the liquid metal, i.e. the first



two steps of the ec-LLS process. Because of the strong Hg surface segregation, the electrode surface is Hg-
like, substantially reducing the hydrogen evolution current density and facilitating higher coulombic
efficiency of the ec-LLS process. The limitation of the Hg enrichment to a single atomic layer at the surface
is likewise advantageous relative to a shallow gradient in the liquid metal composition. The steep Hg
enrichment only at the surface ensures a high In-content already very near to the surface. Thus, the
beneficial influence of In on the Ge transport (vide infra) becomes effective directly following Ge entering
the sub-surface of the liquid metal phase. In addition, our observations indicate that the surface segregation
layer is highly dynamic and apparently does not represent a barrier for the transfer of species between the

interior of the liquid metal and the electrode/electrolyte interface.

Influence of Hg<In, Composition on Ge Crystal Growth by ec-LLS The cumulative microscopic,
Raman, and X-ray diffraction data separately suggest that inclusion of In in liquid Hg specifically changed
the fate of Ge atoms after initial electroreduction of dissolved GeO,. Ge crystals grown with pure Hg
exhibited clear dendritic structures, consistent with fast nucleation and crystal growth occurring at a large
supersaturation. That is, because the solubility of Ge in Hg is small at room temperature, any appreciable
amount of Ge dissolved in the liquid metal likely resulted in a large supersaturation, as observed in related
ec-LLS processes.””’® Since the rates of nucleation and crystal growth are typically proportional to the

77-79

extent of supersaturation,’ """ the subsequent crystal growth rates are expected to be correspondingly fast.

When In was included in liquid Hg, especially at low concentrations, the dendritic structure of the
resultant Ge crystals was still evident. This feature is consistent with the fact that the supersaturation
attained during ec-LLS remained unchanged because In did not increase the bulk solubility of Ge in the
liquid metal. However, the electron micrographs are clear that each Ge dendritic branch became
progressively thicker with increasing In content. Eventually, the apparent grain size still had the outer

profile of the dendrite ‘leafs’ but effectively with the inner void space filled in.

As described in Figure 9, we posit this observation arises because In can access the crystal growth
front and because the presence of In specifically enhances the mobility of Ge along the solid Ge surface.
The precedent for In acting as a surface transporter is not known in electrochemical settings but is well
established in the field of vapor deposition of semiconductor films.***! In this latter context, In has been
identified as a ‘surfactant’ that specifically facilitates Ge surface diffusion in the case of vapor phase
deposition of Ge on Si substrates.®>* A notable difference between this prior precedence of In as a surface
transporting agent and the work shown here is the operating temperatures. For vapor phase deposition, the
action of In at a surface is typically understood at elevated temperatures. For the work shown here, the

influence of In as a surface transporting agent was observed at room temperature.



The notion of In as an agent that affects/catalyzes the surface transport of Ge is consistent with the
other materials characterization data. Specifically, the inferred crystallite sizes from the X-ray diffraction
data do not appreciably change when In is dissolved in Hg, consistent with the idea that In is not changing
the supersaturation level of Ge in the liquid metal and the corresponding crystal growth rate. Similarly, the
Raman spectra are consistently red-shifted for all liquid metals, indicating that even though large apparent
Ge grains are obtained with higher In content, the Ge grains are polycrystalline with crystallite domains

remaining below the Bohr exciton radius of Ge (i.e. 25 nm).*

Presumably, the mediated transport of Ge by In involves a strong interaction between In and Ge.
There are no known stable In-Ge complexes in the reported binary phase diagram® that would predict the
formation of a strong In-Ge bond. However, molten In at elevated temperatures completely wets crystalline
Ge,””*® indicating that the surface tension of the In/Ge interface is small. Although no direct measurement
of the surface tension at this interface is available, an estimate of 0.58 N m™ at 7=25 °C is possible through
Young’s equation and E6tvos’ rule.’” By comparison, the surface tension of the Hg/Ge interface at room
temperature is in excess of 1.1 N m™, since the solid/vapor surface tensions of crystalline Ge are uniformly
in excess of this value®® and the wetting contact angle between Hg and a Ge wafer is significantly greater
than 90 °. These liquid/solid surface tensions, by eq 2, would now predict an accumulation of In at the
liquid metal/Ge crystal interface. Accordingly, the obvious trend in increasing Ge lattice constants with
increasing In content in liquid Hg;.«In alloys in the X-ray diffraction patterns is consistent with the premise
that the crystal growth plane is In-rich. Separately, the observation that the liquid metal droplets on the
observed Ge nanowires consistently had a decreased fraction of In relative to the bulk pool alloy
composition, in conjunction with the measurable In concentrations in these Ge nanowires, indicating that

In had a high affinity for Ge.

The action of In as a surface transporting agent is also in accord with a recent and separate
observation from our group on the growth mechanism of Ge nanowires using molten In nanodroplets.*® In
that work, the cumulative data indicated that Ge crystal growth was limited by the surface transport of Ge
to the growth interface. That work also implied that electrodeposition of crystalline Ge using solid, rather
than liquid, In electrodes may be possible. Here, in this work, we in fact did detect some accumulation of
crystalline Ge with solid In foil electrodes. This observation stands in stark contrast to our and other groups’
past attempts to perform crystalline Ge electrodeposition with solid metal electrodes.*"" *"*® However, the
size of these Ge crystallites were smaller than for the liquid metal electrodes, their arrangement was a thin,
compact film, and the total quantity was small. Hence, although fast mobility of electrodeposited Ge atoms
on an In surface may still occur, this feature alone is not sufficient to mimic the crystal growth process in

ec-LLS.



Conclusions.

This work rejects the hypothesis that bulk solubilities of solutes are the only relevant factors in
choosing components in the design of a liquid metal solvent for growing tailored inorganic crystals. Instead,
this work demonstrates that the inclusion of In in binary Hg;.«Iny liquid metal alloys strongly impacts the
morphology of the resultant Ge crystals grown by ec-LLS. In pure Hg, the dendritic structure of the resultant
Ge crystals reflects the low Ge solubility and high operative supersaturations during nucleation and growth.
Upon addition of In into Hg, the dendritic structures still form initially but then are ‘filled in” with more Ge
crystallites. The separate voltammetric and X-ray reflective data indicate that Hg is strongly enriched in the
first atomic layer of Hg;.«<Iny but that the alloy beneath this surface layer maintains the bulk composition,
enabling In to still participate in interfacial processes while surficial Hg otherwise facilitates the initial
electroreduction step for ec-LLS over H, generation. The inferred take away is that once Ge is dissolved
beneath the first atomic layer of the liquid metal, In acts to accelerate Ge diffusion along the solid Ge/liquid
metal interface. These data suggest that In as a liquid metal component specifically can dictate the
crystalline grain morphology by effecting transport at the growth interface rather than by changing the
solute solubility. More generally, the data argue for further development of liquid metal alloys as optimal

solvents since surface segregation can improve the interfacial properties relevant for crystal growth.
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Tables.

Table 1.
Atomic mass Gravimetric density =~ Molar density  Atomic radius® Surface tension” Melting point®  Ge solubility”
/g mol” g em™ / mol em™ /A /Nm™ /°C /atom %
Hg 200.59 13.53 0.067 1.71 0.47 —38.3 4.6x10°¢
In 114.81 7.02 0.061 1.56 0.57 156.6 85x10°>F
a.  Data fromReference 53
b.  Data are reported at the melting point in air

Data from Reference 48
Data from References 49 and 50
Average value from data reported between 20-25°C

- 0o a o

Determined by linear extrapolation of data to 25°C
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Figure 1. a) Binary phase diagram for the Hg—In binary system. The colored dots represents the specific
compositions of Hg-In alloys used for ec-LLS deposition of Ge in this work. Adapted with permission from
Chiarenzelli, R. V. and Brown, O. L. I Journal of Chemical and Engineering Data, 1962, 7(4), 477-478.
Copyright 1962 b) A plot of the known solubilities of Ge in (black dots) liquid In and in (green dots) liquid
Hg as a function of reciprocal temperature. Data adapted from references 49 and 50, respectively. The linear

regression represents the best fit line for the In-solubility data only.
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Figure 2. a) Measured and b) R-normalized X-ray reflectivity of (a,b) liquid Hg and (c,d) liquid Hgo 3Ing 7
in 0.1 M NaB4Oy at a potential of -1.4 V. The dashed lines in (a,c) indicates the Fresnel reflectivity, the
solid lines in (b,d) the best fit by the model described in the text. Insets (a,c): the real-space profiles of the

total electron density along the surface normal vector. Insets (b,d): Schematic presentations of the interface

structure for each liquid metal.
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Figure 3. Voltammetric responses of Hgi«Inx electrode immersed in 0.01 M sodium tetraborate (A, B, C,
D, and E) and a mixture of 0.01 M sodium Na,B4O7 plus 0.05 M GeO; solution (F, G, H, I and J) at a scan
rate of 0.01 Vs™. Green, blue, magenta, red and black graph represents the Hg, Hgo7Inos, Hgoslnos,

Hgo3Ing 7 and indium foil electrode respectively.
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Figure 4. First-order Raman spectra for Ge electrodeposited on Hg;«Iny electrodes immersed in 0.01 M
Na;B40O7 and 0.05 M GeO; solution and biased at -1.4 V (A) and -1.9 V (B) with respect to an Ag/AgCl
reference electrode. Green, blue, magenta, red and black graph represents the Hg, Hgo7Inos, Hgoslnos,

Hgo3Ing 7 and indium foil electrode respectively. The spectra have been offset for clarity.
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Figure 5. Powder X-ray diffractograms of Ge electrodeposited on Hg, Hgi«Ing, and In electrodes at
potential a) -1.4 V and b) -1.9 V under the same reaction condition as described in Figure 5. Peaks denoted

with * denote signals from crystalline In. The diffraction patterns are offset for clarity.
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Figure 6. Lattice constant value of the crystalline Ge as a function of indium content (at. %) synthesized

on Hg, Hgi«Iny, and In electrodes at potential -1.4 V (circular dot) and -1.9 V (square dot).



Figure 7. Scanning electron micrographs of as-prepared crystalline Ge electrodeposited with Hg, HgInx,
and In electrodes from solutions containing 0.05 M GeO, and 0.01 M Na;B40;. Micrographs show
crystalline Ge obtained at (a-e) £ =-1.4 V and (f5j) £ =-1.9 V vs E(Ag/AgCl). Scale bars:( a, f, e, j) 0.5
um; (b, c, d, g, h,1) 1 pm.



Figure 8. SEM micrographs of as-synthesized Ge crystal electrodeposited on HgixInx from the 0.1 M
Na,B407 and 0.05 M GeO; solution. Left side column image (a-c) obtained at potential -1.4 and right-side
column image (d-f) obtained at-1.9 V vs Ag/AgCl. Scale bars: 0.5 pm.
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Figure 9. Schematic depiction of the influence of In on the surface diffusion of Ge on the resultant
morphology of the Ge crystallites as a function of the In concentration.



