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CONSPECTUS: The quality of technological materials generally improves as the Electrochemical Epitaxy
crystallographic order is increased. This is particularly true in semiconductor
materials, as evidenced by the huge impact that bulk single crystals of silicon have
had on electronics. Another approach to producing highly ordered materials is the
epitaxial growth of crystals on a single-crystal surface that determines their
orientation. Epitaxy can be used to produce films and nanostructures of materials
with a level of perfection that approaches that of single crystals. It may be used to
produce materials that cannot be grown as large single crystals due to either
economic or technical constraints. Epitaxial growth is typically limited to ultrahigh
vacaum (UHV) techniques such as molecular beam epitaxy and other vapor
deposition methods. In this Account, we will discuss the use of electrodeposition
to produce epitaxial films of inorganic materials in aqueous solution under
ambient conditions. In addition to lower capital costs than UHV deposition,
electrodeposition offers additional levels of control due to solution additives that may adsorb on the surface, solution pH, and,
especially, the applied overpotential. We show, for instance, that chiral morphologies of the achiral materials CuO and calcite can be
produced by electrodepositing the materials in the presence of chiral agents such as tartaric acid.

Inorganic compound materials are electrodeposited by an electrochemical-chemical mechanism in which solution precursors are
electrochemically oxidized or reduced in the presence of molecules or ions that react with the redox product to form an insoluble
species that deposits on the electrode surface. We present examples of reaction schemes for the electrodeposition of transparent hole
conductors such as Cul and CuSCN, the magnetic material Fe;O,, oxygen evolution catalysts such as Co(OH),, CoOOH, and
Co30,, and the n-type semiconducting oxide ZnO. These materials can all be electrodeposited as epitaxial films or nanostructures
onto single-crystal surfaces. Examples of epitaxial growth are given for the growth of films of Cul(111) on Si(111) and nanowires of
CuSCN(001) on Au(111). Both are large mismatch systems, and the epitaxy is explained by invoking coincidence site lattices in
which «x unit meshes of the film overlap with y unit meshes of the substrate.

We also discuss the epitaxial lift-off of single-crystal-like foils of metals such as Au(111) and Cu(100) that can be used as flexible
substrates for the epitaxial growth of semiconductors. The metals are grown on a Si wafer with a sacrificial SiO,, interlayer that can be
removed by chemical etching. The goal is to move beyond the planar structure of conventional Si-based chips to produce flexible
electronic devices such as wearable solar cells, sensors, and flexible displays. A scheme is shown for the epitaxial lift-off of wafer-scale
foils of the transparent hole conductor CuSCN.

Finally, we offer some perspectives on possible future work in this area. One question we have not answered in our previous work is
whether these epitaxial films and nanostructures can be grown with the level of perfection that is achieved in UHV. Another area that
is ripe for exploration is the epitaxial electrodeposition of metal—organic framework materials from solution precursors.
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Au substrates.

o Switzer, J. A.; Kothari, H. M.; Poizot, P.; Nakanishi, S.;
Bohannan, E. W. Enantiospecific electrodeposition of a

© 2023 American Chemical Society https://doi.org/10.1021/acs.accounts.3c00007

v ACS Pu bl ications A Acc. Chem. Res. XXXX, XXX, XXX—=XXX


https://pubs.acs.org/page/achre4/electrosynthesis-of-inorganic-materials
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jay+A.+Switzer"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Avishek+Banik"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.accounts.3c00007&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.accounts.3c00007?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.accounts.3c00007?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.accounts.3c00007?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.accounts.3c00007?fig=tgr1&ref=pdf
pubs.acs.org/accounts?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acs.accounts.3c00007?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://pubs.acs.org/accounts?ref=pdf
https://pubs.acs.org/accounts?ref=pdf

Accounts of Chemical Research

pubs.acs.org/accounts

surface chirality that is controlled by chiral tartrate ions in
solution.

e Mahenderkar, N. K.; Chen, Q.; Liu, Y.-C.; Duchild, A.
R.; Hoftheins, S.; Chason, E.; Switzer, J. A. Epitaxial lift-
off of electrodeposited single-crystal gold foils for flexible
electronics. Science 2017, 355, 1203—1206." We
introduce a simple and inexpensive procedure to produce
highly ordered flexible and transparent foils of Au at the
wafer scale by epitaxial lift-off from a silicon wafer.

e Banik, A.; Tubbesing, J. Z.; Luo, B.; Zhang, X,; Switzer,
J. A. Epitaxial Electrodeposition of Optically Trans-
parent Hole-Conducting Cul on n-Si(111). Chem.
Mater. 2021, 33, (9), 3220-3227." Cul is a wide
bandgap p-type material used as a hole transport layer in
organic and perovskite solar cells and LEDs. Epitaxial films
of the material are electrodeposited onto n-Si(111) in spite
of an interfacial layer of SiO,.

1. INTRODUCTION

Epitaxy is the growth of crystals on a single-crystal substrate
that determines their orientation.” It can be used to produce
films and nanostructures with a level of perfection that
approaches that of single crystals. This is particularly important
for electronic materials because grain boundaries can lead to
deleterious effects such as lower carrier mobility and they can
provide sites for electron—hole recombination. For other
applications, such as structural materials, it may be desirable to
intentionally produce defects in the material to improve the
mechanical properties. Depending on the nucleation and
growth modes, epitaxy can produce either an ensemble of
crystals on the surface that all have the same in-plane and out-
of-plane orientations, or a true single-crystal film that is
oriented by the substrate. Epitaxy can also be used to tune the
properties of materials through strain caused by lattice
mismatch.” In ordered, porous materials such as metal organic
frameworks (MOFs), epitaxy can be used to produce films
with a unique pore size and with pores that are continuous
through the entire film thickness.” In battery electrodes,
crystallographic order can lead to higher capacities and faster
charging times.”'? Although vapor deposition methods such as
molecular-beam epitaxy (MBE) and chemical vapor deposition
(CVD) have traditionally been used to deposit epitaxial
films,"' =" this Account will focus on using electrodeposition
from aqueous solution under ambient conditions to produce
epitaxial films of inorganic materials.

To the chemist, electrodeposition of epitaxial films seems
simpler (and certainly less expensive) than ultrahigh vacuum
(UHV) techniques. Materials are typically deposited in a
beaker, using a relatively inexpensive potentiostat to control
either the applied potential or current. Yet, there is a
complexity that is not present in vacuum because of solution
pH, speciation, additives, and the applied potential. This
complexity can also lead to a richness in levels of control that
may not be available in vacuum. For example, it has been
shown that the shape and even the chirality of crystals of
electrodeposited materials can be controlled through solution
additives, pH, and applied potential.>'*~"'® Electrodeposition is
unique among deposition methods in that the departure from
equilibrium can be precisely controlled with millivolt precision
(1 meV = kT/25.7) through the applied potential. The
departure from equilibrium is the overpotential # and is

defined as the difference between the applied potential E

and the equilibrium potential E,,;. We have previously used
the overpotential to deposit nanoscale layered materials known
as superlattices by simply pulsing the potential during
deposition to control the composition or defect chemistry of
the alternating layers.'” > A trade-off that must be made for
this level of control is that substrates for epitaxial electro-
deposition must be conducting or semiconducting and must be
relatively stable in the deposition solution. Hence, the
common use of noble metals such as Au as substrates. This
constraint does limit the choices of substrates and films with
low lattice mismatch.

The most obvious choice of materials to deposit as epitaxial
films are metals because the reactions in which metal ions or
complexes are reduced at an electrode surface are direct
electrochemical reduction reactions.”'~>* Electroplating of
metals is what comes to mind when one thinks of
electrodeposition. We have followed a different path. We are
interested in electrodepositing inorganic materials such as
metal oxides,'%**73% metal hydroxides,‘%“_36 biominerals,®’
molecular framework materials,” and compound semiconduc-
tors and perovskites”*”~*' as epitaxial films. Because the
production of these materials by electrodeposition is not
familiar to most readers, we will now detail the reaction
schemes used to produce these inorganic materials, followed
by a discussion of the epitaxial electrodeposition of ordered
inorganic materials and the epitaxial lift-off of these films to
produce single-crystal-like foils and membranes.

2. REACTION SCHEMES FOR ELECTRODEPOSITING
INORGANIC MATERIALS

Inorganic compound materials are electrodeposited by an
electrochemical-chemical mechanism in which solution pre-
cursors are electrochemically oxidized or reduced in the
presence of molecules or ions that react with the redox product
to form an insoluble species that deposits on the electrode
surface. For the chemist, this is a challenging, yet satisfying,
blend of inorganic chemistry, electrochemistry, and materials
science. A generalized reaction scheme is shown in Figure 1.
For transition-metal ions such as Cu(II), Fe(III), and Co(III)

Chemical
Reaction

¢)

[Red/Ox]
Epilayer

Substrate

4 “_b_s
v TAsaaSN

Electrochemical-Chemical Reaction

Figure 1. Electrochemical—Chemical reaction scheme used to
produce epitaxial films and nanostructures of inorganic materials.
Inorganic compounds are electrodeposited by a mechanism in which
solution precursors are electrochemically oxidized or reduced (blue
spheres to brown spheres) in the presence of molecules or ions (gold
spheres) that react with the redox product to form an insoluble
compound that deposits epitaxially on the electrode surface. By
contrast, in metal electrodeposition a metal ion or complex is directly
reduced to the metallic element without the subsequent chemical
reaction.
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Figure 2. Examples of reactions used to produce inorganic materials. (A) Electrochemical reduction of complexes of Cu(II) in the presence of I” or
SCN™ to produce transparent hole conductors Cul and CuSCN. (B) Linear sweep voltammogram of Fe(III)-TEA complex in alkaline solution
showing regions of stability for magnetite, ferrihydrite, and elemental iron. The inset shows an SEM micrograph of the initial stages of growth of
single-domain magnetite on a Ni(111) single crystal. Adapted with permission from refs 30 and 44, Copyrights 2009 and 2011, American Chemical
Society. (C) Cyclic voltammograms of [Co(en);]* in a solution containing excess ethylenediamine (blue curve) and excess OH™ (red curve). In
the alkaline solution, the complex is reduced irreversibly to f-Co(OH),. #-Co(OH), is an active electrocatalyst for the oxygen evolution reaction.
Reproduced with permission from ref 34, Copyright 2013, American Chemical Society. (D) Species of Zn(II) present and log(solubility) of Zn(II)
as a function of pH. As indicated by the arrows on the solubility plot, amphoteric ZnO can be produced by generating base on the left-hand side of
the diagram and by generating acid on the right-hand side of the diagram. ZnO is a large bandgap n-type semiconductor that grows as nanowires.
Adapted with permission from ref 29, Copyright 2006, American Chemical Society.

that have variable oxidation states, the strategy is to use a electrochemically reduced to Cu(I), the Cu* ion is available
ligand that forms a complex with the metal ion that is stable in to react with other molecules or ions in solution. This is shown
solution, but upon oxidation or reduction a species is formed in the scheme in Figure 2A for the electrodeposition of the
that is not strongly complexed and reacts with other molecules transparent hole conductors Cul and CuSCN."*? If the Cu(1II)
or ions in solution to produce the inorganic solid. For metal is complexed with lactate or tartrate ions and reduced in an
ions such as Zn(II) and Ca(II) that do not have soluble species alkaline solution, the product will be insoluble Cu,0, a p-type
with multiple oxidation states, the strategy is to use metal oxide semiconductor.”**'%***” Another example of a
electrochemistry to oxidize or reduce another species in material produced by this method is the magnetic material
solution (including the solvent) that reacts with the ions to magnetite, Fe;O,. Figure 2B shows a linear sweep voltammo-
produce the solid. Specific examples of reaction schemes are gram of the complex of Fe(Ill) with the tripod ligand
shown in Figure 2. triethanolamine (TEA) in alkaline solution. Fe(IIl) is strongly
An example of a metal ion with multiple accessible oxidation complexed by TEA, but Fe** becomes available to react with
states is copper. Cu(Il) is strongly complexed with ligands OH" in solution to form Fe;0,.*> As shown in Figure 2B, the
such as ethylenediaminetetraacetic acid (EDTA), tartrate ions, Fe;0, is produced as the potential is driven negative of about
or lactate jons. However, when Cu(Il) complexes are —1 V versus Ag/AgCL™ The inset in Figure 2B shows the
C https://doi.org/10.1021/acs.accounts.3c00007

Acc. Chem. Res. XXXX, XXX, XXX—XXX
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Figure 3. Examples of chiral electrodeposition. (A) CuO is electrodeposited onto Au(001) by the electrochemical oxidation of tartrate complexes
of Cu(IL). If the CuO is deposited using (S,S)-tartrate, CuO(11 1) is formed, but if it is deposited using (R,R)-tartrate CuO(111) is formed. Both
orientations lack mirror symmetry, and their mirror images are non-superimposable, consistent with 2D chirality. Reproduced with permission from
ref 2, Copyright 2003, Springer Nature. (B) X-ray pole figures of the two CuO orientations, with an SEM micrograph of the CuO in background.
Adapted with permission from ref 2, Copyright 2003, Springer Nature. (C) Chiral morphologies of calcite electrodeposited in the presence of R,R-
tartaric acid (left panel) and S,S-tartaric acid (right panel). Reproduced with permission from ref 37, Copyright 2007, American Chemical Society.

initial stages of growth of epitaxial Fe;O, on Ni(111). The
Fe;O, grows with the [111] orientation determined by the
Ni(111) substrate and has a single in-plane domain.** At more
negative potentials, ferrihydrite nanoribbons and finally
elemental Fe are produced.’® A final example of a material
that is produced using a redox change of the metal ion is
shown in Figure 2C, for the electrodeposition of Co(OH),.
The synthesis exploits the fact that the kinetically inert Co(III)
complex of ethylenediamine (en) is 35 orders of magnitude
more stable than the kinetically labile Co(II) complex.
[Co(en);]** is therefore stable in alkaline solution, but
[Co(en);]** reacts with excess hydroxide ion to produce j-
Co(OH),.** This is nicely shown in the cyclic voltammograms
in Figure 2C. In the presence of excess ethylenediamine, the
[Co(en),]** exhibits a quasi-reversible reduction to [Co-
(en);]** (blue curve in Figure 2C), but in the presence of
excess OH™ the [Co(en);]*" is irreversibly reduced to f-
Co(OH), (red curve in Figure 2C). The scanning electron
microscopy (SEM) micrograph in Figure 2C shows the
unusual cone-shaped microstructure of the electrodeposited
material. f-Co(OH), can be electrochemically oxidized to
CoOOH and thermally converted to Co;0, All of these
materials are potent electrocatalysts for the oxygen evolution
reaction.””*°

An example of a material that can be produced by the
electrochemical production of either acid or base is the n-type
semiconductor ZnO (Figure 2D). ZnO and Zn(OH), are
amphoteric: they can dissolve in either acid or base. The top
panel of Figure 2D shows the speciation diagram for Zn(II) as
a function of pH. The metal ion is present as Zn>* at low pH,
then is progressively complexed by OH™ as the pH is
increased. At approximately pH 10 the material precipitates

as Zn(OH), at room temperature but as ZnO at temperatures
above 60 °C. As the pH is increased further, the soluble species
Zn(OH);~ and Zn(OH),>” are produced. The solubility of
Zn(II) as a function of pH is shown in the bottom panel of
Figure 2D. The arrows at low pH and at high pH show that the
solubility limit can be reached by either producing base on the
left-hand side of the diagram or producing acid on the right-
hand side of the diagram. We have used both techniques to
electrodeposit epitaxial ZnO nanowires on single-crystal
Au 282

3. EPITAXIAL ELECTRODEPOSITION OF ORDERED
INORGANIC MATERIALS

The ideal situation for epitaxial electrodeposition exists when
the lattice mismatch between substrate and film is low.
Although this occurs in epitaxial systems such as Au//Cu,0 in
which the mismatch is 4.6%, many of the systems of interest
have larger lattice mismatch. We have found that, even in these
large mismatch systems, the orientation of the film can be
templated by the substrate. These larger mismatch systems are
often explained, or at least rationalized, by the formation of
coincident site lattices (CSLs) in which x unit meshes of the
film overlap with y unit meshes of the substrate or by rotation
of the film relative to the substrate. The latter case is common
among large mismatch systems on [100]-oriented substrates
such as Cu(100) or Cu,0(100) films on Si(100).*** The
epitaxial relationship between film and substrate is usually
determined by X-ray diffraction (XRD). A standard 6-20 X-ray
pattern determines the out-of-plane orientation of the film
relative to the substrate. The in-plane orientation of the film
relative to the substrate is determined by X-ray pole figures
using a four-circle diffractometer. In the X-ray pole figure, the

https://doi.org/10.1021/acs.accounts.3c00007
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Figure 4. Epitaxial electrodeposition of the transparent hole conductors Cul and CuSCN. (A) Reaction scheme used to electrodeposit Cul. (B) X-
ray diffraction pattern of Cul(111) on Si(111). (C) X-ray pole figure of Cul(111) on Si(111) showing in-plane order. (D) Cross-sectional TEM
micrographs of Cul(111) on Si(111) showing 2.4 nm thick interfacial layer of SiO,. (E) Interface model in which 9 unit meshes of Cul coincide
with 10 unit meshes of Si. (A—E) Reproduced with permission from ref 4, Copyright 2021, American Chemical Society. (F) X-ray diffraction
pattern of CuSCN(001) on Au(111). (G) X-ray pole figures of Au and CuSCN showing in-plane order. (H) Plan-view and cross-sectional SEM
micrographs of CuSCN nanowires on Au(111). (I) Interface model in which 4 unit meshes of CuSCN coincide with $ unit meshes of Au. (F—I)
reproduced with permission from ref 39, Copyright 2022, American Chemical Society.

sample is tilted to bring planes into the Bragg condition that
are not parallel with the geometric plane of the diffractometer.
The sample is then rotated azimuthally to produce a two-
dimensional (2D) spot pattern that is consistent with the
symmetry of the plane being probed. The epitaxial relationship

is then determined by comparing the spot pattern generated by
the film to that generated by the substrate.

Although the substrate primarily determines the orientation
of epitaxial films, complexing ligands can also have a profound
effect. An interesting example is chiral electrodeposition. CuO

https://doi.org/10.1021/acs.accounts.3c00007
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Figure 5. Epitaxial lift-off of Au(111) and Cu(100) single-crystal-like foils as substrates for flexible electronics. (A) Schematic of process used to
produce Au(111) foils. (B) Cross-sectional TEM micrograph of epitaxial Au(111) on Si(111) showing the Au and Si in direct contact. (C) Cross-
sectional TEM micrograph of epitaxial Au(111) on Si(111) after photo-electrochemical oxidation showing a 2.45 nm thick interfacial layer of SiO,
that is used as a sacrificial layer for lift-off. (D) Photograph of 28 nm thick Au(111) foil that was lifted off from a Si(111) wafer. (E) XRD patterns
of Au(111) films of thicknesses ranging from 7 to 28 nm showing Laue oscillations that are an indication of the smoothness of the films. (A—E)
Reproduced with permission from ref 3, Copyright 2017, The American Association for the Advancement of Science. (F) Schematic showing 45°
rotation of Cu(100) relative to Si(100) in order to reduce lattice mismatch. XRD pattern showing [100] orientation for the Cu(100) foil that was
lifted off of the Si(100). Optical micrograph of 175 nm thick, free-standing Cu(100) foil. Adapted with permission from ref 45, Copyright 2018,

American Chemical Society.

and CaCO; are not intrinsically chiral materials: they do not
crystallize in chiral space groups, and they do not exhibit bulk
chiral effects such as the rotation of polarized light. Despite this
lack of bulk chirality, biominerals based on calcite such as
seashells crystallize into chiral morphologies. Two examples of
earlier work from our group on chiral electrodeposition are
shown in Figure 3. In the first case, CuO is electrodeposited
onto Au(001) by electrochemically oxidizing tartrate com-
plexes of Cu(II).** As shown in Figure 3A, if the CuO is

deposited using (S,S)-tartrate CuO(111) is formed, but if is
deposited using (R,R)-tartrate CuO(111) is formed.” Both of
these orientations lack mirror symmetry, and their mirror
images are non-superimposable, consistent with 2D chirality.
This is also demonstrated in the X-ray pole figures in Figure 3B
(the background in this image is an SEM micrograph of the
electrodeposited CuO). If the CuO is electrodeposited using a
racemic mixture of the two enantiomorphs of tartrate, the X-
ray pole figure shows mirror symmetry. Our attempt at
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electrochemical biomineralization of chiral morphologies is
shown in Figure 3C. Calcite is produced by electrochemically
generating base by the reduction of water to H, to react with
HCO;™ in solutions containing Ca®**. The CO;*" that is
produced reacts with the Ca** to produce CaCOj,. If the calcite
is electrodeposited in the presence of chiral molecules such as
tartaric acid or the amino acid malic acid, a seashell-like spiral
morphology is produced.’” The calcite in the left panel of
Figure 3 was produced in the presence of R,R-tartaric acid, and
the calcite in the right panel was produced in the presence of
L,L-tartaric acid. The R,R-tartaric acid produces calcite with a
spiral that rotates to the left when viewed from above, whereas
the L,L-tartaric acid produces calcite with a spiral that rotates
to the right.

Our group has recently focused on the electrodeposition of
wide-bandgap, transparent hole conductors such as Cul, CuBr,
and CuSCN."***” Data for epitaxial films and nanowires of
Cul and CuSCN are shown in Figure 4. The bandgaps of Cul,
CuBr, and CuSCN are 3.2, 3.1, and 3.85 eV, respectively.
These transparent materials are used in organic and perovskite
solar cells and light-emitting diodes (LEDs) to extract holes
from the semiconductor. Although both the hole and electron
conducting layers in these devices are typically polycrystalline,
our work aims at the eventual goal of producing epitaxial
architectures that minimize electron—hole recombination due
to the lack of grain boundaries. The reaction scheme for
depositing Cul(111) onto Si(111) is shown in Figure 4A.* An
EDTA complex of Cu(Il) is electrochemically reduced to
produce Cu* in the presence of I™ at the Si(111) surface. As
shown in Figure 4B, the electrodeposited Cul follows the
[111] out-of-plane orientation of the Si(111). The pole figure
in Figure 4C shows that the in-plane orientation of Cul is also
determined by the Si(111). There are two in-plane domains of
the Cul: one oriented parallel with respect to the Si and one
oriented antiparallel with respect to the Si. In the antiparallel
domain, the in-plane vectors of the film are rotated 180° with
respect to those of the substrate. The epitaxial relations are
given by Cul(111)[121] Il Si(111)[121] and CuI(111)[121] Il
Si(111)[121]. Because of the two in-plane domains, the Cul
film could be described as single-crystal-like instead of single
crystal. What is perhaps most surprising about the growth of
Cul(111) on Si(111) is that the Cul is epitaxial in spite of a
2.4 nm thick interfacial layer of SiO,, as shown in the cross-
sectional transmission electron microscopy (TEM) micro-
graphs in Figure 4D. SiO, on Si is normally considered to be
amorphous, so it is difficult to understand how the Si can
template the epitaxial growth of the Cul. One explanation is
that epitaxial Cul seed crystals are nucleated on the freshly
etched n-Si(111) surface. Next, two processes take place
simultaneously: surface oxidation of Si forming a thin layer of
SiO, and the lateral overgrowth of the Cul seeds into a
continuous film. Another possible explanation is that the Cul
nucleates on a very thin partially ordered SiO, layer that forms
initially. Researchers have shown by low-dosage scanning
transmission electron microscopy (STEM) and surface X-ray
diffraction that thermally grown SiO, is partially crystal-
line.** Although the mismatch of Cul on Siis +11%, the
epitaxy can be explained by invoking a CSL in which nine unit
meshes of Cu coincide with ten unit meshes of Si. The
mismatch of this CSL is only +0.02%.

The epitaxial growth of CuSCN nanowires on Au-coated
Si(111) is shown in Figure 4F—1. The material is deposited by
a similar mechanism to that used for Cul. Namely, a Cu(II)

EDTA complex is electrochemically reduced in the presence of
SCN~ ions.” For the substrate in this case we used a 28 nm
thick film of [111]-oriented Au on Si(111) as an inexpensive
proxy for single-crystal Au(111).>° An X-ray pattern of the
CuSCN on Au(111)//Si(111) is shown in Figure 4F. Only the
(001) reflections are observed in the pattern, showing a very
strong [001] out-of-plane orientation. The epitaxial relation-
ship determined from the pole figures in Figure 4G is
CuSCN(003)[100]//Au(111)[101]. The CuSCN grows with
a most unusual morphology as shown in Figure 4H. It initially
deposits as a dense film, but after a few micrometers grows sky-
scraper-like nanowires. When viewed from the top, these
nanowires have a snowflake-like structure. Again, this is a large
mismatch system, but the epitaxy can be explained by a CSL in
which 4 unit meshes of CuSCN(001) overlap with S unit
meshes of Au(111) to produce a mismatch of only +0.22%
(Figure 41).

4. EPITAXIAL LIFT-OFF OF ORDERED FOILS FOR
FLEXIBLE ELECTRONICS

Although perfect single-crystal substrates really shine for
fundamental studies of epitaxial growth, they lose their luster
when it comes to practical applications. We therefore sought
an inexpensive alternative to single crystals of materials such as
Au® As an added benefit to this aspect of the work, we
discovered a method to produce wafer-scale, single-crystal-like
foils of metals such as Au(111) and Cu(100) that can be used
as flexible substrates for the deposition of semiconductor
materials such as Cu,O and ZnO for flexible electronics.”*’
This work was inspired by the research of Allongue and co-
workers, who showed the unexpected result that very smooth
epitaxial films of Au(111) can be electrodeposited onto
Si(111) by depositing the Au at a negative enough potential
to inhibit the growth of SiO, on the Si.>’

Figure SA shows the scheme we have used to produce
epitaxial films of Au(111) on Si(111) and the subsequent
epitaxial lift-off to produce Au(111) foils.” The Au was
electrodeposited onto Si(111) from a dilute HAuCl, solution
at an applied potential of —1.9 V versus Ag/AgCl. The sample
was then photo-electrochemically oxidized by irradiation in a
solution of 0.5 M H,SO, at a potential of +0.75 V versus Ag/
AgCl to form a layer of SiO, between the Au and Si. Finally,
the SiO, was etched in dilute HF solution, and the Au foil was
separated from the Si. The initially deposited Au(111) was in
direct contact with the Si(111) as shown in Figure SB, but
after photo-electrochemical oxidation of the Si, the Au was
separated by a 2.45 nm thick film of SiO, (Figure SC), which
served as a sacrificial layer for epitaxial lift-off. We refer to the
Au films and foils as single-crystal-like, because there are
parallel and antiparallel domains of Au(111) on the Si(111).
The epitaxial relationships of these domains are given by
Au(111)[121] Il Si(111)[121] and Au(111)[121] I Si(111)
[121]. What is significant about these results is that single-
crystal-like films and foils of Au can be produced at the wafer
scale using a very small amount of the precious metal. The
photograph of a wafer-size foil of Au(111) that is 28 nm thick
is shown in Figure SD. The films and foils are very smooth and
can be grown to various thicknesses depending on the
deposition time. Figure SE shows XRD patterns of films
grown to thicknesses from 7 to 28 nm thick. The satellite peaks
around the Bragg peak are called Laue oscillations. They are
caused by constructive and destructive interference of X-rays,
and they are a testament to the smoothness of the films.
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Figure 6. Epitaxial lift-off of wafer-scale foils of CuSCN(001). (A) Scheme used to deposit CuSCN(001) on Au(111) buffer layer on Si(111) and
subsequent lift-off of CuSCN after triiodide etch of Au buffer layer. (B) Photograph of 400 nm thick transparent CuSCN(001) foil next to Si(111)
wafer that was used as substrate for epitaxial lift-off. Reproduced with permission from ref 39, Copyright 2022, American Chemical Society.

A similar approach was used to produce foils of Cu(100) by
depositing epitaxial films of Cu(100) on Si(100) and then
removing the films as foils by epitaxial lift-off.* In this case, the
photo-electrochemical oxidation was not necessary. The
Cu(100) was deposited by nucleating epitaxial seeds of the
Cu(100) at a potential of —1.5 V versus Ag/AgCl and then
growing the film at a potential of —0.5 V versus Ag/AgCl. The
sacrificial SiO, layer formed during the growth cycle at more
positive potentials. This is an interesting example of epitaxy,
because the lattice mismatch between Cu and Si is —33.4%.
The system lowers the mismatch to —5.9% by rotating the Cu
45° in-plane relative to the Si, as shown in Figure SF. The
single-domain, epitaxial relationship is Cu(100)[001] I
Si(100)[011]. An X-ray pattern of a 175 nm thick free-
standing Cu(100) foil and a photograph of the foil are also
shown in Figure SF.

Epitaxial lift-off can also be used to produce flexible foils of
semiconductors without the metal substrate. We have shown
that flexible foils of the transparent hole conductor CuSCN
can be produced using the scheme that is shown in Figure
6A.%" A buffer layer of single-crystal-like Au(111) is deposited
onto Si(111) followed by the electrodeposition of
CuSCN(001) using the method outlined above. Although
Au is normally considered to be inert, it can be etched using a
triiodide etch, and the CuSCN(001) foil can be removed by
epitaxial lift-off. A photograph of a 400 nm thick foil of CuSCN
is shown in Figure 6B next to the 2 in. diameter Si wafer that
was used to prepare the foil. The CuSCN foil is transparent
due to the large bandgap of 3.85 eV.

5. CONCLUSIONS AND PERSPECTIVES

In this Account, we have outlined some schemes to produce
inorganic materials by an electrochemical-chemical method.
We have also given examples of epitaxial electrodeposition that
include the formation of chiral surfaces, the electrodeposition
of epitaxial transparent hole conductors, and the fabrication of
single-crystal-like foils of metals and semiconductors for
flexible electronics. We have also demonstrated that, although
small lattice mismatch is preferred for the substrate and film,
the substrate can still determine the out-of-plane and in-plane
orientation of the epitaxial film for large mismatch systems.
Over a period of over two decades, we have electrodeposited
a whole host of epitaxial systems. One question we have not
answered is whether these electrodeposited films can have the
same level of perfection that is observed in ultrahigh vacuum
(UHV) techniques such as molecular beam epitaxy (MBE).
For example, the films we electrodeposit typically have a larger
mosaic spread (as measured by X-ray rocking curves) than

those deposited in UHV. Also, for films deposited onto [111]-
oriented cubic substrates, we often observe two in-plane
domains. Is this an intrinsic limitation of electrodeposition due
to the much lower processing temperatures? Although solid-
state diffusion in these materials will be low, the mobility of
ions on the surface can be quite high. With the proper choice
of lattice mismatch, overpotential, organic additives, and
preparation of the surface (such as the production of miscut,
vicinal surfaces), it should be possible to deposit films as
perfect as those grown in UHV. Vicinal surfaces and adsorbed
molecules on the surface can break the surface symmetry to
force the formation of a single in-plane domain. The formation
of low-mismatch systems is a challenge because of the limited
number of materials that can be used as substrates. This
limitation might be circumvented, however, through remote
epitaxy.”>>® Remote epitaxy relaxes the constraint of low lattice
mismatch by depositing a monolayer-thick layer of a van der
Waals material such as graphene onto the surface. To our
knowledge, this has not been applied to epitaxial electro-
deposition.

Another area that is ripe for study is the epitaxial
electrodeposition of metal—organic framework (MOF)
materials from solution precursors. These porous materials
have pore sizes that depend on the crystallographic
orientation.”*™° For example, the well-studied MOF Cu-
BTC, where BTC is benzene-1,3,5-tricarboxylate, has 3.5 A
diameter pores along the [111] direction and 9.5 A pores along
the [100] direction.”* If epitaxial films of this and other MOFs
can be deposited, they will offer a unique pore size and will
have open pores that run continuously through the film
thickness. This will be ideal for chemical sensing, catalysis, and
gas separation. Films of Cu-BTC have been produced
electrochemically by oxidizing Cu in the presence of the
BTC linker molecule.’” The films formed by a dissolution—
precipitation mechanism and were polycrystalline. A clever
electrochemical-chemical deposition method of producing the
MOFs from solution precursors should be possible that will
produce epitaxial films. There are literally thousands of MOFs
produced with a variety of metal ions and linker molecules, so
the possibilities are endless.
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