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ABSTRACT

Epitaxial electrodeposition is a simple, low-cost technology to produce highly
ordered materials on single-crystal surfaces. This research focuses on the epitaxial
electrodeposition of wide bandgap p-type semiconductors and epitaxial Cu thin films via a
self-assembled monolayer for energy conversion and flexible electronics. Paper |
introduces the epitaxial electrodeposition of hole conducting CuSCN nanorods onto
Au(111) surface, and lift-off to produce flexible and transparent foils. Highly ordered
CuSCN could serve as an inorganic transport layer in various opto-electronic devices such
as perovskite solar cells, LEDs, and transistors. An ordered and transparent CuSCN foil
was also produced by epitaxial lift-off following a triiodide etch of the thin Au substrate.
Paper Il presents a scheme for epitaxial electrodeposition of wide bandgap CuBr on Ag via
a AgBr buffer layer. CuBr shows potential for short-wavelength photo-detecting devices.
Epitaxial CuBr(111) and Cu(100) are produced on Ag(111) and Ag(100) substrates,
respectively. An oriented AgBr buffer layer, formed during the electrodeposition, is found
crucial for directing the epitaxial growth of CuBr. Paper Il describes a technique for
epitaxial electrodeposition of a Cu(111) film on a self-assembled monolayer of the amino
acid L-cysteine on Au(111). Direct epitaxial lift-off of the Cu film without etching gives a
single-crystal-like Cu(111) foil with a low resistivity and good bending stability. It could

be utilized as a low cost, flexible and ordered metal substrate for flexible electronics.



ACKNOWLEDGMENTS

| would like to express my sincere thanks to my advisor, Dr. Jay A. Switzer, for
offering me the opportunities to work on some interesting projects, and his continuous
guidance and direction throughout my research. His knowledge and guidance inspired me
to dig deeper into my research and generate new ideas. | could not have imagined having
a better Ph.D. advisor. | would also like to thank my committee members, Dr. Manashi
Nath, Dr. Amitava Choudhury, Dr. Michael S. Moats, and Dr. Jeffrey G. Winiarz, for their
insightful suggestions and encouragement for my research. Their comments and feedback
have helped me to improve my theoretical knowledge and experimental skills. In
instrumentation, | would like to thank Dr. Eric Bohannan for his exceptional assistance on
XRD, as well as the assistance in electron microscopy from Dr. Clarissa A. Wisner and Dr.
Shatadru Chakravarty.

| express my appreciation to my friends and lab mates, including Xiaoting Zhang,
John Z. Tubbesing, Dr. Avishek Banik, Taishi Higuchi-Roos, Dr. Qingzhi Chen, Christine
Clauson, and Isaiah Robertson. They are supportive and helpful in my research. | would
also like to thank my family for their constant love and support. | express my deepest
appreciation to Jesus Christ, who is loving and leading me and my family. Finally, | would
like to thank the funding support from the U.S. Department of Energy, Office of Basic

Science under Grant No. DE-FG02-08ER46518.



Vi

TABLE OF CONTENTS
Page
PUBLICATIONS DISSERTATION OPTION.......coiiiiiiiiiieee e ii
AB ST RA CT ettt bt e b e bt b e be e bn bbb e e tbeenaas v
ACKNOWLEDGMENTS. ...t v
LIST OF ILLUSTRATIONS... ..ottt nbee s Xi
LIST OF TABLES ... oot Xiv
SECTION

1 INTRODUCGTION. ...ttt ettt et ssn e e ne e s 1
1.1. ELECTRODEPOSITION. ...ttt 1
1.2. EPITAXIAL ELECTRODEPOSITIONOF THIN FILMS........ccoiiiiieee 3
1.2.1. Epitaxy and CharaCterization............ccocererereiiienieieiesee e 3
1.2.2. Epitaxial Electrodeposition of Wide Bandgap P-type Semiconductors......10
1.2.2.1. Hole transporting materialS...........c.ccoovreniiiniinineenec e 11
1.2.2.2. Transparent conductive materials...........ccocevvviiiiiniinninininennn, 15
1.2.2.3. Short wavelength photo-deviCes...........cccovviiiiiiiiiiiicceie 17
1.2.2.4. Benefits of epitaxial wide bandgap p-type semiconductors......... 19

1.2.2.5. Epitaxial electrodeposition of Cu(l) based wide bandgap
P-TyPE SEMICONUUCTONS. .. .cviiiieiieie et 20
1.2.3. Epitaxial Electrodeposition on Self-Assembled Monolayers.................... 24

1.2.3.1. Epitaxial growth on self-assembled monolayers...............c.co...... 25



1.2.3.2. Electrodeposition of metals on self-assembled monolayers......... 26

1.3. EPITAXIAL LIFT-OFF FOR FLEXIBLE ELECTRONICS..........ccoooiiiiieinne 27
1.4, RESEARCH OBJECTIVES..... ..ot 29
1.4.1. Epitaxial Electrodeposition of CUSCN Hole Conductor..............ccccceevenen. 29
1.4.2. Epitaxial Electrodeposition of Cuprous Halides CuBr and CuCl................ 29
1.4.3. Epitaxial Electrodeposition of Cu Films on L-cysteine SAM............c........ 30
1.4.4. Epitaxial Lift-Off of Single-Crystal-Like FOIlS...........cccooiiiiniiiiiiee, 30

PAPER

I. EPITAXIAL ELECTRODEPOSITION OF HOLE-TRANSPORT CuSCN
NANORODS ON Au(111) AT THE WAFER SCALE AND LIFT-OFF TO

PRODUCE FLEXIBLE AND TRANSPARENT FOILS.......cccccoiiiiiieeceeee 31
ABSTRACT ..o 31
L INTRODUCTION. ...ttt 32

2. RESULTS AND DISCUSSION .....ccooiiiiiiiiiiieiicii s 34

3. CONCLUSIONS ...t 49
4. MATERIALS AND METHODS.........ccoi i 49
4.1. Si WAFER PROCESSING FOR Au DEPOSITION.......coooiiiiieniiiiciees 49

4.2. ELECTRODEPOSITION OF CuSCN AND FOIL FABRICATION........... 50

4.3. ELECTROCHEMICAL ANALYSIS.....cooiiiieeeee e 51

4.4. DIODE FABRICATION. ...ttt 51

4.5. X-RAY DIFFRACTION, SEM AND TEM MEASUREMENTS................. 51

SUPPLEMENTARY INFORMATION......ccoiiiiiiiiiiiie e 52



ACKNOWLEDGMENTS ... 61

REFERENCES ... ..o 61

I. EPITAXIAL ELECTRODEPOSITION OF WIDE BANDGAP CUPROUS

BROMIDE ON SILVER VIA A SILVER BROMIDE BUFFER LAYER.................. 66
ABSTRACT ... 66
1. INTRODUCTION......ctiiiiiiiiii e 67
2. EXPERIMENTAL SECTION. ..ot 68
2.1. St WAFER ETCHING PROCESS AND Au, Ag DEPOSITION.................... 68

2.2. ELECTRODEPOSITION OF CuBr......ccccoiiiiiiiiiiiii i 69

2.3. ELECTROCHEMICAL ANALYSIS. ..o 69

2.4. XRD AND SEM MEASUREMENTS.......c.ooiiiiiiii 70

3. RESULTS AND DISCUSSION.......cciiiitieiiieieire e 70
3.1. ELECTROCHEMICAL ANALYSIS......coiiie 70

3.2. X-RAY CHARACTERIZATIONS OF EPITAXIAL CuBr(111) FILM....... 77

3.3. EPITAXIAL CuBr FILM WITH A [100] ORIENTATION........cccoeveiriennn. 81

4. CONCLUSIONS. ... 84
ACKNOWLEDGMENTS ... s 85
REFERENCES. ...t 85

I1l. EPITAXIAL ELECTRODEPOSITION OF Cu(111) ONTO AN L-CYSTEINE
SELF-ASSEMBLED MONOLAYER ON Au(111) AND EPITAXIAL LIFT-OFF
OF SINGLE-CRYSTAL-LIKE Cu FOILS FOR FLEXIBLE ELECTRONICS......... 90

ABSTRACT ..ttt b e 90



L INTRODUCTION. ...ttt 91
2. EXPRIMENTAL SECTION. ..ottt 94
2.1. SIWAFER ETCHING PROCESS AND Au DEPOSITION........ccccoceininnnne 94

2.2. PREPARATION OF SELF-ASSEMBLED MONOLAYER ON

AU(LLL) oo seee e eseeese e eseeee e 95

2.3. ELECTRODEPOSITION OF COPPER FILMS.........ovvvovvveeererreessneersereeen 95

2.4. ELECTRODEPOSITION OF Cuz0 ON A Cu(111) FOIL...........cccommrrreneee. 96

2.5. LINEAR SWEEP VOLTAMMETRY (LSV)...erovvvveeoeeeeeseeseseeseceesssssssesenes 96

2.6. X-RAY DIFFRACTION MEASUREMENTS...........coooomeirerveeeerseessreeserneeen 97

2.7. SEM MEASUREMENTS. .....ccooemneemreeeeersessessessseeeeesesssssesseseeeseessssesenes 97

3. RESULTS & DISCUSSION.......ovoccooeseeeeeeeeeseesesseeeeseeeeesssesseseesesssee s 97

£, CONCLUSIONS. ....c.oomereeeeveeeesseessseesesseeessseesessssssseesseessssssssssseeseeesssssssssssenes 113

SUPPLEMENTARY INFORMATION......oovveceeeereeeeeeeeeseeeesseeseseeeeeseeessseeseeneeee 115

ACKNOWLEDGMENT oo seeseeeeeseeessesessesseessssessesessseseesseessssessssssennes 122

REFERENCES........eooeveeeeeeeeeseeeeeseeeeeeeeeeseeeeeeseeee s seesee s sesseee s 123
SECTION

2. CONCLUSION & FUTURE WORK........ovooceoeeeneeeeeeeeeeeseeseseeeeeeeeessseeesseessseeeeessen 128

2.1, CONCLUSIONS. .....ooreereereeeeeeeeeeeesseesssseeeseeeeessssssssseeseessesssesssseeeseeesssssesssseeees 128

2.2 FUTURE WORK .......oorooreeeeeeereesesseeeeeeeessesseseeseesseosseeseseesseseeessessssessseseeene 130

2.2.1. Epitaxial Electrodeposition of Low-Mismatched CuCl(111) on Si(111)..130

2.2.2. Electrodeposited Crystalline Co(OH). Nanosheets on N-Si(111) for
Photoelectrochemical Water Splitting.........ccccovvvevieiieiiic e, 131



2.2.3. Epitaxial Electrodeposition of Prussian Blue (220) on Au(100)............... 132
APPENDICES. ... .oo oottt e s e e te e beesteente e s sbeaneesnnenrae s 133

A. PRELIMINARY WORK ON EPITAXIAL ELECTRODEPOSITION OF
LOW-MISMATCHED CUCI(111) ON Si(L11).vcourveereereeeerreereeseeeessseereeseenns 133

B. PRELIMINARY WORK OF ELECTRODEPOSITED CRYSTALLINE
CO(OH)2 NANOSHEETS ON N-Si(111) FOR PHOTO
ELECTROCHEMICAL WATER SPLITTING........cccooiviiiiiii, 137

C. PRELIMINARY WORK OF EPITAXIAL ELECTRODEPOSITION OF
PRUSSIAN BLUE (220) ON AU(L00).........c.omireeeeeeeeeeseeeereeessseeeeeeseeseessaneeee 140

BIBLIOGRAPHY ..ot 143



xi

LIST OF ILLUSTRATIONS

SECTION Page

Figure 1.1. Schematic diagram of a (A) polycrystalline film, (B) textured film, and (C)

ePItAXIAl FIIML ..ot 3
Figure 1.2. The atomic interfacial model of CUSCN(003) on AU(111) ..cccocvevvevvevveeieenenne. 5
Figure 1.3. Thin film X-ray diffraction measurement with axes of rotation.......................... 7

Figure 1.4. (104) poles of (A) epitaxial CUSCN(003) with in-plane order and (B)

textured CuSCN(003) without in-plane order..........cccocevveverieeniierieee e 9
Figure 1.5. Energy diagram of a typical n-i-p perovskite solar cell............ccoovvvreniiinnnnne. 12
Figure 1.6. The band Structure 0f CUSCN.........c.coiiiiiiiiiiieieee e 14

Figure 1.7. The mechanism of electrochemical deposition of epitaxial Cu(I) based
wide bandgap p-type SemiCONAUCLOTS. .......ccvrriieriieiiiesie e 23

Figure 1.8. Structure diagram of functional alkanethiols on metal substrate....................... 25

PAPER |

Figure 1. Linear sweep voltammograms (LSVs) of electrolytes with various
[o70) 1010101y 13 10 ) s ST TRR 37

Figure 2. X-ray diffraction pattern and pole figures of epitaxial 3R CuSCN film............ 39

Figure 3. Epitaxial perfection and interface models of 3R CuSCN(003) on Au(111)
SUDSIIALE. ...ttt ettt 41

Figure 4. SEM and TEM images of epitaxial 3R CuSCN(003) on Au(111)/Si(111)......... 43
Figure 5. Epitaxial CuSCN with mixed hexagonal and rhombohedral phases.................... 45
Figure 6. Electronic properties of epitaxial 2H&3R CuSCN........cocveveiviiriiiiiniinienieeene, 46

Figure 7. Epitaxial lift-off of highly-ordered 2H&3R CuSCN transparent foils................. 48



xii
PAPER II
Figure 1. Electrochemical analysis of €lectrolytes..........ccocvreeiiiiiiiieeiie e 70
Figure 2. X-ray diffraction analysis of deposited CuBr film on Ag/Au/Si(111)
deposited at potentials of (a) -0.05 'V, (b) -0.15V, (¢) -0.25 V, (d) -0.35
V to a charge density of 0.12 C/CM........co.oovivoveeeeeeeeeee e, 72

Figure 3. Electrochemical analysis of the formation of AgBr and CuBr deposition........73

Figure 4. Characterization of epitaxial AgBr(111) buffer layer after 70 wt% HNO3
etching of CUBT filM........ccciiiiiiiiiiie e 75

Figure 5. Schematic showing growth of epitaxial CuBr(111) on Ag(111) substrate
via a AgBI(111) buffer layer........coooiiiiiieiiie e 76

Figure 6. X-ray diffraction analysis of in-plane and out-of-plane orientation of
epitaxial CuBr(111) film......ccoiiiiiiiieieeieeeee e 77

Figure 7. Epitaxial perfection and relationship of epitaxial CuBr(111) film..................... 78

Figure 8. Morphological features and interface models of epitaxial growth of
CUBI(TTT) tatttteteee ettt 80

Figure 9. In-plane and out-of-plane orientation of epitaxial CuBr(100) film on
AZ(TO0) ittt 81

Figure 10. Epitaxial AgBr(100) buffer layer after 70 wt% HNO3 etching of CuBr

LML 82
Figure 11. Azimuthal scans and interface models of CuBr(100)..........ccccocervieriiinienennnne 83
PAPER lII
Figure 1. Linear sweep voltammograms of the electrolyte with and without Cu(Il)........ 99

Figure 2. Out-of-plane orientation and surface morphology of electrodeposited Cu
fIIMS ON SAMS..niiie e 100

Figure 3. In-plane orientation of electrodeposited Cu films on SAMs........cccceevuvrennennnen. 102



Figure 4.

Figure 5.

Figure 6.

Figure 7.

Figure 8.

Figure 9.

Epitaxy perfection and relationship of Cu(111) to Au(111) substrate.............. 104

Schematic of three possible mechanisms of Cu(111) deposition on
L-cysteine SAM/AU(LLIL)...oiciiieiieeee et e 105

2D schematic drawing of surface structure of L-cysteine SAM on Au(111)
plane and Cu lattices on L-cysteine SAM........cccccceeviieniieiienieeiienie e 107

3D models of L-cysteine and Cu lattice on L-cysteine SAM on Au(111)....... 108

Out-of-plane orientation, in-plane orientation, two-electrode resistance
and flexibility of a 128 nm thick single-crystal-like Cu(111) foil lifted-off
from L-cysteine/Au(111)/Si(111)..ccciiiiieiieiieiieeieeeieeieeeee et 110

Out-of-plane orientation, in-plane orientation and interface model of
epitaxial Cu2O(111) electrodeposited on Cu(111) foil lifted-oft from
L-CysSteine SAM.....coueiiiiiiiriiiieieeeeteee e 112



X1v

LIST OF TABLES

SECTION Page

Table 1.1. Some characteristics for various Cu(I) based wide bandgap p-type
SEMICONAUCTOTS . . ..ttt et eae e 22



1. INTRODUCTION

1.1. ELECTRODEPOSITION

Electrochemical deposition (electroplating) is a process of depositing materials
onto a metal or semiconductor substrate by a redox reaction under an electric field.
Electrodeposition was invented in 1805 by Italian inventor Luigi V. Brugnatelli by linking
a wire between a battery and a gold solution.! Electrodeposition has been developed as a
low-cost, convenient and fast method for thin film deposition and surface modification.?*
Other thin film technologies include molecular-beam epitaxy (MBE), chemical vapor
deposition (CVD), chemical bath deposition (CBD), spin coating, physical vapor
deposition (PVD) and atomic layer deposition (ALD).>%° Most of these methods require
high temperature, high vacuum, expensive equipment, or complex experimental
procedures. Electrodeposition has significant advantages including low cost, good
controllability, and repeatability. It also offers the advantage of being able to control the
departure from equilibrium through the applied potential. In addition, electrodeposition can
achieve nano-sized thin layer deposits, which can make it a very cost-effective process.
Electrodeposition has been further utilized in wider fields such as industrial metal
electroplating, MEMS device fabrication, 3D printing technology, and semiconductor
production.t** The three-electrode system is the most commonly used electrochemical

system due to its high stability and repeatability.



Thin film deposition is one of the most important applications of electrodeposition,
which produces various functional layers such as metals, ceramics, magnets, MOFs,
topological insulators, and thermoelectric films.1>2° Among them, the electrochemical
deposition of metals is a major application in industry such as
semiconductor device fabrication, corrosion protection and FePt alloys for heat-assisted
magnetic recording technology.?*?® The principle of metal deposition is that high-valent
metal cations are reduced to zero-valent metal elements and then deposited on the electrode
surface, as shown in equation 1:

M™ +ne —> M 1)

For semiconductor deposition, the mechanism is more complicated. For elemental
semiconductors such as Ge and Si, high-valent dissolved Ge(IV) species are reduced to
Ge(0) and deposited, which is similar to equation 1.2 However, the mechanism for
semiconductors such as metal oxides and metal halides has two parts: firstly, an
intermediate is generated by electrochemical redox reaction, and then a non-redox reaction
occurs to generate the final product, which is deposited on the electrode surface. The
electrochemical deposition process can effectively tune the properties of deposited film,
such as thickness, morphology, crystal orientation and chirality by adjusting deposition
conditions such as deposition time, solution composition, pH, temperature, and

potential/current.?>2°



1.2. EPITAXIAL ELECTRODEPOSITION OF THIN FILMS

A single crystal refers to a material in which the crystal lattice is continuous with
long-range order and no grain boundaries. Single crystals have special optical, mechanical,
magnetic and electrical properties in applications such as optical and electronic devices.3>
32 Epitaxial growth is a technology for controlled production of single-crystal-like materials.

1.2.1 Epitaxy and Characterization. We define epitaxy as an ordered material
grown on a single crystal substrate that could directly control the in-plane and out-of-plane
orientation of deposited material. Figure 1.1 shows the schematic diagram of a (A)
polycrystalline film, (B) textured film, and (C) epitaxial film. A polycrystalline film has
random out-of-plane and in-plane orientation. A textured film has a fixed out-of-plane
orientation but has a random in-plane orientation. An epitaxial film has fixed both out-of-

plane and in-plane orientations.

A B C

At iir‘riﬁl a4l

Polycrystalline Textured Epitaxial

Figure 1.1. Schematic diagram of a (A) polycrystalline film, (B) textured film, and
(C) epitaxial film.


https://structural-crystallography.imedpub.com/

According to the material composition difference between the grown film and the
substrate, epitaxy techniques could be divided into homoepitaxy and heteroepitaxy.
Homoepitaxy refers to the same material growing on the substrate that continues to grow
the same crystal structure while heteroepitaxy refers to a different material growing on the
substrate. In the case of heteroepitaxy, thermodynamic and kinetic mechanisms are
involved in the growth of the epitaxial film. To achieve epitaxy, the mismatch between
deposited material and substrate is crucial because less mismatch of the crystal lattice
causes less defects and strains of the deposited layer. As shown in equation 2, lattice
mismatch is defined as the difference between the lattice parameter of the film (af) and the
lattice parameter of the substrate (os):

mismatch = (ar - as) / as X 100% (2)

For simple epitaxial growth of the same material or material with a similar crystal
structure, this equation could explain the epitaxial growth. For instance, cubic CuCl has or
= 0.542 nm and cubic Si has as = 0.543 nm, so the CuCI(111)//Si(111) system has a
mismatch of -0.18%. However, what we see experimentally tells us that even some large
mismatched systems and some materials with different crystal structures can grow
epitaxially. To explain that, an expanded lattice mismatch model known as coincidence
site lattices (CSLs) is invoked. The interface model of CuUSCN(003) on Au(111) (Figure
1.2) shows the formation of the CSL, in which 4 S atoms align with 5 Au atoms, and a

mismatch of +0.22% is produced. The plausible CSL reduces in-plane stress on the



interface of CuSCN/Au. Epitaxial semiconductors have improved electronic properties
because the structural order is increased due to the minimization of the density of defects

and grain boundaries, which reduces electron-hole recombination probabilities.

Figure 1.2. The atomic interfacial model of CuSCN(003) on Au(111).

Compared to polycrystalline and amorphous materials, epitaxial materials have
significant advantages in various electronic devices. In silicon photovoltaic cells, single
crystal silicon has the highest photoelectric conversion efficiency (26.1%), which is higher
than polycrystalline silicon (22.3%) and amorphous silicon (14.0%).% In perovskite solar
cells, single crystalline perovskite materials also have higher photoconversion efficiencies
due to lower trap densities and a larger diffusion length.®* In transparent p-n junctions,
epitaxial heterojunctions show significantly higher rectification ratios.*

Epitaxial growth technologies include liquid-phase epitaxy (LPE), vapor-phase

epitaxy (VPE) and soft-solution epitaxy. LPE is a high temperature liquid melt method



which is widely used in the semiconductor industry such as the AlxGai-xAs material
system.*® VPE involves MBE, CVD, PVD and other techniques, which use vapor
precursors to deposit various high-quality epitaxial materials such as the LED material
GaN and topological insulator Bi,Tes.3"* However, these methods have high cost and high
energy consumption because of the need for high temperature and high vacuum conditions
as well as expensive instruments. Due to low cost and fast deposition, soft-solution epitaxy
has been developed in recent years. Soft-solution epitaxy refers to epitaxial growth in an
aqueous solution or organic solvent, such as electrodeposition, chemical bath deposition
(CBD) and spin coating.*#> Among them, epitaxial electrodeposition offers a highly
scalable deposition process which gives a high level of control over film thickness,
orientation, and morphology. Epitaxial electrodeposition of various materials including
metal oxides, metals, perovskites, and metal sulfides have been achieved on single crystal
metals for decades.*>* In order to break through the limitation of expensive substrates and
small size, epitaxial metals such as Au, Cu, Ag on a silicon substrate have been explored
in the last 5 years, because single-crystal silicon is the bedrock of semiconductor devices.*®-
%0 Since the silicon surface is easy to oxidize to form an amorphous SiOx layer, pre-
polarization of silicon at negative potentials is crucial for epitaxial growth. In the case of
Au deposition on Si substrate, Si was firstly washed with 5% hydrofluoric acid (HF) to
remove the native oxide layer to form a H-terminated Si surface and was then pre-polarized

at -1.9 V vs. Ag/AgCl and dipped into the Au deposition bath. The ultra-thin Au film on



Si could serve as a low cost and large area substrate for further epitaxial growth of other
functional materials and even lift-off for flexible electronics.>® Based on wafer-sized Au/Si

substrates, epitaxial Cu20, ZnO, and Bils have been electrodeposited which have potential

for mass production in the semiconductor industry. >
w
Sample Normal /
% X
20 Source
Detector

Figure 1.3. Thin film X-ray diffraction measurement with axes of rotation.

To determine the epitaxy of a material, several techniques are utilized for
characterization. X-ray diffraction is one of the most commonly used methods to measure
crystallographic order on a global scale.>® Figure 1.3 shows thin film X-ray diffraction
measurement with three axes of rotation. For thin film measurement, simple 26 scans could
give diffraction peaks and intensities showing the structure of materials according to
Bragg’s law. Meanwhile, the out-of-plane orientation could be determined by analysis of
diffraction peak positions and intensities in 20 scans. For instance, the XRD pattern of

CuSCN/Au(111)/Si(111) only shows the {001} reflections for the CuSCN, indicating [001]



out-of-plane order. However, the 26 scan alone is not enough to determine whether the
material has in-plane order. Epitaxial and textured materials both exhibit out-of-plane order
in 26 scans. X-ray pole figures are a powerful technique to analyze the in-plane order of a
crystal. A pole figure is a stereographic projection where an angle y is tilted from 0° to 90°
and azimuthal angle ¢ is rotated from 0° to 360° while a specific Bragg angle 20 is fixed.
Diffraction signals collected from ¢ at each tilt angle y (normally using a 3° step size), are
used to build a 2D pole figure plot. In the case of epitaxial materials, the pole figure should
manifest itself as separated spots at a specific tilt angle y which is equal to the angle
between the chosen plane and the oriented plane of the sample. The number of spots
corresponds to the symmetry of the plane of the crystal. If the material is textured, there
would be a ring rather than spots at the same tilt angle showing no in-plane order. For
instance, as shown in Figure 1.4A, the (104) pole figure of epitaxial CuSCN(003) shows
six intense spots (tilt angle: 50.93°) which are separated azimuthally by 60°. This tilt angle
indicates that the angle between the (003) and (104) planes is 50.93°. Figure 1.4B shows
that textured CuSCN(003) on a sputtered Au(111)/glass without in-plane order shows a
ring pattern confirming the lack of in-plane order of CuSCN. The epitaxial perfection and
relationship could be further measured by azimuthal scans at certain tilts and Bragg angles.
The mosaic spread during epitaxial growth could be measured by rocking curves analysis.

Scanning electron microscopy (SEM) and transmission electron microscopy (TEM)

are useful techniques to visualize the epitaxy of deposited materials. In SEM images, some



epitaxial morphological features could be directly observed, such as ordered crystals
alignment in some directions. Although SEM images cannot determine the crystallographic
orientation, they do show global in-plane orientation and indicate the nucleation and
growth mechanism. High resolution transmission electron microscopy (HRTEM) can see
atomic arrangement by lattice fringes and determine the orientation of deposited materials
by d-spacing measurement. Electron diffraction (SAED) patterns could also be helpful to
determine the epitaxial relationship. However, TEM analysis focuses on a small local
region of a sample, which is not necessarily representative of the entire sample. The
combination of X-ray techniques and electron microscopy is therefore an effective way to

determine the epitaxy of thin films.

(104) poles

A B
Q ©
CuSCN o 0
(003)
9 o
Epitaxial Textured

Figure 1.4. (104) poles of (A) epitaxial CuUSCN(003) with in-plane order and (B) textured
CuSCN(003) without in-plane order.
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1.2.2. Epitaxial Electrodeposition of Wide Bandgap P-type Semiconductors.
Semiconductors are a class of materials with conductivity between metals and insulators
which are essential to modern society. Without semiconductors, there would be no
transistors, solar cells, LEDs, integrated circuits, and other devices which are the bedrock
of information, lighting and energy technologies. Wide bandgap semiconductors normally
refer to some semiconductors having bandgaps = 3 eV, enabling transparency in the
visible range.** Wide bandgap semiconductors are a large family including carbides (SiC),
nitrides (GaN, AIN), oxides (InoO3, ZnO, SnO», Ga>O3, NiO) and halides (CuSCN, Cul,
CuBr, CuCl). Due to their optical transparency, tunable carrier concentration and electrical
conductivity, wide bandgap semiconductors are crucial for various advanced energy-
conversion electronic devices such as displays,® thin film transistors,’® solar cells,’’
LEDs,*® high power electronics®® and flexible electronics.’’ In the past decades, n-type
wide bandgap semiconductors have been well studied, such as n-GaN,*!' n-ZnO,** Sn-
doped In20; (ITO),** and indium gallium zinc oxide (IGZO).%* They are extensively
applied in transparent electrodes,®® light-emitting devices®® and UV detectors.®” Just like
every coin has two sides, wide bandgap p-type semiconductors are indispensable in various
opto-electronic devices especially like transparent p-n junctions,68 Si-based devices,*
perovskite solar cells’® and blue LEDs.”! Low-cost and high quality wide bandgap p-type
semiconductors are pressingly needed to enhance the entire performance of electronic

devices.
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1.2.2.1. Hole transporting materials. Wide bandgap p-type semiconductors have
attracted significant attention in three main areas including hole transporting materials
(HTMs), transparent conductive materials (TCMs) and short wavelength photo-devices. In
recent years, there has been a significant trend in the development of light energy

72,73

harvesting and photoelectric conversion devices.’*” In the structure of various opto-

electronics, HTMs play an essential role to significantly improve the efficiency of devices

7677 organic solar cells’® and light emitting diodes.” HTM

such as perovskite solar cells,
refers to p-type semiconductor layers using holes as majority charge carriers and blocking
electron transport. HTMs could effectively extract photo-generated holes from photo-
sensitive layers such as perovskite layers and form directional current through the device.

Perovskite solar cells (PSCs) are one of the most important devices which greatly
depend on HTMs. PSCs are regarded as one of the most promising third-generation
photovoltaic devices.®**! Perovskite, named after the mineralogist Lev Perovski, refers to

the mineral calcium titanate (CaTiOs).%?

Generally, the perovskite structure has an ABX3
crystal structure. Perovskite-structured layers in solar cells are mainly organic-inorganic
hybrid materials, such as MaPbls and FaPbl33*3* PSCs have high conversion efficiency (>
25%), which is at a comparable level with the single-crystal silicon solar cell.®* Also, PSCs
have low cost and convenient manufacturing by various methods such as spin coating,

CVD and electrodeposition. For both n-i-p and p-i-n structures, general PSCs include an

electron transport material (ETM) layer and a HTM layer on both sides of the perovskite
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layer.®® As shown in Figure 1.5, when sunlight hits the perovskite layer, it excites electrons
from valence band (VB) to conduction band (CB). HTM extracts generated holes from VB
of perovskite and leads to the metal layer while ETM extracts electrons from CB of
perovskite and leads to the FTO.% In this way, the generation of directional current can be

achieved.
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Figure 1.5. Energy diagram of a typical n-i-p perovskite solar cell.

The use of HTMs is crucial to getting highly efficient and long-term stable
PSCs.383% An ideal HTM should satisfy the following requirements: (1) high chemical
stability to humidity and high thermal stability to high temperature; (2) low cost and easy
fabrication which is suitable for mass production; (3) non-toxic nature; (4) suitable energy

band positions to extract holes from VB of perovskite; (5) good hole transporting ability
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including high hole mobility which could improve the efficiency of total device and avoid
the charge recombination on the interface; (6) wide bandgap and high transparency in the
visible range which is particularly important for the p-i-n structure. The conventional
HTMs utilize organic structures including small organic molecules like Spiro-OMeTAD
and polymers like polytriarylamine (PTAA) and PEDOT:PSS.”*?! However, these organic
HTMs show some limitations: (1) relatively high cost for scaling-up production; (2) poor
stability which may cause degradation in high temperature; (3) limited hole transporting
property with low hole mobility.

Therefore, there is increasing interest in using low cost and highly stable inorganic
HTMs for PSCs.” A variety of wide bandgap semiconductors are developed for HTMs,
including Cu(I) based semiconductors, molybdenum oxide (MoOx), cobalt oxide (CoOx),
nickel oxide (NiOx).”**® Cu(l) based semiconductors including cuprous thiocyanate
(CuSCN), cuprous halides, CuAlO; are regarded as ideal HTMs for long-term efficient
PSCs because they are low-cost wide bandgap p-type semiconductors with good hole-
transporting properties.”’ 1% CuSCN is one of the most promising inorganic HTMs. 01102
CuSCN is a p-type metal pseudohalide semiconductor with an exceptionally large bandgap
(3.7 ~ 3.9 eV), so the material is highly transparent (> 90% transmittance) in the visible
range. CuSCN is earth abundant and inexpensive, which is available for mass production.

CuSCN is highly stable in high temperature and humidity which ensure longtime good

performance of PSCs.



14

cg. X ©
" ~2.eV
%' E;>3.5eV
i l [ =] ~ !'
VB 0 ~5.5 eV

Figure 1.6. The band structure of CuSCN (image source [103]).

Figure 1.6 shows the band structure of CuSCN (image source [103]).!%* CuSCN's
conduction band minimum (CBM) is around -2 eV which is not compatible with normal
perovskite layers' CBM positions such as MaPbls. Therefore, electrons are highly
forbidden from perovskite layers to CuSCN. The valence band maximum (VBM) is -5.2
eV ~ -5.5 eV which is suitable with perovskite's VBM and the work function of Au or
carbon to efficiently transport holes. Therefore, CuSCN has good hole transporting and
electron blocking properties. Due to excellent comprehensive performance, Neha Arora et
al. applied CuSCN in stabilized perovskite solar cells with high-efficiency over 20%.%% As
a versatile inorganic HTM, CuSCN also gets attention in other electronic devices such as
solar water splitting devices, field effect transistors and light-emitting diodes.!*1% Owing
to applying CuSCN as the hole transport layer, a standalone solar water splitting tandem
cell achieved a solar-to-hydrogen efficiency of 4.55%.!% Cuprous halides (CuX, X= Cl, Br,

I) are another efficient inorganic HTM.!'%-1% Cuprous halides are a class of nontoxic, earth
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abundant and wide bandgap (2.9 ~ 3.4 ¢V) I-VII p-type semiconductors. CuCl, CuBr, Cul
have bandgaps Egcucly = 3.4 €V, Egcubr) = 3.0 eV, Eg(Cul) = 3.1 eV, respectively. Among
them, Cul has been a promising candidate as HTM in PSCs and LED devices due to high

transparency and high hole mobility.log'112 For instance, spin-coated Cul thin films are
favorable as an efficient inorganic hole transport layer for inverted planar perovskite solar

cells because of long-term stability and anti-leaking performance.''® CuBr has been also

applied as an inorganic HTM in organic photovoltaics and transistors.!!*!1>

Some P-type wide bandgap oxide semiconductor could be applied as hole transport

layers.!!®122 NiOy is considered as a potential oxide hole transport layer in perovskite solar

116,117 118

cells, polymer solar cells''® and quantum-dot light-emitting devices.!"” An

ITO/Ag:NiOx/CH3NH3Pblz/PCBM/BCP/Ag  structure achieved a stabilized solar-cell
efficiency of 17.1%.'2° Solution-processed WOs exhibits hole selective behaviors in

organic photovoltaics.!?! WO3/spiro-OMeTAD double-layered hole transport layer helps

to achieve high efficient (21.44%) planar perovskite solar cells.!??

1.2.2.2. Transparent conductive materials. Transparent conductive materials are

essential to serve as transparent electrodes or contacts for various devices, such as liquid

4

crystal displays,'?® touch screens,'?* solar cells,'®® light emitting diodes'?® and water

splitting photoelectrochemical devices,'?” which need light transmission to work. Some of

the commonly wused transparent conductive materials include wide bandgap

128,129 130,131 132,133

semiconductors, conductive polymers, nanowire mesh substrates,


https://www.nature.com/articles/s41598-017-01897-9
https://www.sciencedirect.com/science/article/pii/S0013468619312770
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135 and ultrathin metal foils.!*® Among them, wide bandgap

graphene,'** carbon nanotube
semiconductors especially metal oxides are one of the most extensively investigated areas
due to their high transparency and conductivity. One of the most well-known transparent
conducting oxides is Sn-doped In,Osz (ITO), which has been applied in a variety of
commercial devices.!*” ITO exhibits an electrical conductivity of 10* S.cm and over 80%
transparency in the visible range.!3” Other alternatives include F-doped SnO,,'*® Al-doped
Zn0,'* and indium gallium zinc oxide.'*® Amorphous indium gallium zinc oxide has
been heavily investigated in oxide thin film transistor (TFT) for commercial displays.'*!
In the past decades, most of transparent conductive oxides are n-type
semiconductors because of the nature of electronic structure. High performance p-type
transparent conductive materials remain a challenge.!*> They suffer from poor optical
transparency and low electrical conductivity, which are not yet sufficient for the
development of new devices such as transparent transistors. Recently, there is a trend to
develop novel p-type wide bandgap semiconductors as transparent conductive materials
such as NiO,'* Cu,0,'"** CuAlO,,'* Cul,'*® CuBr.'*’ In metal oxides, NiO is a candidate
for p-type transparent conducting oxide material because of its bandgap in the range of 3.6
~ 4.0 eV.!""® By doping with other atoms, the conductivity of NiO could be increased. V-
doped NiO,'"* Li-doped NiO'*® and Cu-doped NiO'*! have been developed as p-type

transparent conductive films. In non-oxide semiconductors, Cu based wide bandgap

semiconductors are regarded as promising materials for transparent conductive films.!'>?


https://www.sciencedirect.com/science/article/pii/S0040609011000708
https://www.sciencedirect.com/science/article/pii/S0040609011000708
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Copper halides, especially Cul attract great interest because of their wide bandgap (3.1 eV)
and over 80% transparency in the visible range.!>* More importantly, Cul has high hole
mobility of 43.9 cm?V-!'S™! in single crystalline y-Cul and high carrier density (10%° cm™)
which is suitable for high performance transparent conductive materials.'** By doping with
iodide, a degenerate p-type Cul thin film was prepared with a conductivity of 283 S.cm’
1134 A sulfur-doped Cul with further treatment with H>O» also achieved a high electrical
conductivity of 596 S.cm™.'>% Also, Cul is easy to be prepared by various soft-solution
processes which are suitable for scaling-up production.'*®!>® Our group developed an
epitaxial electrodeposition and lift-off method to prepare Cul foils as a flexible transparent
conductive substrate for flexible electronic devices.!'>

1.2.2.3. Short wavelength photo-devices. Wide bandgap semiconductors have
been extensively applied in photo-related devices.!*%!®! According to the directions of
energy conversion between electrical energy and light, there are two main applications:
blue LEDs and UV photodetectors. Blue LEDs refers to a class of opto-electronic devices
that could directly convert electrical energy to blue light. Wide bandgap semiconductors
with large exciton binding energies enable high-energy photons to be released at forward
applied bias when the recombination of electrons and holes occurs. The wide bandgap
semiconductors for blue LEDs include III-V materials such as GaN,'¢> AlGaN,!¢* 1I-V1

materials such as ZnO,'%* group IV materials such as SiC,'®* and group I-VII materials such

as CuCl,'%® CuBr.'%” The leading materials group is IlI-nitrides GaN (E; = 3.4 eV, exciton
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binding energy 23 meV) and its alloys which have been commercialized in a variety of
lighting devices.'®®!1%° In 2014, because of the development of efficient blue GaN LEDs,
three Japanese scientists, Isamu Akasaki, Hiroshi Amano and Shuji Nakamura were
awarded the Nobel Prize in Physics.!” However, the high cost of materials and expensive
instruments for the fabrication of GaN devices are still issues.!*® ZnO could be a low cost
alternative blue LED material due to its wide bandgap (3.44 eV) and large exciton binding
energy (63 meV). n-ZnO/p-Cul,'”! n-ZnO/p-GaN,'”> n-ZnO/p-CuSCN'” heterojunctions
have been reported as short wavelength light emitting devices. There is a developing
interest in silicon-based blue LED devices because silicon is the most dominant material
in the semiconductor industry with a low price and mature processes.!” Copper halides
could be potential intrinsic p-type materials for UV/Blue light emission,!”>7® due to their
large bandgaps and exceptional large exciton binding energies (CuCl 190 meV, CuBr 108
meV and Cul 62 meV). In particular, CuCl has close lattice match with Si (mismatch -
0.18%), so CuCl/Si could minimize dislocation and in-plane tension for producing low-
mismatch Si-based blue LED devices.?'821°

UV photodetectors are a class of opto-electronic devices that detect UV light via
electrical signals. UV photodetectors show wide potential applications such as solar UV
detection,'”” flame detection'’® and environmental monitoring.!” Earth abundant wide
bandgap semiconductors including ZnO,'®" Ti0O,,'8! NiO,'®? CuSCN'® and copper

halides!®* have gained extensive attention for low cost and high-performance UV
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photodetectors. Self-powered ZnO/SrCoOx,'®® ZnO/CuSCN'**> and ZnO/Cul'®® p-n
junctions exhibit rapid response and high on/off ratios. A self-powered Fe-doped TiO>/n-
Si heterojunction UV-visible photodetector was fabricated via a general solution process. '8!
NiO nanoflakes with TiO» nanorods arrays contributed to enhanced UV photoresponse. '
P-CuSCN/n-Ga;03 thin film heterojunctions achieved highly sensitive deep UV
photodetection.!®> A Ag/CuSCN/Ag metal-semiconductor-metal (MSM) structure
produced high performance deep UV photodetector.'®” Ultrathin 2D nonlayered CuBr
flakes have been used to build UV photodetectors with high photoresponsivity of 3.17 A
W1 and fast response (a fast rise time of 32 ms and a decay time of 48 ms).'®® Transparent
Cul/a-IGZO heterojunctions also serve as UV photodetectors with excellent linearity.'*’
1.2.2.4. Benefits of epitaxial wide bandgap p-type semiconductors. Epitaxial
wide bandgap p-type semiconductors have some significant advantages. Firstly, due to the
good control of in-plane and out-of-plane orientation, epitaxial wide bandgap
semiconductors with reduced electron-hole recombination probabilities could improve
charge transport when compared with polycrystalline counterparts.*® This is especially
important for HTM materials. An ordered HTM with fewer defects could have facilitated
hole transport to help improve the overall performance of solar cell devices.!?!19422° For
example, mesoscale ordering of a single crystal spiro-OMeTAD exhibits increased

mobility by three orders of magnitude.’?® In paper I, epitaxial CuSCN produces an

inorganic Schottky diode Au/CuSCN/Ag with more ideal rectifying behavior. Epitaxial


https://pubs.acs.org/doi/abs/10.1021/acsami.7b18815?casa_token=tGJi7FS9OvAAAAAA:ALdqELCsBdP5ZDsUUCpHdWG9qPSymrafxJ2eujqZDGj0alh7teOy1p5XXhEgNfr7y5obHnCB1C7s4q_O
https://www.sciencedirect.com/topics/materials-science/photosensor
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CuSCN has a diode quality factor of 1.4, whereas polycrystalline CuSCN has a diode
quality factor of 2.1. Secondly, epitaxial wide bandgap semiconductors provide a pathway
to serve as single-crystal-like substrates for all-epitaxial optoelectronic devices.!”
Epitaxial HTMs allow the further growth of perovskite layers for all-epitaxial perovskite
solar cells. Epitaxial transparent conductive materials allow the fabrication of high-
performance transparent wide bandgap p-n junctions.!”®!7% For example, the epitaxial
Cul/ZnO heterojunction exhibits high rectification ratios larger than 10°.*° In addition,
epitaxy can be utilized to adjust the composition of semiconductors such as the doping
concentration and the production of alloys.!”® Also, epitaxy could be used for producing
superlattices and metastable phases with novel properties.!**2%

1.2.2.5. Epitaxial electrodeposition of Cu(l) based wide bandgap p-type
semiconductors. As mentioned above, some Cu(I) based semiconductors such as CuSCN,
Cul, CuBr, CuCl are important wide bandgap p-type semiconductors. They show p-type
conductivity due to Cu vacancies.?’! Table 1.1. shows some characteristics of various Cu(I)
based wide bandgap p-type semiconductors. CuSCN has a phase and B phase at room
temperature, but B-CuSCN is normally observed as HTMs. B-CuSCN has a thombohedral
structure with lattice parameters a =b = 0.3857 nm, ¢ = 1.6449 nm and R3m (160) space
group. SCN groups connect with the planes of Cu atoms by Cu-N bonds and Cu-S bonds

to build the entire B-CuSCN structure. There are rarely reports of vapor-phase deposition

of CuSCN films.2%? The reason could be attributed to the instability of the SCN group under
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high temperature (> 200°C) and high vacuum, which causes spontaneous decomposition.
There are numerous reports about CuSCN films produced by soft-solution processes such

203 chemical bath deposition,?** electrodeposition®® and SILAR methods.?%

as spin coating,
Electrodeposition is particularly interesting because CuSCN nanorod arrays with large
surface area could be deposited by mass-transfer limitation control during the deposition
process.?” However, the deposited CuSCN vyields an amorphous film, polycrystalline film
or a fiber texture with no in-plane order, limiting its hole transport property.2% Therefore,
the hole mobility (0.01 ~ 0.1 cm?V-!S™?) of solution-processed CuSCN is still quite limited
compared with other inorganic HTMs.2%°

Cuprous halides normally exhibit a y-polymorph with a zinc blende structure (space
group, F43m) at room temperature. Cu atoms tetrahedrally coordinate with halogen atoms
to form the cuprous halide structure. CuCl, CuBr, Cul have lattice parameters acuciy = 0.542
nm, acuBr) = 0.568 nm, acuny = 0.605 nm, respectively. The heteroepitaxial growth of
cuprous halides has been well studied by vapor-phase techniques such as DC sputtering,*

210,211

molecular beam epitaxy and pulsed laser deposition.?!? Other common methods such

156 chemical bath deposition?'® and chemical vapor deposition?!* mostly

as spin-coating,
produce amorphous or polycrystalline films. Cuprous halides thin films also have been
electrodeposited, but only with polycrystalline structures or fiber textures with no in-plane

orientation.>!>2!® Epitaxial cuprous halides produced by electrodeposition still face some

challenges such as substrates, bath compositions and deposition conditions.
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Table 1.1. Some characteristics for various Cu(I) based wide bandgap p-type

semiconductors.
Cu(I) based Crystal Lattice Bandgap Type Main
semiconductors structure parameters (eV) applications
(nm)
CuSCN Rhombohedral | a=0.3856, >35eV P HTMs,
¢=3.2905 (3.7-3.9 LEDs, UV
eV) Sensors
Cul Cubic 0.60521 3.1eV P HTMs,
TCMs, LEDs
CuBr Cubic 0.56897 3.0eV P HTMs, UV
sensors
CuCl Cubic 0.54202 34eV P Si-based blue
LEDs

Our strategies for electrochemical deposition of epitaxial Cu(I) based wide bandgap
p-type semiconductors are shown in Figure 1.7. The mechanism has two parts: firstly, Cu(ll)
is reduced to Cu™ on the electrode surface by an electrochemical redox reaction, and then
Cu* combines with surrounding anions to generate insoluble Cu(l) based semiconductors
which could nucleate and epitaxially grow on the ordered substrate. The substrate could

directly control the in-plane and out-of-plane orientations of the deposited semiconductors.
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CuX Epitaxial Growth

Figure 1.7. The mechanism of electrochemical deposition of epitaxial Cu(I) based
wide bandgap p-type semiconductors.

General electrochemical reactions can be written in equations 3 and 4, where X
represents different anions, including SCN-, I, Br, CI.

Cu(ll) + e = Cu*, E®=+0.159 V vs. NHE 3)

Cu* + X" = CuX (4)

Our electrochemical deposition of Cu(l) based wide bandgap p-type

semiconductors was performed on some ordered substrates from a solution containing 20

mM CuSOs as a Cu source and 40 mM KX as the source of anions and the supporting

electrolytes, with the pH of 3~5. The electrodeposition could be performed at room

temperature and 1 atm pressure. It should be noted that in the electrochemical bath, some

Cu(IDXz such as Cu(II)I2 and Cu(SCN); have low solubility in aqueous solution which

could lead to precipitation and decomposition during the deposition process. To prevent
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that, in the CuSCN and Cul cases, we use EDTA to complex and protect Cu(II) to form a
clear solution.?!” Normally, an applied potential between -0.1 V ~ -0.4 V vs. Ag/AgCl is
suitable to produce pure Cu(I)X phases, while more negative applied potentials could
produce Cu metal from the reduction of Cu(I)X or from direct deposition from solution.

In paper I, we introduced a simple electrochemical route for the epitaxial growth of
CuSCN(003) nanorods on Au(111)/Si(111) wafer. In paper II, we presented the epitaxial
electrodeposition of CuBr(111)/Ag(111) and CuBr(100)/Ag(100) via an epitaxial AgBr
buffer layer. In my co-author paper “Banik, A.; Tubbesing, J. Z.; Luo, B.; Zhang, X.;
Switzer, J. A. Epitaxial Electrodeposition of Optically Transparent Hole-Conducting Cul
on n-Si (111). Chem. Mater. 2021, 33, 3220-3227.”, we developed an electrochemical
approach for the epitaxial growth of Cul(111) thin films on Si(111). In APPENDIX A, we
briefly show some results of epitaxial electrodeposition of the low-mismatch CuCl(111)
on Si(111) as a potential silicon-based blue LED structure.

1.2.3. Epitaxial Electrodeposition on Self-Assembled Monolayers. Functional
self-assembled monolayers (SAMs) of thiols on single-crystal metals form two-
dimensional soft templates with well-controlled functional surfaces. SAMs have been used
for a variety of areas such as controlled crystallization, corrosion protection, biosensors,
and pattern fabrication technologies.??"??* SAMs attract significant attention in nanoscale
pattern formation, such as E-beam lithography, micro-contact printing and dip-pen

nanolithography.?2-2%7
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Figure 1.8. Structure diagram of functional alkanethiols on a metal substrate.

Functional alkanethiols on metal surface are the most used SAMs because they can
be prepared by immersion in a precursor solution and achieve ordered atomic arrangement.
The structure of functional alkanethiol SAM contains head group connecting with the metal
substrate (normally via a strong Au-S bond), alkyl chain and functional group on top of
SAM, as shown in Figure 1.8. Normally, alkanethiols SAMs are reported to be arranged in
a(~3x+3)R30° orc(4 x 2) structure on the Au(111) surface.??8

1.2.3.1. Epitaxial growth on self-assembled monolayers. A SAM surface with
functionality enables growth of ordered crystalline materials including MOFs, calcite, and
organic semiconductors.??®2% The functional group of the SAM is crucial to controlling
the epitaxial growth and orientation of crystals. H-terminated alkanethiol SAMs are usually
hydrophobic and lack control of nucleation and growth, so deposited materials are often
polycrystalline. Polar functional groups such as -COOH, -NHa, -OH, -SO3%", PO3* could

lead to ordered growth of materials by coordination interaction.?®® For instance, -COOH
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terminated alkanethiol SAM have been shown to direct the epitaxial growth of calcite
crystals.?®? Furthermore, selection of different acid-terminated SAMs could effectively
control the orientations of grown calcite crystals for micro-pattern by micro-contact
printing.Z° Ordered crystallization on SAMs has been achieved by vacuum techniques
such as CVD and soft-solution processes such as CBD.%* However, electrochemical
epitaxial growth on SAMs still remains a challenge. Potential stability and
functionalization of SAM need to be optimized to ensure the epitaxial growth of materials
on the SAM. As a soft and compliant organic surface, electrodeposition on SAMs may be
easier to minimize the effect of lattice mismatch than on a hard and inorganic substrate.
Meanwhile, epitaxial films on soft substrate provide the possibility for a direct lift-off
process for flexible devices.?*

1.2.3.2. Electrodeposition of metals on self-assembled monolayers. Metal
electrodeposition on SAM has been an important method to achieve micro-patterned metal
electrodes.?®52% SAM covered surfaces also enable lift-off processes to prepare free-
standing metal patterns for flexible devices or molds/replicas for micro-contact printing.?*’
Metal electrodeposition is achieved by defect-mediated electrodeposition or coordination
controlled electrodeposition.?®2° |n defect-mediated electrodeposition, the metal
nucleates at defects of SAM or SAM-free areas, and then grow into a mushroom-like
morphology due to lack of orientation control. In less reported coordination-controlled

electrodeposition, the functional groups of the SAM could coordinate with metal ions and
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lead to homogeneous growth of metal films such as Pd.?*® However, only polycrystalline,
or amorphous metal films were produced by the SAM due to the lack of order of SAMs
and unsuitable functional groups. In paper Ill, we provide a simple method to directly
electrodeposit a smooth epitaxial Cu film on the polar L-cysteine SAM/Au(111) surface.
XRD analysis, morphology and possible mechanisms are discussed in detail. The future
development of that could be the combination of epitaxial growth and nano/micro-pattern

techniques of SAM for high-quality MEMS devices.

1.3. EPITAXIAL LIFT-OFF FOR FLEXIBLE ELECTRONICS.

As new materials and fabrication technologies emerge, there is great interest in
electronic devices that can be produced using flexible substrates, such as flexible displays,
wearable solar cells, sensors, and flexible batteries.?*%-2** Epitaxial lift-off (ELO) is a
processing technique in which epitaxial layers are peeled off from the host substrate. In
1978, Konagai et al. first proposed the epitaxial lift-off method to separate a device layer
from a GaAs substrate by using HF to selectively etch an AlGaAs sacrificial layer.?%®
Epitaxial lift-off process provides a pathway to create highly ordered flexible thin films
which can be applied in flexible electronics. A major advantage of epitaxial lift-off is that
the obtained foil remains highly in-plane and out-of-plane ordered, which could serve as
high quality device compositions. Another advantage is that the inexpensive deposited thin

foil could be continuously produced from an expensive crystal substrate after reuse cycles.
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This could greatly reduce the cost of producing highly ordered foils. In addition, epitaxial
lift-off expands the optical and electrical applications of thin foils. For instance, a 7 nm Au
foil from Si substrate was found 80% transparent in the visible range and conductive, which
could serve as an excellent transparent flexible electrode in OLED devices.>°

Conventional epitaxial lift-off process requires a specific etchant to etch the
sacrificial layer between the device layer and the substrate.?*524 In the case of Au foil from
a Si substrate, HF etching solution was used to etch the SiOx layer between Au and Si layer
which was formed by photo-oxidation.>® In paper I, we select a K1/I2 solution to etch the
Au layer between CuSCN and Si, then peel off a wafer-sized transparent and flexible
CuSCN foil. Since Au is an excellent common inert substrate for epitaxial growth of
various materials such as ZnO, CsPbBrs, PbO», this etching method could be a general
approach to producing flexible ceramic foils from Au/Si substrate.

Due to the toxicity of the etchants, time-consuming process and incomplete etching,
advanced epitaxial lift-off techniques without etching are developed.?*824% One approach
could be remote epitaxy and lift-off. Yunjo Kim et al. confirmed that GaAs(001)
homoepitaxially grow on monolayer graphene covered GaAs(001) substrates by CVD
deposition.?*® The deposited single-crystalline films could be easily released from the
graphene covered substrate without etching and further perform in light-emitting devices.
In paper 111, we present a method of non-etching epitaxial lift-off of electrodeposited Cu

film from L-cysteine SAM/Au which is a 2D soft layer. This Cu foil could further serve as
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a substrate to grow other epitaxial semiconductors. We demonstrated that epitaxial Cu20O

layers could be deposited on this foil as a potential solar cell structure.

1.4. RESEARCH OBJECTIVES

The following four research objectives were developed based on the goal of
achieving epitaxial electrodeposition of wide bandgap p-type semiconductors and copper
metal for energy conversion and flexible electronics.

1.4.1. Epitaxial Electrodeposition of CuSCN Hole Conductor. The wide
bandgap p-type metal pseudohalide semiconductor CuSCN can serve as a transparent hole
transport layer in various opto-electronic applications. The first objective of this research
is to directly electrodeposit epitaxial CUSCN on Au(111)/Si(111). Paper | shows the
detailed results of the deposition process, XRD, SEM, & TEM and epitaxy
characterizations.

1.4.2. Epitaxial Electrodeposition of Cuprous Halides CuBr and CuCl. The
wide bandgap p-type cuprous halide CuBr can serve as a fast responsive short wavelength
light detecting material especially for UV sensors or transparent hole transport layer for
various opto-electronics. The second objective of this research is to directly electrodeposit
epitaxial CuBr film on a Ag substrate. The work on epitaxial electrodeposition of CuBr is
shown in Paper Il. Meanwhile, cuprous halide CuCl has a high exciton binding energy and

close mismatch with Si and, therefore, has the potential to form a Si-based blue LED. In
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APPENDIX A, we briefly show some results of epitaxial CuCIl(111) on Si(111) including
XRD and SEM analysis.

1.4.3. Epitaxial Electrodeposition of Cu Films on L-cysteine SAM. Functional
SAMs of thiols on single crystal metals are 2D soft organic surfaces for the highly ordered
growth of crystalline materials. The third objective of this research is to directly
electrodeposit epitaxial Cu on L-cysteine SAM/Au(111). Paper 111 shows the results of the
electrodeposition, XRD, and possible epitaxy mechanisms.

1.4.4. Epitaxial Lift-Off of Single-Crystal-Like Foils. Epitaxial lift-off process
expands applications of epitaxial thin film as free-standing foils for flexible electronic
devices. The fourth objective of this research is to develop metal and semiconductor foils
via the epitaxial lift-off process. Paper | shows flexible CuSCN foil production from Si
wafer by Au etching and Paper Ill shows flexible Cu foil production from L-cysteine

SAM/Au.
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I. EPITAXIAL ELECTRODEPOSITION OF HOLE-TRANSPORT CuSCN
NANORODS ON Au(111) AT THE WAFER SCALE AND LIFT-OFF TO
PRODUCE FLEXIBLE AND TRANSPARENT FOILS

Bin Luo, Avishek Banik, Eric W. Bohannan, Jay A. Switzer*

Department of Chemistry and Graduate Center for Materials Research, Missouri
University of Science and Technology, Rolla, MO 65409-1170, USA.

ABSTRACT

The wide bandgap p-type metal pseudohalide semiconductor copper(I) thiocyanate
(CuSCN) can serve as a transparent hole transport layer in various opto-electronic
applications such as perovsksite and organic solar cells and light-emitting diodes. The
material deposits as one-dimensional CuSCN nanorod arrays, which are advantageous due
to their high surface area and good charge transport properties. However, the growth of
high-quality epitaxial CuSCN nanorods has remained a challenge. Here, we introduce a
low cost and highly scalable room temperature procedure for producing epitaxial CuSCN
nanorods on Au(111) by an electrochemical method. Epitaxial CuSCN grows on Au(111)
with a high degree of in-plane as well as out-of-plane order with +0.22% coincidence site
lattice (CSL) mismatch. The phase of CuSCN that deposits is a function of the Cu**/SCN-

ratio in the deposition bath. Pure rhombohedral material deposits at higher SCN-
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concentrations, whereas a mixture of rhombohedral and hexagonal phases deposits at lower
SCN- concentrations. A Au/epitaxial CuSCN/Ag diode has a diode quality factor of 1.4,
whereas a diode produced with polycrystalline CuSCN has a diode quality factor of 2.1. A
highly ordered foil of CuSCN was produced by epitaxial lift-off following a triiodide etch
of the thin Au substrate. The 400 nm thick CuSCN foil had an average 94% transmittance
in the visible range and a 3.85 eV direct bandgap.

Keywords: CuSCN, electrodeposition, epitaxy, perovskite, hole transporting layer.

1. INTRODUCTION

Hole transport materials (HTMs) are essential for opto-electronic devices, such as
perovskite solar cells and light-emitting diodes.!”* CuSCN is a nontoxic, earth-abundant,
wide bandgap (3.7 ~ 3.9 eV) p-type metal pseudohalide semiconductor. CuSCN has been
steadily gaining attention as a versatile inorganic HTM in stabilized high-efficient
perovskite solar cells,* standalone solar water splitting devices,” light-emitting diodes®®
and transistors.”!! The basis for the success of CuSCN as an excellent HTM could be
attributed to exceptional optical transparency, chemical stability, processing versatility, and
good hole-transporting properties.!> One-dimensional CuSCN nanorods arrays have
further attracted attention due to their high surface area and good charge transport
properties.'3!> However, epitaxial growth of CuSCN nanorods with high out-of-plane as

well as in-plane order has remained a challenge. Although CuSCN films have been
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17-19 and

prepared by various solution processes such as spin coating,'® electrodeposition
SILAR methods,? the deposited CuSCN is a polycrystalline film?!** or a film with a fiber
texture with no in-plane order*>?® limiting its hole transport property. Charge carrier
transport across the CuSCN layer is affected by grain boundaries and the crystalline
orientation, and would be especially impacted for in-plane transport. The hole mobility
(0.01 ~ 0.1 cm? V-!s') of solution-processed CuSCN is still quite limited compared with
other inorganic HTMs.?”-? A highly-ordered hole transporting layer provides a low density
of defect sites and grain boundaries suppressing charge recombination probabilities and
facilitating efficient charge transport.’ For example, single crystal spiro-OMeTAD exhibits
remarkable mobility, exceeding their thin-film counterparts by three orders of magnitude
via mesoscale ordering.*® In addition, epitaxial hole conducting CuSCN films could serve
as substrates for growth of single crystalline perovskite materials or n-type ZnO layers for
high-quality opto-electronic devices.*! Epitaxial CuSCN also allows for the measurement
of electronic properties along specific crystallographic directions. This is especially
important for non-cubic materials such as CuSCN. Therefore, there is a pressing need to
find a method to produce epitaxial CuSCN.

Electrodeposition is a low cost and highly scalable deposition process producing
epitaxial metal and semiconductor films.*>* Here, we detail an electrochemical method to

produce epitaxial CuSCN nanorods on a Au(111)/Si(111) substrate at room temperature

from an aqueous CuSO4-EDTA-KSCN bath. The material is deposited on a 28 nm thick
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layer of Au(111) on a Si(111) wafer that was electrodeposited by a method that we reported
earlier.®> The Cu(Il) is simply reduced electrochemically in the presence of SCN- ions.
Highly out-of-plane and in-plane ordered nanorods grow from the Au(111) surface with a
low CSL mismatch of +0.22%. Two kinds of CuSCN nanorods with pure rhombohedral
phase and mixed rhombohedral/hexagonal phases were produced by adjusting the
Cu?*/SCN- ratio in the deposition bath. Epitaxial CuSCN/Au is an ideal HTM/metal system
due to well-aligned work function for ohmic contact and efficient charge transport.
However, it faces challenges such as degradation of the CuSCN/Au interface* and the
limitation of flexibility due to the rigid substrate. Therefore, epitaxial lift-off technology
was applied to a flat epitaxial CuSCN film through a simple chemical Au etching with
triiodide ion and lift-off procedure which extends the application of highly ordered CuSCN
foils to various substrates via a dry-transfer method. This could form the basis of

transparent hole-transporting layers for flexible opto-electronics.

2. RESULTS AND DISCUSSION

The electrolyte used for the deposition of CuSCN was typically 20 mM CuSOs, 20
mM EDTA, and 80 mM KSCN based on work by other workers who have shown that
complexing agents such as EDTA are needed to prevent the precipitation of black
Cu(SCN),, which further decomposes to white CuSCN and thiocyanogen.'® According to

the speciation study of this earlier study the primary species present in this solution is
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Cu(I)EDTA with a lower concentration of CuSCN™.!® Hence, the EDTA serves as a
reservoir of Cu(Il) ions which keeps the concentration of CuSCN" low in order to prevent
the precipitation/decomposition.

We explored the electrochemistry of the deposition using a rotating disk electrode
(RDE), which provides well-controlled convection to the electrode surface. Using the RDE,
a solution reduction reaction should manifest itself as a mass-tranport-limited plateau with
a limiting current. Figure 1 shows linear sweep voltammetry (LSV) analysis of various
electrolytes with Au RDE at 1000 rpm rotation rate. Figure 1A shows the LSV with a Au
RDE in the CuSO4-EDTA-KSCN bath. We observed three cathodic regimes, C1, C2, and
C3. The reduction C1 begins at +0.35 V and reaches a plateau with a current density of 1.3
mA/cm?, indicating a solution species reduction, whereas the reaction at C2 presents itself
as a peak, which indicates a surface species reduction that is not mass-transport-limited.
We attribute C1 to the reduction of solution CuSCN™ to solid CuSCN as shown in Eq. 1.

As shown in Figure 1A, although the range of CuSCN deposition is quite wide,
from +0.3 to -0.5 V, epitaxial CuSCN is only achieved using a prepolarized bias of -0.3 to
-0.5 V. That is, epitaxial CuSCN is only deposited at potentials negative of the peak at C2.
In order to further study the nature of reduction process C2, we pre-deposited CuSCN to a
thickness of approximately 250 nm on the Au RDE at -0.4 V for 60 s and then performed
LSV in the CuSO4-EDTA-KSCN bath as shown in Figure 1B. In this case C2 is absent,

suggesting that C2 is due to the reduction of a surface adsorbed species on the Au surface.
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Because the current density at C2 in Figure 1A is higher than that of a self-assembled
monolayer, combined with the fact that SCN™ is known to be strongly adsorbed on the
Au(111) surface,’” we speculate that C2 is the reduction of an adsorbed
Cu(IDxEDTA(SCN), cluster'®363% on the Au surface that is attached by Au-SCN
interaction, as given in Eq. 2. To understand the effect of EDTA on the electrochemistry,
we performed LSV using the Au RDE in a CuSO4-KSCN bath without EDTA and shown
in Figure 1C, in which C1 appears as a cathodic plateau with 9 mA/cm? that is 7 times
higher than the CuSCN" reduction plateau in the CuSO4-EDTA-KSCN bath in Figure 1B.
The higher current density for C1 in this bath indicates that the EDTA does serve to lower
the concentration of CuSCN" in solution. The voltammogram in this solution lacks
reduction process C3, suggesting that C3 in Figures. 1A and 1B is due to the reduction of
Cu(I)EDTA to Cu (in Eq. 3). The deposition solution that does not contain EDTA is not
stable for more than a few minutes because of the spontaneous precipitation of CuSCN and
Cu(SCN), powder as shown in the typical XRD pattern in Figure S1. Figure 1D shows the
LSV of a AuRDE in a solution of 20 mM CuSO4 and 20 mM EDTA (i.e., no SCN™ present).
In this case C1 and C2 are not observed. The only reduction process (C3) is the reduction
of Cu(I)EDTA to metallic Cu, as shown in Eq. 3.
Cu(ISCN" + e~ = Cu(I)SCN (1)
Cu(IDxEDTA(SCN), (adsorbed cluster) + xe = xCuSCN + (z-x)SCN" + yEDTA (2)

Cu(IEDTA + 2¢~ = Cu(0) + EDTA 3)
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Figure 1. Linear sweep voltammograms (LSVs) of electrolytes with various
compositions. (A) Au rotating disc electrode (RDE) in 20 mM CuSO4, 20 mM EDTA, 80
mM KSCN solution; (B) CuSCN (250 nm )/Au RDE 20 mM CuSOg4, 20 mM EDTA, 80
mM KSCN solution. 250 nm CuSCN was pre-deposited at -0.4 V vs. Ag/AgCl for 60 s;
(C) AuRDE in 20 mM CuSO4, 80 mM KSCN solution; (D) Au RDE in 20 mM CuSOsu,

20 mM EDTA solution. RDEs were rotated at 1000 rpm. Scan rate of all LSV's were 10

mV-s L

Epitaxial CuSCN is only achieved using a prepolarized potential of -0.3 to -0.5 V
as shown in Figure 1A. CuSCN deposited at +0.2 V was analyzed by XRD and SEM as
shown in Figure S3. It is polycrystalline with a slight [001] preferred orientation in the
XRD pattern (Figure S3A) and disordered microstructure (Figure S3B, S3C). The RDE

studies in Figure 1 may provide some insight into why the epitaxial CuSCN can only be
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produced at potentials negative of C2 in Figure 1A. Material deposited positive of C2
grows on top of the adsorbed Cu(II)xEDTAy(SCN), clusters, which inhibit the epitaxial
nucleation on the Au(111) surface. Consistent with this argument, a short nucleation pulse
ofaAu(111) electrode at-0.4 V for 10 s followed by growth at -0.1 V for 10 minutes results
in epitaxial CuSCN (Figure S4A), whereas constant potential deposition at -0.1V for the
same time leads to disordered CuSCN (Figure S4B) without clear spots in the (104) pole
figure. Therefore, in this work, epitaxial deposition utilizes a constant potential at -0.4 V,
and Figure S5 shows a typical current density-time plot.

An optical image of epitaxial CuSCN on a 2 inch diameter Au(111)/Si(111) wafer
is shown in Figure 2A. The CuSCN is deposited on a Au(111)/Si(111) wafer with a 28 nm
thick Au(111) layer that was electrodeposited as reported earlier.>* Although CuSCN is
highly optically transparent, the deposited epitaxial CuSCN film shows a colored
appearance due to Au layer and light wave interference. The orientation of the deposited
epitaxial CuSCN on Au(111)/Si(111) was determined by XRD and pole figure
measurement. An XRD pattern of CuSCN/Au(111)/Si(111) is shown in Figure 2B. It
exhibits [001] out-of-plane order and is indexed to B-CuSCN. Note that only the {001}
reflections are observed for the CuSCN. The peaks for CuSCN are sharp and intense which
is consistent with high crystallinity.

It is well known that B-CuSCN exhibits polytypism resulting from different

stacking sequences in the [001] direction. AB type layer stacking corresponds to the
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hexagonal 2H structure*® (JCPDS No. 75-2315) whereas the thombohedral 3R structure*
(JCPDS No. 29-0581) with the ABC stacking also exists. 3R CuSCN has lattice parameters
a=b=0.3857 nm, ¢ = 1.6449 nm and R3m (160) space group, whereas 2H CuSCN has
lattice parameters a=b = 0.3850 nm, ¢ = 1.0937 nm and P63mc (186) space group. In order
to determine the polytype of CuSCN, powder XRD analysis was done as shown in Figure
S6. Powders are scraped from the substrate and ground into micron-size particles. The

powder XRD of the CuSCN shows that the material is the pure 3R phase.
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Figure 2. X-ray diffraction pattern and pole figures of epitaxial 3R CuSCN film. (A)
Optical image of CuSCN film on 2 inch diameter Au(111)/Si(111) wafer; (B) XRD
pattern of 3R CuSCN(003) on Au(111)/Si(111); (C) (200) pole figure of Au(111); (D)
(104) pole figure of 3R CuSCN(003). 3R CuSCN was deposited at -0.4 V for 10 minutes
in 20 mM CuSO4, 20 mM EDTA, 80 mM KSCN at room temperature.
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The in-plane order of 3R CuSCN(003)/Au(111)/Si(111) was determined using pole
figures of crystal planes that are not parallel with the surface. The Au(200) pole (Figure
2C) and Si(220) pole (Figure S7) exhibit six spots (tilt angle: 54.74°) and three spots (tilt
angle: 35.5°) respectively, as expected and reported earlier.’® In the case of CuSCN, the
(104) pole figure (Figure 2D) of 3R CuSCN(003) shows six intense spots (tilt angle: 50.93°)
which are separated azimuthally by 60°. This tilt angle indicates that the angle between the
(003) and (104) planes is 50.93°, consistent with the simulated stereographic projection for
3R CuSCN(003) (Figure S8A). Six spots of 3R CuSCN indicate the existence of parallel
and antiparallel orientations. Unlike the simulated stereographic projection in Figure S8B,
3R CuSCN does not have spots at y of 58.73° in the H(102) pole (Figure S9). This indicates
that there is no epitaxial 2H phase, consistent with the powder XRD analysis.

To further confirm that the orientation of CuSCN is directly controlled by Au
substrate, we electrodeposited CuSCN on a sputtered Au(111)/glass without in-plane order
(Figure S10). The ring pattern in (104) pole of 3R CuSCN (Figure S10A) growing on
Au(111) on glass (Figure S10B) confirms the lack of in-plane order of CuSCN. Hence, the
Au(111)/Si(111) substrate directly controls the in-plane orientation of the deposited
CuSCN. Therefore, 3R CuSCN(003) film grows epitaxially on Au(111)/Si(111), and the
epitaxial relationship is 3R CuSCN(003)[100]//Au(111)[101]//Si(111)[101]. The epitaxial
perfection of the 3R CuSCN(003) film was further measured. Azimuthal scans were

performed for the (104) pole of 3R CuSCN(003) (tilt angle: 50.93°) and (200) pole of
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Au(111) substrate (tilt angle: 54.74°) (Figure 3A). We observe six peaks for both CuSCN
and Au, in agreement with pole figure results, corresponding to in-plane parallel and
antiparallel domains. The obtained peak/background ratio is 250:1, which confirms a high
degree of in-plane order. Rocking curves on 3R CuSCN(003) and Au(111) were done to
measure the mosaic spread of CuSCN (Figure 3B). The FWHM (full width at half
maximum) was 0.59° for 3R CuSCN(003) and 0.88° for Au(111). The FWHM of 3R

CuSCN indicates that the mosaic spread in 3R CuSCN is less than that of Au(111) substrate.
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Figure 3. Epitaxial perfection and interface models of 3R CuSCN(003) on Au(111)
substrate. (A) Azimuthal scans of 3R CuSCN(003) at x = 50.93° and Au(111) at x =
54.74° ; (B) X-ray rocking curves for 3R CuSCN(003) and Au(111); (C) In-plane
interface model of S (blue) atoms of 3R CuSCN(003) with Au(111) (orange). 4 S atoms
with 5 Au atoms form the coincidence site lattice, which results in a mismatch of
+0.22%; (D) Out-of-plane interface model of [001] epitaxial growth of 3R CuSCN(003)
on Au(111).
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Interface models of 3R CuSCN(003) film on Au(111) substrate are exhibited in
Figure 3C and Figure 3D. In the in-plane interface model (Figure 3C) of S atoms with
Au(111), Au and S atoms are colored orange and blue, respectively. By the formation of
the CSL, in which 4 S atoms align with 5 Au atoms, a mismatch of +0.22% is produced.
Antiparallel and parallel domains could both be observed due to rotational twinning. In the
out-of-plane interface model (Figure 3D) showing the cross-sectional structure of CuSCN
on Au(111), we could observe that the head-tail direction of linear SCN™ ions is parallel
with the [001] growth direction.

The morphological features of the 3R CuSCN(003) were determined by SEM and
TEM. Plan-view SEM images of electrodeposited 3R CuSCN(003) on Au(111)/Si(111) are
shown in Figures. 4A and 4B. In Figure 4A, after deposition for 60 seconds, initial
triangular crystals with an average size 300-500 nm formed as a homogeneous seed layer
with a 250 nm thickness. The high in-plane order in the image is consistent with the epitaxy
of 3R CuSCN(003) on the Au(111)/Si(111). Parallel and antiparallel crystals indicate
parallel and antiparallel in-plane orientations, consistent with the pole figure results.
CuSCN nanorods with 500-800 nm diameters further grow after deposition for 10 minutes
as shown in Figure 4B. The SEM cross-section (Figure 4C) of 3R CuSCN(003) shows the
nanorods are dense and vertical to the Au(111)/Si(111) substrate, indicating the preferred
[001] orientation. The nanorods formation mechanism was studied. As shown in Figure

S11, when the growth potential of CuSCN is changed from + 0.3V to +0.2 V, which
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corresponds, respectively, to activation control and mass transport limited control in the
LSV in Figure 1A, the morphology changes from the flat film with uniform triangular
crystals (Figure S11A), to the initial nanorods (Figure S11B), then to disordered long
nanorods (Figure S11C). This shows that nanorods morphology is because of limitation of
mass transport, in agreement with a previous report.??> The high-resolution TEM image
indicated that the nanorod grows along the [001] direction, and lattice fringes with 0.28 nm

interplanar distance match to the (006) planes of 3R CuSCN.*!

Figure 4. SEM and TEM images of epitaxial 3R CuSCN(003) on Au(111)/Si(111). (A)
SEM image (plan-view) of initial 3R CuSCN(003) after 1 minute deposition with 250 nm
thickness; (B) SEM image (plan-view) of 3R CuSCN(003) nanorods after 10 minutes
deposition; (C) SEM image (cross-sectional view) of 3R CuSCN(003) nanorods after 10
minutes deposition; (D) TEM image of a single 3R CuSCN(003) nanorod and HRTEM
image showing 0.28 nm interplanar distance. 3R CuSCN was deposited at -0.4 V in 20
mM CuSOs4, 20 mM EDTA, 80 mM KSCN at room temperature.
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Although the 3R CuSCN rods are epitaxial, they lack a continuous film underneath
the rods, which may cause leakage or short circuits in electronic devices. Therefore, we
developed another continuous epitaxial CuSCN with mixed hexagonal and rhombohedral
phases (2H&3R CuSCN) when deposited from a bath with Cu*/SCN" = 1/2. The
orientations of the 2H&3R CuSCN film are measured by XRD patterns and pole figure
analysis. As shown in Figure S12, 2H&3R CuSCN has a [001] orientation that is highly
overlapped with 2H and 3R CuSCN. In order to distinguish and quantify compositions of
the 2H phase and 3R phases, we did powder XRD analysis of 2H&3R CuSCN. Figure S13
shows mixed peaks for 2H and 3R CuSCN which confirms the existence of two crystal
structures of CuSCN in this work. Rietveld refinement of the diffraction pattern gave 53%
hexagonal phase and 47% rhombohedral phase (Rwp 7.0%).

As for in-plane orientation, 2H&3R CuSCN has 6 intense spots in both H(102) at
x = 58.73° (Figure 5A) and R(104) at y = 50.93° (Figure 5D) at the same azimuthal angle,
indicating that both 2H and 3R phases are epitaxial. The out-of-plane interface model of
the 2H phase/Au(111) and the 3R phase/Au(111) are shown in Figure S14. SEM was used
to characterize the morphology of 2H&3R CuSCN. After deposition for 2 minutes, initial
100-200 nm hexagonal crystals (Figure 5B) form a compact dense film with a thickness of
500 nm (Figure 5C). The further growth of CuSCN for 15 minutes exhibits a unique
morphology with a dense film (5 um thickness) near the Au surface and ordered hexagonal

micro-rods (1 ~ 2 um diameter, 20 ~ 40 um length) vertical to the substrate (Figure SE, 5F)
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with a snowflake-like surface which is possibly due to the competition of 2H and 3R phase

growth. The micro-rods morphology with large surface area could be favorable for efficient

charge transport in various devices.

R(018)

Figure 5. Epitaxial CuSCN with mixed hexagonal and rhombohedral phases. (A) H(102)
pole figure for 2H&3R CuSCN; (B) SEM image (plan-view) of 2H&3R CuSCN after 2
minutes deposition; (C) SEM image (cross-sectional view) of 2H&3R CuSCN after 2
minutes deposition with 500 nm thickness; (D) R(104) pole figure for 2H&3R CuSCN;
(E) SEM image (plan-view) of 2H&3R CuSCN after 15 minutes deposition; (F) SEM
image (cross-sectional view) of 2H&3R CuSCN after 15 minutes deposition. 2H&3R
CuSCN was deposited at -0.4 V in 20 mM CuSOs, 20 mM EDTA, 40 mM KSCN at room
temperature.

The reason for the effect of the Cu**/SCN" ion ratio on the crystal structure of
CuSCN is still unclear. A possible hypothesis could be that excess SCN™ ions in solution
partially substitute the coordination of Cu(Il) with EDTA, and further form

Cu(II)EDTA(SCN)x complex. The complex could be absorbed on the surface of CuSCN in
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a specific posture with the low steric hindrance. Then the complex is reduced to CuSCN
by releasing EDTA and SCN". The specific posture causes the Cu-S bond to rotate 120°

each time and form 3R packing sequences.
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Figure 6. Electronic properties of epitaxial 2H&3R CuSCN. (A) Current density-potential
(J-V) plot of Au/CuSCN/Ag diodes; (B) Log(J)-V plot to measure diode quality factor (n)
and dark saturation current density (Js). Epitaxial and polycrystalline CuSCN flat films
were deposited at -0.4 V and +0.2 V in 20 mM CuSO4, 20 mM EDTA, 40 mM KSCN at
room temperature, respectively. The two CuSCN deposits have a constant charge density
(0.2 C/cm?) to maintain similar thicknesses (1.2 pm).

The electronic properties of the epitaxial CuSCN were explored by preparing an
inorganic heterojunction (Au/CuSCN/Ag). A 2H&3R CuSCN thin flat film with dense and
uniform morphology was chosen for fabrication of the diode. The diode was prepared by
coating Ag paste on CuSCN to make a rectifying contact (Figure S15A) while Au(111)
forms an ohmic contact (Figure S15B).** Epitaxial and polycrystalline CuSCN flat films
were electrodeposited with the same charge density (0.2 C/cm?) to maintain similar

thicknesses (1.2 um) as shown in Figure S16A and Figure S16B, respectively. The cross-
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sectional SEM image of Au/epitaxial CuSCN/Ag diode and Au/polycrystalline CuSCN/Ag
diode are shown in Figure S16C and Figure S16D. The J-V response of Au/epitaxial
CuSCN/Ag exhibits more significant rectifying behavior (Figure 6A). The diode quality
factor, n, was used to determine the quality of rectifying behavior. An ideal diode has n =
1.0. In Figure 6B, the epitaxial CuSCN has a diode quality factor of 1.4, whereas a diode
produced with polycrystalline CuSCN has a diode quality factor of 2.1. A smaller diode
quality factor for epitaxial CuSCN indicates that epitaxy of CuSCN is beneficial to
suppressing carrier recombination. The high order and lack of grain boundaries of epitaxial
CuSCN could also improve carrier mobility which is favorable to various electronic
devices such as perovskite solar cells.

The schematic for epitaxial lift-off of 2H&3R CuSCN foil is shown in Figure 7A.
A flat epitaxial 2H&3R CuSCN film (Figure 5C) grows initially on the Au buffer layer on
the Si wafer. The Au can then be etched in KI/I> for effortless lift-off by commercial
adhesive tape. Si could be reusable after each fabrication cycle. The result confirms the
exceptional chemical stability of CuSCN. Figure 7B shows the photograph of a continuous
transparent 2H&3R CuSCN foil with a thickness of 400 nm. The out-of-plane order of the
2H&3R CuSCN foil was confirmed by the XRD pattern in Figure 7C, which only exhibits
the {001} family of peaks. The in-plane order was demonstrated by a R(104) pole figure
which has six spots (tilt angle: 50.93°) separated azimuthally by 60° (Figure 7D). Hence

the 2H&3R CuSCN foil remains highly ordered after Au etching. Figure 7E shows the
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optical transparency of the 400 nm thick 2H&3R CuSCN foil. The transmittance spectrum
shows 94% average transmittance in the visible range (400 ~ 800 nm). The Tauc plot in
Figure 7E shows a 3.85 eV direct band gap, which is exceptionally large compared with
other Cu(I)-based p-type semiconductors. The surface of 2H&3R CuSCN foil remained
continuous and featureless without cracks after 1000 bending cycles (Figure S17). The
highly ordered 2H&3R CuSCN foil could form the basis of future transparent and flexible

electronics.
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Figure 7. Epitaxial lift-off of highly ordered 2H&3R CuSCN transparent foils. (A)
Schematic for epitaxial lift-off 2H&3R CuSCN foil: growth of CuSCN on Au/Si and the
following Au etching by KI/I> solution produce flexible CuSCN foil which could be
detached by commercial tape; (B) Photograph of transparent, highly-orderd 2H&3R
CuSCN (2 inch diameter) foil with 400 nm thickness; (C) X-ray diffraction pattern of
2H&3R CuSCN foil; (D) R(104) pole figure of 2H&3R CuSCN foil; (E) UV-vis
transmittance spectra of 400 nm 2H&3R CuSCN foil showing average 94% transmittance
in 400-800 nm visible range and Tauc plot showing 3.85 eV direct bandgap.
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3. CONCLUSION

We demonstrate an electrochemical method for depositing epitaxial hole
transporting CuSCN nanorods with a [001] orientation on the Au(111) surface. CuSCN
with the pure 3R structure and 2H & 3R mixture were produced by adjusting the Cu*"/SCN-
ratio in the deposition solution. Epitaxial CuSCN/Au forms an ideal HTM/metal system
for various opto-electronic devices. Here, a diode is produced by forming the Au/epitaxial
CuSCN/Ag heterojunction. This work also opens interesting avenues for other epitaxial
hole transporting layers such as NiO and CuAlO;. Good chemical stability of CuSCN
allows Au etching and epitaxial lift-off to produce a CuSCN foil with high optical
transparency and large bandgap. The highly ordered 2H&3R CuSCN foil has possible
applications such as an efficient HTM in perovskite solar cell via dry-transfer method and
flexible transparent electrode. This Au etching method shown here could be a general way

to produce various flexible ceramic foils growing on a Au substrate, such as Bi,O3 and

PbOs.

4. MATERIALS AND METHODS

4.1. Si WAFER PROCESSING FOR Au DEPOSITION
Si(111) wafers (phosphorus-doped, N-type, 0.1-2.0 Q-cm, Virginia Semiconductor

Inc.) were used in this work. RCA procedures were applied to completely remove
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organic/inorganic impurities on Si surface. In/Ga alloy was coated on the back of wafers,
and then a silver wire was attached by silver paste to achieve good electrical contact. In
order to prevent electrodeposition on the back, an insulating layer of Apiezon Type W wax
was coated and fully dried. Before use, hydrogen-terminated Si surface was produced by
washing wafers with dilute (5%) hydrofluoric acid solution for 30-45 s at room temperature.
The Au(111) deposition process (using an Autolab 30 potentiostat) followed our previous
report in a three electrode system using Si as working electrode.’® The epitaxial Au(111)

films were grown to a thickness of 28 nm.

4.2. ELECTRODEPOSITION OF CuSCN AND FOIL FABRICATION
Electrodeposition of rod-like CuSCN was performed in an aqueous CuSO4-EDTA-
KSCN system as previously reported.!”!®? The solution was prepared by dissolving 20
mM Cu(SO4)-5H20, 20 mM ethylenediaminetetraacetic acid (EDTA), and various
concentrations of KSCN. The concentration of KSCN for 3R CuSCN and 2H&3R CuSCN
were 80 mM and 40 mM, respectively. CuSCN films were electrodeposited at a constant
potential at -0.4 V on the Au(111)/Si(111) substrate with 300 rpm stirring. A CuSCN foil
was produced by immersion in aqueous 0.3 M I, and 0.6 M KI solution for 60 seconds to
completely etch the Au layer. The CuSCN foil was detached from Si substrate by
commercial (3M) adhesive tape. It could also serve the basis for future flexible and

transparent electronic devices.
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4.3. ELECTROCHEMICAL ANALYSIS
LSVs were acquired on an Autolab 30 potentiostat using a Au RDE (3 mm diameter)

at 1000 rpm rotation rate. The potential scan rate was 10 mV/s and the step size was 1 mV.

4.4. DIODE FABRICATION

Au/CuSCN/Ag was fabricated by coating silver print II (GC electronics) on
CuSCN/Au/Si. Silver wires were then connected to the silver print and the Au surface,
respectively. The values of Au/ CuSCN/Ag diode factor were determined by devices with

the same area of 0.25 cm?.

4.5. X-RAY DIFFRACTION, SEM AND TEM MEASUREMENTS

X-ray diffraction patterns, pole figures and azimuthal scans were run on a high-
resolution Philips X’Pert Materials Research diffractometer using accessories and
procedures outlined in our previous report.** SEM was done on a FEI Helios Nanolab

microscope, and TEM was done on a FEI Tecnai F20 microscope.
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EPITAXIAL ELECTRODEPOSITION OF HOLE-TRANSPORT CuSCN
NANORODS ON Au(111) AT THE WAFER SCALE AND LIFT-OFF TO
PRODUCE FLEXIBLE AND TRANSPARENT FOILS
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Figure S1. Powder XRD pattern of powder produced by spontaneous precipitation of
Cu(I)SCN and Cu(IT)(SCN)z in CuSO4-KSCN bath.
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Figure S2. (A) X-ray diffraction pattern of nearly amorphous CuSCN deposited at -0.4 V
vs. Ag/AgCl in 20 mM CuSO4 and 80 mM KSCN at room temperature; (B) (104) pole
figure of CuSCN; (C) Plan-view SEM image of CuSCN deposited in the same solution.
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Figure S3. (A) X-ray diffraction pattern of polycrystalline CuSCN with preference in
[001] orientation deposited at +0.2 V vs. Ag/AgCl in 20 mM CuSOs4, 20 mM EDTA, 80
mM KSCN at room temperature; (B) Plan-view SEM image of CuSCN deposited in the

same solution; (C) Cross-sectional view SEM image of CuSCN deposited in the same

solution.
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Figure S4. (A) X-ray pole figure (104) of CuSCN deposited -0.4 V vs. Ag/AgCl for 10 s
followed by -0.1 V vs. Ag/AgCl for 10 minutes; (B) (104) pole figure of CuSCN
deposited at -0.1 V vs. Ag/AgCl for 10 minutes. Solution: 20 mM CuSQO4, 20 mM EDTA,
80 mM KSCN.
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Figure S5. Typical current density-time plot of CuSCN deposited at -0.4 V vs. Ag/AgCl
for 10 minutes in 20 mM CuSOQO4, 20 mM EDTA, 80 mM KSCN at room temperature.
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Figure S6. X-ray diffraction pattern of 3R CuSCN powder showing peaks that belong to
pure thombohedral structure. The XRD still shows a slight [001] preference possibly due

to the nanorod morphology.
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Figure S7. X-ray pole figure (220) of Si(111).
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Figure S8. (A) Calculated (104) stereographic projection for rhombohedral 3R
CuSCN(003), x = 50.93°; (B) calculated (102) stereographic projection for hexagonal 2H
CuSCN(002), x = 58.73°.

H(102)
Figure S9. X-ray pole figure H(102) pole figure for 3R CuSCN(003).
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Figure S10. (A) X-ray (104) pole figure for CuSCN deposited on sputtered Au substrate;
(B) (200) pole figure for sputtered Au. Sputtered Au on glass has [111] out-of-plane
orientation but no in-plane order.

Figure S11. Formation of CuSCN nanorods due to mass transport limitation. CuSCN was
nucleated at -0.4 V for 10 s and then grown for various potentials for 15 minutes in 20
mM CuSOy4, 20 mM EDTA, 80 mM KSCN at room temperature. (A) SEM image of
CuSCN growing at +0.3 V vs. Ag/AgCl under activation control in Figure 1A; (B) SEM
image of CuSCN growing at +0.25 V vs. Ag/AgCl close to mass-transport-limited plateau
in Figure 1A; (C) SEM image of CuSCN growing at +0.2 V vs. Ag/AgCl on mass-
transport-limited plateau in Figure 1A.
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Figure S12. X-ray diffraction pattern of 2H & 3R CuSCN film deposited at -0.4V vs.
Ag/AgCl in 20 mM CuSO4, 20 mM EDTA, 40 mM KSCN.
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Figure S13. X-ray diffraction pattern of 2H&3R CuSCN powder showing peaks
belonging to hexagonal and rhombohedral structures. Rietveld refinement showed that
powder was 53% hexagonal and 47% rhombohedral (Rwp 7.0).
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Figure S14. (A) Out-of-plane interface model of 3R CuSCN(003)/Au(111); (B) Out-of-
plane interface model of 2H CuSCN(002)/Au(111).
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Figure S15. (A) Current density-voltage (J-V) plot of Ag/CuSCN/Ag; (B) J-V plot of
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Au/CuSCN/Au&Pd. The two Ag contacts form a back-to-back Schottky diode, and the
two Au contacts form an ohmic contact.
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Figure S16. (A) Epitaxial CuSCN flat film growing at -0.4 V vs. Ag/AgCl for 0.2 C/cm?;
(B) Polycrystalline CuSCN flat film growing at +0.2 V vs. Ag/AgCl for 0.2 C/cm?; (C)
Ag paste on epitaxial CuSCN flat film with 0.2 C/cm?; (D) Ag paste on polycrystalline
CuSCN flat film with 0.2 C/cm?. 2H&3R CuSCNs were deposited in 20 mM CuSO4, 20

mM EDTA, 40 mM KSCN at room temperature.

2um

Figure S17. Scanning electron microscopic image of single-crystal-like CuSCN foil
showing the face detached from Au after 1000 bending cycles. There are no apparent
cracks in the foil after the 1000 bending cycles.
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ABSTRACT

Cuprous halides are an important class of wide bandgap p-type semiconductors
used in opto-electronics. Cuprous bromide (CuBr) shows potential for short-wavelength
devices due to a large exciton binding energy (108 meV) and near-ultraviolet bandgap (3.1
eV). However, the growth of high-quality epitaxial CuBr films by electrodeposition has
remained a challenge. Here, we introduce a low-cost electrochemical procedure for
producing epitaxial CuBr(111) on a Ag(111) substrate by a [111]-oriented silver bromide
(AgBr) buffer layer. The AgBr buffer layer forms during the electrodeposition of the CuBr.
The mismatch between CuBr(111) and AgBr(111) is -1.3%. A plausible mechanism for
nucleation and growth of the epitaxial CuBr is proposed. X-ray techniques including high
resolution x-ray diffraction and x-ray pole figures are used to determine the epitaxial
relationship. CuBr(100) is also produced on a Ag(100) surface by a AgBr(100) buffer layer
that is rotated in-plane 45° relative to the Ag(100) surface. This in-plane rotation reduces

the lattice mismatch from +39.5% for an unrotated film to -1.4% for a 45° rotated film.
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1. INTRODUCTION

Wide bandgap transparent p-type semiconductor thin films are crucial for various
opto-electronic devices such as perovskite solar cells, transparent p-n junctions, transistors,
light emitting diodes and flexible electronics.!” Wide bandgap p-type semiconductors
could serve as hole transporting materials (HTMs), transparent conductive materials
(TCMs) and blue light emitting diode (LED) materials.>® Highly ordered p-type
semiconductors provide a low density of defects and suppressed charge recombination
possibilities relative to polycrystalline films.” Cuprous halides (CuX, where X = CI, Br, I)
are an important class of p-type semiconductors due to their large bandgap, transparency
in the visible range, and good hole conducting properties.!®!! Among them, CuBr is a
nontoxic [-VII semiconductor with a y-polymorph and zinc blende structure (space group,
F43m) at room temperature. CuBr is a natural p-type semiconductor because of Cu
vacancies. CuBr has a near-ultraviolet bandgap (3.1 eV), relatively high transparency
(>80%) in the visible range, and an exceptionally large exciton binding energy (108
meV).!?"13 Therefore, CuBr shows great potential for short-wavelength devices such as
light-emitting devices, nonlinear optical devices, and UV photodetectors.'*!® Ultrathin 2D
nonlayered CuBr flakes have been used to build UV photodetectors with high
photoresponsivity and fast response.'® Additionally, CuBr has been applied as an inorganic
HTM in organic photovoltaics and transistors.!*2! Although various methods have been

used to produce CuBr films such as RF sputtering, chemical vapor deposition, molecular
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beam epitaxy, spin-coating, and electrodeposition, most methods produced polycrystalline
or textured CuBr films which lack in-plane order as well as out-of-plane order.?*-?¢
Therefore, a low-cost epitaxial growth of CuBr thin film is needed. Epitaxial
electrodeposition is a soft solution deposition method for obtaining low-cost high quality
ordered thin films.?”*° In this work, we show epitaxial electrodeposition of CuBr from a
CuS04-KBr bath at room temperature. The epitaxial growth of CuBr at the wafer scale is
achieved on the surface of Ag(100 nm)/Au(10 nm)/Si substrate by employing a AgBr buffer
layer which forms spontaneously during the CuBr electrodeposition. The electrochemistry

is investigated to explain the formation of the AgBr buffer layer and the epitaxial deposition

Process.

2. EXPERIMENTAL SECTION

2.1. Si WAFER ETCHING PROCESS AND Au, Ag DEPOSITION

n-Si (0.2° miscut toward [112], 1-3 Q cm) was purchased from Virginia
Semiconductor Inc. Si wafers were washed following standard RCA1 and RCA2
procedures. An In-Ga eutectic alloy was coated on the backside of the Si to make an ohmic
contact. Silver wires and insulating wax were further put onto the backside of the Si. Au
deposition on Si was performed by our previous method.>* Prior to deposition, Si was
etched with 5% HF solution to produce an H-terminated surface. Then, a pre-polarization

potential of -1.9 V vs. Ag/AgCl was applied to the Si sample and the sample was dipped
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into a solution containing 0.1 mM HAuCls, 1 mM KCI, I mM H>SO4 and 0.1 M K>SO4. A
10 nm thick Au film was obtained by a 10 minute deposition. Ag deposition on Au/Si was
achieved in a commercial cyanide-based KROHN solution.?! A constant current density of

-5 mA/cm? was applied for 20 s to produce a 100 nm thick Ag layer.

2.2. ELECTRODEPOSITION OF CuBr

One-step electrodeposition of epitaxial CuBr was carried out from an aqueous
CuSO4-KBr solution bath by a three-electrode system. The counter electrode was a Au wire
coil and the reference electrode was saturated Ag/AgCl. The bath solution contained 20
mM Cu(SO4)-5H20 and 40 mM KBr. The Ag/Au/Si was pre-polarized at -0.05 V vs.
Ag/AgCl, and electrodeposition was performed with 200 rpm magnetic stirring at room

temperature.

2.3. ELECTROCHEMICAL ANALYSIS

LSVs were acquired with a 3 mm diameter Au RDE and Ag-coated Au RDE at a
rotation rate of 1000 rpm. Ag deposition on Au RDE was achieved in a commercial
cyanide-based KROHN solution with a constant current density of -5 mA/cm? applied for
20 s to produce a 100 nm thick Ag layer. CV curves of Ag conversion to AgBr were
performed witha 1 cm x 1 cm Ag/Au/glass electrode without stirring. In all measurements,

the scan rate was 10 mV/s and the step size was 1 mV.
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2.4. XRD AND SEM MEASUREMENTS
XRD was performed with a Philips X’Pert Materials Research diffractometer (XRD)
with a CuKa radiation source and a Ni filter. Plan-view SEM was performed with a FEI

Helios Nanolab Dualbeam.

3. RESULTS AND DISCUSSION

3.1. ELECTROCHEMICAL ANALYSIS

In order to find a scalable electrochemical method to deposit uniform epitaxial
CuBr films, the electrolyte for the deposition of CuBr was chosen as 20 mM CuSO4 and
40 mM KBr. Then, the electrochemistry was explored by using a rotating disk electrode
(RDE) which could control the convection to the electrode surface and measure the limiting

current following the Levich equation,** as shown in Figure 1.
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Figure 1. Electrochemical analysis of electrolytes. (a) Linear sweep voltammogram
(LSV) of Au rotating disk electrode (RDE) in 20 mM CuSO4, 40 mM KBr with 1000 rpm
rotation rate; (b) LSV of Ag/Au RDE in 20 mM CuSO4, 40 mM KBr with 1000 rpm
rotation rate. Ag layers were 100 nm thick. The scan rate of both curves was 10 mV/s.
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LSVs were first performed on Au RDE because Au is a common inert metal for
epitaxial growth, which is shown in Figure 1a. Two cathodic regimes were observed as C1
and C2 as seen earlier.** C1 begins at an onset potential +0.2 V and reaches a plateau due
to the mass-transfer limit of solution species. C1 is attributed to the reduction of Cu(Il) to
Cu(I) to form CuBr in the presence of Br', as given in eqs 1 and 2. C2 manifests itself as a
peak which indicates that it is a surface species reduction. C2 is attributed to the further

reduction of CuBr to metallic Cu(0), as shown in eq 3.

Cu(l) + e =Cu" €))
Cu’ + Br = CuBr ()
CuBr + e = Cu(0) 3)

Although Au serves as a noble inert substrate for some cuprous materials,® CuBr
could not be grown epitaxially on the Au(111) surface. The CuBr crystals grow without in-
plane and out-of-plane order. Since it is well known that halides are strongly adsorbed on
the surface of silver, the silver surface is a good candidate for epitaxial growth of CuBr.
Figure 1b shows the LSV of Ag(100 nm)/Au RDE in the same electrolyte as 20 mM CuSO4
and 40 mM KBr. In this case, we observed two cathodic regimes which are similar to the
Au RDE. The shadowed area shows the potential range (-0.1 V to +0.2 V) of epitaxial
deposition of CuBr on Ag. Four samples using varied pre-polarized potentials were
examined by XRD analysis, as shown in Figure 2. We found that at -0.05V, CuBr is highly

ordered with a [111] orientation with the existence of AgBr(111) (Figure 2a). When the
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applied potential is more negative than -0.1V, the formation of AgBr does not occur, and

the CuBr that is produced is polycrystalline in nature as confirmd by XRD (Figure 2b,2c).

Further negative potentials (> -0.2 V) cause the formation of Cu metal (Figure 2d).

It should be noted that epitaxial CuBr could only be achieved with the co-existence

of AgBr. This phenomenon reveals that the formation of AgBr is essential for the epitaxial

electrodeposition of CuBr. The formation of AgBr is due to the oxidation of Ag metal with

adsorbed Br™ anions, as given in eq 4.
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Figure 2. X-ray diffraction analysis of deposited CuBr film on Ag/Au/Si(111) deposited
at potentials of (a) -0.05 V, (b) -0.15 V, (¢) -0.25 V, (d) -0.35 V to a charge density of 0.12

C/cm?.
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Figure 3. Electrochemical analysis of the formation of AgBr and CuBr deposition. (a)
Cyclic voltammogram (CV) of Ag-coated Au electrode in 40 mM KBr solution (pH = 4)
without stirring; (b) Current density-time transients for the electrodeposition of epitaxial
CuBrat+0.3V,+0.15V, -0.05 V and -0.15 V vs. Ag/AgCl in 20 mM CuSO4 and 40 mM

KBr with 200 rpm magnetic stirring of the room temperature solution. Positive current

densities are anodic.

To gain insight into the epitaxial deposition mechanism of CuBr, the
electrochemistry of Ag(0) oxidation to AgBr was further studied by CV on a stationary
Ag/Au RDE in 40 mM KBr solution (pH = 4) shown in Figure 3a. When the applied
potential is more positive than the OCP at -0.1 V vs Ag/AgCl, Ag(0) oxidation to AgBr
occurs in the first scan.** This OCP is close the the literature value of -0.15 V vs. Ag/AgCl

for the standard reduction potential.*

The second scan with zero current density confirms
the anodic peak is due to oxidation of surface species. This -0.1 V potential limit agrees
with our experimental potential range for deposition of epitaxial CuBr. These data reveal
the mechanism of epitaxial CuBr on Ag substrate to be via a AgBr buffer layer. Even though

the CuBr is deposited by cathodic deposition, the anodic oxidation of Ag to AgBr occurs

before the CuBr is deposited.



74

Current density-time transients at a series of applied potentials were used to gain
insight into the anodic formation of AgBr and the cathodic electrodeposition of CuBr.
Transients obtained at potentials of +0.3, +0.15, -0.05, and -0.15 V vs. Ag/AgCl were
obtained on a Ag-coated Au electrode in a magnetically stirred solution of 20 mM CuSO4
and 40 mM KBr at room temperature. The curve obtained at +0.3 V shows only anodic
currents which decay to zero at approximately 75 s. This is consistent with the fact that
Cu(Il) is not reduced at this potential (see, Fig. 1), and the current is due to the complete
oxidation of Ag to AgBr. At +0.15 V the transient begins as an anodic current and switches
to cathodic deposition of CuBr with a current density of about -0.5 mA/cm?. The potential
that is used to deposit our epitaxial films in this study was -0.05 V. When this potential is
applied to the Ag-coated Au electrode, the current is cathodic at all times but it shows an
increase in the cathodic current until about 50 s. This is consistent with concurrent
oxidation and reduction occurring during the first 50 s. This increase in cathodic current
density is not observed when -0.15 V is applied because Ag is not oxidized at this potential.
Note that CuBr films deposited at -0.15 V are not epitaxial. The curves obtained at -0.05
and -0.15 V overlap at times greater than 50 s. The cathodic current density for both of
these applied potentials slowly decreases at longer times, consistent with the development
of a depletion region in the p-type CuBr which tends to block the reduction reaction. To
verify that AgBr does serve as the template at -0.05 V deposition, we used 70 wt% HNO;

to completely etch the upper CuBr layer to reveal the buffer AgBr film underneath the CuBr.
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Figure 4. Characterization of epitaxial AgBr(111) buffer layer after 70 wt% HNO3
etching of CuBr film. (a) XRD pattern of AgBr(111) buffer layer; (b) (200) pole figure of
AgBr(111) buffer layer; (c) Thickness of the AgBr buffer layer determined to be 80 nm
according to the charge density of electrochemical reduction of AgBr to Ag at -0.5 V in
100 mM K2SOs.

o

In the XRD pattern shown in Figure 4a, The AgBr buffer layer shows the {111}
family of peaks (JCPDS no. 79-0149) confirming the out-of-plane order of the AgBr. In-
plane orientation of buffer layer was also tested in Figure 4b. The (200) pole of AgBr(111)
shows six intense peaks at a tilt angle of 54.74° showing that AgBr(111) buffer layer is
indeed epitaxial. The thickness of AgBr buffer layer was determined to be 80 nm by the

charge density of electrochemical reduction of AgBr to Ag at -0.5 V in 100 mM K>SO4
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(Figure 4c). The 80 nm thickness of AgBr corresponds to 29 nm of converted Ag.
Considering that the initial thickness of Ag is 100 nm, 29 nm of Ag is consumed to form

the 80 nm thick AgBr buffer layer at a -0.05 V deposition potential.

Cu?*
reduction

=

Ag oxidation

Ag(111)/AgBr(111)/CuBr(111)

Figure 5. Schematic showing growth of epitaxial CuBr(111) on Ag(111) substrate via a
AgBr(111) buffer layer.

The plauasible mechanism is shown in Figure 5. Firstly, Br™ ions are strongly
adsorbed on the Ag surface. In the Ag(111) case, a (V3 x V3)R30° surface structure of the
adsorbed halides is mostly reported.*®*® Next, a suitable potential (-0.1 V to +0.2 V) forces
the Ag atoms in the topmost layer to be oxidized to Ag(I) ions which react with Br” to form
AgBr(111) layers [eq. 4]. Once the AgBr is formed, CuBr starts to nucleate on the surface
of AgBr and begins the growth of epitaxial CuBr layers. The epitaxial nucleation of CuBr
on AgBr is explained by the low mismatch between the CuBr and AgBr lattices. The lattice
parameters of CuBr and AgBr are close to each other and Br atoms on the AgBr lattice

surface provide well-controlled nucleation sites for epitaxial CuBr.
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3.2. X-RAY CHARACTERIZATIONS OF EPITAXIAL CuBr(111) FILM

The out-of-plane and in-plane orientations of CuBr(111) were investigated by X-
ray analysis including XRD 26 scans and X-ray pole figures. A two-inch diameter wafer-
scale epitaxial CuBr(111) film is shown in Figure 6a. Figure 6b shows the XRD pattern of
the CuBr(111)/AgBr(111)/Ag(111)/Au(111)/Si(111). CuBr exhibits strong and sharp {111}

family of peaks (JCPDS no. 06-0292) confirming a high out-of-plane order.
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Figure 6. X-ray diffraction analysis of in-plane and out-of-plane orientation of epitaxial
CuBr(111) film. (a) 2 inch diameter wafer scale epitaxial CuBr(111) on
Ag(111)/Au(111)/Si(111); (b) XRD pattern of
CuBr(111)/AgBr(111)/Ag(111)/Au(111)/Si1(111); (c) (220) pole of Ag(111); (d) (220) pole
of CuBr(111).

A Ag(220) pole (Figure 6¢) shows six intense peaks separated by 60° at a tilt angle

of 35.5° corresponding to the angle between (111) and (220) planes. Six spots occur
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because the Au deposits with in-plane rotational twins relative to Si(111).>° Six less intense
spots at a tilt angle of 54.74° correspond to (400) pole of CuBr(111) due to close 20 position
of Ag(220) pole (26 = 64.6°) and CuBr(400) pole (26 = 65.7°). The CuBr(220) pole (Figure
6d) shows similar six intense peaks at a tilt angle of 35.5°, proving that CuBr(111) is
epitaxial. The six less intense spots at a tilt angle of 54.74° belong to the (200) pole of
Ag(111) due to the close 20 position of CuBr(220) pole (26 =45.1°) and Ag(200) pole (26
= 44.4°). It should be noted that (200) pole figure of AgBr shown before has the same
azimuthal angle as CuBr and Ag. Therefore, the epitaxial relationship determined from

these pole figures is CuBr(111)[101]//AgBr(111)[101]//Ag(111)[101]. The CuBr is indeed

epitaxial on the buffer layer of AgBr.
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Figure 7. Epitaxial perfection and relationship of epitaxial CuBr(111) film. (a) Azimuthal
scans of Si(111), Ag(111) and CuBr(111) at ¢ =35.5°; (b) Rocking curves of Si(111),
Ag(111) and CuBr(111).
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Azimuthal scans were performed for the (220) poles of Si(111), Ag(111) and
CuBr(111) at a tilt angle of 35.5° (Figure 7a) by rotating from 0 to 360° azimuthally, which
agrees with our obtained epitaxial relationship. Rocking curves were performed by tilting
the sample to measure the epitaxial perfection: the sharper the peak, the lower the mosaic
spread and better perfection. The FWHMs (full width at half maximum) were recorded as
0.55° for CuBr(111), 0.25° for Ag(111) and 0.06° for Si(111) in Figure 7b. These results of
Ag and CuBr are comparable to the best epitaxial films by electrodeposition techniques.*
The broadening of the peaks is due to mosaic spread during the epitaxial growth.

Beyond X-ray analysis, epitaxial films usually exhibit uniform ordered
morphological features which can be examined by electron microscopy. SEM was used to
determine the morphology of epitaxial CuBr(111) films. Initial ordered triangular crystals
with an average size of 400 nm are formed at -0.05 V with a charge density of 0.02 C/cm?
(Figure 8a). Further growth of crystals leads to uniform epitaxial CuBr films (Figure 8b)
at -0.05 V with a charge density of 0.12 C/cm?. By comparing these images with current
density-time curve in Figure 3b, we find that the initial crystals image corresponds to
deposition times of ~ 30 s in the starting stage, while the uniform films image corresponds
to ~ 110 s in the later stage of deposition.

To understand the epitaxial electrodeposition, it is necessary to look at the lattice

mismatch between the epitaxial layer and the substrate. Based on lattice constant of CuBr

(a=10.5684 nm), AgBr (a=0.5774 nm), Ag (a = 0.4085 nm), a mismatch of CuBr/AgBr (-
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1.3%) is calculated which is much less than that of CuBtr/Ag (+39%). This matched lattice
of AgBr is favorable for epitaxial growth of CuBr with less interfacial strains. This
relatively low mismatch gives a quantitative explanation as to why the formation of the

AgBr(111) buffer layer is essential for epitaxial CuBr.

00 e [+]
o Cuin CuBr o Ag in AgBr o Ag in AgBr o Ag metal

Figure 8. Morphological features and interface models of epitaxial growth of CuBr(111).
(a) SEM image of initial CuBr crystals deposited at -0.05V with charge density of 0.02
C/cm?; (b) Uniform CuBr film deposited at -0.05 V with charge density of 0.12 C/cm?;

(c) Interface model of Cu (blue) atoms of CuBr(111) with Ag (orange) atoms of
AgBr(111) with a mismatch of -1.3%; (d) Interface model of Ag (orange) atoms of

AgBr(111) with Ag (gray) atoms of Ag metal. A coincidence site lattice (CSL) is formed

by 6 Ag atoms in AgBr with 8 Ag atoms in Ag metal with a CSL mismatch of +0.94%.

An interface model of CuBr(111) on AgBr(111) has been prepared as shown in

Figure 8c. Cu (blue) atoms of CuBr(111) align with Ag (orange) atoms of AgBr(111) in a



81

mismatch of -1.3%. Meanwhile, an interface model of the buffer layer AgBr(111) on
Ag(111) is shown in Figure 8d. A coincidence site lattice (CSL) is used to plausibly explain
the epitaxial AgBr(111) on Ag(111). 6 Ag atoms in AgBr with 8 Ag atoms in Ag metal form

a CSL with a CSL mismatch of +0.94%.

3.3. EPITAXIAL CuBr FILM WITH A [100] ORIENTATION
An epitaxial CuBr film with a [100] orientation has also been achieved in this work.
CuBr(100) was deposited in one-step at -0.05 V on Ag(100)/Au(100)/Si(100) in a solution

of 20 mM CuSO4 and 40 mM KBr at room temperature.
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Figure 9. In-plane and out-of-plane orientation of epitaxial CuBr(100) film on Ag(100).
(a) XRD of CuBr(100)/AgBr(100)/Ag(100)/Au(100)/Si(100); (b) Plan-view SEM image
of epitaxial CuBr(100); (c) (111) pole of Ag(100); (d) (111) pole of CuBr(100).
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Figure 9a shows the XRD pattern of CuBr(100)/AgBr(100)/Ag(100)
/Au(100)/Si(100). In addition to the substrate peaks, the CuBr {100} family of peaks and
AgBr {100} family of peaks were observed, confirming the out-of-plane order of CuBr
and the buffer AgBr layer. Figure 9b determines the morphology of the CuBr(100) film to
be square by SEM. Figure 9¢ shows the (111) pole of Ag(100) with four intense spots
separated by 90° at a tilt angle of 54.74°. These four spots correspond to the four-fold
symmetry of {100} planes. Beside the four major spots, four less intense spots occur at
= 15° and eight spots occur aty = 77°. This is caused by a small amount of (122) orientation
twinning along the {111} slip planes.** The (111) pole of CuBr(100) in Figure 9d has the
same four intense spots as the Ag(100) substrate separated by 90° at a tilt angle of 54.74°

which confirms the CuBr epitaxy.
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Figure 10. Epitaxial AgBr(100) buffer layer after 70 wt% HNO3 etching of CuBr film. (a)
XRD pattern of AgBr(100) buffer layer; (b) (111) pole figure of AgBr(100) buffer layer.
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models of CuBr(100). (a) Azimuthal scans of

Ag(100) and CuBr(100) at y = 54.74°; (b) Graphical depiction showing the in-plane

rotation; (¢) Plan-view interface model of

Ag atoms in AgBr(100) (orange) with Ag(100)

metal (grey) with in-plane 45° rotation with a mismatch of -1.38%; (d) Cross-sectional

interface model of CuBr(100) with

AgBr(100) with a mismatch of -1.30%.

Interestingly, CuBr(100) was found to be rotated in-plane 45° in the x-ray pole

figures compared to the Ag(100). To determine whether this rotation happens in the

interface of CuB1/AgBr or AgBr/Ag, the orientation of buffer layer AgBr(100) was tested

after removing the CuBr layer (XRD in Fi

gure 10a). The (111) pole of AgBr(100) (Figure

10b) also exhibits four intense spots with 45° in-plane rotation compared to Ag(100). The

result means that rotation occurs during t

he formation of the buffer layer AgBr(100) on

Ag(100). This in-plane relationship also provides direct evidence that the AgBr controls
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the orientation of CuBr. This 45° rotation was further confirmed by the azimuthal scans
(Figure 11a) of the (111) reflection for Ag and CuBr, tilted to x = 54.74°. A graphical
depiction of CuBr(100)/AgBr(100)/Ag(100) is shown in Figure 11b. Our proposed
epitaxial growth is as follows: Br halide ions are adsorbed on Ag(100) surface with a c(2
x 2) structure which leads to epitaxial AgBr(100) layers with 45° in-plane rotation. This is
consistent with the reported literature.*® Epitaxial CuBr(100) is further deposited by
following the closely matched lattice of AgBr(100). Therefore, the epitaxial relationship is
given as CuBr(100)[001]//AgBr(100)[001]//Ag(100)[011]. This in-plane rotation can
effectively reduce the mismatch between AgBr(100) and Ag(100). As shown in Figure 11c,
The mismatch between a 45° rotated lattice of AgBr(100) and Ag(100) is -1.4%, whereas

for an unrotated lattice the mismatch is +39.5%. A cross-sectional view interface model of

CuBr(100) on AgBr(100) is shown in Figure 11d. Although the space groups of CuBr (F4

3m) and AgBr (Fm3m) are different, the unit cells of the two lattices are closely matched

with a mismatch of -1.3%.

4. CONCLUSIONS

We provide an electrochemical synthetic route for depositing an epitaxial wide
bandgap p-type semiconductor CuBr on ordered Ag substrates. Formation of a AgBr buffer
layer is essential for the deposition of epitaxial CuBr. Epitaxial films of both CuBr(111)

and CuBr(100) are deposited. The CuBr(100) and AgBr(100) buffer layer show an in-plane
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rotation of 45° compared to the Ag(100) substrate. This work also opens an interesting
method to obtain epitaxial AgBr films by oxidation of epitaxial Ag films. This method may
apply to other silver halide and pseudohalide semiconductors such as Agl and AgSCN.
Meanwhile, electrochemical production of epitaxial CuBr/AgBr systems could be a
promising way to fabricate epitaxial transparent p-n junctions for light-emitting diodes and

photodetectors.

ACKNOWLEDGMENTS

This material is based on work supported by the U.S. Department of Energy, Office
of Basic Energy Sciences, Division of Materials Sciences and Engineering, under grant No.

DE-FG02-08ER46518.

REFERENCES

[1] N. Arora et al., "Perovskite solar cells with CuSCN hole extraction layers yield
stabilized efficiencies greater than 20%," Science, vol. 358, no. 6364, pp. 768-771,
2017.

[2] J. Garnier, R. Parize, E. Appert, O. Chaix-Pluchery, A. Kaminski-Cachopo, and V.
Consonni, "Physical properties of annealed ZnO nanowire/CuSCN heterojunctions
for self-powered UV photodetectors," ACS Applied Materials & Interfaces, vol. 7,
no. 10, pp. 5820-5829, 2015.

[3] N. Wijeyasinghe et al., "p-Doping of Copper (I) Thiocyanate (CuSCN) Hole-
Transport Layers for High-Performance Transistors and Organic Solar Cells,"
Advanced Functional Materials, vol. 28, no. 31, p. 1802055, 2018.



[4]

[3]

[6]

[7]

[8]

[9]

[10]

[11]

[12]

[13]

86

T. Matsushima ef al., "High performance from extraordinarily thick organic light-
emitting diodes," Nature, vol. 572, no. 7770, pp. 502-506, 2019.

Y. Ji et al., "Ultraflexible and high-performance multilayer transparent electrode
based on ZnO/Ag/CuSCN," ACS applied materials & interfaces, vol. 10, no. 11,
pp. 9571-9578, 2018.

B. Luo, A. Banik, E. W. Bohannan, and J. A. Switzer, "Epitaxial Electrodeposition
of Hole Transport CuSCN Nanorods on Au (111) at the Wafer Scale and Lift-off to
Produce Flexible and Transparent Foils," Chemistry of Materials, vol. 34, no. 3, pp.
970-978, 2022.

G. Hautier, A. Miglio, G. Ceder, G.-M. Rignanese, and X. Gonze, "Identification
and design principles of low hole effective mass p-type transparent conducting
oxides," Nature communications, vol. 4, no. 1, p. 2292, 2013.

S.-D. Baek, D.-K. Kwon, Y. C. Kim, and J.-M. Myoung, "Violet light-emitting
diodes based on p-Cul thin film/n-MgZnO quantum dot heterojunction," ACS
applied materials & interfaces, vol. 12, no. 5, pp. 6037-6047, 2020.

D. Shi et al., "Spiro-OMeTAD single crystals: Remarkably enhanced charge-carrier
transport via mesoscale ordering," Science advances, vol. 2, no. 4, p. e1501491,
2016.

P. Yuan et al., "Ether-Soluble Cus; Nanoclusters as an Effective Precursor of High-
Quality Cul Films for Optoelectronic Applications," Angewandte Chemie
International Edition, vol. 58, no. 3, pp. 835-839, 2019.

D. Ahn and S.-H. Park, "Cuprous halides semiconductors as a new means for highly
efficient light-emitting diodes," Scientific Reports, vol. 6, no. 1, pp. 1-9, 2016.

R. K. Vijayaraghavan ef al., "Influence of Oxygen Plasma on the Growth, Structure,
Morphology, and Electro-Optical Properties of p-Type Transparent Conducting
CuBr Thin Films," The Journal of Physical Chemistry C, vol. 118, no. 40, pp.
23226-23232,2014.

K. Rajani, S. Daniels, M. Rahman, A. Cowley, and P. J. McNally, "Deposition of
earth-abundant p-type CuBr films with high hole conductivity and realization of p-
CuBr/n-Si heterojunction solar cell," Materials Letters, vol. 111, pp. 63-66, 2013.



[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

87

F. O. Lucas, A. Cowley, S. Daniels, and P. McNally, "CuBr blue light emitting
electroluminescent thin film devices," physica status solidi (c), vol. 8, no. 9, pp.
2919-2922, 2011.

R. K. Vijayaraghavan, D. Chandran, R. K. Vijayaraghavan, A. P. McCoy, S. Daniels,
and P. J. McNally, "Highly enhanced UV responsive conductivity and blue emission
in transparent CuBr films: implication for emitter and dosimeter applications,"
Journal of Materials Chemistry C, vol. 5, no. 39, pp. 10270-10279, 2017.

R. C. Miller, W. Nordland, S. Abrahams, J. Bernstein, and C. Schwab, "Nonlinear
optical properties of the cuprous halides," Journal of Applied Physics, vol. 44, no.
8, pp. 3700-3702, 1973.

S. Kondo and T. Saito, "CuBr films on KBr exhibiting 10> or 10° times higher
efficiency of free-exciton luminescence than those on usual substrates such as
ALOs," Applied physics letters, vol. 90, no. 20, p. 201915, 2007.

C. Gong et al., "Self-confined growth of ultrathin 2D nonlayered wide-bandgap
semiconductor CuBr flakes," Advanced Materials, vol. 31, no. 36, p. 1903580,
2019.

R. Bhargav et al., "Copper bromide as an efficient solution-processable hole
transport layer for organic solar cells: effect of solvents," ACS omega, vol. 4, no. 3,
pp. 6028-6034, 2019.

T.-M. Kim, H.-S. Shim, M.-S. Choi, H. J. Kim, and J.-J. Kim, "Multilayer epitaxial
growth of lead phthalocyanine and C7o using CuBr as a templating layer for

enhancing the efficiency of organic photovoltaic cells," ACS applied materials &
interfaces, vol. 6, no. 6, pp. 4286-4291, 2014.

H. Zhu, A. Liu, and Y.-Y. Noh, "Transparent inorganic copper bromide (CuBr) p-
channel transistors synthesized from solution at room temperature," /EEE Electron
Device Letters, vol. 40, no. 5, pp. 769-772, 2019.

O. Schif, P. Lauque, J.-L. Seguin, M. Eyraud, and P. Knauth, "Microstructure and
ammonia gas sensitivity of sputtered films of the mixed ionic—electronic conductor
CuBr," Thin Solid Films, vol. 389, no. 1-2, pp. 5-7, 2001.

C. M. Chang, L. M. Davis, E. K. Spear, and R. G. Gordon, "Chemical vapor
deposition of transparent, p-type cuprous bromide thin films," Chemistry of
Materials, vol. 33, no. 4, pp. 1426-1434, 2021.



[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

88

A. Yanase and Y. Segawa, "Two different in-plane orientations in the growths of
cuprous halides on MgO (001)," Surface science, vol. 329, no. 3, pp. 219-226, 1995.

T. Harada, S. Tao, T. Imamura, K. Moriya, N. Saito, and K. Tanaka, "Preparation
of transparent Cul-CuBr alloy thin films by solution processing," Japanese Journal
of Applied Physics, vol. 57, no. 2S2, p. 02CBO05, 2017.

H. Li, R. Liu, H. Kang, Y. Zheng, and Z. Xu, "Growth and characterization of highly
oriented CuBr thin films through room temperature electrochemical route,"
Electrochimica acta, vol. 54, no. 2, pp. 242-246, 2008.

J. A.Koza, J. C. Hill, A. C. Demster, and J. A. Switzer, "Epitaxial electrodeposition
of methylammonium lead iodide perovskites," Chemistry of Materials, vol. 28, no.
1, pp. 399-405, 2016.

A. Banik, E. W. Bohannan, and J. A. Switzer, "Epitaxial electrodeposition of biis
and topotactic conversion to highly ordered solar light-absorbing perovskite
(CH3NH3)3Bi2lo," Chemistry of Materials, vol. 32, no. 19, pp. 8367-8372, 2020.

B. Luo, A. Banik, E. W. Bohannan, and J. A. Switzer, "Epitaxial Electrodeposition
of Cu (111) onto an 1-Cysteine Self-Assembled Monolayer on Au (111) and
Epitaxial Lift-Off of Single-Crystal-like Cu Foils for Flexible Electronics," The
Journal of Physical Chemistry C, vol. 124, no. 39, pp. 21426-21434, 2020.

N. K. Mahenderkar et al., "Epitaxial lift-oft of electrodeposited single-crystal gold
foils for flexible electronics," Science, vol. 355, no. 6330, pp. 1203-1206, 2017.

M. V. Kelso, J. Z. Tubbesing, Q. Chen, and J. A. Switzer, "Epitaxial
electrodeposition of chiral metal surfaces on silicon (643)," Journal of the
American Chemical Society, vol. 140, no. 46, pp. 15812-15819, 2018.

A. J. Bard, L. R. Faulkner, and H. S. White, Electrochemical methods:
fundamentals and applications. John Wiley & Sons, 2022.

A. Banik, J. Z. Tubbesing, B. Luo, X. Zhang, and J. A. Switzer, "Epitaxial
Electrodeposition of Optically Transparent Hole-Conducting Cul on n-Si (111),"
Chemistry of Materials, vol. 33, no. 9, pp. 3220-3227, 2021.

B. Jovi¢, V. Jovi¢, and D. Drazi¢, "Kinetics of chloride ion adsorption and the
mechanism of AgCl layer formation on the (111),(100) and (110) faces of silver,"
Journal of Electroanalytical Chemistry, vol. 399, no. 1-2, pp. 197-206, 1995.



[35]

[36]

[37]

[38]

[39]

[40]

89

D. Lide, "CRC handbook of physics and chemistry 74th ed., publ," ed: CRC press,
1993.

G. N. Salaita, F. Lu, L. Laguren-Davidson, and A. T. Hubbard, "Structure and
composition of the Ag (111) surface as a function of electrode potential in aqueous
halide solutions," Journal of electroanalytical chemistry and interfacial
electrochemistry, vol. 229, no. 1-2, pp. 1-17, 1987.

A. G. Shard and V. R. Dhanak, "Chlorine adsorption on silver (111) at low
temperatures," The Journal of Physical Chemistry B, vol. 104, no. 12, pp. 2743-
2748, 2000.

T. Yamada, K. Ogaki, S. Okubo, and K. Itaya, "Continuous variation of iodine
adlattices on Ag (111) electrodes: in situ STM and ex situ LEED studies," Surface
science, vol. 369, no. 1-3, pp. 321-335, 1996.

C. M. Hull and J. A. Switzer, "Electrodeposited epitaxial Cu (100) on Si (100) and
lift-off of single crystal-like Cu (100) foils," ACS applied materials & interfaces,
vol. 10, no. 44, pp. 38596-38602, 2018.

T. Shimooka, J. Inukai, and K. Itaya, "Adlayer structures of cl and br and growth
of bulk AgBr layers on Ag (100) electrodes," Journal of The Electrochemical
Society, vol. 149, no. 2, p. E19, 2001.



90

III. EPITAXIAL ELECTRODEPOSITION OF Cu(111) ONTO AN L-CYSTEINE
SELF-ASSEMBLED MONOLAYER ON Au(111) AND EPITAXIAL LIFT-OFF
OF SINGLE-CRYSTAL-LIKE Cu FOILS FOR FLEXIBLE ELECTRONICS

Bin Luo, Avishek Banik, Eric W. Bohannan, and Jay A. Switzer*

Department of Chemistry and Graduate Center for Materials Research, Missouri
University of Science and Technology, Rolla, MO 65409-1170, USA.

ABSTRACT

Functional self-assembled monolayers (SAMs) of thiols on single crystal metals
provide two-dimensional soft templates for highly-ordered growth of crystalline materials.
An epitaxial Cu(111) film is electrodeposited on a self-assembled monolayer of the amino
acid L-cysteine on Au(111). Epitaxy is confirmed, with the Cu(111) following the Au(111)
in-plane and out-of-plane orientation with a small amount of twinned [511] orientation,
which is shown by X-ray analysis. The mismatch between Cu(111) and the Au(111)
substrate is -11.37%. This mismatch is lowered to -0.29% by forming a coincident site
lattice in which 9 unit meshes of Cu coincide with 8 unit meshes of Au. Defect-mediated
and coordination-controlled electrodeposition mechanisms are illustrated as two possible
deposition mechanisms. The carboxylic (-COOH) and amine (-NH>) functional groups of
the L-cysteine molecule are shown to be crucial for epitaxy of Cu, because a 1-butanethiol
SAM on Au(111) which has no functional groups yields a textured film with no in-plane

order. The (V3 xV3)R30° surface structure of L-cysteine SAM and c(4 x 2) surface structure
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of 1-butanethiol SAM on Au(111) are discussed. A 3D model of the Cu lattice on the L-
cysteine SAM on Au(111) is proposed. Possible coordination to the Cu is shown, which
facilitates the epitaxial nucleation and 2D growth of Cu. The Cu(111) films have potential
as a substrate for catalysts for CO» reduction, photovoltaic devices, spintronic devices and
high temperature superconductors. Direct epitaxial lift-off of the Cu film without etching
gives a single-crystal-like Cu(111) foil. The Cu(111) foil exhibits a low resistivity of
3.75x10 Q.m and good bending stability, showing only a 12% increase in resistance after
10* bending cycles. Cu(111) foils can be utilized as inexpensive, highly-ordered conductive
substrates for flexible electronics such as wearable solar cells, sensors and flexible displays.
Here, we show an example by electrodepositing epitaxial cuprous oxide on a Cu(111) foil.
KEYWORDS: L-cysteine, SAM, electrodeposition, epitaxy, copper, single-crystal,

flexible electronics

1. INTRODUCTION

In Nature, biominerals such as calcite and magnetite are crystallized at inorganic-
organic interfaces to produce highly-ordered inorganic materials with intricate shapes and
unique orientations.! The crystallization occurs on ordered organic layers with functional
groups that control the crystal growth. Functional self-assembled monolayers (SAMs) can
serve as biomimetic models for the complex biomolecules that direct the crystallization.?

Functional SAMs of thiols on single crystal metals provide two-dimensional soft templates
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for highly-ordered growth of crystalline materials, such as calcite,*’ anthracene,® and
MOFs >

Electrodeposition, like biomineralization, is a soft-solution process in which solid
materials are crystallized from solution precursors. !! Epitaxial electrodeposition has been

12,13

shown to be a simple, low-cost, technology to produce highly-ordered metals and

semiconductors!4!3

on single-crystal surfaces. However, epitaxial growth on SAMs by
electrochemical means has not yet been demonstrated. Although SAM-templated metal
electrodeposition has been developed for micro/nano device substrates and pattern
formation,'®!7 the electrodeposited metal films were polycrystalline. Polycrystalline
electronic materials suffer from electron-hole recombination at grain boundaries.!®

A single-crystal-like metal film refers to highly-ordered metal with specific in-
plane and out-of-plane orientation which can be determined by X-ray analysis. A single-
crystal-like Cu film can serve as an inexpensive, highly-ordered conductive substrate for
the epitaxial growth of grain boundary-free electronic materials for catalysts,'® spintronic
devices®® and high temperature superconducting materials.?! The control of interfacial
energies afforded by SAMs enables the epitaxial lift-off of a single-crystal like metal foil
that could serve as a conducting substrate for flexible electronic devices such as wearable
solar cells,?? sensors®® and flexible displays.>*

Here, we show an electrochemical method to produce epitaxial Cu(111) films on

the SAM of the amino acid L-cysteine on Au(111) and lift-off of single-crystal-like Cu foils
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for flexible electronics. Our hypothesis is that the functional groups on the L-cysteine SAM
are important in directing the epitaxial growth of Cu. In order to test this hypothesis and to
determine the role of functional groups in the L-cysteine molecule in the growth of
epitaxial Cu, Cu was also electrodeposited onto a SAM of 1-butanethiol on Au(111). The
1-butanethiol molecule does not contain any functional group that can coordinate to Cu(Il)
ions. The step-by-step electrochemical deposition and lift-off procedure is depicted in
Scheme 1. Epitaxial Au(111) was electrodeposited on Si(111) to produce an ordered
substrate (Scheme 1A), and an L-cysteine SAM was grown on the Au(111) surface in
solution (Scheme 1B). Using the as-prepared L-cysteine SAM on Au(111)/Si(111), an
epitaxial Cu(111) film was directly electrodeposited (Scheme 1C). After the deposition, the
Cu(111) foil was completely detached from the Au surface by commercial tape without
etching (Scheme 1D). Epitaxial perfection and the relationship of the Cu(111) film relative
to the Au(111) are determined using X-ray pole figures. Epitaxial Cu(111) films offer a
highly-ordered substrate suitable for future flexible electronics at a lower cost than Cu
single crystals. In this work, a Cu(111) single-crystal-like foil was used as a substrate for
the electrodeposition of epitaxial cuprous oxide (Cu20) that could serve as a flexible solar

1'25

cell.” This research opens interesting new avenues for epitaxial electrodeposition on

functional SAM templates.



94

A B ();/LOH O;EOH O;EOH O;EOH
L-cysteine s e s e S e s "
Au(111) SAM growth  Au(111)
Si(111) Si(111)
Cu electrodeposition
D C

H:
¢ Epitaxial Lift-off ©°" ©y0% 0.1 o, oH
NH2 o ‘ NH, NH, NH, NH,
S s s S

Au(i11) Au(111)
Si(111) Si(111)

Scheme 1. Epitaxial electrodeposition of Cu(111) onto an L-cysteine self-assembled
monolayer on Au(111)/Si(111) and epitaxial lift-off of single-crystal-like Cu foil. (A)
Au(111) electrodeposited on Si(111).; (B) L-cysteine SAM grown on Au(111) surface in
10 mM L-cysteine solution for 24 h; (C) Cu(111) electrodeposition from a 20 mM Cu(II)

solution at —0.25 V versus Ag/AgCl; (D) Single-crystal-like Cu(111) foil completely
detached from the Au surface.

2. EXPRIMENTAL SECTION

2.1. Si WAFER ETCHING PROCESS AND Au DEPOSITION

N-type Si(111) with a miscut angle of 0.2° towards [112] and a resistivity of 1.15
Q-cm was used. The wafers were purchased from Virginia Semiconductor Inc. and were
hydrogen-terminated before use. Wafers were etched in 5% HF acid for 3 minutes to
remove the native oxide layer, and then soaked in 90 °C DI water for 15 min to form a SiOx
layer, then etched again with 5% HF acid for 30 s. Gallium-indium eutectic was applied to
the back of the Si wafers to form an ohmic contact, followed by silver wire and silver print

IT (GC electronics) as a back contact. Melted Apiezon Type W wax was used to insulate
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the back of the Si substrates. The Au layer was directly electrodeposited onto the Si
substrate using a prepolarized bias applied before the immersion of the sample into the
solution to prevent the oxidation of Si in the aqueous environment. The plating solution
was 0.1 mM HAuCls, 1 mM KCI, 1 mM H2SOs4 and 0.1 M K»S04.!%%6 A potential of -1.9
V vs. Ag/AgCl electrode was used for Au deposition. The Au films were deposited for 30
minutes at room temperature with 200 rpm stirring. An Autolab 30 potentiostat was used

for deposition.

2.2. PREPARATION OF SELF-ASSEMBLED MONOLAYER PREPARATION ON
Au(111)

L-cysteine SAMs were prepared by immersion of the Au(111)/Si(111) substrate
into a nitrogen-saturated 10 mM solution of the amino acid L-cysteine in water at room
temperature for 24 h. 1-Butanethiol SAMs were prepared by immersion of the
Au(111)/Si(111) substrate into a 10 mM solution of 1-butanethiol in ethanol at room
temperature, bubbled with nitrogen, for 24 h. Samples were then rinsed with ethanol, DI

water and blown dry in a stream of air.

2.3. ELECTRODEPOSITION OF COPPER FILMS

Copper was electrodeposited from a plating solution containing 20 mM CuSO4, 100
mM K>SOy4, and 12 mM H>SOs4 in deionized (DI) water at pH 1.8 at room temperature.

Ag/AgCl served as the reference electrode, and a Au coil served as a high surface area
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counter electrode. A -0.25 V versus Ag/AgCl potential was applied to the Au(111)/Si(111),
and the deposition was carried out for various deposition times at room temperature,
stirring at 250 rpm. After the deposition, films were rinsed with DI water and dried in air.
Free-standing Cu(111) foils were detached from the Au(111) substrates by peeling off the

Cu(111) film using adhesive tape.

2.4. ELECTRODEPOSITION OF Cu20 ON A Cu(111) FOIL

Prior to Cuz0 deposition, the Cu(111) foil was washed with 2% dilute HCI solution
to remove oxide layers on the surface formed by aerial oxidation. Cu.O was
electrodeposited from a plating solution containing 0.2 M CuSOs, 0.2 M C4H¢Os (L-tartaric
acid), and 3.0 M NaOH. A cathodic current density of 1.0 mA/cm? was passed for 1200 s
at a temperature of 60 °C and a stir rate of 250 rpm. Electrodeposition of Cu20 films was

done using either an EG&G Model 273 A or an Autolab 30 potentiostat/galvanostat.

2.5. LINEAR SWEEP VOLTAMMETRY (LSV)

LSVs were acquired on a lecm x 1cm SAM treated or untreated Au-coated glass
electrode in a solution stirred at 1000 RPM. The Au-coated glass electrode was purchased
from DRLi Deposition Research Lab, Inc. The 100 nm Au with [111] out-of-plane
orientation but no in-plane order is coated on a 40 nm titanium adhesion layer on the glass.

The potential was scanned at a scan rate of 20 mV/s.
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2.6. X-RAY DIFFRACTION MEASUREMENTS

The X-ray diffraction data was acquired using a Philips X’Pert Materials Research
diffractometer (XRD) with a CuKa radiation source. 26 scans were acquired using a 2-
bounce hybrid monochromator (PW3147/00) as the incident optic module with a 0.18°
parallel plate collimator (PW3098/18) attached to a proportional detector (PW3011/20) on
the diffracted beam side. A crossed slit collimator (PW3084/62) with 2 mm divergence slit
and 2 mm mask with a Ni filter as the incident optic module and a 0.27° parallel plate
collimator (PW3098/27) equipped with a flat graphite monochromator (PW3121/00) as the
diffracted beam module were used for X-ray pole figure measurements. The stereographic
projections and interface models were constructed using CaRline crystallography 3.1 and

VESTA 3.4.0 software, respectively.

2.7. SEM MEASUREMENTS
The surface morphology and thickness of Cu film was measured by plan-view and
cross-sectional micrographs obtained with a FEI Helios Nanolab Dualbeam scanning

electron microscope with accelerating voltages ranging from 5 to 15 kV.

3. RESULTS & DISCUSSION

Prior to the electrodeposition of epitaxial films, the electrochemistry of SAMs on

Au and the electrodeposition of Cu onto these SAMs was studied using a sputtered Au on
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glass working electrode. The existence of the L-cysteine SAM on Au(111)/glass was first
verified by LSV in 0.1M NaOH solution by scanning from -0.2 V to -1 V, as shown in
Figure S1. There is a sharp peak around -0.7 V vs. Ag/AgCl corresponding to desorption
of L-cysteine SAM, which agrees with previous reports.’”*® As shown in Figure 1, the
stability of L-cysteine SAM (black dash line) and 1-butanethiol SAM (green dash line) are
confirmed because no desorption peak is observed in the potential range from -0.5 V to 0.4
V. The existence of SAMs cause negative shifts of the initial potential for Cu bulk
deposition compared with bare Au(111)/glass surface (red solid line), showing a 50 mV
negative shift on L-cysteine SAM (black solid line) and 200 mV negative shift on 1-
butanethiol SAM (green solid line), respectively. A smaller negative shift on L-cysteine
SAM than on 1-butanethiol SAM indicates that Cu is easier to nucleate on the surface of
L-cysteine SAM, probably because of strong coordination between L-cysteine and Cu(II).
This is also confirmed by the additional reductive peak of L-cysteine SAM at 0.135 V,
which shows that Cu(Il) complexed at the L-cysteine film is reduced to Cu(I).?”-?* The 1-
butanethiol SAM does not have the cathodic peak because it lacks functional groups
coordinating to Cu(Il) ions. Based on the above LSV analysis, Cu deposition on
SAMs/Au(111)/Si(111) were performed under constant potential at -0.25 V versus
Ag/AgCl in the same solution. Typical current-time curves are shown in Figure S2. The
Faradaic efficiency for deposition of Cu on L-cysteine SAM/Au(111)/Si(111) was

measured based on the total charge passed versus the total Cu content in the film. The
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average Faradaic efficiency was 59%, giving a thickness 0of 220 nm of Cu for every 1 C/cm?

of cathodic charge (Table S1 in the Supporting Information).

.a' OT’T).TM‘KZ'SSAL""H’_--_-_
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Figure 1. Linear sweep voltammograms of the electrolyte with (solid lines) and without
(dash line) Cu(Il). Green lines are 1-butanethiol SAM/Au/glass surfaces; black lines are
L-cysteine SAM/Au/glass surfaces; Red lines are bare Au/glass surfaces. Inset shows the
initial potential for Cu bulk deposition with a 50 mV negative shift on L-cysteine SAM
and 200 mV negative shift on 1-butanethiol SAM compared with a bare Au/glass surface.
In addition, a reduction peak is observed at ~0.1V on the L-cysteine SAM consistent with
Cu(Il) complexed at the L-cysteine SAM being reduced to Cu(]).

Figure 2 shows schematic diagrams of Cu films on L-cysteine SAM/Au(111)/Si(111)

(Figure 2A) and 1-butanethiol SAM/Au(111)/Si(111) (Figure 2B). The Cu grown on L-

cysteine SAM/Au(111)/Si(111) for 200 s has a strong [111] out-of-plane orientation,

following the out-of-plane orientation of Au(111) (Figure 2C), whereas Cu grown on 1-
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butanethiol SAM/Au(111)/Si(111) shows all of the reflections of polycrystalline Cu, but

has a [111] texture (Figure 2D).

O _OH 0. _OH 0. OH 0. _OH
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Figure 2. Out-of-plane orientation and surface morphology of electrodeposited Cu films
on SAMs. (A) Schematic diagram of epitaxial Cu film on L-cysteine
SAM/Au(111)/Si(111); (B) Schematic diagram of polycrystalline Cu film on 1-
butanethiol SAM/Au(111)/Si(111); (C) Out-of-plane x-ray diffraction of epitaxial Cu film
on L-cysteine SAM/Au(111)/Si(111); (D) Out-of-plane X-ray diffraction of
polycrystalline Cu film on 1-butanethiol SAM/Au(111)/Si(111), consistent with
polycrystalline growth of Cu; (E) Plan-view SEM image of smooth Cu on L-
cysteine/Au(111); (F) Plan-view SEM image of rough and mushroom-like Cu on 1-
butanethiol/Au(111).

The Cu grown on the L-cysteine SAM is featureless and compact, indicating the
homogeneous nucleation and 2D growth of Cu on the surface of the L-cysteine SAM
(Figures 2E, S3A), whereas the Cu grown on the 1-butanethiol SAM is nodular, with a
mushroom-like morphology (Figures 2F, S3B). The nodular morphology and

polycrystalline nature suggest that the Cu deposition occurs on top of the 1-butanethiol
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SAM, but that the SAM does not control the orientation due to the lack of functional groups
that can direct the epitaxial growth. Due to the lack of affinity between the 1-butanethiol
SAM surface and Cu, the metal cannot nucleate and spread on the SAM surface. Once Cu
starts nucleating with a variety of orientations, it prefers to grow on itself instead of the
SAM, forming the 3D nodular morphology (Figure S4). That is, the overpotential for
growth of Cu on Cu is lower than the overpotential for nucleation of Cu on the 1-
butanethiol SAM.

The in-plane ordering was probed with a (200) pole figure for Cu and Au film, and
(220) pole figure for the Si substrate (Figure 3). The orientation of the SAMs relative to
the Au and Si cannot be determined by this method, because the SAMs are too thin to
diffract X-rays. The Si(220) pole (Figure 3A) shows three intense spots at a tilt angle (y)
of 35.5°. This corresponds to the 3-fold symmetry of the (111) plane and the angle between
the (220) and (111) planes of 35.5°. The Au(200) pole (Figure 3B) shows six intense spots
at a tilt angle (y) of 54.74°. The spots occur at a tilt angle corresponding to the angle
between the (111) and (200) planes. Although the (111) plane only has 3-fold symmetry,
there are six spots because the Au deposits with both a parallel and antiparallel in-plane
orientations relative to the Si(111).!? The Cu(200) pole figure of Cu/L-cysteine shows six
spots separated 60° azimuthally at a tilt angle (y) of 54.74°, revealing that the Cu film

(Figure 3C) indeed grows epitaxially, which agrees with the tilt angle of the calculated
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stereographic projection for single-crystal-like Cu(111) shown in Figure S5A in the

Supporting Information.

Figure 3. In-plane orientation of electrodeposited Cu films on SAMs. (A) (220) pole
figure for Si(111); (B) (200) pole figure for Au(111) substrate; (C) (200) pole figure for
Cu on L-cysteine SAM; (D) (200) pole figure for Cu on 1-butanethiol SAM. The
concentric grid lines on the pole figures correspond to 30° increments of the tilt angle, .

An epitaxial relationship consistent with these pole figures is Cu(111)[ 1

01]//Au(111)[101]//Si(111)[101]. In addition to the 6 high intensity major spots, minor

spots occur at y = 15° and y = 77°. These low intensity spots arise from a small amount of
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the [511] orientation, which is the result of twinning along {111} slip planes, according to
the calculated stereographic projection of Cu(111) in Figure S5B. Owing to the very low
intensity of the [511] orientation compared to the [111] orientation as shown in the 2.5D
projection Cu(200) pole figure in Figure S6A, we can only see some of the spots from the
[511] orientation in Figure 3C. The polycrystalline nature of Cu on 1-butanethiol SAM is
also confirmed by probing the in-plane orientation, as shown in Figure 3D and more
specifically in Figure S6B. No spots are observed in the (200) pole figure Cu deposited on
the 1-butanethiol SAM, consistent with an absence of in-plane order. Therefore, these
results indicate the importance of the -COOH and -NH: functional groups of L-cysteine in
directing the epitaxial growth of Cu on Au(111).

Azimuthal scans were acquired for the Cu films on the L-cysteine SAM by setting
the 20 equal to the (200) reflection for Au and Cu, respectively, and tilting to y = 54.74°
(Figure 4A, 4B). The scans were then recorded as the sample was rotated from 0 to 360°
azimuthally. By overlaying the Cu azimuthal with the Au azimuthal, it is clear that the Cu
follows the in-plane orientation of the Au substrate. Interface models of Cu(111) with
Au(111) are shown in Figure 4C. Cu with lattice parameter 0.3615 nm and fcc space group
Fm3m is deposited onto the L-cysteine monolayer on Au with lattice parameter 0.40786
nm and fcc space group Fm3m. The mismatch between lattice of Cu (111) and Au (111) is
-11.37%. This mismatch is lowered to -0.29% by forming a coincident site lattice in which

9 unit meshes of Cu coincide with 8 unit meshes of Au.
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Figure 4. Epitaxy perfection and relationship of Cu(111) to Au(111) substrate. (A)
Azimuthal scan of Cu(111) at y = 54.74°; (B) Azimuthal scan of Au(111) at y = 54.74°;
(C) Interface model of Cu(111) (blue) with Au (111) (yellow). A coincidence site lattice is
formed by 9 unit meshes of Cu coinciding with 8 unit meshes of Au which results in a
mismatch of -0.29%.

The existence of SAMs between Au/Cu interface after Cu deposition was
confirmed by a peel-off test (Figure S7). The control of interfacial energies afforded by
SAMs enables the lift-off of Cu foil. Cu foils from 1-butanethiol SAM/Au (Figure S7A)
and L-cysteine SAM/Au (Figure S7B) can be easily peeled-off by commercially available
tape, whereas, Cu on bare Au (Figure S7C) cannot be lifted-off due to the very strong
intermetallic interaction between the Cu film and Au substrate. In addition, from the cross-
sectional SEM image shown in Figure S3A, the uniform Cu film clearly has not adhered
to the substrate well since there is a gap between the Cu film and Au, which supports the

fact that the SAM still being there. According to this phenomenon, we believe that the L-
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cysteine SAM functions as an interfacial template, instead of desorption or replacement

during Cu electrodeposition.
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Figure 5. Schematic of three possible mechanisms of Cu(111) deposition on L-cysteine
SAM/Au(111). (A) Defect-mediated deposition: Cu nucleates from the defects in the
SAM and grows on top of the SAM; (B) Coordination-controlled deposition: Cu
nucleates and grows directly on top of SAM via functional groups; (C) UPD replacement
deposition: Cu deposits underneath SAM connecting to the Au surface.

To get a better insight on the growth and epitaxial lift-off of Cu films, three
distinctly different possible mechanisms are depicted in Figure 5 and described as follows.
First, a more commonly employed strategy is illustrated in Figure SA known as defect
mediated electrodeposition.’*? In this mechanism, Cu nucleates and grows at SAM-free
areas or defects in the SAM. In this case, the epitaxial relationship between Cu and Au can
be easily explained because nucleation of Cu directly starts at the Au(111) surface. The
second, less explored deposition scheme, illustrated in Figure 5B is coordination-controlled
electrodeposition,®>** that is achieved by electrochemical reduction of ions coordinated to

a SAM. This relies on the chemical functionality of SAM molecules and promises a more
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active control of the deposition process. This mechanism is likely, because the -COOH and
-NH groups in L-cysteine molecule exhibit strong complexing ability with Cu(II) ions,
and is the reason that cysteine-modified Au electrodes have been applied in sensitive
detection of Cu ions.*> A possible structure of the Cu(L-cysteine) complex at the gold
surface is shown in Figure S8. Each Cu(Il) ion is complexed by two cysteine molecules
having -COOH and -NH; groups to form four coordinate covalent bonds to Cu(Il).2” In the
third possible mechanism, illustrated in Figure 5C, UPD of Cu takes place reversibly
through the SAM layer, so Cu grows underneath the SAM in contact with the Au.* This
mechanism is consistent with the Cu orientation being determined by the Au. However,
this mechanism appears unlikely, because it cannot explain why the Cu film can be easily
lifted off from Au surface, due to the very strong intermetallic interaction between a Cu
film and Au substrate. From the SEM analysis (Figures 2E and 2F) and the fact that the
film is easy peeled-off to form a single-crystal-like foil supports the idea that the formation
of epitaxial Cu(111) on L-cysteine/Au(111) is more likely via coordination-controlled
mechanism in Figure 5B.

Further, it is well known that the alkanethiols are arranged in a (V3 xV3)R30° or c(4
x 2) structure with the tilt angle of 30° from the surface normal.3”*° The 1-butanethiol SAM
on Au(111) has been confirmed to have a high coverage c(4 x 2) phase, as shown in Figure
S9, with a rectangular structure of (2\3 x 3)R30° for the adlayer of 1-butanethiol %4

Because of the relatively flexible carbon chain in the 1-butanethiol molecule, 1-butanethiol
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molecules could be either parallel (conformation 1) or tilted (conformation II) relative to
the normal direction of the Au(111) plane. Also, the SAM molecule parameters, such as
the tilt angle a (30°), and the twist angle of the alkane chains B (+35° and -55°), and the tilt

direction & (23°), are well established for alkanethiols,” as shown in Figure S10.
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Figure 6. 2D schematic drawing of surface structure of L-cysteine SAM on Au(111) plane

and Cu lattices on L-cysteine SAM. (A) (N3 xV3)R30° structure for L-cysteine SAM on
Au(111); (B) Cu(111) lattice on (N3 xV3)R30° structure of L-cysteine SAM on Au(111).

However, there is still controversy about the actual surface structure about L-
cysteine SAM on Au(111).4% L-cysteine is a small and highly polar chiral molecule in
which a variety of intermolecular forces, such as hydrogen and electrostatic bonding, can
govern its packing on a gold surface. L-cysteine SAM on Au(111) has been mostly reported
as an hexagonal lattice of (V3 xV3)R30°,%*® however, utilizing different preparation

conditions for L-cysteine SAM, (3V3 x 6)R30° structures** and (4 x V7)R19° structures*®
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were also observed. Here we take the (V3 xV3)R30° structure for standard model of L-
cysteine SAM on Au(111), as shown in Figure 6A. The green spots indicate the adsorption
site of the L-cysteine molecule especially the position of Au-S bond. The unit cell contains
one molecule, and its area is 0.2165 nm? with 33% surface coverage. With the above data,
and the known parameters for the orientation of the L-cysteine molecules in SAM with
respect to an Au(111) film, a model can be constructed in which only the positions of the

different Cu, Au atoms and L-cysteine molecules are taken into account (Figure 6B).

A Au[111]

@ Catom Hatom @ Oatom  Natom @ Satom (_ Auatom @ Cuatom

Figure 7. 3D models of L-cysteine and Cu lattice on L-cysteine SAM on Au(111). (A) L-
cysteine and its degrees of freedom. In our model, the tilt angle a is 30° and the tilt
direction & is 23°. The twist angle for the (V3 x V3)R30° model is p= 55°. The carboxylic
acid endgroup is free to rotate around y and the amino endgroup is free to rotate around
; (B) 3D model of Cu with their {111} faces on L-cysteine SAM on Au(111).

As shown in Figure 7A, L-cysteine SAM molecule parameters are also established
as the tiltangle o (30°), and the twist angle of the alkane chains B (55°), and the tilt direction

8 (23°) following the typical (V3 x\3)R30° SAM.5 A simple 3D model is constructed which
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takes into account all known parameters of a SAM of thiols on Au(111) as shown in Figure
7B. To get a better idea about the precise interactions between the -COOH and -NH2 groups
of the SAM and the Cu lattice, spatial conformation of L-cysteine molecule on Au(111) is
drawn as Figure S11A following reported papers* and possible coordination site of L-
cysteine SAM is shown in Figure S11B. Possible coordination site of two adjacent
molecules, in which -COOH, -NH> groups and Cu(Il) form four coordinate complexation,
matches with Cu lattice by every 7 unit meshes of Cu with 2 unit meshes of L-cysteine
SAM (Figure S11C) and results in a mismatch of +3.41%. The Cu can subsequently
nucleate or spread on these sites. The information available about the orientation of the -
COOH and -NH: groups of the thiols is limited, as well as the effect of hydrogen bonding
and “multiple layers” effect, so what actually happens may be more complicated. However,
it is still of general interest to create such a model because it illustrates the complexity of
the problem of epitaxial growth behavior of Cu on organic substrates. In addition, because
the SAM is a soft, compliant surface, it may be easier to minimize the effect of lattice
mismatch than might be observed with a hard, inorganic substrate.

One application of metal electrodeposition on SAMs is to produce thin metallic
foils and/or to fabricate nano/micropatterned electrodes, molds and replica of different
materials.!” Although Cu foils from different SAM have been obtained, no epitaxial Cu
films have been reported. Polycrystalline electronic materials suffer from electron-hole

recombination at grain boundaries. Although an epitaxial Cu foil has been be prepared by



110

electrodeposition on a Si wafer,*® the orientation is only [100], and the lifting off process

requires HF solution etching that limits its commercial application.?¢
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Figure 8. Out-of-plane orientation, in-plane orientation, two-electrode resistance and
flexibility of a 128 nm thick single-crystal-like Cu(111) foil lifted-off from L-
cysteine/Au(111)/Si(111). (A) Optical image of 128 nm thick Cu(111) foil; (B) Out-of-
plane x-ray diffraction of Cu(111) foil; (C) (200) pole figure of Cu(111) foil; (D) Two-
electrode resistance of 128 nm thick 2 cm x 2 cm Cu(111) foil as a function of bending
cycles.

The epitaxial electrodeposition of Cu film on L-cysteine/Au(111) allows for simple
epitaxial lift-off of the Cu(111) film to produce flexible single-crystal-like Cu(111) foils,
as shown in Figure 8 A. A polymer adhesive (tape or hot glue) is applied to the deposited

Cu surface as a support and facilitator for easy foil separation without any other operation
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like etching. The resultant single-crystal-like Cu foil has X-ray reflections solely from the
{111} family in the 20 diffraction pattern (Figure 8B), and the Cu(200) pole figure again
shows six high intensity spots at y = 54.74° from the Cu(111), each separated azimuthally
by 60° (Figure 8C). A small amount of the [511] orientation twinning within the foil
sometimes cannot be seen in 2D pole figure because of very low intensity. The as-prepared
Cu foil exhibits a low resistivity of 3.75x10® Q-m, which compares with the bulk resistivity
of copper of 1.72x10® Q-m. The 2 cm x 2 cm copper foil with 128 nm thickness exhibits a
sheet resistance of only 0.3 Q/square. The endurance of the Au foils as a function of two-
electrode resistance is measured by subjecting the foils to as many as 10,000 bending cycles
(Figure 8D). The resistance of 128-nm-thick Cu foil increased by 12% after 10,000 cycles
of bending.

In order to know whether the L-cysteine SAM film lifted together with the Cu film,
we did two tests as shown in Figure S12. Figure S12A shows the LSV of L-cysteine
SAM/Au/glass after peeling off Cu foil in 0.1M NaOH from -0.2V ag/agcl to -1V agagct. The
curve shows no sharp desorption peak of L-cysteine around -0.7 V indicating that the L-
cysteine SAM does not remain on the Au substrate after peeling off the Cu film. Figure
S12B shows a peel test after re-deposition of Cu on the Au/glass substrate after peeling off
the Cu foil. Even using the same electrodeposition conditions, re-deposited Cu foil cannot
be peeled off again, which is consistent with the LSV test. These results indicate that L-

cysteine SAM is lifted with the as-deposited Cu foil. Although -SH group has relatively
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strong interaction with Au substrate, the interaction between Cu/L-cysteine appears to be

stronger than the -SH/Au interaction.
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Figure 9. Out-of-plane orientation, in-plane orientation and interface model of epitaxial
CuO(111) electrodeposited on Cu(111) foil lifted-off from L-cysteine SAM. (A) Out-of-

plane x-ray diffraction of Cu2O(111) on Cu(111) foil; (B) (200) pole figure for
CuO(111); (C) Interface model of CuO (111) (green) with Cu (111) (blue). A

coincidence site lattice is formed by 5 unit meshes of Cu from Cu20 film coinciding with

6 unit meshes of Cu from Cu foil and results in a mismatch of -1.58%.

Such a single-crystal-like epitaxial Cu foil can serve as a simple, large area and

low-cost substrate for the epitaxial growth of grain boundary-free flexible electronic

materials. In this paper, we present an example of utilizing the Cu foil as a substrate to

electrodeposit epitaxial Cu,O(111). The deposition of Cu,O was performed from a solution

containing 0.2 M CuSOs4, 0.2 M C4HsOs (L-tartaric acid), and 3.0 M NaOH at a constant
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cathodic current density of 1.0 mA/cm 2 at 60 °C for 1200 s. As shown in the XRD patterns
in Figure 9A, the epitaxial Cu2O followed the out-of-plane orientation of Cu(111) foil The
Cu20(200) pole figure shown in Figure 9B again shows six high intensity spots at y = 54.74°

from the Cu2O(111), each separated azimuthally by 60° (Figure 9B) consistent with in-

plane orientation. An epitaxial relationship consistent with the pole figure is CuxO(111)[1

01]//Cu(111)[101]. Low intensity spots at x = 15° and x = 77° due to Cu,O are the result of

a small amount of the [511] orientation twinning along {111} slip planes, following the
orientation of [511] orientation of Cu foil. An interface model of Cu,O(111) on Cu(111) is
shown in Figure 9C. CuxO with lattice parameter 0.42696 nm and primitive space group
Pn3m is deposited onto Cu with lattice parameter 0.3615 nm and fcc space group Fm3m.
A coincidence site lattice can be formed by six Cu atoms in the CuzO plane to every seven
Cu atoms in the Cu plane. The misfit for this coincidence lattice is -1.58%, compared with
the calculated unit cell misfit of 18.1%. This type of flexible, epitaxial Cu2O/Cu system
could pave the way for single crystalline and flexible solar cells.?> The of Cu(111) foil
substrate could also be used to grow cuprous halide films for inexpensive and flexible blue

LED devices.*’

4. CONCLUSIONS

As an example of epitaxial growth on SAMs by electrochemical means, we show

that epitaxial Cu films can be electrodeposited on an L-cysteine self-assembled monolayer
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on the single-crystal-like Au(111) surface. Cu follows the Au(111) out-of-plane and in-
plane orientation with a small amount of twinned [511] orientation. Defect-mediated and
coordination-controlled electrodeposition mechanisms are two possible deposition
mechanisms. Because of the functional groups -COOH and -NH; providing strong
coordination interaction with Cu(II), Cu on L-cysteine/Au(111) grows epitaxially, whereas
Cu on 1-butanethiol/Au(111) yields a textured Cu film with no in-plane order. The L-
cysteine SAM allows Cu(111) to be easily lifted off, which is evidence that the Cu film
grows on top of the L-cysteine SAM. The Cu(111) foil can also be used as a highly-ordered,
conductive substrate for flexible electronic materials. Here, we electrodeposit epitaxial
Cu20 on surface of a Cu(111) foil that could be used to produce a flexible solar cell.

This research also opens interesting new avenues for epitaxial electrodeposition on
functional SAM templates. The epitaxial growth can be tuned by varying the functional
groups on the SAM. Other metals such as Pt, semiconductors such as Cuz0, and topological
insulators such as Bi>Tes have potential to be epitaxially electrodeposited on a SAM with
suitable functional groups to produce flexible devices. Because the L-cysteine molecule is
chiral, it may also be possible to effect chiral crystallization on the SAM surface by

electrodeposition.
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SUPPLEMENTARY INFORMATION

EPITAXIAL ELECTRODEPOSITION OF Cu(111) ONTO AN L-CYSTEINE
SELF-ASSEMBLED MONOLAYER ON Au(111) AND EPITAXIAL LIFT-OFF
OF SINGLE-CRYSTAL-LIKE Cu FOILS FOR FLEXIBLE ELECTRONICS

Bin Luo, Avishek Banik, Evic W. Bohannan, and Jay A. Switzer*

Department of Chemistry and Graduate Center for Materials Research, Missouri
University of Science and Technology, Rolla, MO 65409-1170, USA.
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Figure S1. Typical LSV of L-cysteine SAM/Au(111)/glass in 0.1M NaOH from -
0.2V agagcl to -1V agagcr showing sharp desorption peak of L-cysteine around -0.7 V.
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Figure S2. Typical current-time curves of Cu deposition on (A) L-
cysteine/Au(111)/Si(111), (B) bare Au(111)/Si(111) and (C) 1-
butanethiol/Au(111)/Si(111) at -0.25 V vs Vagagciin 100 mM K>SO4, 12 mM H>SO4 and

20 mM CuSOy4 at room temperature.
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Figure: S3. Scanning electron microscope (SEM) images of Cu films on two kinds of
SAMs. (A) cross-section view SEM image of smooth Cu on L-cysteine/Au(111)/Si(111);
(B) cross-section view SEM image of mushroom-like Cu on 1-
butanethiol/Au(111)/Si(111).
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Figure S4. Schematic representation of proposed mechanism of polycrystalline Cu
deposition on 1-butanethiol SAM/Au(111). Due to the lack of functional groups that can
direct the epitaxial growth, Cu starts nucleating with a variety of orientations and prefers

to grow on itself instead of the SAM, forming the 3D globular morphology.
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Figure S5. Stereographic projections for (200) pole of ideal single crystal Cu(111) having
[111] (A) or [511] (B) out-of-plane orientation. Overlaying both the (200) poles for a
single domain (C).

Figure S6. 2.5D projections of Cu (200) pole figures of Cu/L-cysteine/Au(111)/Si(111)
(A) and Cu/1-butanethiol/Au(111)/Si(111) (B).
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Figure S7. Peel test of Cu foil from (A) 1-butanethiol/Au/glass, (B) L-cysteine/Au/glass
and (C) bare Au/glass substrates. The exhibited Cu surfaces are the inner faces contacting

with SAMs before peel-off operation by tape.
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Figure S8. Possible structure of the Cu(L-cysteine)> complex at a gold surface.
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Figure S9. 2D schematic drawing of ¢(4 x 2) structure for the adlayer of 1-butanethiol
SAM on Au(111). 1-butanethiol molecules could be either parallel (conformation I) or
tilted (conformation I1) relative to the normal direction of the Au(111) plane.
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Figure S10. 3D model of 1-butanethiol and its degrees of freedom. In this model, the tilt
angle a is 30° and the tilt direction & is 23°. The twist angle for the c(4 X 2) model is =
+35° and -55°.
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Figure S11. Schematic drawing of possible coordination site of L-cysteine SAM and
relationship with Cu lattice on Au(111). (A) Possible spatial conformation of L-cysteine
molecule on Au(111); (B) possible coordination site of L-cysteine SAM; (C) Diagram of
Cu lattice matching with coordination site of L-cysteine SAM in every 7 unit meshes of

Cu with 2 unit meshes of L-cysteine SAM and results in a mismatch of +3.41%.

A B Re-deposition of Cu on L-cysteine  peeled-off foil by tape
SAM/Au/glass substrate
0 T i i i

5 _ | .

N : }
g = i
8 E-100 |
- t
& < 150t ’:
) ;
5 |
o -200+ ; ,

-250

0 08 06 04 02
Potential(V vs. Ag/AgCl)

Figure S12. Evidence for L-cysteine SAM lifted together with the Cu(111) film. (A) LSV

of L-cysteine SAM/Au/glass after peeling off Cu foil in 0.1M NaOH from -0.2V ag/agci to

-1V ag/agc1 showing no sharp desorption peak of L-cysteine around -0.7 V; (B) Peel test of

re-deposition of Cu on L-cysteine SAM/Au/glass substrate after peeling off Cu foil. Re-
deposited Cu foil cannot be peeled off again.
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Table S1: Properties of Cu deposited on L-cysteine/Au(111)/Si(111).

Category Time | Charge Area Thickness Thickness Faradaic Experimental
(s) ©) (cm?) Calculated | experimental | Efficiency resistivity
(nm) (nm) (£2°m)
Cu/L-cysteine | 600 3.69 2 678 400 59% 3.75x10°8
/Au/Si(111)
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SECTION

2. CONCLUSIONS & FUTURE WORK

2.1. CONCLUSIONS

Epitaxial electrodeposition is a simple and powerful soft-solution method to
produce in-plane and out-of-plane ordered thin films. Epitaxial semiconductors and metals
exhibit superior performance in a variety of electronic devices. Wide bandgap p-type
semiconductors have attracted significant attention in optoelectronics such as perovskite
solar cells, transparent electrodes, thin film transistors, short wavelength LEDs and UV
photodetectors. Epitaxial electrodeposition is shown to be useful to produce some wide
bandgap semiconductors including CuSCN and cuprous halides. An epitaxial copper thin
film was also electrodeposited on L-cysteine self-assembled monolayer modified Au(111)
surface and lifted-off as a low-cost flexible single-crystal-like metal substrate for flexible
electronic devices.

Paper I introduces an electrochemical method for depositing epitaxial hole
transporting CuSCN nanorods with a [001] orientation on the Au(111) surface. Epitaxial
CuSCN grows with a high degree of in-plane as well as out-of-plane order with +0.22%
coincidence site lattice mismatch on Au(111). An epitaxial CuSCN/Au structure forms an
ideal HTM/metal system. To study the electronic properties of the obtained epitaxial

CuSCN, a Au/epitaxial CuSCN/Ag heterojunction has a diode quality factor of 1.4,
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whereas a diode produced with polycrystalline CuSCN has a diode quality factor of 2.1. A
highly ordered and transparent CuSCN foil was produced by epitaxial lift-off following a
triiodide etch of the thin Au layer. The 400 nm thick CuSCN foil had an average 94%
transmittance in the visible range and a 3.85 eV direct bandgap.

Paper II provides an electrochemical synthetic route for depositing epitaxial wide
bandgap p-type cuprous halide CuBr thin films on two different orientations of Ag surfaces.
Epitaxial films of CuBr(111) and CuBr(100) are successfully deposited. A plausible
mechanism is proposed to explain the nucleation and growth of the epitaxial CuBr thin
films. We found that the formation of a AgBr buffer layer during the electrodeposition
process is essential for the deposition of epitaxial CuBr. The CuBr(100) and AgBr(100)
buffer layer exhibit an in-plane rotation of 45° compared to the Ag(100) substrate which
could significantly reduce the lattice mismatch from +39.5% for an unrotated film to -1.4%
for a 45° rotated film.

Paper III presents the epitaxial electrodeposition of Cu films on a L-cysteine self-
assembled monolayer modified Au(111) surface. Cu follows the out-of-plane and in-plane
orientation of Au(111) with a small amount of twinned [511] orientation. Possible
deposition mechanisms are explained. Cu on L-cysteine SAM grows epitaxially, whereas
Cu on 1-butanethiol SAM yields a polycrystalline structure. The Cu(111) foil could be
easily lifted off without etching agents to serve as a low-cost highly ordered metal substrate.

The Cu(111) foil exhibits a low resistivity of 3.75x10® Q.m and good bending stability.
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Only a 12% resistance increase was found after 10* bending cycles. To explore the potential
of this Cu foil for flexible electronic devices, we achieved epitaxial Cu,O on the surface of

the Cu(111) foil as a potential flexible solar cell structure.

2.2. FUTURE WORK

More future work will be focused on low-mismatched CuCl(111) on Si(111), p-
Co(OH)2/n-Si(111) photoanode and epitaxial Prussian blue (220) on Au(100).

2.2.1. Epitaxial Electrodeposition of Low-Mismatched CuCl(111) on Si(111).
Due to wide bandgap (3.4 V), large exciton binding energy (190 meV), negligible built-
in field, and close lattice matched (mismatch -0.18%) to silicon substrates, y-CuCl with
zincblende structure has drawn attention for highly efficient LEDs compatible to Si
technology. Since Si processes are mature in the semiconductor industry and the
photovoltaic industry, CuCl/Si could be a potential candidate for low-cost blue LED
structure. Electrodeposition for producing epitaxial CuCl on Si still remains a challenge.
Polycrystalline or textured CuCl films could result in electron-hole recombination at the
grain boundaries. The proposed work for epitaxial CuCl(111)/Si(111) includes:

1. Design the electrochemical bath and conditions for epitaxial deposition of CuCl.

2. Achieve the epitaxial growth of CuCl(111) on Si(111) and analyze the growth
mechanism since Si surface is easy to be oxidized to be SiOx.

3. Explore the potential of CuCl/Si for blue-LED applications.
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Preliminary work on CuCI(111)/Si(111) is shown in APPENDIX A.

2.2.2. Electrodeposited Crystalline Co(OH)2 Nanosheets on N-Si(111) for
Photoelectrochemical Water Splitting. Photoelectrochemical water splitting into oxygen
and hydrogen is a sustainable strategy for converting solar energy into fuels. Silicon
photoanode for photoelectrochemical water splitting is one of the most intriguing methods
because of high efficiency, low cost and commercialization potential. Various transition-
metals and semiconductors such as cobalt, nickel and iron have been well studied as oxygen
catalysts. Our group previously reported an efficient n-Si/SiOx/Co/CoOOH photoanode as
a metal-insulator-semiconductor junction. Here, we plan to directly electrodeposit pure
wide bandgap p-type Co(OH). (Eg; = 2.85 eV) nanosheets on Si as an efficient catalyst as
well as a hole-selective layer. Although some Co(OH),/Si photoanodes have been studied,
CoOx and Co metal could co-deposit with Co(OH)>, which may influence the water
splitting performance. The proposed work includes:

1. Electrodeposit Co(OH), on n-Si(111) by reduction of [Co(en)s;]** in an alkaline
electrolyte and analyze the deposits by XRD, SEM and TEM.

2. Study the photoelectrochemical water splitting performance of Co(OH):
nanosheets on n-Si(111).

3. Investigate the long-term stability of the water splitting device.

Preliminary work on Co(OH)2 nanosheets on n-Si(111) photoelectrochemical water

splitting is shown in APPENDIX B.
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2.2.3. Epitaxial Electrodeposition of Prussian Blue (220) on Au(100). Prussian
blue (PB), Fe'''4[Fe''(CN)s]s, and its analogues are a class of microporous metal-organic
frameworks. They are interesting as active materials for battery materials especially post-
lithium batteries such as sodium-ion batteries and potassium-ion batteries. Their open
channels accommodate Na“ and provide reversible and fast charging and discharging
processes in aqueous solution. Their low cost and low-temperature synthesis make them
promising for mass production as low-cost cathode materials. Epitaxial PB could have a
potential to show better stability and have faster charging and discharging processes due to
ordered channels. Our group previously reported epitaxial PB(111) on Au(110). Here, we
plan to explore other orientations of epitaxial PB by electrodeposition. Different
orientations of PB could be used to analyze the effect of the channel directions to the
performance of this kind of cathode materials. The proposed work includes:

1. Electrodeposit epitaxial PB(220) on the Au(100) surface and analyze the epitaxy
by XRD, SEM and TEM.

2. Compare the charge and discharge performance of <111>and <110> oriented PB
thin films.

3. Develop other epitaxial PB analogues such as copper hexacyanoferrate (CuHCF),
manganese hexacyanoferrate (MnHCF) and nickel hexacyanoferrate (NiHCF).

Preliminary work on epitaxial electrodeposition of Prussian blue (220) on Au(100)

1s shown in APPENDIX C.
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APPENDIX A.

PRELIMINARY WORK ON EPITAXIAL ELECTRODEPOSITION OF LOW-
MISMATCHED CUCI(111) ON Si(111)
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Preliminary work has shown that CuCl(111) can be directly electrodeposited on a
n-Si(111) surface from an electrochemical bath containing 100 mM CuSO4 and 170 mM
NaCl with Ar bubbled for 30 mins. The electrodeposition was performed at the constant
potential of -0.2 V vs. Ag/AgCl at room temperature. Figure A.1 shows some X-ray
analysis of CuCI(111)/Si(111). Figure A.1A shows the XRD of CuCl(111)/Si(111) where
CuCI(111) and Si(111) are highly overlapped. In the enlarged XRD patterns as shown in
Figure A.1B, we found that the (111), (222), (333) peaks of CuCl and Si have 0.18, 0.22,
0.32 degree differences, respectively. As shown in Figure A.1C and Figure A.1D, the in-
plane orientation of CuCI(111) is confirmed by the (220) pole of CuCl(111) that six intense
spots show up at a tilt angle of ¢ = 35.5°, whereas the (220) pole of Si(111) only shows
three spots at the same tilt angle.

More additional characterizations have been performed including azimuthal scans,
rocking curves, interface models and SEM as shown in Figure A.2. Epitaxial relationships
and perfection have been studied by using azimuthal scans and rocking curves. Figure A.2A
shows azimuthal scans of CuCI(111) and Si(111) at x = 35.5°. We can see that CuCI(111)
follows the in-plane orientation of the Si(111) substrate. Figure A.2B shows rocking curves
for CuCl(111) and Si(111). CuCl(111) has a FWHM of 1.10 which is larger than that of
Si(111) (FWHM: 0.06). One reason could be the mosaic spread during the epitaxial growth.
Another reason could be that the ordered SiOx layer with less perfection is formed to serve

as a template for the epitaxial growth of CuCl. The cross-sectional interface model (Figure
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A.2C) and plan-view interface model (Figure A.2D) show the crystal structures of the
closely matched CuCI(111)/Si(111). Figure A.2E shows a SEM image of the morphology
of CuCI(111) on Si(111). Large triangular CuCl(111) crystals are observed in an ordered
alignment. Figure A.2F shows the in-plane domain analysis of CuCl(111) on Si(111). We
found that almost 80% of CuCl(111) crystals are antiparallel and 20% of CuCl(111) crystals
are parallel with the in-plane orientation of the Si(111) substrate. Until now, we have only
been able to produce ordered crystals instead of continuous films. In order to practically
use this CuCl/Si structure for LEDs, investigation of growing continuous CuCl films will

be needed in the future.
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Figure A.1. XRD and pole figures of CuCI(111)/Si(111). (A) XRD of CuCI(111)/Si(111);
(B) Enlarged view of {111} family peaks of CuCl(111) and Si(111); (C) (220) pole of
CuCI(111); (D) (220) pole of Si(111).
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Figure A.2. Azimuthal scans, rocking curves, interface models and SEM of CuCl(111) on

Si(111). (A) Azimuthal scans of CuCI(111) and Si(111) at x = 35.5°; (B) Rocking curves

for CuCl(111) and Si(111); (C) Cross-sectional interface model of CuCl(111) on Si(111);
(D) Plan-view interface model of CuCI(111) on Si(111); (E) SEM image of CuCl(111)
triangular crystals on Si(111); (F) In-plane domain analysis of CuCl(111) on Si(111).
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APPENDIX B.

PRELIMINARY WORK OF ELECTRODEPOSITED CRYSTALLINE CO(OH):
NANOSHEETS ON N-Si(111) FOR PHOTOELECTROCHEMICAL WATER
SPLITTING
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Preliminary work has shown that Co(OH), nanosheets can be electrodeposited on
n-Si(111) (Phosphorus-doped, 1-3 Q.cm, Virginia Semiconductor) surface for efficient
photoelectrochemical water oxidation. The electrochemical deposition bath contains 10
mM [Co(en);Clz], 2 M NaOH. The electrodeposition was performed at the constant
potential of -1 V vs. Ag/AgCl for 300 s at room temperature. Co(OH)> is a 2D p-type
semiconductor with a rhombohedral structure and a wide bandgap of 2.85 eV. Figure B.1A
shows the XRD of as-deposited Co(OH)2 on n-Si(111). What we can observe is the {001}
family of peaks of Co(OH). Figure B.1B shows the (102) pole figure of Co(OH), and no
spots can be found which means that Co(OH): is not epitaxial on n-Si(111). Figure B.1C
exhibits the SEM image of Co(OH); on n-Si(111). The uniform nanosheets morphology is
favorable for oxygen evolving catalysis due to a large surface area. Photoelectrochemical
water oxidation was conducted at a simulated sunlight in 1 M NaOH solution as shown in
Figure B.1D. At +0.55 V vs. Ag/AgCl, this photoanode has a limiting current density of 36
mA/cm? under AM 1.5 irradiation (black line, 100 mW/cm?) while no currents have been
observed in the dark (red line). By analyzing the difference between Co(OH)>/n-Si(111)
under irradiation and Co(OH)2/n""-Si(111) (Degenerate, resistivity of 0.001 Q.cm) in the
dark, an open-circuit photovoltage of 500 mV and a short-circuit photocurrent of 36
mA/cm? have been observed. However, this photoanode still suffers from the corrosion of
the basic solution which could only last a few hours for efficient photoelectrochemical

water oxidation. So long-term stability study could be an important topic in the future.
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Figure B.1. XRD, pole figure, SEM and photoelectrochemical performance of
electrodeposited Co(OH)2 on n-Si(111). (A) XRD of Co(OH)2/n-Si(111); (B) (102) of
Co(OH)2; (C) SEM image of Co(OH)2 nanosheets on n-Si(111); (D) Linear sweep
voltammetry comparing Co(OH)2/n-Si in the dark (red), Co(OH)2/n""-Si(111) in the dark
(blue) and Co(OH)2/n-Si(111) under 100 mW.cm™ AM 1.5 irradiation (black) in 1 M
NaOH at a 20 mV s! scan rate.
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APPENDIX C.

PRELIMINARY WORK OF EPITAXIAL ELECTRODEPOSITION OF
PRUSSIAN BLUE (220) ON AU(100)
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Preliminary work has shown that epitaxial PB(220) can be electrodeposited on
Au(100) surface from an electrochemical bath containing 1 mM Ki3Fe(CN)s and 1 mM
Fe(NOz3)s3 in 0.5 M KCI with Ar bubbled during the deposition. The electrodeposition was
performed at the constant potential of +0.3 V vs. Ag/AgCl at room temperature. Prussian
blue has a cubic crystal structure at room temperature. Figure C.1A shows the XRD of
PB(220) on Au(100). Only the {110} family of peaks is observed, indicating an out-of-
plane order. Figure C.1B shows the (200) pole figure of PB(220). Four separated and
intense main spots are observed at a tilt angle of y = 45°, consistent with the angle between
the [100] and [110] directions in a cubic system. The other 12 spots belong to a small
amount of [311] twinning. Figure C.1C and Figure C.1D show SEM images of PB(220)
with a 30,000x magnification and 20,000x magnification, respectively. Ordered crystals of

PB confirm that PB(220) is indeed epitaxial on Au(100).
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Figure C.1. XRD, pole figure and SEM images of PB(220) on Au(100). (A) XRD of
PB(220)/Au(100); (B) (200) pole of PB(220); (C) SEM of PB(220) with a 30,000x
magnification; (D) SEM of PB(220) with a 20,000x magnification.
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