
Synthesis of Nanostructured Materials by
Etching in Supercritical Carbon Dioxide

Item Type text; Electronic Dissertation

Authors Morrish, Rachel Marie

Publisher The University of Arizona.

Rights Copyright © is held by the author. Digital access to this material
is made possible by the University Libraries, University of Arizona.
Further transmission, reproduction or presentation (such as
public display or performance) of protected items is prohibited
except with permission of the author.

Download date 24/05/2023 20:42:43

Link to Item http://hdl.handle.net/10150/194127

http://hdl.handle.net/10150/194127


Synthesis of nanostructured materials by

etching in supercritical carbon dioxide

by

Rachel Marie Morrish

A Dissertation Submitted to the Faculty of the

Department of Chemical and Environmental Engineering

In Partial Fulfillment of the Requirements
For the Degree of

Doctor of Philosophy
With a Major in Chemical Engineering

In the Graduate College

The University of Arizona

2 0 0 9



2

The University of Arizona Graduate College

As members of the Dissertation Committee, we certify that we have read the disser-
tation
prepared by Rachel Marie Morrish
entitled Synthesis of Nanostructured Materials by Etching in Supercritical Carbon
Dioxide
and recommend that it be accepted as fulfilling the dissertation requirement for the
Degree of Doctor of Philosophy

Date: 2/13/09
Anthony J. Muscat

Date: 2/13/09
James C. Baygents

Date: 2/13/09
James Farrell

Final approval and acceptance of this dissertation is contingent upon the candidate’s
submission of the final copies of the dissertation to the Graduate College. I hereby
certify that I have read this dissertation prepared under my direction and recommend
that it be accepted as fulfilling the dissertation requirement.

Date: 2/13/09
Dissertation Director: Anthony J. Muscat



3

Statement by Author

This dissertation has been submitted in partial fulfillment of requirements for an
advanced degree at the University of Arizona and is deposited in the University
Library to be made available to borrowers under rules of the Library.

Brief quotations from this dissertation are allowable without special permission,
provided that accurate acknowledgment of source is made. Requests for permission
for extended quotation from or reproduction of this manuscript in whole or in part
may be granted by the head of the major department or the Dean of the Graduate
College when in his or her judgment the proposed use of the material is in the interests
of scholarship. In all other instances, however, permission must be obtained from the
author.

Signed: Rachel Marie Morrish



4

Acknowledgments

“The best advisers, helpers and friends, always are not those who tell us how to act
in special cases, but who give us, out of themselves, the ardent spirit and desire to act
right, and leave us then, even through many blunders, to find out what our own form
of right action is.” Phillips Brooks

I would first like to acknowledge my major advisor, Anthony Muscat, who believed
in this project from the start and continuously motivated me to see it to fruition.
Throughout my degree, he challenged me to become a more meticulous and thoughtful
researcher and I am sincerely grateful for his guidance. My gratitude is extended to
my committee members Dr. Baygents, Dr. Farrell, Dr. Seraphin, and Dr. Raghavan
who have each used their expertise to guide my studies and all of whom helped me
grow as a scientist. Thanks also to my fellow research group members both past and
present who made working in the lab such a pleasant and collaborative experience
and to the staff members in the CHEE and MSE departments who facilitated my
work.

For financial support during my graduate research, I acknowledge the Phoenix
chapter of Achievement Rewards for College Scientists (ARCS) Foundation, the Amer-
ican Association for University Women (AAUW) selected professions dissertation
fellowship, the University of Arizona Chapman Foundation, and the Association of
Women in Science (AWIS) predoctoral award. This project would not have been
possible without their generous funding.

Lastly, I would like to recognize the unwavering love and support of my husband,
Chris. He rejoiced in my successes, consoled me in my failures, and never let me
lose sight of the bigger picture. Thanks to my parents for encouraging me to pursue
my goals and always making me feel special. To all my other family members and
friends, thank you for lending a listening ear and being supportive even when you
didn’t completely understand what I was talking about.



5

Table of Contents

List of Figures . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7

List of Tables . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9

Abstract . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 10

Chapter 1. Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . 12
1.1. Etching of SiOxNy thin films . . . . . . . . . . . . . . . . . . . . . . . 14

1.1.1. Background . . . . . . . . . . . . . . . . . . . . . . . . . . . . 14
1.1.2. Literature review . . . . . . . . . . . . . . . . . . . . . . . . . 14

1.2. Etching of CuO thin films . . . . . . . . . . . . . . . . . . . . . . . . 15
1.2.1. Background . . . . . . . . . . . . . . . . . . . . . . . . . . . . 15
1.2.2. Literature Review . . . . . . . . . . . . . . . . . . . . . . . . . 16

1.3. Dealloying AgCu . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 19
1.3.1. Background . . . . . . . . . . . . . . . . . . . . . . . . . . . . 19
1.3.2. Literature Review . . . . . . . . . . . . . . . . . . . . . . . . . 21

1.4. Explanation of dissertation format . . . . . . . . . . . . . . . . . . . . 25

Chapter 2. Present Study . . . . . . . . . . . . . . . . . . . . . . . . . 26
2.1. Etching of SiOxNy thin films . . . . . . . . . . . . . . . . . . . . . . . 26
2.2. Etching of CuO thin films . . . . . . . . . . . . . . . . . . . . . . . . 27
2.3. Dealloying bulk AgCu . . . . . . . . . . . . . . . . . . . . . . . . . . 28
2.4. Dealloying AgCu thin films . . . . . . . . . . . . . . . . . . . . . . . . 30
2.5. Future work . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 31

References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 34

Appendix A. Etching of SiOxNy thin films . . . . . . . . . . . . . . . 39

Appendix B. Etching of CuO thin films . . . . . . . . . . . . . . . . . 48

Appendix C. AgCu dealloying . . . . . . . . . . . . . . . . . . . . . . . 60
C.1. Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 61
C.2. Experimental Section . . . . . . . . . . . . . . . . . . . . . . . . . . . 63
C.3. Results and Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . 65
C.4. Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 75

C.4.1. Acknowledgment . . . . . . . . . . . . . . . . . . . . . . . . . 75
C.4.2. Supporting Information Available: . . . . . . . . . . . . . . . . 75



Table of Contents—Continued

6

References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 78

Appendix D. Multiphase AgCu dealloying . . . . . . . . . . . . . . . 82
D.1. Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 83
D.2. Experimental Methods . . . . . . . . . . . . . . . . . . . . . . . . . . 84

D.2.1. AgCu alloy film preparation. . . . . . . . . . . . . . . . . . . . 84
D.2.2. Supercritical dealloying. . . . . . . . . . . . . . . . . . . . . . 85
D.2.3. Characterization. . . . . . . . . . . . . . . . . . . . . . . . . . 86

D.3. Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 87
D.3.1. Sample characterization. . . . . . . . . . . . . . . . . . . . . . 87
D.3.2. Etching process characterization. . . . . . . . . . . . . . . . . 92
D.3.3. Microstructure effects. . . . . . . . . . . . . . . . . . . . . . . 93

D.4. Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 101
D.4.1. Sample characterization. . . . . . . . . . . . . . . . . . . . . . 101
D.4.2. Etching process characterization. . . . . . . . . . . . . . . . . 103
D.4.3. Microstructure effects. . . . . . . . . . . . . . . . . . . . . . . 105

D.5. Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 108
D.5.1. Acknowledgment. . . . . . . . . . . . . . . . . . . . . . . . . . 108
D.5.2. Supporting Information Available: . . . . . . . . . . . . . . . . 109

References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 112



7

List of Figures

Figure C.1. Schematic of experimental method showing stepwise and in situ
methods for scCO2 dealloying. . . . . . . . . . . . . . . . . . . . . . . . 64

Figure C.2. FESEM images of a AgCu alloy after (a) H2O2 oxidation and
pure scCO2 exposure (b) 1 cycle of oxidation/etching (c) 2 cycles of oxi-
dation/etching and (d) 4 cycles of oxidation/etching. The scale bar is 250
nm and applies to all four images. . . . . . . . . . . . . . . . . . . . . . 66

Figure C.3. XPS spectra of AgCu sample initially, after oxidation, after 1
oxidation/etching cycle, and after 4 cycles in the (a) Cu 2p region and
(b) Ag 3d region. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 68

Figure C.4. (a) Low magnification FESEM image of a dealloyed AgCu surface
and (b) compositional image showing the dark Cu-rich and lighter Ag-rich
phases in the starting AgCu alloy. The scale bar is 2 microns and applies
to both images. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 70

Figure C.5. FESEM images of AgCu alloy (a) initially and (b) after in situ
dealloying and XPS spectra of (c) Cu 2p region and (d) Ag 3d region.
The scale bar is 500 nm and applies to both images. . . . . . . . . . . . 72

Figure C.6. UV-vis absorbance spectra of npAg from in situ and stepwise
dealloyed AgCu compared to an evaporated, planar Ag film. . . . . . . . 74

Figure C.7. Anaglyph 3-D image of AgCu sample dealloyed in scCO2. The
scale bar is 500 nm. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 77

Figure C.8. XRD spectra of the initial starting alloy, stepwise dealloyed sam-
ple, and in situ dealloyed sample. . . . . . . . . . . . . . . . . . . . . . . 77

Figure D.1. Alloy films formed by sequential deposition of Cu and Ag layers
on a Si substrate followed by annealing in a furnace to mix the metals. . 85

Figure D.2. XRD spectra for the AgCu films (a) as-deposited (3x) (b) alloyed
at 450◦C for 2.5 hours (c) dealloyed to 35% Cu (d) dealloyed to 0% Cu
at 60◦C and 145 bar. Dashed lines show respective positions for pure Ag
and Cu in the (111) direction. . . . . . . . . . . . . . . . . . . . . . . . . 88

Figure D.3. FESEM images of the AgCu films top-down (a) alloyed (b) deal-
loyed and cross-sectional (c) alloyed (d) dealloyed. Alloyed samples were
heated at 450◦C for 2.5 hours and dealloyed samples were processed for 5
min in a 4.72 mM etching solution at 60◦C and 145 bar. . . . . . . . . . 91

Figure D.4. Top-down FESEM images of the AgCu films dealloyed to (a) 70.6
(b) 68.8 (c) 63.4 and (d) 60.1% Cu at 60◦C and 145 bar. . . . . . . . . . 92



List of Figures—Continued

8

Figure D.5. Remaining Cu composition as a function of etching solution con-
centration at temperatures of 45, 60, 75, and 90◦C, 0.55 g/cm3 scCO2

density, and 10 min reaction time. The solid lines are guides connecting
the points and the dotted line shows the initial 74.3% Cu composition.
The error bars are the 95% CI based on three EDS sampling locations.
Inset shows an Arrhenius plot between 45 - 75◦C for etching solution
concentrations of 0.083 mM and 0.125 mM. . . . . . . . . . . . . . . . . 94

Figure D.6. Remaining Cu composition as a function of H2O2/hfacH molar
ratio at 60◦C, 145 bar, and 3 min reaction time. The two data sets are
hfacH held constant (4.72 mM) with varying H2O2 and H2O2 held con-
stant (5.90 mM) with varying hfacH. The dotted line shows the initial
74.3% Cu composition, the solid line guides connecting points for con-
stant hfacH, and the dashed line represents no variation in etching using
constant H2O2. The error bars show the 95% CI based on three EDS
sampling locations. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 95

Figure D.7. FESEM images of AgCu samples alloyed (inset) and dealloyed
with increasing anneal temperature (a) 450◦C, (b) 500◦C, (c) 600◦C, and
(d) 700◦C. The scale bar is 2.5 µm and applies to all images. . . . . . . 96

Figure D.8. High magnification FESEM images of fully dealloyed samples
annealed at (a) 600◦C and (b) 650◦C. The scale bar is 500 nm and applies
to both images. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 97

Figure D.9. (a) example model fit of eq D.4 to a RDF from an alloyed sam-
ple heated to 500◦C and modeled values of (b) size domain, d (c) OZ
correlation length, ξ1 and (d) SQL correlation length, ξ2 for alloyed and
dealloyed samples annealed between 450 - 700◦C. Error bars represent
95% CI from three separate images of each sample. . . . . . . . . . . . . 100

Figure D.10. Example model fit of eq 4 to a RDF from an dealloyed sample. 109
Figure D.11. Arrhenius plots of (a) size domain, d with EA of 25.4 ±3.7 for

alloyed and 21.9 ±1.2 kJ/mol for dealloyed (b) OZ correlation length, ξ1

with EA of 29.8 ±7.0 for alloyed and 26.1 ±0.6 kJ/mol for dealloyed and
(d) SQL correlation length, ξ2 with EA of 18.5 ±0.9 for alloyed. . . . . . 111



9

List of Tables

Table D.1. Light area ratio, φL, of dealloyed images with respect to compo-
sitional images (experimental) and based on a mass balance with respect
to compositional images (calculated). . . . . . . . . . . . . . . . . . . . . 102



10

Abstract

Supercritical CO2 (scCO2) is emerging as a viable and environmentally sustainable

platform for nanomaterials synthesis due to its tunable solvent properties combined

with low surface tension and viscosity, which allow rapid, non-destructive wetting

within small features. However, to advance the utility of this fluid, a more thorough

understanding of surface chemistry at high pressures is needed. In this study, the

behavior of reactive solids in scCO2 was examined by etching thin dielectric, metal,

and alloy films to determine the fundamental mechanisms controlling the reactions.

Models were developed to describe the etching processes and to benchmark scCO2

with conventional methods.

Dielectric SiOxNy films were etched with an HF/pyridine complex dissolved in

scCO2. The anhydrous etching process resulted in formation of a residual (NH4)2SiF6

layer that limited transport of reactants to the film and caused a drop in reaction

order. Partial removal of the salt was accomplished by sublimation under vacuum.

Etching of thin CuO films with hexafluoroacetylacetone (hfacH) in scCO2 was studied

and found to occur via a 3-step Langmuir-Hinshelwood reaction sequence. The kinetic

model showed that lower scCO2 densities favored hfacH adsorption on the CuO surface

and that scCO2 solvation forces lowered the activation barrier for the rate-limiting

step. Adding up to 10× the molar ratio of pure H2O to hfacH nearly doubled the

etching rate through formation of a hydrogen-bonded hfacH complex.

Both bulk and thin film AgCu alloys were selectively etched in scCO2 to generate

nanoporous Ag structures. As Cu was preferentially removed through selective ox-

idation and chelation, the Ag atoms conglomerated into successively larger clusters

similar to mechanisms reported in aqueous phase dealloying. Supercritical dealloying

was observed at Cu compositions below typical parting limits, suggesting enhanced

fluid transport in the evolving pores. When using in situ oxidation, the etching
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reaction was limited by decomposition of H2O2. Inverse space image analysis of sam-

ples with initial phase domain sizes between 250 - 1000 nm showed that below a

threshold of approximately 500 nm, the dealloyed feature size mimicked the starting

microstructure. Larger phase domains prohibited surface diffusion of Ag between

phases producing a mixture of large and small Ag nanostructures.
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Chapter 1

Introduction

A recent government study on U.S. manufacturing cited development of reliable and

affordable production methods for nanomaterials as one of three critical research areas

for the future of the nation’s economy.1 Nanomaterial structures have one dimension

that is smaller than 100 nm (10−7 m) and as such, their thermal, electronic, optical,

and chemical behavior can dramatically differ from their bulk counterparts. Many

routes for nanomaterials synthesis rely on a “top down” approach, whereby micro-

scopic elements are reduced to a nanometer scale by specific patterning and etching

techniques. With the number of different material compounds steadily increasing and

researchers pushing the limits of structural dimension sizes, there is a pressing need

for alternative, more flexible processing methods to further advance nanotechnology.

With this in mind, supercritical fluids are emerging as both a technically superior

and environmentally benign replacement for traditional aqueous and organic solvents

in nanomaterials processing.

The most commonly used supercritical fluid is carbon dioxide (CO2), which has

moderate critical parameters (31◦C and 72 bar) and is nontoxic, nonflammable, and

can be cleanly separated and removed from a system by depressurization. Since over

80% of CO2 sold is a byproduct from manufacturing, the net greenhouse load on

the atmosphere is not a concern.2 As a platform for chemical reactions, supercritical

CO2 (scCO2) provides a liquid-like density capable of solvating high concentrations of

reagents combined with gas-like viscosity and diffusivity for enhanced reaction rates

at relatively low temperatures. Moreover, these kinematic properties can be tuned to

optimize the reaction environment by manipulating the processing temperature and

pressure. Supercritical CO2 exhibits complete miscibility with many commonly used
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gases including O2 and H2, making it ideal for reactions with gas-phase precursers.

When working with nanoscale materials, the negligible surface tension of scCO2 offers

the additional benefit of rapid, non-destructive wetting regardless of feature size.

Although there are many advantages to working with scCO2, there are also some

challenges. Typical processing conditions in scCO2 range from 100 - 200 bar, requiring

the use of specialty high-pressure equipment. Current technology is available to safely

maintain operation at these conditions, but the capital costs for such equipment needs

to be considered. Additionally, scCO2 is a nonpolar solvent. This translates into high

solubilities of many light-weight organic chemicals, but low dissolution rates of polar

species. However, small amounts of cosolvents can be added to modify CO2 polarity

enabling its use with acids,3 bases,4 and even salts.5 Although generally non-reactive,

there are a few instances where side reactions with CO2 can be problematic. In

contact with water, CO2 reacts to form H2CO3, creating an acidic environment. The

presence of noble metals in solution can cause hydrogenation of CO2 to CO which is

toxic and could potentially foul catalysts6. Despite these issues, scCO2 has found its

niche in many commercial applications including the pharmaceutical,7,8 plastics,9,10

environmental remediation,11,12 and food manufacturing industries.13

In order to better utilize scCO2 for nanomaterials processing, more fundamental

data on the behavior of reactive solids in this unique solvent are needed. In particular,

studies focusing on the chemical and physical interactions between dissolved reagents

and reduced-dimension surfaces could be used to both improve basic understanding

of supercritical fluid processing as well as benchmark scCO2 with conventional meth-

ods. This project investigated the etching characteristics of dielectric, metal, and alloy

thin films in scCO2. The balance between surface reaction and transport was exam-

ined during etching of the dielectric silicon oxynitride (SiOxNy) with an HF/pyridine

complex dissolved in scCO2. Metal chelation of CuO thin films with hexafluoroacety-

lacetone (hfacH) in scCO2 was also studied and a mechanism was proposed that was

consistent with the experimental results for the heterogeneous reaction. Lastly, se-
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lective etching processes in scCO2 were examined by dealloying AgCu thin films to

produce nanoporous Ag structures. Varying reaction conditions and alloy microstruc-

tures were used to control the pore morphology and to understand surface diffusion

during dealloying.

1.1 Etching of SiOxNy thin films

1.1.1 Background

Silicon oxynitride (SiOxNy) films are used in both electronic and optical applications.

Compared to silicon dioxide, SiOxNy shows increased resistance to boron diffusion,

reduced interfacial defects, and higher dielectric breakdown, prompting its integration

into both memory and logic devices.14,15 Silicon oxynitride films are transparent in

the visible and near infrared regions of the electromagnetic spectrum. The nitrogen

content in the film determines the refractive index, which varies from 1.46 for pure

silicon dioxide to 2.0 for pure silicon nitride.16,17 The tunable optical properties of

SiOxNy are used in waveguide structures including optical circuits, gratings, and sen-

sors.17,18 The purpose of this study was to test and characterize etching of SiOxNy

thin films using an HF/pyridine complex dissolved in high pressure scCO2. Specif-

ically, the relationship between etching rate and surface chemistry of the films was

examined.

1.1.2 Literature review

Several SiOxNy etching methods have been reported that are based on established

techniques for processing silicon dioxide and silicon nitride films. Silicon oxynitride

is readily etched in aqueous hydrofluoric acid (HF) solutions. Capillarity in con-

fined spaces, however, produces pattern collapse, stiction, and inefficient reactant

penetration when trying to etch small features.19–21 Fluorine plasmas including C2F6
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and mixtures of SF6 and C3F8 etch silicon oxynitride films.22,23 Poor selectivity and

aspect ratio quality combined with high temperatures make plasma etching incom-

patible with some device structures.23 Both blanket and patterned SiO2 films have

been etched using a HF/pyridine mixture in scCO2.
21 The etching reaction was first

order and showed incremental rate increases as the temperature was raised from 35

to 75◦C.21 Subcritical water at 200◦C and 10 MPa (100 bar) etched silicon nitride at

a rate of 7.5 nm/min with a selectivity to silicon oxide of 70.24

1.2 Etching of CuO thin films

1.2.1 Background

Fabrication of reduced-dimension metal structures with thermal, electronic, optical,

and magnetic properties distinct from their bulk counterparts depends on control of

reactions at solid surfaces. Currently, deposition and etching processes are used to

manufacture metal wires, gratings, and contacts uniformly over a wide area, but new

techniques that allow atomic level control over metal growth and removal could enable

advanced architectures. Chelation reactions, where an organic ligand reversibly binds

to a metal species, are emerging as a reliable method to deposit and etch metal

layers. While chelators have long been used to stabilize and extract contaminants from

water,25 fuel,26 and even the human body,27 their interactions with solid surfaces is

still a new area of research. The charge density and size of a chelator molecule, as well

as the number and type of functional groups and their response to reaction conditions,

all impact surface reactions with metal atoms. During deposition, a metal-chelate

complex is chemically reduced to yield a surface bound metal species and volatile

organic ligands. The process can be reversed by reacting metal with a chelator at

lower temperatures for material removal. Organometallic chelating reactions offer

distinct advantages for nanoscale metal processing, such as uniform deposition and

removal, specificity toward metal species, and compatibility with a variety of metal
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types.

This study looked specifically at the surface reaction between CuO thin films and

the β-diketone chelator, hexafluoroacetylacetone (hfacH), in a scCO2 solvent. The

high reactivity and widespread use of hfacH make it an ideal reactant for studying

heterogeneous chelation mechanisms in scCO2. When copper is in an oxidized state,

it can undergo nucleophilic attack by hfacH, producing water and a volatile metal

chelate, Cu(hfac)2 (eq 1.1).28–30 The metal chelate is highly hygroscopic and often

combines with the product water forming the bis monohydrate, Cu(hfac)2·H2O.31

Other metals including Zn,32–34 Pb,32 and Ni35 can be etched with a similar reaction

scheme. The overall gas phase reaction of CuO with hfacH is exothermic (∆H◦
rxn = -

41.5 kJ/mol36,37) and by supplying additional heat, can be reversed to deposit copper

oxide films.38 Reaction of Cu(II) with hfacH has previously been used to extract

copper ions from aqueous solutions25,39 in addition to removing oxidized copper films

in the gas29,32,40,41 and supercritical phases.42 While pure Cu metal cannot be directly

etched by reaction with β-diketones, the chelation process can be combined with a

simultaneous oxidation step to convert copper to either a +1 or +2 oxidation state

rendering it susceptible to attack.30,34,43–47 The goal of this study was to quantify

the kinetics of CuO thin film etching with hfacH dissolved in scCO2 and develop a

mechanistic model of the chelation process.

CuO + 2hfacH ↔ Cu(hfac)2 + H2O ↔ Cu(hfac)2 · H2O (1.1)

1.2.2 Literature Review

Dissolution of metals in scCO2 has been demonstrated using β-diketone chelating

agents to convert insoluble metal ions to CO2 soluble metal chelates.34,42,48 Copper,

gold, and palladium metals were quickly etched in scCO2 with hfacH using nitric acid

complexed with tri-n-butyl (TBP-HNO3) as an oxidant.48 Palladium proved more
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resistant to oxidation than either copper or gold, requiring a higher oxidant concen-

tration to maintain sufficient dissolution rates. Oxidants ethyl peroxydicarbonate

(EPDC) and tert-butyl peracetate (t-BuPA) were dissolved in scCO2 along with a

series of chelating agents and displayed a maximum copper dissolution rate of 10.7

nm/min for the hfacH/EPDC combination.34 Etching of copper islands deposited

onto silicon wafers using doped HF solutions was demonstrated using a two-step pro-

cess of liquid phase oxidation in H2O2 or gas phase oxidation with UV-Cl2 followed

by chelation in scCO2 with hfacH.42

The etching reaction of copper in scCO2 using hfacH was studied using a variety

of methods. Gravimetric analysis along with nuclear magnetic resonance (NMR)

studies on similar metals showed that when t-BuPA dissolved in scCO2 is used as

the oxidant, a 1:1:2 Cu:t-BuPA:hfacH reaction stoichiometry is observed.34 Further

NMR studies concluded that decomposition of the oxidant t-BuPA is initiated by the

metal species and is reduced to form acetate and t-butoxide which bind to the metal

surface.34 hfacH was shown to play two roles in the reaction: removing the initial

passivating oxide layer on the surface of the metal and protonating the surface bound

reduction products, producing acetic acid and tert-butyl alcohol which then desorbs

from the metal surface.34 Other studies based on x-ray photoelectron spectroscopy

(XPS) analysis agreed that hfacH attacks Cu(II) species and that two hfacH molecules

are required for metal dissolution.42 It was also suggested that Cu(hfac)2·H2O, which

is a product of Cu(II) removal, could act as an additional oxidant to convert Cu(I)

to Cu(II).42

Activation energies for the gas phase reaction of β-diketones with Cu metal using

O2 as an in situ oxidant vary depending on the specific temperatures examined, but

are reported in the range from approximately 30 - 50 kJ/mol.45–47 Direct reaction

of CuO with gas phase hfacH yielded an apparent activation energy of 101.3 kJ/mol

between 210 - 300◦C,41 but when examined by thermogravimetric analysis in a differ-

ent study, revealed a range of activation energies between 44 - 81 kJ/mol depending
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on the reaction step.40 Energetic barriers for copper etching in scCO2 have also been

studied. The scCO2 reaction of Cu2O with t-BuPA, and 1,1,1-trifluoroacetylacetone

(tfacH), where one CF3 moiety in hfacH is replaced by a methyl group, showed an

activation energy of 53 kJ/mol.43 The activation energy of Cu2O reacting with an-

other β-diketone, 2,2,7-trimethyl-3,5-octanedione, in scCO2 was 66 kJ/mol.28 Few

studies have been performed investigating the reaction orders for copper etching with

hfacH. For gas phase etching of Cu metal with O2 and hfacH, the reaction exhibited

a stoichiometric hfacH reaction order of 2 using high hfacH/O2 ratios, but dropped to

an order of 0.25 under highly oxidizing conditions.46 Reacting Cu metal with t-BuPA

and tfacH in scCO2 was second-order with respect to tfacH and independent of t-

BuPA concentration.43 When etching Cu2O under the same conditions, the reaction

decreased to first-order in both tfacH and t-BuPA.43

Several mechanisms for heterogeneous Cu etching with hfacH have been proposed

in the literature. One study suggests that the gas phase reaction of hfacH with

porous CuO wires between 170 - 240◦C occurs in a multi-step process beginning with

coordination of hfacH to Cu forming an intermediate adsorbed Cu-hfac species (EA =

44 kJ/mol).40 Two neighboring Cu-hfac species react disproportionately to generate

volatile Cu(hfac)2 (EA = 81 kJ/mol). A similar mechanism has been reported in the

high temperature (∼300◦C) gas phase reaction of Pd(hfac)2 with Cu metal to form

Pd metal and Cu(hfac)2.
49,50 The Pd(hfac)2 species decomposes on a Cu surface into

a Pd atom and hfac ligands. Diffusion of the ligands to a Cu site and subsequent

reaction produces the metal chelate. In recent Cu etching work by our group, a model

for Cu(II) island removal with hfacH in scCO2 at 40 - 60◦C and 100 - 250 atm was

presented.42 Etching of Cu(II) was proposed to occur by sequential nucleophilic attack

of two fluid phase hfacH molecules on a CuO oligomer, with each hfacH separately

cleaving a Cu-O bond, producing a terminal hydroxyl. Once flanked by two ligands,

the copper dissolves into solution. Further reaction of hfacH with the hydroxylated

ends of the oligomer chain produces water. The three published mechanisms agree
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that metal removal includes adsorption of hfacH and requires attachment of two

hfac ligands to a surface bound Cu atom, but differ in the surface reaction step.

Additional mechanisms for etching Cu or Cu oxides using hfacH and an oxidant have

been published; however, they primarily focus on the reaction in the presence of a

third reagent, adding another facet to the process.30,34,43

1.3 Dealloying AgCu

1.3.1 Background

Nanoporous metal materials are nanoscale structures often characterized by pore sizes

in the microporous (≤ 2 nm) or mesoporous (2-50 nm) regimes, can possess surface

areas as high as 20 m2/g,51 and due to their broad applicability are currently one

of the most active areas of research in material science. Porous metals have been

used extensively in catalysis, most notably Raney catalysts which are used in hydro-

genation reactions.52,53 Other classic applications occur in separations where metallic

membranes and molecular sieves have proven useful in filtering gases,54 liquids,55 and

solid particulates.56 Optical materials such as waveguides composed of ordered porous

films made from gold nanoparticles have been used for electromagnetic energy trans-

port57 and similar structures have been employed as substrates in surface-enhanced

Raman spectroscopy (SERS).58

The unique conductive and physical material properties of nanoporous metals have

prompted exploration in a multitude of new fields. Replacing traditional electrodes

by nanoporous electrodes has shown to increase the sensitivity of instrumentation59

as well as allow for increased response time60 prompting their investigation for ap-

plications in electrical, chemical, and biological sensors.61 Porous metals could find

use as heat exchanging media in open volumetric receivers for use in solar radiation

energy conversion.62 Applying a voltage to nanoporous platinum has been shown to

reversibly change its dimensions suggesting it could be utilized as an actuating ma-
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terial.63 Nanoporous gold has recently been reported as having a hardness 10 times

that predicted by models potentially allowing for a new class of high yield strength,

low density materials to be put into use.64

Such widespread applications for nanoporous metals call for flexible fabrication

schemes that allow for control and variation of metal type, pore size, and overall

porosity. Many current synthesis routes rely on a preexisting sacrificial template to

set the structure of the pores.65,66 Other techniques use sintering of metallic nanopar-

ticles56,58,63 or gas permeation through the metal to leave behind a porous structure.67

While these methods are able to produce nanoporous metal, they are often confined

to specific metal types and are based on a preset pore structure, offering only a small

range of accessible pore sizes. Dealloying, which is the selective dissolution of one

or more components from a metallic solid solution, has been shown to produce a

wide variety of nanoporous metal structures68 with average pore sizes as small as 3.4

nm61 up to 1 micron.69 While dealloying can occur under free corrosion conditions,

an electric potential is usually applied to hasten the etching process.51

Within electrochemical dealloying, there are several requirements for selective dis-

solution to occur leaving behind a porous structure. There must be a more noble

element in the alloy and the difference in potential between the two elements should

be at least a few hundred millivolts.70 Porosity evolution occurs at potentials above

the critical potential, a composition-dependent threshold for anodic dissolution, and

initial alloy compositions with a less noble element fraction above an alloy-system-

dependent parting limit.70 The evolving porous network, which has been reported to

have 1 to 2 orders of magnitude larger surface area then the final structure,71 must

also be large enough to admit water and ions into the channels in order to continue

with pore formation.51 Etching rates have been shown to be limited by transport in

the aqueous boundary layer surrounding the alloy71 as well as by diffusion through

the advancing porous network.72

The goal of this study was to examine selective etching of AgCu alloys in scCO2.
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During dealloying in polar liquids, the impact of surface tension, wetting, solubility,

and mass transport on pore structure is difficult to unravel. Enlisting scCO2 as a

solvent for dealloying could mitigate the limitations imposed by aqueous solutions

while simultaneously avoiding the use of strong acids. Moreover, studying selective

etching in a nonpolar and electrically neutral solution may help reveal how formation

of the nanoporous layer relies on fluid properties and surface chemistry, leading to

a better understanding of fundamental dealloying mechanisms. The AgCu system

exhibits eutectic phase behavior which allowed investigations on the effect of alloy

microstructure on the dealloying process.

1.3.2 Literature Review

Multiple fabrication schemes have proven useful in the production of porous metal

materials. One common technique invokes the use of a sacrificial template. Ordered

porous chromium films were formed by metal evaporation onto a block copolymer

template followed by removal of the polymer cast through sonication and UV degra-

dation.65 Silver, gold, and copper oxide “sponges” with pore sizes ranging from 1-100

microns were synthesized by heating composite gels consisting of a metal salt and dex-

tran to temperatures between 500-900◦C.66 The dextran and inorganic salt degrade

into carbon dioxide, water, and nitrogen leaving an open matrix composed solely

of the metal. Liquid crystal73 and porous alumina particle74 templates have also

been used to develop ordered mesoporous metal structures. The conglomeration of

commercially available metallic nanoparticles has been shown to create random63 or

ordered58 porous metal films depending on the processing method. Other techniques,

including electrochemical deposition of a metal followed by the evolution of hydrogen

bubbles acting as a negative template, have been shown to produce self-supported,

three dimensional porous metal structures.67

The unique solution and transport properties of supercritical fluids make them
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ideal reaction media in the synthesis of nanostructured materials. Titanium and alu-

minum oxide porous films were fabricated by depositing metal onto sacrificial acti-

vated carbon templates from precursors dissolved in scCO2.
75 Additional templating

work in scCO2 includes the use of block copolymers to create ordered mesoporous

silicate films.76 The films were prepared by deposition of metal alkoxides in humidi-

fied scCO2 onto the polymer templates. The swelling properties of scCO2 have been

employed to control pore diameters as well as wall widths within mesoporous silicate

films while retaining the long range order of the material.77 Supercritical CO2 has also

been used to uniformly deposit platinum nanoparticles into carbon aerogels resulting

in a porous nanocomposite material.78

Electrochemical dealloying, where the acting template is the less noble metal,

has been widely used to create open porous metallic structures. Nanoporous gold

was formed by anodically removing zinc from an electrodeposited AuZn film.79 The

resulting material contained pores 10-60 nm in diameter, which could be subsequently

functionalized with a self-assembled monolayer of L-cysteine. Pore sizes as small as

3.4 nm have been synthesized in nanoporous platinum by selective dissolution of

copper from a Cu75-Pt25 alloy.61 Dealloying of the more noble component has been

demonstrated through the use of a passive oxide layer on the more active nickel

material within a NiCu alloy. The oxide protected nickel during electrochemical

etching resulting in selective removal of copper and formation of a nanoporous nickel

oxide surface.80 An electric potential is not a necessary component for dealloying.

Nanoporous gold has been fabricated by dealloying AuAg leaf in nitric acid under

free corrosion conditions.81

Recently, researchers have tested dealloying in an ionic liquid medium. Ionic liq-

uids are considered environmentally friendly solvents due to their low vapor pressure

combined with high thermal and chemical stability. A ZnCl2-NaCl liquid melt was

used to first electrochemically mix Ni and Zn ions and then dealloy the system to pro-

duce nanoporous Ni.82,83 Dealloying was performed at temperatures ranging from 300
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- 450◦C with higher temperatures producing larger ligament sizes.83 Both nanoporous

Au and Ag were made by dealloying in a lower temperature ZnCl2 ionic liquid.79,84

The noble metals were mixed with Zn to form thin alloy deposits followed by subse-

quent dissolution of the Zn back into solution. The initial Zn composition could be

controlled to produce varying nanoporous morphologies.79,84

Electrochemical dealloying is dependent on both an applied critical potential and

a parting limit concentration of the less noble metal. Below the critical potential,

surface diffusion, which acts to smoothen the surface, is faster than the less noble

metal dissolution rate, eventually resulting in a surface passivated by the more noble

metal.85 The parting limit is an alloy composition of the less noble metal below which

dealloying will not occur. Though the physical reasoning of the parting limit is still

debated, it is often correlated to the percolation threshold for a given lattice structure

and tends to cluster in either a 20 at.% or 60 at.% range, as is seen for AgAu.68 The

higher thresholds are observed in systems where the two alloyed metals are relatively

close in standard potential, suggesting it is more difficult to dissolve the less noble

atoms from highly coordinated sites.86 It has also been proposed that in the case of

AgAu alloys, the high threshold could be a result of the electrolyte not being able to

penetrate into the narrow pores that develop in the 20-60 at.% composition range.85

Pore size, density, and morphology have been studied as they relate to initial alloy

composition, processing temperature, surface diffusion rates, applied potential, and

dealloying rate. In electrochemical dealloying of AuZn, it was found that the porosity

increased with increasing amount of Zn as did the average pore size, which went from

10-30 nm to 50-60 nm.79 This trend was also observed in selectively dissolving Cu

from a CuNi alloy where increasing the amount of copper in the starting alloy from 14

at.% up to 38 at.% corresponded to an increase in average pore size of 100 nm to 400

nm and was accompanied by an increase in porosity.80 It has been shown that pore

length scales can be controlled up to 2 orders of magnitude by annealing dealloyed

gold samples at temperatures ranging from 100 to 800◦C.69 Varying surface diffusion
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rates by adding halides to the electrolytes in dealloying of AgAu alloys resulted in

nearly an order of magnitude increase in the average pore size.87 Conflicting reports

show that for the dealloying of Ag84-Au16 alloy, the average pore size depends heavily

on the dealloying rate and applied potential,88 while for Cu95-Au5 the pore diameter

is not a function of either.71

Dealloying has a rooted history in corrosion science, prompting the development

of multiple proposed mechanisms for the underlying physics. Early models suggested

that both metals in the alloy ionize into solution followed by the redeposition of only

the more noble metal.89 This ionization/redeposition mechanism has become less

accepted though because it requires coupling of the anodic reactions and the more

noble metal has been shown to be non-ionizable in voltage regions where dealloying

occurs.90 A volume diffusion mechanism is also possible where only the less noble

metal ionizes into solution and then the atoms of both metals diffuse through the

solid phase via divacancies.89 More recently it has been proposed that ionization of

the less noble element paired with surface diffusion of both elements can fully account

for morphological and kinetic trends within dealloying.91 A percolation model which

extends the surface diffusion model to include pre-existing, interconnected paths of

elements has also been suggested.86

Generally, for homogeneous alloys, an element with a more negative standard po-

tential value will dealloy from a given noble metal at a faster rate.92 Studies using

a rotating disk electrode which, if rotated fast enough, can significantly reduce mass

transfer affects, have shown constant removal rates for several systems.52,71 Simula-

tion results based on a percolation mechanism agree and show that the number of

vacancies created varies linearly with time in the absence of mass transport effects86.

Logarithmic relationships have been presented for reaction rate as a function of the

less noble metal concentration in copper alloy systems.92 A multitude of rate limiting

steps have been published suggesting the kinetics and transport limitations of elec-

trochemical dealloying are highly system dependent. High gold content CuAu alloys
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show that mass transfer in the solid alloy is rate-limiting while low content alloys (5%)

are limited by mass transport of copper ions in the aqueous phase.71 Oscillations in

the current density while dealloying Al2CuMg in alkaline media has been attributed

to mass transport limitations within the pores.72 A concentration gradient of the

metal anion solution within the pores causes a salt film to precipitate at the bottom

of the pit and drop the current. Further mass transport of fresh electrolyte chemically

dissolves the film and gradually increases the current until another precipitation event

occurs.

1.4 Explanation of dissertation format

This dissertation adopts the published paper format whereby manuscripts of papers

that are published, submitted, or to be submitted are included as appendices. Sum-

maries of the most important results and findings for each manuscript are given in the

chapter entitled “Present Study.” Appendix A includes a paper entitled “Kinetic to

Transport-Limited Anhydrous HF Etching of Silicon Oxynitride Films in Supercriti-

cal CO2” published in the Journal of Physical Chemistry C. Appendix B includes a

paper entitled “Kinetics and Mechanism for the Reaction of Hexafluoroacetylacetone

with CuO in Supercritical Carbon Dioxide” published in the Journal of the American

Chemical Society. Appendix C includes a paper entitled “Synthesis of Nanoporous

Ag by Dealloying in Supercritical Carbon Dioxide” that was submitted to Chemistry

of Materials. Appendix D includes a paper entitled “Dealloying Multiphase AgCu Al-

loy Films in Supercritical Carbon Dioxide” that will be submitted to a peer-reviewed

journal.
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Chapter 2

Present Study

The methods, results, and conclusions of these studies are presented in papers ap-

pended to this dissertation. The following are summaries of the most important

findings

2.1 Etching of SiOxNy thin films

SiOxNy films were characterized before and after etching with an HF/pyridine com-

plex (0 - 22.4 mM) dissolved in scCO2 (T = 50-75◦C, P = 160 bar) using ellipsometry,

FESEM, FTIR, AFM, and XPS. Film thickness measurements showed that below

11.2 mM HF concentration, the etching reaction was first-order, but at high concen-

trations, the order decreased due to the formation of an insoluble salt layer on the

surface. The salt layer grew as rectangular shaped crystals parallel to the surface

with no preferred lateral orientation. Increases in HF concentration resulted in larger

crystals with a progressively higher surface coverage. The salt layer was identified as

(NH4)2SiF6 from quantitative XPS analysis which showed a Si:N:F stoichiometry of

9:25.3:65.7, shifts to higher XPS binding energy for Si and N relative to silicon oxyni-

tride, and FTIR spectra exhibiting characteristic infrared N–H vibrational modes at

1433 and 3327 cm−1.

The first order reaction behavior at low HF concentrations indicates the reaction

was initially kinetically controlled, but at higher concentrations, became limited by

transport. A possible etching mechanism is sequential reaction of an HF molecule

with each of the Si–O and Si–N bonds linking a Si atom to the surface of the film,

forming Si–F bonds and transferring H atoms to O or N. The expected reaction prod-

ucts are SiF4, H2O, and NH3. In solution, excess HF could have reacted with SiF4
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generating hexafluosilicic acid, which when combined with NH3, forms the observed

ammonium hexafluorosilicate salt. It is likely the salt product layer evolved primar-

ily by addition of material at the bottom interface with the silicon oxynitride film,

where precursor concentrations were highest. A proposed process for non-destructive

anhydrous removal of the (NH4)2SiF6 layer includes mild heating under vacuum to

induce sublimation.

2.2 Etching of CuO thin films

XPS and SEM analysis confirmed that CuO and hfacH reacted in scCO2 solution

producing a “grass green” precipitate predominantly composed of Cu(hfac)2·H2O.

Over the temperature range 60.8 - 82.4◦C, the heterogeneous reaction showed a non-

elementary hfacH reaction order of approximately 0.6 at low concentrations and an

increased order at higher concentrations. Adding the reaction product Cu(hfac)2·H2O

as a reagent had no measurable effect on the reaction rate and adding up to 10× the

molar ratio of pure H2O to hfacH nearly doubled the nominal CuO etching rate.

These results indicated that etching occurred by a series of steps, one or more of

which controlled the rate.

The etching reaction in the low hfacH concentration regime was modeled with

a three-step Langmuir-Hinshelwood scheme consisting of 1) dissociative adsorption

of hfacH on a CuO site; 2) surface reaction between two adsorbed hfacH molecules

to generate Cu(hfac)2 and water; and 3) desorption of the product species. Step

2 is inherently slow because it requires a second hfacH molecule to either directly

adsorb at a sterically hindered CuO site or surface diffuse toward an existing ∼O-

Cu-hfac species. Consequently, Step 2 was identified as the rate limiting process.

Combining balanced kinetic equations with a site balance yielded an overall reaction

rate expression for the stepwise etching process. A measured reaction order less than

one was caused by hfac occupation of surface sites. Fitting of the rate expression to
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experimental data showed that lower scCO2 densities favored hfacH adsorption on the

surface. The modeled activation energy for Step 2 was approximately 25 kJ/mol less

than the analogous gas phase process, likely resulting from solvation forces in scCO2.

The increase in reaction order at hfacH concentrations above 11 mM was attributed

to a shift to adsorption-limited etching or to the increased probability of an hfacH

molecule in the fluid striking a filled surface site. In both cases, a first order reaction

would be expected.

Since the reaction was not desorption limited, including excess Cu(hfac)2·H2O in

the etching solution did not affect the rate. The catalytic affect of excess water in

solution occurred by proposed the formation of an activated hydrogen-bonded hfacH

complex. The strong nucleophilic character of hydrogen-bonded hfacH accelerated

attack on CuO and shifted the Step 1 equilibrium toward adsorption. Although

etching rates in this study were intentionally kept low for detailed kinetic analysis,

the experimental data can be extrapolated to predict a rate greater than 10 nm/min

at hfacH concentrations of approximately 100 mM and a moderate temperature of

74.8◦C.

2.3 Dealloying bulk AgCu

Bulk AgCu alloys (39.9 at% Cu) were selectively etched in scCO2 using both stepwise

and in situ oxidation processes. Samples etched stepwise were iteratively exposed to

liquid H2O2 (30%) and hfacH (14 mM) in scCO2 (T = 60◦C, P = 160 bar), whereas

samples processed in situ were exposed to a mixture of both H2O2 and hfacH dissolved

in scCO2. FESEM images of a stepwise dealloyed sample depicted small ∼20 nm

clusters on the surface after one etching cycle. These clusters progressively grew and

conglomerated into a network of ligaments with further etching cycles. The pattern

of small clusters sequentially growing to larger ligaments closely resembles simulated

models for liquid phase dealloying, suggesting the physical mechanisms responsible
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for pore formation in liquid and scCO2 processes may be similar. Although the alloy

initially contained large, ∼1 micron Cu-rich lamella dispersed in a Ag-rich phase, there

was no visible distinction between phases after dealloying in scCO2. This indicated

both phases were selectively etched, but formed similar morphologies that could not

be distinguished based on SEM.

XPS spectra in the Cu 2p region showed that the alloy surface initially contained

a mixture of Cu metal and CuO and after one etching cycle, all CuO oxide was

removed. Following four etching cycles, the relative amount of Cu on the surface

decreased. Corresponding XPS spectra in the Ag 3d region showed that Ag remained

in a metal state through all processing steps and after the fourth etching cycle, the

relative amount of Ag on the surface increased. Comparison of XPS peak areas to the

known starting AgCu composition yielded an estimated change in surface composition

from 39.9 to 6.4 at% Cu after four stepwise dealloying cycles. The XPS and SEM

data show that the dealloying process proceeds by selective oxidation and subsequent

dissolution of the Cu metal. As Cu is preferentially etched, the Ag atoms diffuse on

the surface and conglomerate into crystalline nanostructures.

In contrast to the interconnected ligament structure produced by the stepwise

dealloying process, in situ dealloying resulted in uniform 100 - 200 nm faceted,

particle-shaped features. Differences in the two morphologies were evident by their

optical behavior. The ligaments exhibited an asymmetric localized surface plasmon

resonance peak in the wavelength range ∼400-600 nm, whereas the particles exhibited

a broader, symmetric peak ∼450-800 nm. These results illustrate that tuning the pro-

cessing conditions can control the resulting surface morphology, yielding nanoporous

Ag (npAg) with controllable optical properties.
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2.4 Dealloying AgCu thin films

Multiphase AgCu thin films were dealloyed using in situ H2O2 and hfacH in scCO2.

The AgCu alloy films were fabricated by sequential deposition of elemental Cu and

Ag layers followed by diffusive mixing through heating at 450 - 700◦C. XRD showed

that two phases formed: a Ag-rich phase with 12.1% Cu and a Cu-rich phase with

94% Cu. After dealloying to remove all Cu to the detection limit of EDS, the Cu-rich

XRD peak disappeared and the Ag-rich peak shifted to a lower angle consistent with

Cu removal. FESEM micrographs showed the selective etching process produced Ag-

nanostructures that mimicked the initial alloy microstructure and that the dealloying

reaction penetrated all of the way through the AgCu layer, but did not appreciably

change the height of the film. Images from the early stages of dealloying revealed the

mechanism for formation of the nanostructures. As Cu was selectively removed in

the Cu-rich phase, small clusters of Ag formed and then migrated toward the existing

Ag-rich phase regions.

Increasing the etching solution concentration (1.2 - 9.4 mM hfacH with 1.25×

molar H2O2) increased Cu removal for a set reaction time of 10 min. Between 45

- 75◦C, the reaction exhibited an activation energy of ∼38 kJ/mol. Varying the

ratio of H2O2 to hfacH demonstrated that the reaction was limited by H2O2. Cu

removal is expected to occur through selective oxidation by H2O2 followed by chelation

with hfacH. Despite hfacH being the rate limiting fluid phase reagent according to

stoichiometry, H2O2 controlled the reaction because it underwent a side decomposition

reaction. H2O2 decomposition occurred faster at higher temperatures causing the

reaction at 90◦C to exhibit a relative decrease in Cu removal compared to the lower

processing temperatures.

The alloy microstructure was varied by increasing the annealing temperature to ac-

tivate diffusion and produce systematically larger phase domains. The corresponding

dealloyed images showed a trend of increasing Ag-nanostructure size with increasing
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phase domain size. The properties of the features in the FESEM images were quan-

tified using inverse space image analysis. Radially averaged Fast Fourier Transform

(FFT) power spectra for both the compositional and dealloyed images exhibited an

asymmetric peak shape with an extended high frequency tail. Due to the fundamental

similarities between FFT and small angle scattering (SAS), the profiles were fit us-

ing a linear combination of two basic SAS scattering models. Ornstein-Zernike (OZ)

scattering was used to model contrast gradients within the phases. These variations

can be attributed to the SEM image formation process. The parameters characteriz-

ing boundaries between the two areas were modeled with a squared Lorentzian (SQL)

function, which applies to scattering in random morphologies with distinct separation

between phases.

The FFT model fits confirmed a direct relationship between sizes of the dealloyed

features and the initial microstructural phases, but also indicated that the former were

consistently smaller than the later. A simple Ag mass balance based on the volume of

the Cu atoms removed estimated that the area of Ag coverage should decrease after

dealloying. It was also observed that for initial phase domains larger than ∼500 nm,

surface diffusion lengths were too large for the lingering atoms in the Cu-rich phase

to migrate to the existing Ag-rich domains. Instead, the Ag atoms formed ∼50 nm

clusters within the vacated Cu-rich region.

2.5 Future work

The findings from this project offer areas where future work on scCO2 etching could

be extended. Although the reaction mechanism for etching CuO films with hfacH in

scCO2 was analyzed in detail, further study of the reaction using an in situ oxidant

would be beneficial. Preliminary kinetic studies of Cu etching from within AgCu

alloys were performed using EDS, but the pure Cu removal rate could differ from that

of the alloy. Of particular importance would be understanding the stability of H2O2 in
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scCO2 and any side reactions between hfacH and H2O2. Both of these aspects could

potentially be studied through in situ high-pressure FTIR characterization, though

certain challenges such as distinguishing between H2O2 and H2O as well as signal

transmission through the metal layer would need to be addressed. Another area is

variation of the overall AgCu composition for dealloying multiphase thin films. The

composition can be changed by varying the relative thickness of the deposited Ag and

Cu layers. Since equilibrium dictates the composition in each phase, increasing the

overall Cu content should increase the fraction of the Cu-rich phase. This could be

used as a technique to control porosity and may also provide more insight on surface

diffusion mechanisms during dealloying.

There were also several interesting outcomes that were discovered during the

course of working on this project that were not explored in depth, but could serve

as a starting point for future research. The surprising increased etching rate of CuO

in the presence of excess water was proposed to occur through hydrogen bonding be-

tween hfacH and H2O. Preliminary tests to confirm this hypothesis were performed

by examining the interaction between hfacH and H2O in scCO2 using FTIR. These

results could serve as the basis for a study on the behavior of weak acids and H2O in

scCO2 and would have broad implications for reactant solubility and homogeneous re-

action processes in supercritical fluids. Another interesting research area is the optical

behavior of nanostructured Ag films. Such structures are known to exhibit surface

plasmon resonance and UV-vis spectroscopy showed that the as-synthesized npAg

exhibited characteristic absorbances in the 400-800 nm region. The peak absorbance

was varied by changing the reaction conditions to produce different morphologies or

by extending the etching time to effectively coarsen the Ag layer. Further study on

how to fine-tune control of the npAg structure yielding a predictable surface plasmon

resonance peak could be applied toward surface enhanced Raman scattering (SERS)

or chemical/biological sensors. Nanostuctured Ag has catalytic properties, specifically

in the area of selective oxidation, which could be studied as a potential application
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as well. One additional topic that could be explored is selective etching in other alloy

systems. Supercritical dealloying was tested in the NiCu system and it was found

that despite the lower oxidation potential of Ni, Cu was preferentially removed. Thin

AuCu films were also processed with hfacH and an oxidant in scCO2 and showed

an increase in superficial Au, but porosity did not evolve. The unexpected behavior

during etching in both the NiCu and AuCu systems could be examined further and

perhaps lead to improved understanding of the dealloying process.

Stepping back from the constraints of the specific research topics for this project,

there are a few related ideas that could be interesting to pursue in the future. One

benefit from using scCO2 is the relatively low temperature reaction environment.

This feature could be capitalized on for synthesis of soft, heat sensitive nanomate-

rials. For example, selective dissolution from within a common randomly ordered

polymer composite, copolylactic acid/glycolic acid (PLGA), which is a mixture of

polyglycolic (PGA) and polylactic (PLA) polymers, could be tested for production of

soft porous materials. Another interesting area that would exploit the unique kine-

matic properties of scCO2 is processing novel microporous materials. Recent research

on metal-organic frameworks (MOFs), which are compounds of metal ions connected

by rigid organic molecules, showed that scCO2 drying helped retain internal surface

area by preventing pore collapse93. These results could be extended by using scCO2

to synthesize, physically modify, or even functionalize MOF materials. Similar tech-

niques could forseeably be applied to aerogels, which are notoriously fragile but have

a variety of high-technology applications.
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Appendix A

Etching of SiOxNy thin films

Reproduced with permission from the Journal of Physical Chemistry C, 111(42),

15251-15257, 2007. Copyright 2007 American Chemical Society.
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A silicon oxynitride film (SiO0.8N0.2) was etched with anhydrous HF/pyridine mixtures dissolved in supercritical
carbon dioxide at 50-75 °C and 160 ( 10 bar to achieve concentrations of 2.8-22.4 mM, spanning the
range from kinetically limited to transport-limited etching. The SiF4 and NH3 etching products reacted further,
forming an insoluble salt layer chemically identified as (NH4)2SiF6 using FTIR and quantitative XPS and
imaged using SEM and AFM. The etching reaction was first-order below 11 mM because the surface was
open to the fluid phase between salt crystals, and etching rates were approximately 1 nm/min. In this regime,
salt crystals did not hinder etching and formed primarily by the addition of fluorosilicates to the bottom
interface with the silicon oxynitride film. The reaction order was less than one above 11 mM HF because
lateral growth of salt crystals became significant and hindered transport of the fluid to the film. Between 50
and 70 °C, the salt formed cubic crystals, whereas at 75 °C a powder-like product formed. Partial removal
of the (NH4)2SiF6 salt was accomplished by sublimation under ultrahigh vacuum conditions at room temperature.

1. Introduction
Silicon oxynitride (SiOxNy) films are used in both electronic

and optical applications. Compared to silicon dioxide, SiOxNy
shows increased resistance to boron diffusion, reduced interfacial
defects, and higher dielectric breakdown, prompting its integra-
tion into both memory and logic devices.1,2 Silicon oxynitride
films are transparent in the visible and near-infrared regions of
the electromagnetic spectrum. The nitrogen content in the film
determines the refractive index, which varies from 1.46 for pure
silicon dioxide to 2.0 for pure silicon nitride.3,4 The tunable
optical properties of SiOxNy are used in waveguide structures
including optical circuits, gratings, and sensors.4,5 Much of the
research on SiOxNy has focused on deposition techniques and
characterization of the films produced.1,3,6-8 Etching of this
material in both conventional and alternative solvents could be
better understood in order to develop advanced manufacturing
processes and create new structures that fully exploit the
properties of silicon oxynitride.
Several SiOxNy etching methods have been reported that are

based on established techniques for processing silicon dioxide
and silicon nitride films. Silicon oxynitride is readily etched in
aqueous hydrofluoric acid (HF) solutions. Capillarity in confined
spaces, however, produces pattern collapse, stiction, and inef-
ficient reactant penetration when trying to etch small features.9-12
Fluorine plasmas including C2F6 and mixtures of SF6 and C3F8
etch silicon oxynitride films.13,14 Poor selectivity and aspect ratio
quality combined with high temperatures make plasma etching
incompatible with some device structures.14 Subcritical water
at 200 °C and 10 MPa (100 bar) etched silicon nitride at a rate
of 7.5 nm/min with a selectivity to silicon oxide of 70.15
New, nonaqueous etching methods such as gas-phase and

supercritical carbon dioxide (scCO2) processes are being

explored for their simultaneous technical and environmental
benefits.11,12,16,17 Anhydrous fluids with little or no surface
tension serve to alleviate many of the problems associated with
established etching methods. In addition, understanding how
low-surface-tension fluids etch planar surfaces could promote
the development of new methods to build three-dimensional
structures. Processes using supercritical CO2, where CO2 exists
above its critical temperature and pressure (Tc ) 31 °C, Pc )
73 bar) are especially attractive because the dense fluid (!0.6
g/cm3) allows a variety of constituents to be dissolved at low
temperature, while also providing a high flux of reactants to
support etching.12,17 Supercritical CO2 offers the added benefit
of improving the sustainability of manufacturing because it is
nontoxic, nonflammable, and can be readily separated and
recycled by reducing the pressure when used as a solvent.
This study investigates the kinetics of etching silicon oxyni-

tride films with a nonaqueous mixture of HF/pyridine dissolved
in scCO2. Although there are many similarities to etching silicon
dioxide films, silicon oxynitride forms a salt in anhydrous fluids
that inhibits etching. Similar salts have been reported for Si
etching when sources of N and F are readily available, including
vapor etching of Si with HNO3 /HF,18 NH4-buffered HF liquid-
phase etching of SiO2,19,20 gas-phase HF etching of SiO2/Si3N4
stacks,21,22 and plasma etching of silicon nitride with fluorine-
based compounds.23,24 In the case of silicon nitride plasma
etching, the formation of (NH4)2SiF6 was reported to prevent
further removal of the material.23,24 We propose a mechanism
for the growth of crystals by the addition of ammonium
hexafluorosilicate complexes to the bottom of the salt. Balancing
etching and crystal growth is key to etching in a supercritical
fluid.

2. Experimental Methods
A 422-nm silicon-rich oxynitride film containing 50% Si,

40% O, and 10% N was deposited on a (100) wafer using
chemical vapor deposition (CVD) with silane and N2O precur-
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sors at 400 °C. Because of the specific deposition process, this
was the only oxynitride composition that could be obtained
easily for these experiments. Prior to deposition, the wafer was
treated with an IMEC clean to remove both contamination and
the native oxide layer.25

Wafer samples were etched in a scCO2 solution containing
0-22.4 mM nonaqueous 70% HF/pyridine complex (Sigma
Aldrich). This HF complex has been used successfully to etch
SiO2 in scCO2.11 Both the etchant and wafer sample were placed
inside a 50-mL high-pressure batch reactor, described else-
where.17 The reactor was charged with liquid CO2, heated to
the desired supercritical conditions, and then allowed to react
for an additional 2 min. The total contact time between the
sample and CO2 was 17 min. The reactor was not purged prior
to reaction, so each experiment also included approximately 50
cm3 of ambient air, which equates to 0.1 mM water concentra-
tion. After the reaction, the chamber was evacuated rapidly and
the reaction products were collected and neutralized. Because
precise pressure targets were difficult to reach with this system,
all samples were processed at 160 ( 10 bar. A temperature
range of 50-75 °C was investigated in these experiments.
The thickness of silicon oxynitride films was measured using

a spectroscopic ellipsometer (J. A. Woollam Co. M-2000). The
optical refractive index was modeled in the UV-visible range
(250-800 nm) with data available in the WVASE 32 software
package for a SiO film on a Si substrate. Although the model
did not account for nitrogen, it was found to provide the best-
available fit of the film. The model’s accuracy was confirmed
by film-thickness measurements using field-emission scanning
electron microscopy (FESEM) cross-section images. Postprocess
samples were rinsed in ultrapure water before ellipsometry
analysis to remove the irregular salt layer that could not be
modeled. Each sample was measured in three different locations,
and an average was calculated and reported as a nominal film
thickness.
The (NH4)2SiF6 salt morphology was characterized using a

Hitachi S-4500 field-emission scanning electron microscope.
Operating the microscope at 10 keV accelerating voltage
minimized charging, allowing the surface to be viewed without
a conductive coating. Cross-sectional FESEM images were
obtained to verify ellipsometric film thickness measurements.
The three-dimensional structure of the (NH4)2SiF6 layer was
confirmed using a Digital Instruments (DI) multimode atomic
force microscope (AFM) with a Nanoscope III SPM controller
in tapping mode. AFM image analysis was performed with DI
Nanoscope 5.12R4 software.
Transmission FTIR was used to identify and characterize

changes in the (NH4)2SiF6 salt film. Samples were surveyed
with 200 scans at 4 cm-1 resolution using a Nicolet Nexus 670
spectrometer containing a MCTA detector. The sample chamber
was purged with nitrogen for 6 min prior to each scan.
Differences obtained by subtracting the post- from the prepro-
cess spectrum enhanced vibrational features that would other-
wise be obscured by the primary FTIR peaks of the silicon
oxynitride film.
X-ray photoelectron spectra were collected using a Physical

Electronics Model 549 spectrometer with a double-pass cylin-
drical mirror analyzer and a 400 W X-ray gun (Al KR radiation,
1486 eV). Full survey scans were taken at 200 eV pass energy,
and scans for chemical state analysis were taken at 50 eV. All
scans were aligned by setting the adventitious carbon 1s peak
to 284.6 eV. Spectra were fit with a least-squares method using
a Shirley background and Gaussian line shapes for the purpose
of deconvoluting into individual states and obtaining peak areas.

A salt reference sample was prepared by ambient evaporation
of (NH4)2SiF6 (Sigma Aldrich 99.999%) on top of a clean silicon
oxynitride sample. The sample was cleaned in acetone and then
soaked for 2 min in a saturated salt solution made by dissolving
1.5 g (NH4)2SiF6 in 15 mL of ultrapure water. The sample was
removed from solution carefully and allowed to air-dry, forming
visible salt crystals on the sample surface.

3. Results
The change in thickness of silicon oxynitride films after

etching in mixtures of HF/pyridine dissolved in scCO2 increased
linearly with HF concentration at the lower end of the range
studied but dropped off at higher concentrations (Figure 1). Each
point is an average of three repeat experiments (error bars are
95% confidence intervals) at a temperature of 57 ( 3 °C and a
total contact time of 17 min with the scCO2 etching solution.
Assuming that etching began as soon as a sample came in
contact with the CO2 solution, nominal etching rates were
computed by dividing the thickness changes by the total time
of 17 min. The nominal etching rate was 1.5 ( 0.2 nm/min at
an HF concentration of 5.6 mM. Using a rate equation of the
form r) kcn, where r is the etching rate, k is the rate coefficient,
c is the HF concentration in solution, and n is the reaction order,
a linear fit of the natural log of etching rate versus the natural
log of HF concentration from 2.8 to 11.2 mM yielded an
apparent reaction order of 1.1( 0.2 from the slope (r 2 ) 0.98).
The top-down FESEM images (Figure 1a-c) shown in the inset
illustrate the morphologies of the salt product that formed at
HF concentrations of 5.6, 11.2, and 22.4 mM, respectively. The
images depict rectangular-shaped crystals that grew in size for
a fixed etching time as the fluid became more concentrated in
HF. As the crystals progressively covered the surface, the
reaction order decreased. The nominal etching rate was 3.1 (
0.6 nm/min at an HF concentration of 22.4 mM.
After etching a silicon oxynitride film with 5.6 mM HF in

scCO2 at 57 °C and 160 bar, the lateral dimension of the salt
crystals on the surface ranged from 2 to 70 nm with an average
of 20 nm and the height of the crystals reached a maximum of
40 nm with an average of 22 nm based on the atomic force
microscopy image in Figure 2. The tip of the atomic force
microscope frequently adhered to the hygroscopic surfaces after
etching because of the salt layer, and high gains were used to
prevent the tip from dragging during characterization. The SEM
image shown in the inset was obtained at the same magnification
as the AFM image on a different area of the same sample. The
AFM and SEM images corroborate the cubic morphology of
the salt crystals and the space between the individual crystals
under these conditions.
A transmission FTIR spectrum for the as-received silicon

oxynitride film together with difference spectra for three HF
concentrations are shown in Figure 3. The spectral region
ranging from 700 to 1200 cm-1 contains a large number of peaks
due to a variety of bonds within the silicon oxynitride film.
The Si-N stretching modes are assigned to the peaks at 733,
788, and 868 cm-1,8,18,26 Si-O bending modes at 823 and 973
cm-1,8,26 and Si-O stretching modes at 1017 and 1107
cm-1.8,26 The broad peak at 2195 cm-1 is attributed to Si-H
stretching vibrations indicating that the silicon oxynitride film
was partially hydrogenated during deposition.6,18 After etching,
a set of sharp peaks at 1433 and 3327 cm-1 appeared. These
peaks are characteristic N-H bending and stretching vibrations
for (NH4)2SiF6,18,19,23 and they grew with increasing HF
concentration in the etching fluid. The additional product peak
at 715 cm-1 is the result of Si-F in ammonium hexafluoro-
silicate.18,27
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A water rinse of the samples containing the product layer
completely removed the salt based on FTIR analysis of the N-H
peaks. This was expected given the high solubility of (NH4)2-
SiF6 in water.19 Ambient annealing of the etched sample to
temperatures above 100 °C resulted in degradation of the
ammonium hexafluorosilicate layer, confirmed by both FTIR
and FESEM. A control SiO2 sample was etched in HF/pyridine/
scCO2 solution and found to contain no characteristic N-H
peaks, indicating that the N in the salt product was derived from
the silicon oxynitride film and not from the pyridine cosolvent.
Additionally, no pyridine C-C bonds were present in FTIR
spectra of the etched silicon oxynitride.
The etched surface was analyzed further with XPS. Figure 4

shows XPS spectra of silicon oxynitride samples over a broad
energy range before and after etching as well as a (NH4)2SiF6
salt reference sample. Prior to etching, the silicon oxynitride
film contained Si, O, and N with a small amount of adventitious

C. After etching, a strong F 1s peak appeared at 685 eV as
well as a F 2s peak at 30 eV. Peaks for N and Si remained after
etching. The spectrum of the salt reference sample compares
qualitatively to the spectrum after etching, based on the
proportions of the F and N peaks. Oxygen was present in both
the post etching and salt reference samples. Because there is
no O in (NH4)2SiF6, the signal likely arose from exposed areas
of the silicon oxynitride film.
XPS elemental sensitivity factors were determined experi-

mentally, allowing system-specific matrix effects to be included
and providing more accurate composition measurements than
standard published sensitivity factors. Sensitivity factors were
determined by comparing the XPS peak areas obtained from
the broad scan spectra to the known starting compositions of
the film. Fluorine was used as a reference peak and set to a

Figure 1. Change in silicon oxynitride film thickness as a function of
HF concentration in supercritical CO2 at 160 ( 10 bar and 57 ( 3 °C
for a total contact time of 17 min. Inset: FESEM images of sample
surface after processing in (a) 5.6 mM HF (b) 11.2 mM HF and (c)
22.4 mM HF. The scale bar at the bottom of c represents 500 nm in all
three images.

Figure 2. AFM height image of a 1 ! 1 µm2 area of a silicon
oxynitride film after etching with 5.6 mM HF in scCO2 at 57 °C and
160 bar. The inset shows the corresponding FESEM image from a
different area of the same sample. The scale bar represents 250 nm
and applies to both the AFM and FESEM images.

Figure 3. FTIR spectrum of the silicon oxynitride film before etching
and difference spectra of samples etched with 5.6, 11.2, and 22.4 mM
HF concentrations in scCO2.

Figure 4. Low-resolution XPS spectra taken at 200 eV pass energy
of the silicon oxynitride sample before and after etching. Also shown
is the spectrum of the prepared (NH4)2SiF6 reference sample.
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sensitivity value of 1.00. All O in the prepared reference sample
was attributed to exposed silicon oxynitride so that approximate
sensitivity factors could be calculated for the salt. Using these
experimentally determined sensitivity factors, estimates of the
elemental compositions in an etched film were calculated. The
summary in Table 1 shows a close comparison between the
calculated and stoichiometric composition for each element in
the salt.
High-resolution XPS spectra of the Si 2p, N 1s, O 1s, and F

1s peaks before and after etching are shown in Figure 5. Fitting
the Si 2p peak prior to etching revealed two Si states at binding
energies of 99.6 and 102.4 eV. After etching, only one Si peak
was resolved at a higher energy of 102.9 eV. The N 1s peak
exhibited an approximate 3.8 eV shift to higher binding energy
after processing. The O 1s peak was located at 532.4 eV and
did not shift due to etching, supporting the claim that only the
initial silicon oxynitride film contained O. In addition, a F peak
at 687.4 eV was measured after the silicon oxynitride was
etched. FTIR analysis was performed on samples after exposure
to ultrahigh vacuum during XPS. The N-H peak area dropped
approximately 30%, suggesting that partial sublimation of the
salt occurred during XPS analysis at room temperature.
The (NH4)2SiF6 salt film morphology changed as a function

of the processing temperature. Figure 6a and b are tilted cross-
sectional and top-down FESEM images showing three-dimen-
sional, rectangular-shaped salt crystals of a sample processed
with 22.4 mM HF/pyridine at 57 °C. The cross-sectional image

indicates that the crystals grew parallel to the surface, but with
no preferred lateral orientation. Etching samples at temperatures
as low as 50 °C did not have an affect on crystal morphology
because the surface appeared identical to the 57 °C case. Figure
6c and d shows top-down images of samples processed with
the same etchant concentration but at temperatures of 70 °C
and 75 °C, respectively. Increasing the processing temperature
resulted in a surface consisting of clusters with a granulated
morphology resembling the commonly reported powder form
of the salt.18,27 The image of the sample processed at 70 °C
shows a mixture of crystals and powder, whereas the image of
the sample etched at 75 °C shows only powder. FTIR spectra
of these high-temperature samples contained the same peaks in
the same proportion as the samples processed at 57 °C.

4. Discussion
High-resolution XPS and FTIR spectroscopy showed that the

as-deposited SiO0.8N0.2 film contained Si-O, Si-N, Si-Si, and
Si-H bonds. N-O bonds may also have been present, but they
typically form only in silicon oxynitride networks containing a
high percentage of both O and N.5 Oxygen had a 1s XPS binding
energy of 532.4 eV, which is within the expected range for
Si-O bonds.28 The N 1s XPS peak at 397.9 eV is indicative of
Si-N bonding within an oxygen-rich matrix.29 The Si 2p region
was deconvoluted to reveal two peaks separated by 2.8 eV. The
lower binding-energy peak is assigned to Si metal (99.6 eV),
suggesting that there were clusters of pure Si within the starting
film. The second Si 2p peak located at 102.4 eV contains
contributions from both Si-N and Si-O bonding, whose peak
positions vary between 101.8 ( 0.4 eV for Si3N4 and 103.5 (
0.6 eV for SiO2, depending on N content.3 The broad Si-H
peak in the FTIR spectrum of the initial silicon oxynitride film
indicates that all of the silicon hydrides tSi-H, dSiH2, and
-SiH3 were present. These hydrides are the result of using silane
as a precursor in the deposition process.
Quantitative XPS analysis showed that etching the silicon

oxynitride film produced a stoichiometric (NH4)2SiF6 salt that
formed a crystalline residue on the surface based on FESEM
images. Peak area fits obtained from the broad scan XPS
spectrum matched the stoichiometry of (NH4)2SiF6 to within
5%, confirming identification of the salt product as ammonium

Figure 5. High-resolution XPS spectra taken at 50 eV pass energy of
the silicon oxynitride sample before and after etching: (a) Si 2p, (b) N
1s, (c) O 1s, and (d) F 1s.

TABLE 1: Experimentally Determined Ammonium
Hexafluorosilicate Sensitivity Factors for Si, N, and F and
the Resulting Calculated Etching Product Composition
Compared to That Expected for (NH4)2SiF6 Based on
Stoichiometrya

salt composition %
element sensitivity factor calculated stoichiometric
Si 0.21 9.0 11.1
N 0.18 25.3 22.2
F 1.00 65.7 66.7

a Composition ) (peak area/sensitivity factor)/(∑ peak area/sensitiv-
ity factor).

Figure 6. FESEM images of silicon oxynitride etched with 22.4 mM
HF in scCO2 processed at (a) 57 °C, tilted cross section, (b) 57 °C,
top-down, (c) 70 °C, top-down, and (d) 75 °C, top-down. The scale
bar represents 1 µm in all four images.
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hexafluorosilicate. N and Si produced the largest deviations in
composition, possibly because of a convolution of the signal
from the salt residue and exposed areas of the remaining silicon
oxynitride film. Appearance of N-H bending and stretching
vibrations at 1433 and 3327 cm-1, respectively, and a Si-F
peak at 715 cm-1 in the FTIR spectra are consistent with a
(NH4)2SiF6 salt. Figure 3 shows the increase in intensity of these
peaks with increasing HF concentration. The decrease in the
relative amount of silicon oxynitride (800-1200 cm-1) and
Si-H bonding confirm removal of the silicon oxynitride layer.
The XPS spectrum after etching shows that O was present

on the surface, despite the absence of O in the salt. The short
escape depth of an emitted electron (j10 nm) indicates that
the O XPS signal was not generated from the silicon oxynitride
layer residing approximately 100 nm beneath the salt residue.
Instead, the signal came from exposed regions of the silicon
oxynitride film as shown in the AFM and SEM images after
etching (Figure 2). These regions grew because the salt
sublimated during exposure to ultrahigh vacuum, which was
shown by a 30% decrease in the N-H FTIR peak area after
XPS analysis. However, uncovered silicon oxynitride surface
was also present during etching, and the reaction mechanism,
the solubility of the reaction byproducts in the supercritical fluid,
and the transport of these molecules governed the proportion
of film removed to residue deposited. These factors ultimately
controlled crystal growth and, together with temperature, the
changes in morphology observed.
The etching of silicon oxynitride occurs by HF attack on

Si-O and Si-N bonds producing SiF4, H2O, and NH3 just as
in the liquid- or gas-phase analogs of this reaction.30-32 First-
order reaction kinetics were derived for etching a thermal silicon
dioxide film with HF dissolved in scCO2 from a plot of etched
thickness versus HF concentration up to 250 µM.11 Etching
SiO0.8N0.2 produced a similar dependence below an HF con-
centration of 11 mM in the supercritical fluid. A possible etching
mechanism is the sequential reaction of an HF molecule with
each of the Si-O and Si-N bonds linking a Si atom to the
surface of the film, forming Si-F bonds and transferring H
atoms to O or N.30,31 A reaction order of one is consistent with
a rate-determining step of either HF breaking the last Si bond
or HF diffusing across a fluid boundary layer to the surface of
the film where it reacts quickly. The rate coefficient of a first-
order reaction is typically on the order of 1013 s-1, which is
much smaller than the characteristic diffusion frequency of 1017
s-1 calculated from D/L2, with a diffusivity D in the super-
critical fluid of 10-3 cm2/s and an assumed boundary layer
thickness L of 1 nm.12 Above an HF concentration of ap-
proximately 11 mM, the apparent reaction order for etching was
less than one because the salt residue on the surface inhibited
transport of HF to the surface of the silicon oxynitride film.
The etching products are soluble in supercritical CO2 but have

different fates because of the reaction conditions. Water is
soluble up to approximately 100 mM in scCO2 under the
conditions studied.33 The water produced must have dissolved
in the supercritical fluid, because the characteristic FTIR
vibrations of molecular water at 1650 and 3000-3500 cm-1

were absent in the residue layer after etching. This was expected
because a mass balance showed that the product water concen-
tration was less than 1 mM under the conditions studied. The
ammonia produced could react with CO2 forming carbamic acid,
NH2COOH. In aqueous solutions, this reaction can occur at
moderate pressures and temperatures.34 First-principles calcula-
tions show that the barrier to reaction is high (!200 kJ/mol)
and the reaction is endothermic, unless water is present, when

the barrier drops to !60-120 kJ/mol and the reaction can be
exothermic.35 Raman spectroscopy showed that carbamic acid
readily decomposed in aqueous solutions to CO2 and NH3.36
First-principles calculations of FTIR peaks for ammonia-CO2
complexes were determined to be at 3630-3780 cm-1 (NH),
1840-2450 cm-1 (CO), 1667 cm-1 (NH), 1231 cm-1 (COH),
1008 cm-1 (NH), and 490-960 cm-1 (three atom vibrations).37
Carbamic acid could have formed in the supercritical fluid, but
the behavior in aqueous solutions and the lack of signature FTIR
peaks indicative of ammonia and CO2 associating in the residue
layer indicates that carbamic acid was not present in the salt.
The polarity of water and ammonia molecules favors hydrogen-
bond formation with HF and could drive reactions forming ionic
products. These complexes are not expected to be stable in a
nonpolar CO2 solvent and should decompose yielding free H2O
and NH3 because small polar molecules are stable in super-
critical CO2.38
The interaction of SiF4, the other reaction product, with HF

is different than that of either water or ammonia. When HF is
present, SiF4 can react forming hexafluorosilicic acid.39

Under anhydrous conditions, the lack of an aqueous phase to
stabilize the ionic acid favors the reverse of reaction 1, and the
acid should dissociate into SiF4 and HF.39 SiF4 and possibly
H2SiF6 are expected to be soluble in scCO2 based on the
behavior of molecules containing C-F bonds40 and because pure
SiO2 etches without forming a residue in HF/scCO2 solutions.11
When ammonia comes into contact with the H2SiF6 product, it
reacts forming the salt.

Ammonium hexafluorosilicate has a high thermodynamic stabil-
ity (!Gf ) -2366 kJ/mol), driving reaction 2 toward the salt
product.20 This reaction could have taken place in either the
supercritical CO2 solution forming a precipitate or on the sample
surface by adsorption of ionic species. Particles were found
neither in the reactor nor in the container in which the products
were separated from CO2, as would be expected of homoge-
neous reactions. The probability for reaction in the supercritical
CO2 solution was low because the concentrations of SiF4 and
NH3 were low in the bulk fluid phase. This resulted in the salt
forming only on the silicon oxynitride surface. In aqueous
solutions, the reaction of hexafluorosilicic acid with different
amines produced ammonium hexafluorosilicate salts.41 Because
there were more Si-O bonds than Si-N bonds in the starting
film, the excess SiF4 and H2O produced dissolved in the scCO2
solution.
In the supercritical CO2 fluid, the reaction 1 equilibrium

should be shifted to the left because the concentration of SiF4
was below 1 mM. Close to the surface, the concentration of
SiF4 was the highest, favoring the formation of H2SiF6. HF in
solution etched the silicon oxynitride film isotropically. The
products from the etching reaction were concentrated close to
the surface in the open areas between salt crystals and in the
narrow volume where the salt residue was undercut by the
etching solution. An overall reaction schematic is shown in
Figure 7. Because of the low volume, the product concentrations
were highest between the salt residue and SiOxNy layer, causing
reactions 1 and 2 to shift toward formation of (NH4)2SiF6. The
proximity of the bottom surface of the salt to the source of these
complexes suggests that crystals grew by adding material
primarily along this interface. This explains why the reaction

SiF4 + 2HFh 2H + + SiF6
2-h (H +)2SiF6

2- (1)

2NH3 + H2SiF6h (NH4
+)2SiF6

2-(s) (2)
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order was constant over a broad range of HF concentrations,
even though salt crystals were present as shown in Figure 1a.
As long as there were enough exposed regions between salt
crystals for the HF etching solution to penetrate and feed the
constantly evolving undercut volumes, the flux of salt was
constant and the crystals grew at the bottom interface. If the
HF concentration was high enough, then growth at the edges
of crystals competed with that at the bottom interface, and
crystals grew laterally as well as away from the silicon
oxynitride film. The SEM and AFM images in Figure 2 show
the cubic crystal growth expected of this process and the spaces
between salt crystals where the fluid penetrated, offering a
diffusion path to and from the surface in the kinetically limited
reaction regime.
The lateral growth limited transport of fresh fluid to the film,

hindering etching. This interpretation is supported by the
increase in size of the salt crystals with HF concentration as
shown in Figure 1a-c, the reduction in the apparent reaction
order, and the increasing N-H peaks in the FTIR data (Figure
3). The (NH4)2SiF6 salt also appeared to hinder uniform etching.
Although variations in the operating parameters likely contrib-
uted to experimental uncertainty in the change in film thickness,
the size of the 95% confidence interval grew with increasing
HF concentration (Figure 1), indicating that the film became
less uniform at higher etchant concentrations. This could be a
result of the fluid accessing and etching exposed regions around
the edges of crystals more easily compared to deep within an
undercut volume below large crystals, roughening the etched
film. The increasing nonuniformity with HF concentration also
indicates that the salt crystals formed during etching, rather than
depositing after the fluid was removed. In both the low and
high HF concentration regimes, diffusion of the fluorosilicates
or precursors to the top surface of the salt could have occurred,
but growth at this interface should be lowest because of the
low concentrations of reactive species in the fluid.
The N 1s and Si 2p XPS peaks shifted to higher binding

energy after etching, but the O 1s peak did not shift. A constant
peak position for O was expected because the signal is attributed
to exposed regions of the as-deposited silicon oxynitride film.

Analysis of the binding energy shifts for N and Si, which were
initially present only in SiOxNy, and after etching existed
primarily in (NH4)2SiF6, requires consideration of both matrix
and electronegativity effects. The SiOxNy starting film contained
a network of covalent bonds between Si, O, N, and H, whereas
after etching both N and Si were part of the ions NH4

+ and Si
F6
2- that associated, creating the ammonium hexafluorosilicate
salt. The N atoms detected by XPS were in a neutral local
environment in the silicon oxynitride film before etching and
part of a cation in the salt after etching. This change in the
neighborhood of a N atom shifted the peak to higher binding
energy because more energy is required to remove a photo-
electron from a positively charged species based on electrostat-
ics. The electronegativities of Si and H are similar, so the change
in bonding electronegativity from N-Si before etching to N-H
afterward made a negligible contribution to the N 1s peak
position. A Si atom was in a neutral local environment in the
silicon oxynitride film and part of an anion in the salt. This
change would produce a shift in the XPS peak position to lower
binding energy. However, the change in electronegativity from
Si bonding with O, N, and H in the as-deposited film to being
bound to F in the salt would shift the peak to higher binding
energy. The balance of matrix and electronegativity effects for
Si shifts the XPS peak position to higher binding energy.
Multiple attempts were made to correlate the high-resolution

XPS peak locations to those in a prepared salt reference sample.
However, the binding energies of Si, N, and F in the salt
reference sample were found to vary as much as 1.5 eV
depending on the substrate used (Si wafer or glass slide) and
drying conditions, resulting in a variation of evaporated crystal
size. In all cases, the salt reference Si and N peaks were found
to shift to higher binding energies with the N always exhibiting
a larger shift. These general trends correlate well with the
experimental data obtained for the etching product and also
suggest that the binding energies of ammonium hexafluorosili-
cate are dependent on the physical structure of the salt.
The morphology of (NH4)2SiF6 crystals generated in scCO2

is notable because this salt is often reported to form as a blue
or white porous powder.21,23,27 At processing temperatures below
70 °C, FESEM images depict a surface covered in approximately
100 nm rectangular-shaped crystals after etching in 22.4 mM
HF solution. The rectangular shape is a result of the isometric
hexoctahedral packing of the salt and has been reported at a
much-larger scale (10 µm) for surfaces containing ammonium
hexafluorosilicate annealed to 150 °C.18 The smaller size of the
crystals produced by supercritical fluid etching are the result
of growth in a nonpolar solvent primarily at the bottom interface
between the salt residue and the silicon oxynitride film. At a
processing temperature of 70 °C, the (NH4)2SiF6 morphology
transformed from crystals into a powdery appearance similar
to published SEM images.18,27 Because FTIR measurements of
the high-temperature processed surface showed no discernible
differences from the surface containing crystallites, only the
morphology of the salt changed but not its composition.
Although it is possible that the higher-temperature processing
caused the salt product to form as a powder, the combined
appearance of both the powder and crystals in Figure 6c suggests
instead thermal breakdown of the crystals into powder.
Because ammonium hexafluorosilicate is water soluble, the

simplest method to remove the salt layer is with a water rinse.
However, this would negate any technical advantages gained
by using anhydrous processing techniques. Several experimental
observations have shown promise for nonaqueous removal of
the salt product layer formed when etching silicon oxynitride

Figure 7. Schematic of salt residue growth. HF dissolved in super-
critical CO2 etched silicon oxynitride isotropically undercutting the salt
residue and producing SiF4, NH3, and H2O. SiF4 reacted with HF
forming H2SiF6, which reacted with NH3 forming (NH4)2SiF6. The
concentrations of the salt precursors were highest in the volume defined
by the undercut and material was added preferentially to the bottom of
a salt crystal, favoring growth away from the silicon oxynitride surface.
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in scCO2. Ambient heating of the salt layer above 100 °C caused
degradation of the solid product, but it has been observed
previously that heating of (NH4)2SiF6 under atmospheric condi-
tions may result in a phase change to a liquid melt, which when
further evaporated from nanoscale features, could cause dam-
age.21 Exposure to ultrahigh vacuum during XPS analysis also
caused degradation of the salt product layer. A proposed process
for the removal of ammonium hexafluorosilicate shows that
vacuum heating with the pressure kept below 30 Torr allowed
for sublimation and provided a nondestructive method for
eliminating the salt layer.21

5. Conclusions
Etching a silicon oxynitride film in an HF/pyridine/scCO2

solution could provide a more environmentally sustainable
method to meet future manufacturing demands compared to
liquid-phase and plasma-based removal techniques. The super-
critical fluid etching process yielded bulk removal of silicon
oxynitride but also formed an inorganic salt product layer. The
salt layer was identified as (NH4)2SiF6 and exhibited a charac-
teristic crystalline appearance in addition to infrared N-H
vibrational modes at 1433 and 3327 cm-1 and shifts to higher
XPS binding energy for Si and N relative to silicon oxynitride.
The salt product layer evolved by addition of material at the
bottom interface with the silicon oxynitride film where precursor
concentrations were highest as well as along the perimeter of
crystals. SEM and AFM images showed that the crystals were
separated by open spaces where fluid could penetrate during
etching. Maintaining a low etching rate to favor growth at the
bottom interface of the salt crystals and direct growth away from
the surface supported etching at a rate on the order of 1 nm/
min. This rate is low by the standards needed to release layers
in building microelectromechanical systems (MEMS)42 but may
be viable in building structures on the order of tens of
nanometers that require precise control over etching. At high
enough HF concentrations, lateral growth of salt crystals became
significant and hindered etching. If this and potentially other
dry HF based methods are employed to etch silicon oxynitride
films, then a technique to remove the residual salt layer must
be developed. Observed decomposition of the salt under
ultrahigh vacuum indicates that sublimation may be an effective
pathway for nonaqueous removal of the (NH4)2SiF6 layer.
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Appendix B

Etching of CuO thin films

Reproduced with permission from the Journal of the American Chemical Society,
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Abstract: A kinetic model and mechanism were developed for the heterogeneous chelation reaction of
thin CuO films with hexafluoroacetylacetone (hfacH) in supercritical CO2. This reaction has relevance for
processing nanoscale structures and, more importantly, serves as a model system to tune the reaction
behavior of solids using supercritical fluids. Precise control over reaction conditions enabled accurate etching
rates to be measured as a function of both temperature [(53.5-88.4) ( 0.5 °C] and hfacH concentration
(0.3-10.9 mM), yielding an apparent activation energy of 70.2 ( 4.1 kJ/mol and an order of approximately
0.6 with respect to hfacH. X-ray photoelectron spectroscopy and scanning electron microscopy were used
to characterize the CuO surface, and a maximum etching rate of 24.5 ( 3.1 Å/min was obtained. Solvation
forces between hfacH and the dense CO2 permitted material removal at temperatures more than 100 °C
lower than that of the analogous gas-phase process. In the low concentration regime, the etching reaction
was modeled with a three-step Langmuir-Hinshelwood mechanism. Small amounts of excess water nearly
doubled the reaction rate through the proposed formation of a hydrogen-bonded hfacH complex in solution.
Further increases in the hfacH concentration up to 27.5 mM caused a shift to first-order kinetics and an
adsorption-limited or Rideal-Eley mechanism. These results demonstrate that relatively modest increases
in concentration can prompt a heterogeneous reaction in supercritical CO2 to switch from a mechanism
most commonly associated with a low-flux gas to one emblematic of a high-flux liquid.

Introduction

Fabrication of reduced-dimension metal structures with
thermal, electronic, optical, and magnetic properties distinct from
those of their bulk counterparts depends on control of reactions
at solid surfaces. Currently, deposition and etching processes
are used to manufacture metal wires, gratings, and contacts
uniformly over a wide area, but new techniques that allow
atomic level control over metal growth and removal could enable
advanced architectures. Chelation reactions, where an organic
ligand reversibly binds to a metal species, are emerging as a
reliable method to deposit and etch metal layers. While chelators
have long been used to stabilize and extract contaminants from
water,1 fuel,2 and even the human body,3 their interactions with
solid surfaces is still a new area of research. The charge density
and size of a chelator molecule, as well as the number and type
of functional groups and their response to reaction conditions,
all impact surface reactions with metal atoms. During deposition,
a metal-chelate complex is chemically reduced to yield a
surface-bound metal species and volatile organic ligands. The
process can be reversed by reacting metal with a chelator at
lower temperatures for material removal. Organometallic chelat-
ing reactions offer distinct advantages for nanoscale metal

processing, such as uniform deposition and removal, specificity
toward metal species, and compatibility with a variety of metal
types.

Much of the research on heterogeneous metal chelation
chemistry has focused on reactions in the gas phase, but recently
we and others have reported that metals can be etched using
!-diketone chelators dissolved in supercritical carbon dioxide
(scCO2).4-10 Interest in scCO2 technology has surged over the
past 10 years due in large part to increasing environmental
awareness for alternative solvents. In contrast with most organic
solvents that have to be treated and disposed of as hazardous
waste, carbon dioxide is nontoxic and nonflammable and can
be cleanly separated and removed from a system by depres-
surization. There are also technical advantages gained by using
scCO2. The unique physicochemical properties of supercritical
fluids have been extensively reviewed11-13 and are evidenced
by their incorporation into the pharmaceutical,14,15 plastics,16,17

(1) Murphy, J. M.; Erkey, C. EnViron. Sci. Technol. 1997, 31, 1674.
(2) Sievers, R. E.; Sadlowski, J. E. Science 1978, 201, 217.
(3) Richardson, D. R.; Tran, E. H.; Ponka, P. Blood 1995, 86, 4295.

(4) Murzin, A. A.; Babain, V. A.; Shadrin, A. Y.; Kamachev, V. A.;
Strelkov, S. A.; Kiseleva, R. N.; Shafikov, D. N.; Podoinitsyn, S. V.;
Kovalev, D. N. Radiochemistry (Moscow) 2003, 45, 131.

(5) Bessel, C. A.; Denison, G. M.; DeSimone, J. M.; DeYoung, J.; Gross,
S.; Schauer, C. K.; Visintin, P. M. J. Am. Chem. Soc. 2003, 125, 4980.

(6) Xie, B.; Finstad, C. C.; Muscat, A. J. Chem. Mater. 2005, 17, 1753.
(7) Wang, J. S.; Wai, C. M. Ind. Eng. Chem. Res. 2005, 44, 922.
(8) Visintin, P. M.; Bessel, C. A.; White, P. S.; Schauer, C. K.; Desimone,

J. M. Inorg. Chem. 2005, 44, 316.
(9) Shan, X.; Watkins, J. J. Thin Solid Films 2006, 496, 412.
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environmental remediation,18,19 and food manufacturing indus-
tries.20 As a platform for chemical reactions, scCO2 provides a
tunable liquidlike density capable of solvating high concentra-
tions of reagents combined with gaslike viscosity and diffusivity
for enhanced reaction rates at relatively low temperatures. When
working with nanoscale materials, the negligible surface tension
of scCO2 offers the additional benefit of rapid, nondestructive
wetting regardless of feature size.

This study looked specifically at the surface reaction between
CuO thin films and the !-diketone chelator, hexafluoroacety-
lacetone (hfacH), in an scCO2 solvent. The high reactivity and
widespread use of hfacH make it an ideal reactant for studying
heterogeneous chelation mechanisms in scCO2. When copper
is in an oxidized state, it can undergo nucleophilic attack by
hfacH, producing water and a volatile metal chelate, Cu(hfac)2

(eq 1).9,21,22 The metal chelate is highly hygroscopic and often
combines with the product water, forming the bis monohydrate
product Cu(hfac)2 ·H2O.23 Other metals including Zn,8,24,25 Pb,24

and Ni26 can be etched with a similar reaction scheme. The
overall gas-phase reaction of CuO with hfacH is exothermic
(!Hrxn° ) -41.5 kJ/mol)27,28 and, by supplying additional heat,
can be reversed to deposit copper oxide films.29 Reaction of
Cu(II) with hfacH has previously been used to extract copper
ions from aqueous solutions1,30 in addition to removing oxidized
copper films in the gas21,24,31,32 and supercritical6 phases. While
pure Cu metal cannot be directly etched by reaction with
!-diketones, the chelation process can be combined with a
simultaneous oxidation step to convert copper to either a +1
or+2oxidationstate, rendering it susceptible toattack.5,8,10,22,33-35

CuO+ 2hfacHTCu(hfac)2 +H2OTCu(hfac)2 ·H2O (1)

Activation energies for the gas-phase reaction of !-diketones
with Cu metal using O2 as an in situ oxidant vary depending
on the specific temperatures examined, but are reported in the
range from approximately 30 to 50 kJ/mol.33-35 Direct reaction
of CuO with gas-phase hfacH yielded an apparent activation
energy of 101.3 kJ/mol between 210 and 300 °C32 but, when
examined by thermogravimetric analysis in a different study,
revealed a range of activation energies between 44 and 81 kJ/
mol depending on the reaction step.31 Energetic barriers for
copper etching in scCO2 have also been studied. The scCO2

reaction of Cu2O with an organic oxidizing agent, tert-butyl
peracetate (t-BuPA), and 1,1,1-trifluoroacetylacetone (tfacH),
where one CF3 moiety in hfacH is replaced by a methyl group,
showed an activation energy of 53 kJ/mol.10 The activation
energy of Cu2O reacting with another !-diketone, 2,2,7-
trimethyl-3,5-octanedione, in scCO2 was 66 kJ/mol.9 Few studies
have been performed investigating the reaction orders for copper
etching with hfacH. For gas-phase etching of Cu metal with O2

and hfacH, the reaction exhibited a stoichiometric hfacH reaction
order of 2 using high hfacH/O2 ratios, but dropped to an order
of 0.25 under highly oxidizing conditions.34 Reacting Cu metal
with t-BuPA and tfacH in scCO2 was second-order with respect
to tfacH and independent of the t-BuPA concentration.10 When
Cu2O was etched under the same conditions, the reaction
decreased to first-order in both tfacH and t-BuPA.10

Detailed studies of reaction mechanisms for metal chelation
in scCO2 are needed to extend the utility of this fluid.
Quantifying kinetics and isolating the rate-determining step will
improve control of the etching reaction and facilitate design
and optimization of new methods for materials processing.
Moreover, developing a mechanistic model of the chelation
process will contribute to the fundamental understanding of
heterogeneous reactions in supercritical fluids and provide
insight into the types of reactive pathways that are best suited
for scCO2. The temperature- and pressure-sensitive kinematic
properties that make scCO2 such a versatile solvent also present
challenges when trying to quantify reaction rates. Exacting
control of reaction conditions is required to ensure that
inadvertent fluctuations in solvent properties do not compromise
the measured rate. In this study, the kinetics of etching CuO
with hfacH in scCO2 were measured using X-ray photoelectron
spectroscopy (XPS) and scanning electron microscopy (SEM)
to characterize the metal surface. Precise measurements of the
etching rate were obtained through stringent control of scCO2

processing conditions over a temperature range of 53.5- 88.4
°C and an hfacH concentration of 0.3-27.5 mM. The effects
of adding the reaction products Cu(hfac)2 ·H2O and H2O were
examined, and a mechanism is proposed that is consistent with
the experimental results for the heterogeneous reaction.

Experimental Methods

CuO Sample Preparation. Uniform CuO layers were formed
by ex situ oxidization of copper metal films. Si(100) wafers (4 in.,
p-type, 0.001-0.02 " cm) were cleaned in piranha solution (5:1
by volume H2SO4/H2O2) followed by dipping in 0.5 vol % HF for
10 min to obtain a hydrogen-terminated surface. A 200 Å Cr
adhesion layer was deposited by electron beam evaporation
(Edwards, Auto 306) directly onto the wafer surface followed by
a 2000 Å copper metal layer. X-ray diffraction with unfiltered KR
radiation (Philips X’pert MPD) confirmed a typical 〈111〉 crystal
structure of the prepared Cu films. The copper metal was oxidized
by a 6 min exposure in 10% by volume aqueous H2O2 (class 10,
General Chemical) in 18 M" cm ultrapure water at 25 °C. This
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ReV. 1999, 99, 543.
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(20) Palmer, M. V.; Ting, S. S. T. Food Chem. 1995, 52, 345.
(21) George, M. A.; Hess, D. W.; Beck, S. E.; Ivankovits, J. C.; Bohling,

D. A.; Lane, A. P. J. Electrochem. Soc. 1995, 142, 961.
(22) Jain, A.; Kodas, T. T.; Hampden-Smith, M. J. Thin Solid Films 1995,

269, 51.
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self-limiting oxidation method has been shown to reproducibly form
!500 Å CuO films.36 Samples of approximately 1.25 cm2 were
cut from a wafer and used for experimentation.

Reactor System. A schematic of the high-pressure, recirculating
batch reactor system designed for kinetic investigations in scCO2

is shown in Figure 1. The 250 mL stainless steel reactor contained
a heat exchanger coil, a 4 mL removable sample chamber, a 2 mL
chemical injection port, and a view cell for visualization of the
CO2 state. Approximately 90% of the reactor system including the
sample chamber was located within a standard laboratory oven
(Blue M 1000). Portions outside the oven were heated resistively.
Pressurized CO2 was circulated via a high-pressure, positive-
displacement pump (Micropump Inc. 415a). The system was
automated by a custom program written in Labview (National
Instruments). This program controlled multiple air-actuated valves
and acquired incremental temperature (Omega KQXL) and pressure
(Omega PX4100) values in both the sample chamber and circulation
loop. The set point accuracy was (0.5 °C and (1 bar. Temperature
was regulated with on/off control of the oven (Omega CNi3244),
and pressure was set by venting small amounts of CO2. A pressure
relief valve was included for safety. The entire system was tested
to 150 °C and 300 bar; typical operating conditions were 50-90
°C and 185 bar.

Sample Processing and Characterization. To ensure precise
rate measurements, the reactor was configured to process samples
in a well-mixed scCO2 solution under conditions that remained
constant during an entire experiment. A full description of the
reactor flow paths and sample exposure methods is given in the
Supporting Information. Briefly, CuO samples were etched with
hfacH (Alfa Aesar, 99.9%) dissolved in scCO2 (99.99%) at
temperatures ranging from 53.5 to 88.4 °C and a constant pressure
of 185 bar. This pressure gave a dense CO2 solution capable of
solvating all reactive species over the range of temperatures
examined. hfacH concentrations of 0.3-27.5 mM were chosen to
maintain a negligible change in reactant concentration during an
experiment while concurrently generating a reaction rate that was
slow enough to be accurately measured. Kinetic effects of the
etching products were investigated by adding both ultrapure H2O
(18 M! cm) at concentrations of 0-12.4 mM and Cu(hfac)2 ·H2O
(Alfa Aesar) at concentrations of 0-9.0 mM as coreagents to the
scCO2 mixture. Using automatically controlled flow loops,
the reactants were first mixed into the heated CO2, and then the
homogeneous etching solution was exposed to the sample chamber
for a set reaction time (18-420 min). After processing, the samples
were rinsed with both liquid CO2 and purified hexanes (Aldrich,
99%) and then rapidly transferred to an ultra-high-vacuum chamber

(10- 9 Torr) for characterization. Total sample exposure to the clean
room atmosphere was less than 5 min.

Surface species were analyzed using an X-ray photoelectron
spectrometer (Physical Electronics, model 549) with a double-pass
cylindrical mirror analyzer and a 400 W X-ray gun (Al KR
radiation). Approximately 45 high-resolution scans at a pass energy
of 25 eV in the Cu 2p binding energy range from 970 to 930 eV
were coadded to determine the oxidation state of the copper surface.
Full survey spectra were taken at a 200 eV pass energy. All XPS
spectra were aligned on the basis of adventitious C 1s at 284.6 eV.
Spectra were fit with a least-squares method using a Shirley
background and Voigt line shapes for the purpose of deconvoluting
into individual states and obtaining peak areas. The surface
morphology of the copper layer was characterized with field
emission (FE) SEM (Hitachi S-4500). The samples did not require
a conductive coating, and both top-down and cross-sectional images
were taken.

The nominal etching rate was calculated by determining the
amount of time necessary to completely remove the CuO layer.
After etching, each sample was analyzed by XPS to detect the
presence of CuO. Observation of CuO indicated the reaction time
was insufficient to completely remove the film. Subsequent samples
were exposed to hfacH under identical conditions but for longer
periods of time until no CuO was visible in the Cu 2p region.
Conversely, if the initial experiment at a set of operating conditions
indicated complete removal of the CuO film, the next experiments
would repeat exposure at shorter times until CuO was visible in
the postetch XPS analysis. Iterations were performed to bracket
the etching time by a 10% relative error defined when the CuO
2p3/2 XPS peak passes the threshold limit of detection; the nominal
etching rate was determined by dividing the CuO film thickness
by the removal times and averaging the results. Repeat experiments
of the etching rate were consistent and showed that variations in
the operating conditions of less than (0.5 °C and (1 bar were
negligible.

Results

Sample characterization. Figure 2 shows top-down and cross-
sectional (inset) SEM images of a prepared CuO surface after
oxidation. CuO films grown in this manner have a characteristic
rough, shardlike morphology caused by the formation of lower
density CuO from a smooth Cu metal film.22 Digital SEM image
analysis using a Sobel algorithm for edge delineation was used
to estimate an average CuO thickness of 540 Å and a standard
deviation of 80 Å over a 1 µm wide cross-sectional region.
Although microscope resolution and slight variations in the
normal planarity of a sample could impact SEM thickness
measurements, the calculated average height of 540 Å is

(36) Nishizawa, H.; Tateyama, Y.; Saitoh, T. Thin Solid Films 2004, 455,
491.

Figure 1. Schematic of the high-pressure recirculating batch reactor. The
shaded area represents portions of the reactor enclosed in an oven.

Figure 2. Top-down and cross-sectional (inset) FESEM images of the
samples used for CuO etching studies.
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substantiated by a reported self-limiting CuO oxidation threshold
of !500 Å.36 The computed 80 Å standard deviation provides
an estimate of the variation in the CuO film thickness. Using
conventional error propagation techniques, the variability of the
CuO film height can be averaged with the 10% uncertainty in
CuO removal time to determine an overall error in the measured
rate. The coarse CuO morphology combined with the relative
thinness of the film presented challenges in accurately character-
izing the receding oxide layer with common analysis tools
including ellipsometry and profilometery. XPS was chosen
because it is a nondestructive technique that provided both the
sensitivity and precision necessary to determine angstrom per
minute etching rates.

An example series of high-resolution XPS spectra showing
the gradual removal of CuO with time in the hfacH etchant
solution is given in Figure 3. The progression is representative
of the stepwise etching experiments performed in this study.
Each spectrum is from a separate CuO sample etched with 1.4
mM hfacH in scCO2 at 74.8 °C and 185 bar. Prior to etching,
the spectra contained a copper 2p1/2 peak at 953.7 eV and a
2p3/2 peak at 933.7 eV (Figure 3a). These binding energies are
1.3 ( 0.2 eV higher than the peak positions for Cu(0) metal
and were assigned to oxidized Cu(II).37,38 The broadness and
slight asymmetry of the CuO 2p peaks result from multiplet
splitting.37 Strong shakeup satellite peaks present at !962 eV
and an overlapping series at !942 eV confirm the Cu(II) surface.
Cu(OH)2 XPS spectra also contain satellite peaks, but this
species was ruled out because the 2p binding energy shift is
higher (2.5 ( 0.15 eV) relative to that of Cu(0).37 The intensity
of the Cu(II) shakeup satellite peaks decreased with longer
exposure times in the etching solution (Figure 3b,c). After a
reaction time of 118 min, there were no distinguishable satellite
lines and the spin-orbit-coupled Cu 2p region was fit with a
set of single peaks at lower binding energies of 952.4 (2p1/2)
and 932.6 eV (2p3/2) (Figure 3d). These positions are consistent
with either Cu(0) or Cu(I), indicating the Cu(II) layer had been
fully etched.38 The removal time of the 540 Å CuO film under
these conditions was bracketed between 105 and 118 min,
yielding a nominal etching rate of 4.8 ( 0.5 Å/min. The escape

depth of photoelectrons limits monitoring variations in the
etching rate with film thickness to the last !50 Å before the
film was cleared. Although CuO XPS peak areas obtained in
this thickness range varied linearly with time, only nominal
etching rates are reported.

Corresponding top-view SEM images for samples exposed
to 1.4 mM hfacH in scCO2 solution at 74.8 °C and 185 bar for
increasing reaction times are shown in Figure 4. Prior to etching,
the surface exhibited a coarse morphology indicative of CuO.
As etching progressed, the roughness of the CuO features was
reduced, which matches the decreasing oxide intensity seen in
the high-resolution XPS spectra (Figure 3). Once all of the oxide
was removed, a nearly smooth copper surface was observed
(Figure 4d). Note that the SEM image in Figure 4c has a shorter
reaction time (90 min) than the corresponding XPS spectrum
in Figure 3c (105 min) because the surface morphology was
indistinguishable between the 105 and 118 min samples.

XPS survey spectra of the starting CuO film over the binding
energy range 1000-0 eV showed superficial Cu(II) and O, as
well as adventitious C (see Figure S2, Supporting Information).
After CuO removal was complete on the basis of high-resolution
data, a low-intensity O peak was still observed in the survey
scan; this O signal likely came from Cu2O, which contains Cu(I),
and has a 2p peak position identical to that of Cu(0) metal.
Control experiments exposing a pure evaporated Cu(0) film to
ambient conditions for 5 min produced an O peak with intensity
comparable to that of the fully etched samples, indicating a thin
layer of Cu2O formed during the short exposure to the
atmosphere between etching and analysis in the XPS chamber.
Initial studies also showed residual F contamination from hfacH.
The F was reduced by including a liquid CO2 cleaning step along
with a rinse in purified hexanes, which have solvation properties
comparable to those of scCO2. After scCO2 etching, a “grass
green” precipitate product collected in the reactor exhaust. This
specific coloring matches the bis monohydrate product
Cu(hfac)2 ·H2O, though lesser amounts of other products such
as purple-colored anhydrous Cu(hfac)2 cannot be discounted.23

Arrhenius Analysis. An Arrhenius plot of the etching rate
over a 35 °C temperature interval can be fit with a single line
as shown in Figure 5. The error bars represent the propagated
error due to uncertainties in the etching time ((10%) and CuO
layer thickness ((80 Å). The etching rate was measured at six
temperatures in the interval from 53.5 to 88.4 °C ((0.5 °C) at
a constant hfacH concentration of 3.0 mM and a pressure of

(37) McIntyre, N. S.; Sunder, S.; Shoesmith, D. W.; Stanchell, F. W. J.
Vac. Sci. Technol. 1981, 18, 714.

(38) Moulder, J. F.; Stickle, W. F.; Sobol, P. E.; Bomben, K. D. Handbook
of X-ray Photoelectron Spectroscopy; Physical Electronics, Inc.: Eden
Prairie, MN, 1995.

Figure 3. XPS spectra in the 2p energy range for CuO films exposed to
1.4 mM hfacH in scCO2 at 74.8 °C and 185 bar for (a) 0, (b) 74, (c) 105,
and (d) 118 min.

Figure 4. Top-view FESEM images of CuO films processed with 1.4 mM
hfacH at 74.8 °C and 185 bar for increasing times: (a) 0, (b) 74, (c) 90, and
(d) 118 min. The scale bar applies to all four images.
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185 bar ((1 bar). Maintaining a constant pressure over this
temperature range resulted in an approximately 0.25 g/mL
variation in solvent density on the basis of the Peng-Robinson
equation of state for pure CO2. The apparent activation energy
obtained from the slope of a linear fit is 70.2 ( 4.1 kJ/mol.
Least-squares analysis of the data showed a correlation of greater
than 0.99 and also provided a 95% CI for the linear fit shown
in Figure 5.

hfacH Concentration Dependence. The effect of the hfacH
concentration on the etching rate was studied at three different
midrange processing temperatures of 60.8, 74.8, and 82.4 °C
(Figure 6). All experiments were carried out at 185 bar. Dilute
hfacH concentrations of less than 30 mM were used to minimize
nonsurface reaction related factors, including mass transport
limitations and solution-phase reactant-reactant interactions.
The reduced reaction rate at 60.8 °C permitted the etching
reaction to be measured over nearly 2 orders of magnitude
variation in the hfacH concentration, from 0.6 to 27.5 mM. The

two higher temperatures of 74.8 and 82.4 °C were studied over
a lower range of 0.3-6.0 mM hfacH because etching rates above
!25 Å/min could not be accurately measured. Least-squares
analysis showed apparent reaction orders of 0.61 ( 0.07 and
0.69 ( 0.07 at processing temperatures of 74.8 and 82.4 °C,
respectively. The rate data gathered at 60.8 °C exhibited two
distinguishable regions. Below 11 mM, an apparent order of
0.63 ( 0.04 was observed, while at higher hfacH concentrations,
the order increased to 0.91 ( 0.05. The uncertainty in reaction
orders was determined from the linear fit of the etching data.
At the conditions employed in this study, the highest etching
rate measured was 24.5 ( 3.1 Å/min (!9 CuO layers/min) at
82.4 °C with 6.0 mM hfacH.

Effect of Cu(hfac)2 ·H2O and H2O. Potential product inhibition
mechanisms were explored by measuring CuO etching rates in
the presence of the reaction products Cu(hfac)2 ·H2O and pure
water (eq 1). The effect of adding the etching product
Cu(hfac)2 ·H2O as a reagent was studied at a midrange temper-
ature of 74.8 °C, 185 bar, and a constant hfacH concentration
of 3.0 mM. Cu(hfac)2 ·H2O was added at concentrations of
0.33-9.0 mM, which are below the reported solubility limit in
scCO2.39 Figure 7 shows the measured etching rate as a function
of the Cu(hfac)2 ·H2O concentration. Observation of a nearly
constant reaction rate indicates that the etching process exhibited
zeroth-order dependence on Cu(hfac)2 ·H2O even at high
concentrations of 9.0 mM, which is over 3000 times the
concentration produced by etching the entire 540 Å CuO layer.

Addition of pure water as a coreagent had a markedly
different effect, causing a significant enhancement of the reaction
rate. Figure 8 shows the increasing etching rate as a function
of the H2O concentration studied at 74.8 °C, 185 bar, and a
constant hfacH concentration of 1.4 mM. A lower hfacH
concentration was required when water was added to maintain
a slow, measurable etching rate. The variation of the water
concentration corresponds to 3-20 times the stoichiometric ratio
of H2O to hfacH on the basis of eq 1, but is below reported
solubility limits of water in pure scCO2.40 At approximately
10" molar excess (6.2 mM), the catalytic effect of water
saturated and no additional increase in rate was observed. The
increase in rate attributed to water was approximated by

(39) Lagalante, A. F.; Hansen, B. N.; Bruno, T. J. Inorg. Chem. 1995, 34,
5781.

(40) Wiebe, R.; Gaddy, V. L. J. Am. Chem. Soc. 1941, 63, 475.

Figure 5. Temperature dependence of the CuO etching rate between 53.5
and 88.4 °C at 185 bar and 3.0 mM hfacH. The error bars correspond to
the propagated error from uncertainties in the CuO film thickness and etching
time. The solid line is a linear least-squares fit of the data, and the dotted
lines show the 95% CI. The slope of the fit yields an activation energy of
70.2 ( 4.1 kJ/mol.

Figure 6. Dependence of the CuO etching rate on the hfacH concentration
at 60.8, 74.8, and 82.4 °C. The error bars correspond to the propagated
error from uncertainties in the CuO film thickness and etching time. The
solid lines are linear least-squares fits of the data, and the dotted lines
represent the corresponding 95% CI. The reaction orders shown are the
slopes of the fits in each concentration interval, and the uncertainties are
(1 SD.

Figure 7. Dependence of the CuO etching rate on the Cu(hfac)2 ·H2O
concentration at 74.8 °C and 185 bar with a constant hfacH concentration
of 3.0 mM. The error bars correspond to the propagated error from
uncertainties in the CuO film thickness and etching time.
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subtracting the pure hfacH etching rate (CH2O ) 0 mM) from
the total measured reaction rate and showed a reaction order of
0.77 ( 0.06 below 10! H2O concentration. Control experiments
evaluating the sole effect of water on the sample surface were
performed under identical etching conditions but using only 10!
H2O as a reactant. Neither a Cu metal nor a CuO surface showed
changes in the Cu 2p XPS spectra after an extended 90 min
exposure to pure water in scCO2.

Discussion

Etching Mechanism. The overall reaction between hfacH and
CuO forming soluble Cu(hfac)2 and H2O has been well
documented in the literature and proceeds via eq 1.6,9,31 XPS
and SEM analysis confirmed etching of CuO films in hfacH/
scCO2 solution, producing a grass green precipitate predomi-
nantly composed of Cu(hfac)2 ·H2O. Over the temperature range
studied, the heterogeneous reaction showed a nonelementary
hfacH reaction order of approximately 0.6 at low concentrations
and an increased order at higher concentrations. Adding the
reaction products of Cu(hfac)2 ·H2O and pure H2O as reagents
was expected to shift the reaction equilibrium toward the
reactants, decreasing the etching rate. However, excess
Cu(hfac)2 ·H2O showed no measurable effect, and H2O enhanced
the rate. A reaction order of less than 1 combined with complex
behavior of the reactive species suggests that etching occurs
by a series of steps, one or more of which could be rate
controlling.

Several mechanisms for heterogeneous Cu etching with hfacH
have been proposed in the literature. One study suggests that
the gas-phase reaction of hfacH with porous CuO wires between
170 and 240 °C occurs in a multistep process beginning with
coordination of hfacH to Cu, forming an intermediate adsorbed
Cu-hfac species (EA ) 44 kJ/mol).31 Two neighboring Cu-hfac
species react disproportionately to generate volatile Cu(hfac)2

(EA ) 81 kJ/mol). A similar mechanism has been reported in
the high-temperature ("300 °C) gas-phase reaction of Pd(hfac)2

with Cu metal to form Pd metal and Cu(hfac)2.41,42 The
Pd(hfac)2 species decomposes on a Cu surface into a Pd atom
and hfac ligands. Diffusion of the ligands to a Cu site and

subsequent reaction produces the metal chelate. In recent Cu
etching work by our group, a model for Cu(II) island removal
with hfacH in scCO2 at 40-60 °C and 100-250 atm was
presented.6 Etching of Cu(II) was proposed to occur by
sequential nucleophilic attack of two fluid-phase hfacH mol-
ecules on a CuO oligomer, with each hfacH separately cleaving
a Cu-O bond, producing a terminal hydroxyl. Once flanked
by two ligands, the copper dissolves into solution. Further
reaction of hfacH with the hydroxylated ends of the oligomer
chain produces water. The three published mechanisms agree
that metal removal includes adsorption of hfacH and requires
attachment of two hfac ligands to a surface-bound Cu atom,
but differ in the surface reaction step. Additional mechanisms
for etching Cu or copper oxides using hfacH and an oxidant
have been published; however, they primarily focus on the
reaction in the presence of a third reagent, adding another facet
to the process.8,10,22

On the basis of kinetic and energetic results for the reaction
of CuO thin films with hfacH in scCO2 at 53.5-88.4 °C and
185 bar, we developed the stepwise mechanism shown in
Scheme 1. In this mechanism, CuO is represented by an
oligomer structure where each Cu atom is bound to two O atoms,
forming a stoichiometric repeating unit. During Cu oxidation,
O inserts into unoccupied tetrahedral sites, generating an
interconnected CuO network with partial charges on each atom.6

The CuO etchant hfacH is depicted in an enol conformation
where a hydrogen atom sits between the two oxygen atoms,
creating a central ring with delocalized bonding. !-Diketones
typically undergo tautomeric equilibrium between keto and enol
conformations, but the electron-withdrawing CF3 groups on
hfacH stabilize the enol form, making it the active species in
nonpolar solvents such as scCO2.43

The etching reaction is initiated by hfacH adsorbing disso-
ciatively on the CuO surface, forming "O-Cu-hfac and

(41) Lin, W.; Wiegand, B. C.; Nuzzo, R. G.; Girolami, G. S. J. Am. Chem.
Soc. 1996, 118, 5977.

(42) Lin, W.; Nuzzo, R. G.; Girolami, G. S. J. Am. Chem. Soc. 1996, 118,
5988.

Figure 8. Dependence of the CuO etching rate on the H2O concentration
at 74.8 °C and 185 bar with a constant hfacH concentration of 1.4 mM.
The error bars correspond to the propagated error from uncertainties in the
CuO film thickness and etching time.

Scheme 1. Reaction Mechanism of CuO with hfacH in scCO2
a

a Step 1 is adsorption of hfac ligand, forming "O-Cu-hfac and
hydroxyl termination. Step 2 is Langmuir-Hinshelwood surface reaction
to form surface-bound Cu(hfac)2 and H2O. Step 3 is desorption of scCO2-
soluble bis monohydrate product.
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Cu-OH, which is shown in step 1 of the reaction mechanism
(Scheme 1). As a fluid-phase hfacH approaches the metal
surface, the acidic hydrogen at the center of the enol conformer
transfers to an electronegative O atom, creating a hydroxyl
termination and weakening or breaking the Cu-O bond. The
conjugated nucleophilic ring of the hfac anion bonds with the
positively charged Cu atom to form !O-Cu-hfac. Ultra-high-
vacuum studies of hfacH chemisorption on Cu surfaces have
shown that hfacH readily chemisorbs above 150 K in the
standing up conformation depicted in step 1.44 Reaction of
another hfacH molecule from the fluid with a hydroxylated Cu
atom produces a water molecule and !O-Cu-hfac.

In step 2, a second hfacH molecule reacts by one of two
mechanisms. The first is a Langmuir-Hinshelwood sequence
where two adsorbed hfac moieties react, forming Cu(hfac)2 and
a vacant CuO site. Alternatively, the reaction could follow a
Rideal-Eley sequence where an hfacH molecule from the fluid
phase reacts directly with !O-Cu-hfac on the surface.
Langmuir-Hinshelwood kinetics typically dominates in gas-
phase reactions where the flux of reactants to the surface is low,
but the relatively high reactant concentrations in supercritical
fluids make Rideal-Eley kinetics equally plausible. Kinetic
models were developed for both Langmuir-Hinshelwood and
Rideal-Eley mechanisms, but only the former was able to
accurately model a reaction order of less than 1. The primary
difference is that the two reacting species are both adsorbed on
surface sites in a Langmuir-Hinshelwood mechanism, whereas
only one adsorbed species is required in a Rideal-Eley
mechanism. A Langmuir-Hinshelwood sequence was used to
model the kinetics of CuO etching in scCO2 in the low hfacH
concentration regime (<11 mM).

In step 2 of Scheme 1, a second hfacH molecule must either
directly adsorb or diffuse on the surface to a site neighboring
an existing !O-Cu-hfac species. This process is inherently
slow because direct adsorption is sterically hindered by the bulky
standing up conformation of the first adsorbed hfac and surface
diffusion of ligands is limited by the low temperature used in
scCO2 processing. Once two adjacent CuO sites are occupied
by adsorbed hfacH, the lower !Hf of the etching products drives
transfer of a ligand from one Cu atom to another. Similarly,
one of the two proximal hydroxyl groups releases a proton to
the other. These reactions generate surface-bound Cu(hfac)2 and
water and form an open CuO site from the vacated Cu and O
atoms.

The last step of CuO etching in scCO2 is desorption of both
the chelate product and water as illustrated in Scheme 1, step
3. Since Cu(hfac)2 ·H2O was the primary product observed, we
can conclude that either Cu(hfac)2 and H2O desorb separately
and then combine in the fluid phase or the two adsorbed species
react to form the hydrate on the surface and desorb together.
Our studies did not permit distinction between the two processes,
but if water and Cu(hfac)2 do desorb separately, they likely
combine close to the surface where the concentrations of product
species are relatively high. The unstable dangling bonds on the
Cu and O atoms left on either side of the removed CuO species
could bond directly to each other or react immediately with
another hfacH molecule. In the balanced reaction sequence, the
former pathway was chosen and the reaction starts anew once
the products desorb, exposing a fresh CuO site.

Reaction Kinetics. Etching of CuO films in the low concen-
tration regime occurs sequentially by dissociative adsorption
of hfacH onto CuO (step 1), surface reaction between two
adsorbed hfacH species (step 2), and finally desorption of the
Cu chelate and water (step 3). Balanced equations for the three-
step mechanism are given as eqs 2-4. Each CuO species is
treated as a single surface site.

step 1: CuO(s)+ hfacH(f) 798
KA

HO---Cu-hfac(a) (2)

step 2: 2HO---Cu-hfac(a) y\z
k2

k-2

H2O---Cu(hfac)2(a)+CuO(s)

(3)

step 3: H2O---Cu(hfac)2(a)T
KD

Cu(hfac)2(f)+H2O(f)
f

T

Cu(hfac)2 ·H2O(f) (4)

The zeroth-order dependence of the measured rate on
Cu(hfac)2 ·H2O indicates product desorption in step 3 proceeds
rapidly and is not rate controlling (Figure 7). Since the initial
chemisorption of hfacH on a Cu surface readily occurs at
temperatures below those studied, it is more likely that step 2
is rate limiting. Additionally, choosing step 1 as rate controlling
predicts an hfacH reaction order greater than 1 and results in a
poor fit of the low-concentration experimental data. Step 2 was
consequently chosen as rate limiting, and steps 1 and 3 were
modeled under dynamic equilibrium. The overall reaction
consumes one CuO species and two hfacH molecules and
produces Cu(hfac)2 ·H2O in solution. A site balance equating
the sum of the fractional surface coverages for vacant CuO sites
(!CuO), sites with one adsorbed ligand (!HO-Cu-hfac), and sites
with two adsorbed ligands (!H2O-Cu(hfac)2) to unity

1) !CuO + !HO-Cu-hfac + !H2O-Cu(hfac)2
(5)

is combined with steps 1-3 to eliminate the surfaces coverages.
This yields the following expression for the reaction rate:

r)
KD[k2KA

2KDChfacH
2 - k-2CCu(hfac)2·H2O]

[CCu(hfac)2·H2O + (1+KAChfacH)KD]2
(6)

where k2 and k-2 are the forward and reverse reaction rate
constants for step 2 and KA and KD are the equilibrium constants
for adsorption (step 1) and desorption (step 3), respectively.
The second-order dependence on the hfacH concentration in
the numerator reflects the stoichiometry of the overall reaction,
and its functionality in the denominator arises from hfac
occupation of surface sites.

The proposed reaction model does not account for mass
transfer resistance because etching of CuO with hfacH in scCO2

was found to be surface reaction limited. A surface Damköhler
number can be defined by

Das )
rL
xD (7)

where r is the metal etching rate, L is the characteristic diffusion
length to the metal surface, x is the fluid-phase reactant mole
fraction, and D is the reactant diffusivity in solution.23 Das for
CuO etching in scCO2 was approximated by choosing repre-
sentative values of the etching rate (10 Å/min) and hfacH
concentration (10-4 mole fraction) along with a conservative
boundary layer thickness of 100 µm. The infinite dilution

(43) Henry, M. C.; Yonker, C. M. Anal. Chem. 2004, 76, 4684.
(44) Girolami, G. S.; Jeffries, P. M.; Dubois, L. H. J. Am. Chem. Soc.

1993, 115, 1015.

J. AM. CHEM. SOC. 9 VOL. 130, NO. 49, 2008 16665

Reaction of hfacH with CuO in Supercritical CO2 A R T I C L E S



57

diffusion coefficient of hfacH in scCO2 is reported to be on the
order of 10-4 cm2/s,45 predicting a Das value of 10-3. The
diffusion coefficient is so high that there was no significant
diffusion resistance in the fluid, and the surface reaction governs
the etching rate. This was expected since the hfacH concentra-
tion chosen for rate measurements was relatively low and
supercritical fluids typically provide high mass transport.

The primary reaction rate parameters KA and k2 were extracted
through nonlinear fitting of the experimental rate data to eq 6
using the Levenberg-Marquardt method. A first approximation
of the values was obtained from a least-squares fit of the
linearized equation developed under the limiting condition of
infinite KD. Due to the discontinuity in reaction order at high
hfacH concentrations, the reaction rate parameters were gener-
ated using only the low hfacH concentration regime (0.3-10.9
mM). Table 1 shows the best fit values for KA (mM-1) and k2

(Å/min) at each of the temperatures studied. The equilibrium
constant for step 3, KD, could not be directly obtained because
experimental data showed no correlation between excess
Cu(hfac)2 ·H2O in solution and the reaction rate (Figure 7).
However, sensitivity analysis revealed that by assuming fast
desorption and setting KD g (3.0 ! 102)KA, the Cu(hfac)2 ·H2O
concentration could be varied up to 9.0 mM with less than 10%
variation in the modeled etching rate. Error between the
experimental data and eq 6 was minimized as k-2 approached
0. This suggests that, under the conditions studied, step 2 is
nearly irreversible. The Langmuir-Hinshelwood model with
the fit parameters KA and k2 in Table 1 closely represented the
data from 60.8 to 82.4 °C below an 11 mM hfacH concentration
as shown in Figure 9; at this concentration and 60.8 °C, this
model predicts that the fractional hfac surface coverage is 0.85.

A single model could not be used to fit both the low and
high concentration regimes of the rate data gathered at 60.8
°C. Below 11 mM, the data exhibited a reaction order of
approximately 0.6 and were accurately represented by the
Langmuir-Hinshelwood rate expression given in eq 6. At higher
concentrations, the rate approached an order of 1, suggesting a
shift in the dominant etching mechanism. As the hfacH
concentration increased, the available CuO surface sites de-
creased to a fractional coverage of 0.15, which could be the
point where initial adsorption of hfacH in step 1 becomes rate
limiting. In this case, the reaction order would exhibit a first-
order dependence. Moreover, as a CuO surface is covered by
hfac ligands, the probability of an hfacH from the fluid phase
striking a filled site increases; this Rideal-Eley mechanism also
predicts a first-order dependence of the rate on the hfacH
concentration (see the Supporting Information). The high
concentration regime of the 60.8 °C data is plotted in the inset
of Figure 9. The solid line represents the extrapolated eq 6
Langmuir-Hinshelwood rate expression, and the dashed line
shows an improved fit from a linear adsorption-limited or
Rideal-Eley model. A similar transition in the etching mech-
anism should occur at higher temperatures, but the time to
remove the film was too short to measure accurately above an
hfacH concentration of "8 mM.

Model fits of the rate data predicted that KA is proportional
to the temperature (Table 1). Chemisorption processes are
typically exothermic and exhibit adsorption equilibria with an
inverse relationship to temperature; however, etching in scCO2

at constant pressure and increasing temperature from 60.8 to
82.4 °C decreased the solvent density from approximately 0.66
to 0.51 g/cm3, which can also affect the adsorption behavior.
The solubility parameter for hfacH, !hfacH, was calculated from
!hhfacH

vap 28 and is approximately 14.0 (J cm-3)1/2. Comparatively,
!scCO2 is a function of the density and decreased from 11.5 to
8.9 (J cm - 3)1/2 between 60.8 and 82.4 °C.39 At higher reaction
temperatures, the difference between !hfacH and !scCO2 was
greater, so hfacH became less soluble in scCO2. The reduced
solubility caused hfacH molecules to favor surface coordination
over fluid interactions, shifting the equilibrium toward adsorption
and effectively increasing KA. This phenomenon has been
reported for other systems, including processes with organo-
metallic species. One example is bis(2,2,6,6-tetramethyl-3,5-
heptanedionato)(1,5-cyclooctadiene)ruthenium(II) adsorption on
carbon aerogels in scCO2.46 Maintaining constant pressure while
increasing the temperature by 20 °C resulted in a proportional
adsorption uptake on the aerogel particles. For CuO removal,
the temperature dependence of KA includes counteracting effects
from the changing solution density (Tv, KAv) and the !Hads of
hfacH (Tv, KAV), with the density effect dominating to produce
an observed increase in KA with increasing temperature.
Accounting for adsorption changes with the solution density is
a feature of the reaction model that accurately represents the
CuO etching process.

The overall temperature dependence of the CuO etching rate
also relies on the rate coefficient for step 2, k2. Arrhenius
analysis of k2 between 60.8 and 82.4 °C yielded an activation
energy of 55.6 ( 4.0 kJ/mol. This is lower than the 81 kJ/mol
activation energy reported for the proposed disproportionation
reaction of two Cu-hfac moieties in gas-phase CuO etching
between 170 and 240 °C.31 Reactive pathways for etching CuO

(45) Yang, X.; Matthews, M. A. J. Chem. Eng. Data 2001, 46, 588.
(46) Zhang, Y.; Cangul, B.; Garrabos, Y.; Erkey, C. J. Supercrit. Fluids

2008, 44, 71.

Table 1. Fit of the Reaction Rate Parameters KA and k2 in a
Langmuir-Hinshelwood Model at 60.8, 74.8, and 82.4 °C

temp (°C) KA (mM-1) k2 (Å/min)

60.8 0.51 9.2
74.8 0.75 20.2
82.4 0.98 31.5

Figure 9. Comparison of experimental CuO etching data to the proposed
model given in eq 6 at 60.8, 74.8, and 82.4 °C. The error bars correspond
to the propagated error from uncertainties in the CuO film thickness and
etching time. The inset shows the reaction model extrapolated to hfacH
concentrations above 11 mM at 60.8 °C, with the dashed line representing
a linear model.
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with hfacH in the gas phase and in scCO2 are likely similar,
but favorable solvent interactions enable analogous reactions
to proceed at lower temperatures in scCO2. These solvation
forces could act to stabilize intermediate species, thus reducing
the activation barrier and facilitating low-temperature etching.
Further evaluation of the model rate expression in eq 6 can be
made by comparison with the experimental rate behavior as a
function of temperature (Figure 5). The model is a function of
both KA and k2, but exhibits a higher sensitivity toward k2.
Substituting both temperature-dependent parameters back into
the reaction model predicts an apparent activation energy of
76.6 ( 1.2 kJ/mol over the temperature range 53.5-88.4 °C,
which is close to the measured value of 70.2 ( 4.1 kJ/mol.

Water Effects. In this study, it was found that adding up to
10! the molar ratio of water to hfacH on the basis of eq 1
nearly doubled the nominal CuO etching rate (5! the concen-
tration of hfacH on a direct molar basis). While this experimental
trend contradicts Le Chatelier’s principle, there have been other
reports of water promoting reactions between !-diketones and
metal species. For example, the addition of small amounts of
water increased scandium metal solubility in neat liquid hfacH
as well as various other metals in several !-diketones.47 A
similar effect was reported in the extraction of both stainless
steel4 and trivalent lanthanide ions48 with !-diketones and water
in scCO2. In the case of stainless steel, the catalytic effect leveled
off at a water concentration of approximately 2.7 times the molar
amount of hfacH.4 Interestingly, low concentrations of water
have also proven beneficial for Cu deposition from metal chelate
complexes.49 Water increased gas-phase Cu deposition from
hfac(Cu)L, where L is a neutral ligand, by accelerating dis-
sociation of the metal complex through hydrogen bonding with
an attached hfac ligand.49 Collectively, these literature results
substantiate the observation of water increasing reactivity during
metal chelation, though the exact mechanism for enhancement
might vary depending on the specific reaction process.

During scCO2 etching, water could have increased the reaction
rate by interacting with either the CuO surface or hfacH in
solution. Reaction of CuO with water can form Cu(OH)2, which
has been reported to etch more quickly than CuO.10 However,
XPS analysis showed that exposing Cu metal and CuO films to
10! H2O in scCO2 did not change the state of Cu, indicating
water did not affect the sample surface at the concentrations
studied. Additionally, excess water reacting directly with the
CuO surface would have competed for surface sites and caused
the reaction rate to decrease at high concentrations, rather than
the observed saturation behavior (Figure 8). Hence, it is more
probable that water enhanced the rate by interaction with fluid-
phase hfacH molecules, possibly forming an activated chelating
species. Note that excess Cu(hfac)2 ·H2O did not affect the
reaction rate (Figure 7), implying water must be uncoordinated
to react.

In contact with pure water, hfacH hydrolyzes to form either
the gem-diol hfac(OH)4 or the enolate ion hfac- shown in
Scheme 2.50-52 Decomposition products such as CF3COO- and
CF3COCH3 may also form, but only after extended reaction
times.52 No equilibrium species data are currently published on
the three-component system of hfacH and water in scCO2.
Although the gem-diol form prevails in the two-phase

hfacH-H2O system, large, hydrated molecules are typically not
stable in CO2, and a lack of nucleophilic O atoms would prevent
interaction with CuO. The most likely speciation in CO2 involves
formation of a complex where a water molecule hydrogen bonds
to the acidic hfacH proton and partially dissociates it (Scheme
2). Full dissociation of the proton is unlikely because formation
of the enolate and hydronium ion pair is unfavorable in nonpolar
scCO2. Studies on the interaction of organic acids with polar
entrainers in scCO2 have shown that H-bonds between the acid
and polar cosolvent can form, resulting in increased polarity
and nucleophilic activity of the bonded molecule.53-55

Formation of an activated hfacH species provides an explana-
tion for the increased reactivity of hfacH and water with CuO.
The strong nucleophilic character of a H-bonded complex would
accelerate attack of "O-Cu-O" and shift the step 1 equilib-
rium further toward adsorption. Increasing the water concentra-
tion in solution drives the generation of activated hfacH and
enhances the rate by increasing KA. Analysis of eq 6 shows
that even subtle changes in KA will impact the etching rate. The
observed 2-fold increase in the etching rate in the presence of
excess water can be predicted by increasing KA from its modeled
value of 0.75 to 1.6 mM-1 at 74.8 °C. Although the ionic
character of a hydrogen-bonded hfacH species would render it
less stable in CO2, nonreacting water in solution could have
aided solubility. Inclusion of polar entrainers is known to
improve scCO2 solubility of polar molecules through a variety
of complex factors including increased solution polarizability
and density.56

There are at least two scenarios that could have caused the
catalytic effect of water to plateau at approximately 10! the
concentration of hfacH. It is possible that the amount of
hydrogen-bonded hfacH saturated the CuO surface with
"O-Cu-hfac, thus negating any further increase in concentra-
tion of the activated reactant. The fraction of open CuO sites is
a function of the hfacH concentration and, without water, had
an equilibrium value of approximately 0.5. As more hydrogen-
bonded hfacH was produced, the coverage of "O-Cu-hfac

(47) Sievers, R. E.; Connolly, J. W.; Ross, W. D. J. Gas Chromatogr. 1967,
5, 241.

(48) Lin, Y.; Wai, C. M. Anal. Chem. 1994, 66, 1971.
(49) Jain, A.; Kodas, T. T.; Corbitt, T. S.; Hampden-Smith, M. J. Chem.

Mater. 1996, 8, 1119.

(50) Aygen, S.; van Eldik, R. Chem. Ber. 1989, 122, 315.
(51) Ellinger, M.; Duschner, H.; Stark, K. J. Inorg. Nucl. Chem. 1978, 40,

1063.
(52) Duschner, H.; Stark, K. J. Inorg. Nucl. Chem. 1978, 40, 1387.
(53) Ke, J.; Jin, S.; Han, B.; Yan, H.; Shen, D. J. Supercrit. Fluids 1997,

11, 53.
(54) Iwai, Y.; Tanabe, D.; Yamamoto, M.; Nakajima, T.; Uno, M.; Arai,

Y. Fluid Phase Equilib. 2002, 193, 203.
(55) Renault, B.; Cloutet, E.; Cramail, H.; Tassaing, T.; Besnard, M. J.

Phys. Chem. A 2007, 111, 4181.
(56) Dobbs, J. M.; Wong, J. M.; Lahiere, R. J.; Johnston, K. P. Ind. Eng.

Chem. Res. 1987, 26, 56.

Scheme 2. Reaction between hfacH and H2Oa

a In aqueous solution, water and hfacH form the enolate/hydronium ion
pair and the gem-diol. In scCO2, water and hfacH form a hydrogen-bonded
complex.
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would have increased and possibly reached a rate-limiting value.
A second explanation is convergence to the solubility limit of
activated hfacH in scCO2. The polar nature of hydrogen-bonded
hfacH would have rendered it less soluble than either hfacH or
water alone. Once it reached maximum solubility, equilibrium
of the H-bonded complex would shift back into an uncoordinated
form, and no further impact on the rate would be observed.

Conclusions

The kinetics for etching thin CuO films with the metal
chelator hfacH in scCO2 were studied and used to develop a
reaction mechanism. Analysis of the surface reaction in the
context of the rate behavior revealed details of the mechanism
relevant to advancing heterogeneous reactions in scCO2, specif-
ically nanoscale metal synthesis. In contrast to the analogous
gas-phase reaction where temperatures greater than 150 °C are
required for etching,31,32,35 copper removal was observed at
temperatures as low as 53.5 °C. Supercritical fluid processing
is known to enhance certain reactions11 and, in this case, was
a result of CO2 solvation forces reducing the activation energy
of the rate-determining step. This behavior could be exploited
for processing heat-sensitive materials including metal-organic
composites. Below an hfacH concentration of 11 mM, the
apparent reaction order was !0.6, and CuO etching was
modeled with a three-step Langmuir-Hinshelwood scheme
consisting of (1) dissociative adsorption of hfacH on a CuO
site, (2) surface reaction between two adsorbed hfacH molecules
to generate Cu(hfac)2 and water, and (3) desorption of the
product species. Above an hfacH concentration of 11 mM, the
apparent reaction order was !1 due to adsorption-limited etching
or to the increased probability of an hfacH molecule in the fluid

striking a filled surface site. Understanding the mechanism
change as a function of the reactant concentration could be
utilized to tune surface structures. Just like changes in temper-
ature and pressure alter the density of scCO2, which can affect
a reaction rate, increasing the concentration of a molecule
dissolved in scCO2 can cause a switch from a mechanism that
is gaslike to one that is liquidlike. Although etching rates in
this study were intentionally kept low for detailed kinetic
analysis, the experimental data can be extrapolated to predict a
rate greater than 10 nm/min at hfacH concentrations of ap-
proximately 100 mM and a moderate temperature of 74.8 °C.
This rate could be increased further by addition of catalytic
amounts of water, which was shown to enhance the reaction
through the proposed formation of a hydrogen-bonded hfacH
species.
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Appendix C

AgCu dealloying
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Synthesis of Nanoporous Ag by Dealloying in Supercritical Carbon

Dioxide

C.1 Introduction

When alloyed together or with other metals, copper, silver, and gold form a wide array

of predominantly nonstoichiometric compounds. Using these noble intermetallics as

starting materials offers the possibility of introducing composition dependent struc-

tural features into porous films with unique properties. Submicrometer porous noble

metals have been used in applications ranging from optical components,1–6 cata-

lysts,7–11 and chemical sensors12–15 to specialty materials.16–18 One established tech-

nique to generate porosity is by dealloying, where one metal is selectively etched from

an alloy creating a random porous structure composed primarily of the inert metal.

The most common approach for selective etching is to immerse an alloy in a concen-

trated acid solution, which preferentially ionizes and dissolves the less noble metal.

Since the pores evolve during metal dissolution, their morphology can be controlled

by varying reaction conditions.19–21 This yields pore sizes ranging from a few nanome-

ters up to a micron.22,23 An electric potential can be applied to hasten the process.

Reported conditions for void formation during conventional dealloying include a sub-

stantial difference in the standard potential between the constituent elements (∆φ >

0.1 V), fast surface diffusion of the inert metal, and a minimum starting composition

of the selectively removed species, defined as the parting limit.24 Many studies have

been published characterizing and modeling the dealloying process in polar liquid

solutions.24–30

During dealloying in polar liquids, the impact of surface tension, wetting, solu-

bility, and mass transport on pore structure is difficult to unravel. An alternative
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approach is to use a supercritical fluid that retains the density and high mass flux

of a liquid, but possesses kinematic properties similar to gases. Furthermore, the

solvent behavior of supercritical fluids can be tuned by the addition of co-solvents.

With this objective, supercritical CO2 (scCO2) is emerging as a viable and environ-

mentally sustainable platform for nanomaterials synthesis.31,32 Enlisting scCO2 as a

solvent for dealloying could mitigate the limitations imposed by aqueous solutions

and avoid the use of strong acids. Moreover, studying dealloying in a nonpolar and

electrically neutral solution may help reveal how formation of the nanoporous layer

relies on fluid properties and surface chemistry, leading to a better understanding

of fundamental dealloying mechanisms. We report the synthesis of nanoporous Ag

(npAg) by dealloying a AgCu intermetallic compound using scCO2. High surface area

Ag is a particularly desirable material because of its applications in surface enhanced

Raman spectroscopy (SERS),33 cathodic reduction catalysis,34 and as an antibiotic

agent.35 Nanoporous silver has previously been formed by dealloying AgAl in NaOH34

as well as AgZn in both H2SO4
36 and a ZnCl ionic liquid mixture.37 Although alloy-

ing and dealloying mechanisms have been observed by scanning tunneling microscopy

(STM) during growth of Ag on Cu surfaces,38 there are currently no published reports

examining dealloying in the multiphase AgCu system.

The insolubility of metal ions in nonpolar neutral fluids implies that a conven-

tional dealloying approach will be unsuccessful in scCO2. However, recent work in

our group and others has shown that oxidized copper can be etched in scCO2 by

reacting with a metal chelator, hexafluoroacetylacetone (hfacH).39–43 Since hfacH can

only bind to and dissolve Cu in a positive state, selective etching can be achieved

by preferentially oxidizing the Cu atoms in an alloy. As a precious metal, Ag is in-

herently more resistant to oxidation than Cu and under most conditions, the alloy

will form an oxide scale consisting of CuO and metallic Ag.44 Once Cu is selectively
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oxidized, it reacts with hfacH and dissolves, leaving behind npAg. Our results show

that the mechanism of pore formation in scCO2 dealloying bears similarities to con-

ventional liquid phase processes, but that selective removal is possible over a wider

range of alloy compositions. By varying the processing conditions, we achieved two

distinct surface morphologies, each of which exhibited a characteristic localized sur-

face plasmon resonance signature. This technique is demonstrated with the binary

AgCu system, but should be generally applicable to any alloy where one metal can

be preferentially oxidized.

C.2 Experimental Section

A AgCu alloy rod cast at its eutectic composition of 39.9 at% Cu was purchased

from Goodfellow Cambridge Limited. The alloy was composed of Cu-rich lamella

dispersed in a Ag-rich phase. Small, ∼1 mm thick disks were cut from the rod and

used for experimentation. Two different approaches were examined for oxidizing the

alloy surface: stepwise and in situ. As depicted in Fig. C.1, a sample was immersed

in liquid H2O2 prior to CO2 processing with hfacH in the stepwise method, whereas

both H2O2 and hfacH were dissolved in the supercritical fluid in the in situ process.

For stepwise dealloying, the AgCu samples were oxidized at room temperature

in 30% liquid H2O2 (General Chemical) for 2 minutes after which they were rinsed

with ultra pure water and dried with N2. The alloy sample along with hfacH (Alfa

Aesar, 99.9%) amounting to 14 mM concentration were placed into a 50 mL high

pressure batch reactor system fully described elsewhere.41 The reactor was charged

with liquid CO2 (99.99%), heated for 15 min to the supercritical processing conditions

of 60±5◦C and 160±10 bar, and then allowed to react for an additional 5 min. Etching

was stopped by venting the CO2. Samples dealloyed with an in situ oxidant were
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Figure C.1. Schematic of experimental method showing stepwise and in situ meth-

ods for scCO2 dealloying.

processed with a similar sequence but instead of oxidizing in liquid H2O2 prior to

scCO2 processing, H2O2 was added to the high pressure reactor along with the hfacH

(hfacH concentration = H2O2 concentration = 14 mM). In this case, reactions were

run for 20 min after reaching the set supercritical conditions. After the 15 heating

step in both oxidation approaches, the scCO2 solution was maintained at processing

conditions of 60±5◦C and 160±10 bar for the duration of the experiment.

The alloy surface morphology was characterized using a Hitachi S-4500 field emis-

sion scanning electron microscope (FESEM) operating at 15 keV accelerating volt-

age. Stereo micrographs of the sample surface were captured and used to create a

3-D anaglyph image (Alicona MeX software). Compositional FESEM images show-

ing the microstructure of the as-received AgCu alloy were obtained from a sample

mechanically polished to a 1 micron scratch using standard techniques. The composi-

tions of the two phases were determined from energy dispersive x-ray analysis with a

Thermo Noran NSS detector. Sample surface species were analyzed using a Physical

Electronics 549 X-ray photoelectron spectrometer with a double pass cylindrical mir-

ror analyzer and a 400 W x-ray gun (Al Kα radiation). High resolution scans were



65

taken at 50 eV pass energy and all spectra were aligned based on the adventitious

C 1s peak at 284.6 eV. Spectra were fit with a least squares method using a Shirley

background and Gaussian line shapes for the purpose of deconvoluting into individual

states and obtaining peak areas. X-ray diffraction (XRD) was performed on a Scintag

XDS 2000 with CuKα radiation at 40 kV accelerating voltage and 40 mA. UV-vis

data were collected using a Jasco V-670 spectrometer equipped with an integrating

sphere. A planar 200 nm Ag film was deposited on to a clean Si substrate by electron

beam evaporation (Edwards, Auto 306) for optical comparison to npAg.

C.3 Results and Discussion

Reacting a pre-oxidized AgCu alloy sample with hfacH in scCO2 formed randomly

shaped ligaments and pores as shown by the FESEM images in Fig. C.2. A control

sample oxidized in liquid H2O2 and exposed to pure CO2 had a nearly featureless

surface (Fig. C.2a). After undergoing one cycle of the oxidation/etching process,

evenly sized ∼20 nm clusters appeared (Fig. C.2b). Following two etching cycles,

these clusters increased in diameter and noticeable voids began to form (Fig. C.2c).

The onset of full scale dealloying was observed after four oxidation/etching cycles

(Fig. C.2d). Darker areas correspond to material removal and the taller, brighter

regions show the more noble Ag metal atoms that conglomerated. The ligament

size is on the order of 50 - 100 nm. An anaglyph image highlighting the three-

dimensional structure of the dealloyed surface is given in the Supporting Information

(Fig. 7). Since the oxidation process is self-limiting, the stepwise images in Fig. C.2a-

d represent a time profile of the nanoporous structure formation. The pattern of small

clusters sequentially growing to larger ligaments closely resembles simulated models

for liquid phase dealloying.24 This suggests that despite differing methods of selective
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dissolution, the physical mechanisms responsible for pore formation in liquid and

scCO2 processes may be similar.

Figure C.2. FESEM images of a AgCu alloy after (a) H2O2 oxidation and pure

scCO2 exposure (b) 1 cycle of oxidation/etching (c) 2 cycles of oxidation/etching and

(d) 4 cycles of oxidation/etching. The scale bar is 250 nm and applies to all four

images.

Corresponding XPS spectra of the progressively dealloyed AgCu surface are given

in Fig. C.3. Gaussian fits of the Cu 2p binding energy region (Fig. C.3a) show that

prior to etching, there were two states of Cu on the surface. The spin-orbit split peaks

at 952.5 eV (2p1/2) and 932.3 eV (2p3/2) are attributed to Cu(0) metal and Cu(I)2O.

Differentiation between these oxidation states is not possible based on the 2p peaks

alone because the binding energy separation is only 0.1 eV.45 Fully oxidized Cu(II)O

is also present as indicated by both a second set of spin-orbit split peaks shifted

by 1.3±0.2 eV to higher binding energy and the appearance of characteristic satellite
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peaks at 962 and 942 eV. This CuO on the surface before intentional oxidation in H2O2

came from exposure to atmospheric oxygen over time. Liquid phase H2O2 oxidation

of the alloy fully converted the copper surface to CuO as shown by the post oxidation

XPS spectrum. After one reaction cycle with the hfacH/scCO2 mixture, the satellite

peaks disappeared and the Cu 2p peaks shifted to slightly lower binding energy,

indicating CuO was completely removed. Following four oxidation and etching cycles,

the XPS spectrum showed no residual CuO and a lower peak intensity, signifying a

decrease in the relative amount of Cu in the surface region probed by XPS.

Fig. C.3b contains analogous XPS spectra for the Ag 3d states. The spin-orbit

split Ag peaks at 373.8 eV (3d3/2) and 367.8 eV (3d5/2) are assigned to Ag metal.

Although silver is a noble metal, it can exist in a 1+ or 2+ oxidation state with

expected anomalous shifts to lower binding energies by 0.3 and 0.7 eV, respectively.46

The fixed Ag 3d peak positions throughout the stepwise dealloying process indicate

the liquid phase H2O2 process was aggressive enough to oxidize the Cu species, but

left the Ag atoms in a metal state. After four processing cycles, the relative amount

of Ag on the alloy surface increased. This was expected since there was a relative

decrease in the surface concentration of Cu. Comparison of XPS peak areas to the

known starting AgCu composition yields an estimated change in surface composition

from 39.9 to 6.4 at% Cu after four stepwise dealloying cycles.

A 5 min/cycle etching time was chosen for stepwise dealloying because it was the

minimum reaction time that yielded complete removal of CuO to the detection limit

of XPS. Although hfacH is not expected to react with the surface once the oxide layer

has been etched, longer cycle reaction times of 10 and 20 min were tested. These pro-

longed samples showed no superficial CuO and exhibited comparable FESEM surface

morphology to those etched for 5 min. Self-limiting liquid phase H2O2 oxidation of

pure Cu metal is reported to generate a 50 nm CuO layer.43,47 Assuming oxidation
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of the AgCu alloy behaved similarly and formed a 50 nm oxide film, which was sub-

sequently removed during the 5 min reaction, estimates a nominal dealloying rate of

approximately 10 nm/min. Because the surface reaction rate is directly related to

copper coverage, dilution by silver atoms should decrease the molar rate compared

to etching of pure CuO films. However, there are also proportionately fewer copper

atoms that need to react in order to remove an atomic layer in the alloy. To a first

approximation, the etching rate of the alloy on the basis of length can be directly

compared to pure CuO dissolution. Pure CuO films processed under analogous CO2

conditions and hfacH concentration etched at a rate of only ∼1 nm/min.43 The rela-

tively high 10 nm/min estimated dealloying rate is likely an inflated value. Protection

from metallically bonded Ag may have resulted in an oxide scale that was less than

50 nm thick44 and additionally, some CuO etching could have occurred during the 15

min heating period which could not be directly accounted for. Both scenarios would

produce an over-estimated value for the dealloying rate, though enhanced CuO re-

moval in the presence of Ag by perturbations in the electronic structure or other

interatomic interactions cannot be ruled out.

The FESEM and XPS data in Figs. C.2 and C.3 illustrates that Cu was selectively

etched from a AgCu alloy leaving behind a porous network enriched in Ag. Further

analysis using XRD (Supporting Information, Fig. 8) confirmed that the dealloying

process generated a surface composed primarily of pure crystalline Ag and that the

initial starting sample contained both a Ag-rich and a Cu-rich phase. Multiple phases

were expected because of the eutectic behavior in the AgCu alloy system and could

impact the npAg morphology. In liquid solutions, multiphase metals can dealloy if

one or more of the phases meet the conditions necessary for selective dissolution.30

Fig. C.4 shows a low magnification FESEM image of a selectively etched layer in

comparison to a compositional image (inset) of the specific eutectic AgCu alloy used
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in this study. Acquiring a compositional SEM image requires removing morphological

contrast through polishing, consequently a compositional image of a dealloyed surface

cannot be obtained. The alloy initially contained dark, ∼1 micron Cu-rich (77.8

at% Cu) lamella dispersed in a lighter Ag-rich phase (24.2 at% Cu). After etching

in scCO2, there were no structural features visible that correlated with the micron

length scale in the phase map. Both phases were selectively etched, but formed similar

morphologies that were indistinguishable based on SEM.

Figure C.4. (a) Low magnification FESEM image of a dealloyed AgCu surface and

(b) compositional image showing the dark Cu-rich and lighter Ag-rich phases in the

starting AgCu alloy. The scale bar is 2 microns and applies to both images.

One restriction for liquid phase dealloying is the parting limit, defined as the less

noble metal concentration below which selective etching will not occur. It is interest-

ing that dealloying was observed in the Ag-rich phase containing only 24.2 at% Cu

because parting limits are often much higher for systems like AgCu with a relatively

small ∆φ.25 For example, AuAg won’t dealloy below 60 at% Ag.26 Dealloying in a

low Cu content phase could be a unique property of the AgCu system or a result of

the supercritical dealloying process employed. Measured parting limits higher than
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the metal percolation threshold have been attributed to the electrolyte being un-

able to penetrate the small pores formed at low concentrations of the more reactive

metal.26 Fluid access is not a limitation during supercritical dealloying where low

surface tension and viscosity allow the etching solution to wet and penetrate any size

feature.

While cycling through separate oxidation and etching steps is useful for moni-

toring the progression of dealloying, it is easier to combine the two steps by adding

an oxidant to the scCO2/hfacH mixture. Fig. C.5a and b show FESEM images of a

sample before and after dealloying with an in situ oxidant. Uniform, 100 - 200 nm

faceted, particle-shaped features formed on the surface after exposure to the scCO2

etching solution. Although dealloyed surfaces often exhibit a network of ligaments like

Fig. C.2d, structures similar to Fig. C.5b have also been reported.28 XPS spectra in

the Cu 2p and Ag 3d binding regions (Fig. C.5c and d) confirm that selective etching

of Cu occurred leaving a Ag-rich surface. Based on the XPS peak areas, the surface

concentration dropped from 39.9 to 9.5 at% Cu after the in situ dealloying process.

The difference in size-scale and morphology between the stepwise and in situ deal-

loyed samples is notable, especially considering XPS analysis showed both processing

methods produced similar surface compositions. It may be that the continuous time

spent in scCO2 solution allowed for increased surface conglomeration of the Ag atoms

producing larger, more symmetric features during in situ dealloying. Most important

it emphasizes that the oxidation step plays an integral role in determining surface

structure for dealloying in scCO2 and could be used to control the nanoporous metal

properties.

Differences in the two morphologies formed by dealloying with stepwise and in

situ oxidation were evident by their optical behavior. Ag nanostructures can inter-

act with light and exhibit localized surface plasmon resonance (LSPR). The size,
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Figure C.5. FESEM images of AgCu alloy (a) initially and (b) after in situ deal-

loying and XPS spectra of (c) Cu 2p region and (d) Ag 3d region. The scale bar is

500 nm and applies to both images.
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shape, and orientation of the nanostructures control how the conduction electrons

resonate on a Ag surface under incident light and ultimately, the functionality of

the material.48,49 For example, tuning the mean grain size between 25 - 110 nm in a

solution-deposited Ag film generated a 30% increase in the surface enhanced Raman

spectroscopy (SERS) enhancement factor to a value of ∼2×105 for absorbed ben-

zenethiol.50 The characteristic localized surface plasmon modes on a metal surface

can be readily identified using UV-vis spectroscopy.

Fig. C.6 shows UV-vis absorbance spectra from both a stepwise and in situ deal-

loyed npAg surface in comparison to a non-structured evaporated Ag film. The peak

appearing at 317 nm in all three spectra corresponds to the bulk plasma edge of

silver, which atypically appears in the near UV due to the unique position of the

Ag d-orbitals with respect to the Fermi energy.51 At higher wavelength, the step-

wise dealloyed sample exhibited a broad absorbance between 400 - 600 nm which is

consistent with published reports of LSPR on nanostructured Ag surfaces with char-

acteristic length scales in the 50 - 100 nm regime.50,52 The asymmetry of the peak

likely results from convolution of resonance along the major and minor axes of the

elongated ligaments.49 Comparatively, the LSPR absorbance for the in situ dealloyed

sample consisting of larger 100 - 200 nm feature sizes is redshifted to a peak value

of ∼650 nm. According to classical Mie theory, which is generally valid for particles

larger than ∼10 nm, LSPR peaks shift to longer wavelengths with increasing par-

ticle radius.48 The more uniform size and structure of the in situ dealloyed surface

resulted in a symmetric LSPR absorption. These results illustrate that tuning the

processing conditions can control the resulting surface morphology, yielding npAg

with controllable optical properties.
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C.4 Conclusion

Collectively, FESEM, XPS, and UV-vis analysis demonstrate that npAg can be

formed by dealloying AgCu in scCO2. The dealloying process proceeds by selec-

tive oxidation and subsequent dissolution of the Cu metal. As Cu is preferentially

etched, the Ag atoms conglomerate into superficial nanostructures with a morphology

dependent on the method of oxidation. Future work aims to better understand the

underlying mechanisms for selective etching in high pressure scCO2 and thereby gain

control over the nanoporous material properties.
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C.4.2 Supporting Information Available:

Anaglyph 3-D image of scCO2 dealloyed AgCu.

Three-dimensional viewing of Figure D.10 requires red/cyan stereo glasses, using

the red lens over the left eye. The network of ligaments and voids was formed after

4 oxidation/etching cycles on an AgCu alloy sample.

XRD characterization of the alloy sample before and after processing.

Figure D.11 shows XRD spectra of the initial starting alloy in comparison to

both stepwise dealloyed and in situ dealloyed samples. The as-received alloy surface

exhibited strong (111) reflections for both a Ag-rich and a Cu-rich phase, each of

which are slightly shifted from the pure constituent lattice spacings. Simple Vegard’s
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Law analysis estimates Ag-rich and Cu-rich phase compositions of 7.1 and 93.5 at%

Cu, respectively. After both dealloying processes, a surface composed primarily of

pure crystalline Ag formed. Note that sample step height limitations in the specific

spectrometer used prevented characterization beyond 70 degrees.
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Figure C.7. Anaglyph 3-D image of AgCu sample dealloyed in scCO2. The scale

bar is 500 nm.

! (deg)

Figure C.8. XRD spectra of the initial starting alloy, stepwise dealloyed sample,

and in situ dealloyed sample.
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Dealloying Multiphase AgCu Alloy Films in Supercritical Carbon Diox-

ide

D.1 Introduction

Dealloying, which is the selective removal of one species from within a metal alloy,

has long been studied in the context of material corrosion, but is now emerging as

a technique for nanoporous metal synthesis. As the reactive species is preferentially

etched, the inert metal diffuses and conglomerates into an interconnected network of

nanometer scale ligaments and voids1. Void formation during dealloying has been ob-

served in many systems including AuAg2,3, AuCu4,5, and PtCu6,7. The most common

approach for selective etching is to immerse an alloy in a concentrated acid solution,

which preferentially ionizes and dissolves the less noble metal. While many of the

driving forces for dealloying have been accurately modeled, there are still lingering

questions about surface diffusion of the inert metal1. For example, typical surface

diffusion coefficients are at least two orders of magnitude lower than necessary for the

atoms to move over the observed length scales.

One approach to improve understanding of dealloying behavior is to use an alter-

nate fluid for selective removal. Supercritical CO2 is emerging as a viable and envi-

ronmentally sustainable platform for nanomaterials synthesis8,9. Supercritical fluids

have tunable solvent behavior with densities comparable to liquids but kinematic

properties, such as surface tension and viscosity, similar to gases. Enlisting scCO2

as a solvent for dealloying could alleviate limitations imposed by aqueous solutions

while simultaneously avoiding the use of strong acids. Additionally, studying deal-

loying in a nonpolar and electrically neutral solution may help reveal how formation

of the nanoporous layer relies on fluid properties, leading to a better understanding



84

of fundamental dealloying mechanisms.

Previous results have demonstrated formation of nanoporous Ag by dealloying

AgCu in scCO2
10. Dealloying in the AgCu system is particularly interesting because

despite an atomic size mismatch of only 13%, the alloy exhibits eutectic phase behav-

ior and is an exception to the 15 at% solid solution prediction from Hume-Rothery

rules11. Only a few studies have examined dealloying in multiphase systems due

to the added complication of varying microstructure12,13. However, the relatively

simple two-phase AgCu alloy system provides an ideal case to examine the effect of

microstructure on selective etching processes.

In this study, thin multiphase AgCu films were fabricated and dealloyed in scCO2

using in situ H2O2 to selectively oxidize Cu and hexafluoroacetylacetone (hfacH) to

chelate and dissolve the oxidized metal. The alloy crystallinity and phase behavior

was examined with x-ray diffraction (XRD). The Cu etching rate was studied as a

function of etching solution concentration, reaction temperature, and molar ratio of

H2O2 to hfacH. Field emission scanning electron microscopy (FESEM) was used to

observe the initial alloy microstructure as well as the dealloyed feature morphology.

The effect of varying microstructural phase domain size on dealloyed morphology was

studied and quantified using digital image analysis.

D.2 Experimental Methods

D.2.1 AgCu alloy film preparation.

AgCu alloy films were formed by sequential deposition of elemental Cu and Ag layers

followed by annealing in a furnace to mix the metals as depicted in Figure D.1.

Electron beam evaporation (Edwards, Auto 306) was used to deposit consecutive

layers of Cu and Ag onto a Si wafer substrate containing a ∼150 nm Ta layer, which
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Figure D.1. Alloy films formed by sequential deposition of Cu and Ag layers on a

Si substrate followed by annealing in a furnace to mix the metals.

served as a diffusion barrier. Prior to deposition, the wafers were cleaned in dilute

SC1 solution (10:1:1 by volume H2O:NH4OH:H2O2) for 10 min. Four thin layers of

both Cu and Ag were deposited rather than one thick film to facilitate interdiffusion.

The overall alloy composition was set by the relative thickness of each metal, and,

for this study, a constant composition of 75% Cu was achieved with 40 nm/layer

of Cu and 85 nm/layer of Ag. The total thickness of the composite metal film was

approximately 500 nm. The silver and copper were mixed by heating for 2.5 hours

in a N2 purged furnace at temperatures ranging from 450 to 700◦C. The furnace was

heated to 50◦C above the set-point just prior to inserting the samples to help recover

the temperature drop incurred from opening the door. A thin layer of CuO formed

on the alloy surface during annealing, but it could be removed by reaction with pure

hfacH in scCO2. After annealing, sample sizes of approximately 1.25 cm2 were cut

and used for experimentation.

D.2.2 Supercritical dealloying.

The prepared AgCu alloy films were selectively etched in a 250 mL high-pressure

recirculating tubular batch reactor described elsewhere14. Samples were contained

inside of a 10 mL portion within the reactor and liquid CO2 (99.99%) was added and

then heated to the desired processing conditions. Reaction temperatures of 45 - 90◦C

were tested with the operating pressure set to maintain a constant, mid-range scCO2



86

density of 0.55 ±0.05 g/cm3 (based on pure CO2). Corresponding temperatures and

pressures were 45◦C and 120 bar, 60◦C and 145 bar, 75◦C and 185 bar, and 90◦C

and 220 bar. Aqueous H2O2 (General Chemical, 30 wt%) and hfacH (Alfa Aesar,

99.9%) were added simultaneously to the system, mixed into the scCO2 solution for

4 min, and exposed to the sample for times ranging from 1 to 20 min. Equal volumes

of the two reagents were typically used (0 - 0.334 mL) to yield a 1.25 molar ratio

of H2O2/hfacH, although varying proportions were tested to isolate the rate limiting

reagent. Etching solution concentrations are reported using the hfacH molarity (0 -

9.44 mM) and, unless stated otherwise, included 1.25× H2O2 on a molar basis. After

etching, the reactor was slowly vented and the samples were cleaned by circulating

pure scCO2 for 20 min.

D.2.3 Characterization.

The alloy structure was characterized by x-ray diffraction (XRD) on a Scintag XDS

2000 with CuKα radiation at 40 kV accelerating voltage and 40 mA. A Hitachi S-

4500 field emission scanning electron microscope (FESEM) operating at 15 keV was

used to characterize surface morphology and elemental analysis was performed with

a Thermo Noran NSS energy dispersive x-ray spectrometer (EDS). A 100 sec live

time was used, and the reported composition is an average of three separate areas

probed on each sample. Magnifications greater than 50,000× were used for EDS

sampling within separate phases while a lower magnification of 10,000× was used for

measuring overall average film compositions. All Cu compositions are reported as

atomic percentages.

Inverse space image analysis was performed using MATLAB software (v7.6) to

compute the 2-D fast Fourier Transform (FFT). Low magnification (≤10,000×) FE-

SEM images were arbitrarily cropped to 768×768 pixels. Square images were prefer-



87

able because they reduced computation time and images containing higher pixel den-

sities did not significantly improve signal to noise. For this study, FFT power spectra

were rotationally averaged from 0 to 2θ to obtain a 1-D radial distribution function

(RDF). Model fitting of the FFT was performed using IGOR Pro (v6.02). For im-

age thresholding, a simple algorithm based on Otsu’s approach was used15. Image

analysis details are described in the results section.

D.3 Results

D.3.1 Sample characterization.

Figure D.2 shows XRD characterization of the AgCu films. Only the region between

36 - 46◦ is presented because it contains the peaks of interest for Ag and Cu; reflections

outside of this range were assigned to the Ta barrier layer and Si substrate. X-ray

penetration depth depends on the density of the sample and the energy of the beam,

but is generally on the order of 1 µm16. Observation of substrate diffraction peaks

indicated that the energy was sufficient to probe the entire 500 nm alloy layer. Prior

to heating, the sample contained polycrystalline Ag (d = 4.086 Å) and Cu (d = 3.615

Å), both oriented in the (111) direction (Figure D.2a). This orientation is typical for

metal films evaporated onto Si substrates and results from the slow-growth behavior

of (111) planes in face-centered-cubic (FCC) materials16. The weak intensity of the

diffraction peaks shows that the layered films were predominately amorphous.

After heating at 450◦C for 2.5 hours, the diffracted peak intensity increased due to

crystallization, and the positions of both the Ag and Cu peaks shifted indicating that

mixing occurred (Figure D.2b). The maximum expected equilibrium incorporation of

Cu into the Ag lattice is 14.1%11. Comparison of the experimentally measured lattice

spacing (d = 4.051 Å) to published values predicts a Ag-rich phase composition of



88

50x103

100

50

0

In
te

ns
ity

464442403836
2! (deg)

(a) as-deposited

(b) alloyed

(c) dealloyed 35% Cu

(d) dealloyed 0% Cu

Cu (111)Ag (111)

3x

Figure D.2. XRD spectra for the AgCu films (a) as-deposited (3x) (b) alloyed at

450◦C for 2.5 hours (c) dealloyed to 35% Cu (d) dealloyed to 0% Cu at 60◦C and 145

bar. Dashed lines show respective positions for pure Ag and Cu in the (111) direction.



89

approximately 12.1% Cu11. After alloying, the Cu peak was shifted to higher lattice

spacing, but also exhibited slight asymmetry. Gaussian peak fits showed formation of

a 93.5% Cu-rich phase (d = 3.614 Å), which is near the expected 95.1% Cu solubility

limit, convoluted with approximately 20% lingering pure Cu11. EDS composition

estimates taken within the individual Ag-rich and Cu-rich phases were 18.1 and 95.7%

Cu, respectively.

Cu removal from both phases is evident following a 5 min exposure to a 4.72 mM

etching solution (4.72 mM hfacH + 5.9 mM H2O2) at 60◦C and 145 bar (Figure D.2c).

The dealloying reaction decreased the overall Cu composition from 74.9 to 35.4%

based on EDS analysis. The Cu-rich XRD peak area decreased by nearly 66%, while

the Ag-rich peak maintained comparable intensity, but shifted to a higher Bragg angle

corresponding to approximately 7.0% Cu (d = 4.059 Å). Figure D.2d shows the XRD

pattern after a longer 10 min exposure in the same etching solution. The increased

reaction time removed all Cu to the detection limit of EDS (∼1%). Reflections for

the Cu-rich phase were no longer present and the Ag-rich peak remained in position

at approximately 2θ = 38.35◦, which is higher than expected for pure Ag. This could

indicate remaining Cu in the Ag-rich phase, but due to the lack of Cu observed in

EDS analysis, more likely results from residual lattice strains.

Both primary Ag and Cu XRD peak widths decreased by approximately 50% from

0.50 and 0.39◦ to 0.23 and 0.22◦, respectively following annealing. After each scCO2

dealloying step, the Ag (111) peak exhibited a modest, but sequential decrease in

width as well. Specific XRD peak width is regulated by the spectrometer and can

vary as a function of both grain size and dispersive lattice strain16. Determining an

exact value for the grain size would require instrument calibrations that were unavail-

able, but a minimum value can be estimated from the Scherrer equation. Minimum

calculated grain sizes from the Ag (111) region were 16.6 ±1.2, 30.9 ±1.7, 32.9 ±1.9,
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and 35.6 ±2.2 nm for Figure D.2a, b, c, and d, respectively, though visual estimates

of grain boundaries from FESEM indicated the grains were typically larger than 50

nm.

Figure D.3 shows top-down and cross-sectional FESEM images of the AgCu films

before and after dealloying. The compositional contrast in Figure D.3a confirms the

presence of a darker Cu-rich phase and a lighter Ag-rich phase. Since Cu has a lower

atomic number than Ag, the Cu-rich phase appears darker in the FESEM images,

and phase assignments were confirmed by EDS sampling within each area. Note that

in order to view the compositional contrast, the thin layer of CuO which formed on

the alloy surface during annealing had to be removed by etching with pure hfacH

in scCO2. After processing for 5 min in a 4.72 mM etching solution at 60◦C and

145 bar, the surface in Figure D.3b was obtained. Interestingly, the length scale and

tortuous shape of the porous film appears to mimic the microstructure of the starting

AgCu alloy. Figure D.3c and d show the corresponding cross-sectional images of

the layer before and after dealloying, respectively. It appears the dealloying reaction

penetrated all of the way through the AgCu layer to the Ta diffusion barrier, but did

not appreciably change the height of the film.

FESEM images from the early stages of AgCu dealloying revealed how the porous

structure evolved. Figure D.4a through d shows the AgCu surface after dealloying

from 74.9% Cu to 70.6, 68.8, 63.4, and 60.1% Cu, respectively. The selective etching

process was initiated by formation of small, ∼10 nm Ag clusters within the Cu-

rich phase regions (Figure D.4a). As more Cu atoms were removed, the Cu-rich

phase became recessed and the residual Ag clusters grew in size (Figure D.4b and c).

Conglomeration of the Ag clusters toward the Ag-rich phase region was observed in

Figure D.4d. The morphology progression from Figure D.4a through d shows that as

Cu was selectively removed in the Cu-rich phase, clusters of Ag formed and migrated
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Figure D.3. FESEM images of the AgCu films top-down (a) alloyed (b) dealloyed

and cross-sectional (c) alloyed (d) dealloyed. Alloyed samples were heated at 450◦C

for 2.5 hours and dealloyed samples were processed for 5 min in a 4.72 mM etching

solution at 60◦C and 145 bar.
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Figure D.4. Top-down FESEM images of the AgCu films dealloyed to (a) 70.6 (b)

68.8 (c) 63.4 and (d) 60.1% Cu at 60◦C and 145 bar.

toward the existing Ag-rich phase regions leaving pores.

D.3.2 Etching process characterization.

Although H2O2 and hfacH in scCO2 have previously been used to selectively remove

Cu from AgCu alloys10, details of the etching reaction have not been examined. The

effect of etching solution concentration on Cu removal at temperatures ranging from

45 - 90◦C and a constant scCO2 density of 0.55 g/cm3 is shown in Figure D.5. A

fixed reaction time of 10 min was studied because variable reaction times generated

inherent data scatter, which limited analysis, and reactions longer than 10 min did

not result in additional Cu removal. Cu composition was determined from EDS

analysis at three separate locations on each sample with the error bars representing
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95% confidence intervals. In the instances where reaction conditions resulted in com-

plete Cu removal, Cu was the limiting reagent. Under all other conditions shown,

Cu composition was controlled by the etching solution concentration. The etching

reaction shows typical kinetic behavior between 45 and 75◦C, where Cu removal in-

creases with increasing temperature. However, at a reaction temperature of 90◦C,

Cu removal dropped significantly. The inset in Figure D.5 shows an Arrhenius plot

between reaction temperatures of 45 - 75◦C. Two data sets at 0.083 mM and 0.125

mM, where the reaction was not limited by Cu, were analyzed and yielded apparent

activation energies of 36.8±3.0 and 38.6±3.1 kJ/mol, respectively.

Figure D.6 shows how the H2O2/hfacH molar ratio affected Cu removal at a

constant temperature of 60◦C, a pressure of 145 bar, and a reaction time of 3 min.

The error bars represent 95% confidence intervals from three EDS sampling locations.

Maintaining the H2O2 concentration at 5.90 mM and varying the amount of hfacH

resulted in a fixed Cu removal of ∼54% (Figure D.6). Conversely, setting hfacH

at 4.72 mM and increasing the H2O2 concentration caused a systematic decrease

in Cu composition. In this case, H2O2 was stoichiometrically the excess fluid phase

reagent at ratios above 0.5, but it still affected the etching reaction beyond this point.

Reaction of AgCu with hfacH and pure H2O in scCO2 was also tested and showed

negligible Cu removal, indicating H2O2 was required for selective etching.

D.3.3 Microstructure effects.

Varying the initial phase domain size in the metal layer showed that the dealloyed

morphology and the starting microstructure were correlated. The annealing tem-

perature of the deposited metal films was increased from 450 - 700◦C to generate

progressively larger areas of Ag-rich and Cu-rich phases. Since Ag and Cu were al-

loyed via diffusive mixing, higher temperatures activated diffusion and resulted in
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Figure D.5. Remaining Cu composition as a function of etching solution concen-

tration at temperatures of 45, 60, 75, and 90◦C, 0.55 g/cm3 scCO2 density, and 10

min reaction time. The solid lines are guides connecting the points and the dotted

line shows the initial 74.3% Cu composition. The error bars are the 95% CI based on

three EDS sampling locations. Inset shows an Arrhenius plot between 45 - 75◦C for

etching solution concentrations of 0.083 mM and 0.125 mM.
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Figure D.6. Remaining Cu composition as a function of H2O2/hfacH molar ratio

at 60◦C, 145 bar, and 3 min reaction time. The two data sets are hfacH held con-

stant (4.72 mM) with varying H2O2 and H2O2 held constant (5.90 mM) with varying

hfacH. The dotted line shows the initial 74.3% Cu composition, the solid line guides

connecting points for constant hfacH, and the dashed line represents no variation in

etching using constant H2O2. The error bars show the 95% CI based on three EDS

sampling locations.
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Figure D.7. FESEM images of AgCu samples alloyed (inset) and dealloyed with

increasing anneal temperature (a) 450◦C, (b) 500◦C, (c) 600◦C, and (d) 700◦C. The

scale bar is 2.5 µm and applies to all images.

larger phase domains. Temperatures beyond 700◦C could not be studied due to the

onset of melting. Figure D.7 shows FESEM images of the sample surface before and

after dealloying with increasing anneal temperature. All samples were dealloyed at

60◦C and 145 bar with a 4.72 mM etching solution for 6 minutes. From the FESEM

images, a qualitative pattern of increasing dealloyed feature size with increasing phase

domain size was observed.

A slight difference in dealloyed morphology was obtained for samples alloyed at the

higher temperatures of 650 and 700◦C. Figure D.8 shows example high magnification

FESEM images highlighting the morphology transition for a sample annealed at 600

and at a higher temperature of 650◦C. Both samples were dealloyed at 60◦C and 145

bar with 4.72 mM hfacH for 10 minutes, which removed all Cu to the detection limit
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Figure D.8. High magnification FESEM images of fully dealloyed samples annealed

at (a) 600◦C and (b) 650◦C. The scale bar is 500 nm and applies to both images.

of EDS. The void area in the 600◦C sample (Figure D.8a) consisted of only Ta and Si

from the underlaying layers and exhibited a smooth morphology. Comparatively, the

void area of the 650◦C sample (Figure D.8b) contained Ag in addition to Ta and Si

and also had residual ∼50 nm clusters. Fully dealloyed samples that were annealed

at 700◦C had a morphology similar to the 650◦C sample shown in Figure D.8b.

Quantitative estimates of the feature size distribution in the SEM images can be

determined using inverse space image analysis. For example, fast Fourier transforms

(FFT) have previously been used to calculate characteristic length scales from images

of dealloyed metals17 and phase separated polymers18,19. The Fourier transform is

given by

F (q) =

∫
A

I(r)e[−j2π(q·r)]dr (D.1)

where I(r) is a 2-D discrete function with each point representing a gray scale intensity

from a digital SEM image. The corresponding power spectrum is given by the square

of the FFT magnitude, which is derived using the convolution theorem
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P (q) = |F (q)|2 =

∫
a

I(r)I(0)e[−j2π(q·r)]dr (D.2)

The 2-D FFT power spectrum given in eq D.2 directly corresponds to the intensity

expected from a small angle scattering (SAS) profile, S(q) where n represents the

property responsible for scattering variations20.

S(q)∝
∫

a

n(r)n(0)e[−j2π(q·r)]dr (D.3)

The relationship between SAS and FFT power spectra has been used to compare

transmission electron microscopy (TEM) images to small angle X-ray scattering (SAXS)21,

as well as both SEM and atomic force microscopy (AFM) images to small angle neu-

tron scattering (SANS)22,23.

For image analysis of both the compositional and dealloyed FESEM micrographs,

the 2-D FFT power spectra were rotationally averaged from 0 to 2θ to obtain a 1-D

radial distribution function (RDF). The images did not show any preferred angular

orientation and radial averaging increased signal to noise while also permitting model

fitting of experimental data. RDF’s from the pre and post processed images exhibited

an asymmetric peak shape with an extended high q tail. In general, the maximum

peak position in a RDF relates to the most frequently recurring size domain and the

peak width correlates to the size spread. Because traditional distributions, such as

Gaussian, could not properly fit the asymmetric RDF peak shape generated from the

images, an alternative modeling approach was needed. The fundamental relation-

ship between FFT power spectra and SAS scattering profiles indicates that the two

techniques could be modeled similarly. There are numerous SAS models available for

randomly oriented structures including one that has been applied to SANS data from

a dealloyed surface6,24–26. We found that a linear combination of two basic scattering

profiles offered a high-quality fit27.
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I(q) =
A

q2ξ2
1 + 1

+
B

[(q − qm)2ξ2
2 + 1]2

+ C (D.4)

The first term in eq D.4 represents Ornstein-Zernike (OZ) scattering which can be

derived from the small order parameter fluctuations of the Landrau free energy24. OZ

scattering is expected from variations in concentration, and in this case, represents

gradients in contrast within the phase domains27. The second term is a squared

Lorentzian (SQL) function which was derived for scattering in random morphologies

with distinct boundaries between phases28,29. Fitting parameters A and B correspond

to the amplitudes of each scattering type and C provides the data offset. The max

SQL peak position is given by qm, which represents the most frequently reoccurring

domain frequency. ξ1 and ξ2 are defined as the correlation lengths for OZ and SQL

scattering, respectively, and relate to the peak width.

Figure D.9a shows an example model fit of eq D.4 to a RDF from an alloyed

sample heated to 500◦C. The two scattering components, OZ and SQL, are plotted

independently with their sum providing a close profile of the experimental data points.

An example fit from a dealloyed sample is provided in the Supplementary Information

(Figure 10). Using this modeling approach, both compositional and dealloyed images

taken from samples annealed between 450 - 700◦C (Figure D.7) were analyzed. Three

separate images from each sample were modeled and used to compute average values

of qm, ξ1, and ξ2. Figure D.9b shows how the average domain size, d = (2qm)−1,

varied between ∼250 - 1000 nm with increasing anneal temperature27. The plotted

error bars represent the 95% confidence intervals. Modeled values of d were compared

to estimates from visual measurements of the features in the real space images and

matched within ±10%. In all cases, the characteristic length scale of the dealloyed

sample was less than the corresponding compositional image with the deviation in

size becoming greater above 600◦C. Model fits for ξ1 and ξ2 are given in Figure D.9c
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Figure D.9. (a) example model fit of eq D.4 to a RDF from an alloyed sample

heated to 500◦C and modeled values of (b) size domain, d (c) OZ correlation length,

ξ1 and (d) SQL correlation length, ξ2 for alloyed and dealloyed samples annealed

between 450 - 700◦C. Error bars represent 95% CI from three separate images of each

sample.

and d, respectively. The correlation length for OZ scattering, ξ1, trends upward with

increasing temperature and within experimental uncertainty, shows a close match

between the alloyed and dealloyed samples. The correlation length for SQL scattering,

ξ2, also increases with increasing temperature for the alloyed images, but exhibits an

abrupt drop for the dealloyed images above 600◦C. Apparent activation energies for

the modeled parameters were calculated from Arrhenius plots of d, ξ1, and ξ2 and are

given in the supplementary information (Figure 11).

A complementary image analysis approach is to use a thresholding algorithm to
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designate each pixel as either white or black and subsequently estimate the area

fraction (σ) of the light and dark regions in the FESEM micrographs. Table D.1

shows the average light area ratio, φL = σdealloyed/σalloyed, for the dealloyed images

with respect to the compositional images as a function of anneal temperature. In the

compositional images, the light regions represent the Ag-rich phase whereas in the

dealloyed images they correspond to the Ag nanostructures. At all temperatures, φL

was less than one indicating that light area coverage was reduced after dealloying.

There does appear to be a shift to lower ratios for the anneal temperatures of 650

and 700◦C. A simple mass balance can be performed by assuming film height remains

constant after etching and relating the light and dark area fractions to the initial

Cu compositions of each phase measured by EDS within the compositional images.

From the measured value of σalloyed and the Ag-balance, an expected coverage of the

dealloyed Ag nanostructures after all Cu had been removed was determined and used

to calculate a theoretical φL. Similar to the experimental φL values, the calculated

ratio is always less than one, but predicts a more consistent value of approximately

0.75 over the range of anneal temperatures studied.

D.4 Discussion

D.4.1 Sample characterization.

The multiphase behavior in the AgCu system adds another facet to examine during

selective etching processes. For this study, the alloy microstructure was controlled

by varying the annealing temperature of the layered Ag and Cu films between 450

and 700◦C. Although bulk melting temperatures of Ag and Cu are 961 and 1083◦C,

respectively, thin films are known to alloy below the recrystallization point of either

metal30. Because Cu diffusion into Ag is faster than the reverse31, it is likely that the
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Table D.1. Light area ratio, φL, of dealloyed images with respect to compositional

images (experimental) and based on a mass balance with respect to compositional

images (calculated).

Temperature φL

◦C Experimental Theoretical

450 0.83±0.05 0.77±0.02

500 0.77±0.04 0.76±0.02

600 0.84±0.05 0.78±0.02

650 0.64±0.08 0.73±0.01

700 0.62±0.07 0.74±0.01

φL =
σdealloyed

σalloyed

Ag-rich phase began to form first. After annealing for 2.5 hours, the compositions of

the two phases calculated from XRD and measured by EDS were near, but slightly

beyond expected equilibrium solubility limits for each metal. Annealing electrochem-

ically deposited AgCu films for 100 min at 600◦C was reported to be sufficient to

generate equilibrium conditions in the alloy32. The proximity of the Cu-rich and Ag-

rich phase compositions to solubility limits indicates equilibrium was likely reached

and additionally, further heating time did not appreciably change composition values.

A higher inclusion of one metal into another can be caused by lattice strains from

depositing onto a substrate with a different atomic spacing33.

Despite similarities between the as-prepared AgCu microstructure and the porous

dealloyed morphology in Figure D.3a and b, it is important to emphasize that this

scCO2 dealloying process is not merely evacuation of the Cu-rich phase. XRD and
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EDS analysis showed that Cu was incorporated into the Ag-rich phase during heating

of the deposited AgCu film. After dealloying, there was no Cu present in the metal

layer, indicating Cu must have been selectively removed from each of the two phases.

Intraphase dealloying is also supported by the progressive images in Figure D.4, where

selective etching was observed leaving behind Ag-rich clusters within the Cu-rich

phase. FESEM images did not show development of a porous structure within the Ag-

rich phase. This region initially contained less than 20% Cu and thus the silver atoms

may have either conglomerated into a solid structure or diffused to develop voids that

were too small to observe by FESEM. Cu etching from within a low Cu content phase

has previously been observed during supercritical CO2 etching of multiphase AgCu

alloys10.

The overall porous morphology was dictated by the starting microstructure be-

cause the Ag clusters that formed in the Cu-rich phase migrated toward the existing

Ag-rich phase regions. Monte Carlo simulations have shown that clustering of the

non-reactive species during dealloying is driven by thermodynamic stability1. As Cu

atoms are selectively removed, the Ag atoms are left as superficial adatoms. Rather

than remain in this highly nonequilibrium condition, the Ag atoms surface diffuse

and conglomerate into successively larger nanoscale clusters. For dealloying in the

two-phase AgCu system, the regions of the Ag-rich phase provide a stable structure

for the Ag atoms to attach to. The finite length scale over which Ag can move on the

surface implies that this behavior would only be expected for systems with relatively

small microstructural domains.

D.4.2 Etching process characterization.

Including both H2O2 and hfacH in scCO2 for one-step etching invariably complicates

analysis of the reaction kinetics. Cu dissolution in scCO2 is expected to occur via the
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following sequence of reactions34–36:

Cu(s) + H2O2(f) → CuO(s) + H2O(f) (D.5)

CuO(s) + 2hfacH(f) ↔ Cu(hfac)2 · H2O(f) (D.6)

Although Ag is a noble metal, it could potentially oxidize to AgO rendering it

susceptible to attack by hfacH. However, recent studies using X-ray photoelectron

spectroscopy showed that the in situ oxidation process is aggressive enough to ox-

idize Cu, but leaves the Ag atoms in a metal state10. In Figure D.6, Cu removal

increased with increasing temperature between 45 - 75◦C. Arrhenius analysis at the

two concentrations of 0.083 mM and 0.125 mM where the reaction was not limited

by Cu yielded activation energies of 36.8±3.0 and 38.6±3.1 kJ/mol, respectively.

This activation energy is considerably lower than the 70.2 ± 4.1 kJ/mol reported for

etching CuO thin films with hfacH between 53.5 - 88.4◦C14, indicating that in situ ox-

idation contributes to the reaction energetics for Cu removal. A comparable reaction

of etching Cu foils with 1,1,1-trifluoroacetylacetone (tfacH), where one CF3 moiety

in hfacH is replaced by a methyl group, and an in situ organic oxidant, tert-butyl

peracetate (t-BuPA) in scCO2 exhibited an activation energy of 49 kJ/mol, which is

closer to the experimentally measured value for supercritical dealloying37.

The two data sets in Figure D.6 showed that Cu removal remained constant when

increasing hfacH concentration, but systematically decreased with increasing H2O2

concentration. This behavior indicates that despite stoichiometry dictating hfacH to

be the limiting fluid phase reagent, the reaction rate was controlled by Cu oxidation

to CuO. There are other instances where H2O2 has been used for metal chelation

reactions in scCO2
38–40. When using H2O2 for olefin epoxidation with hfacH as a

catalyst, researchers found that the reaction was limited by H2O2 decomposition38.
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A similar effect could take place during supercritical dealloying whereby peroxide

decomposes according to eq D.7.

H2O2(f) → H2O(f) +
1

2
O2(f) (D.7)

H2O2 decomposition is supported by the observation that etching reactions longer

than 10 min did not result in additional Cu removal. After 10 min, the H2O2 con-

centration may have been so low that oxidation could not occur, preventing further

reaction between hfacH and Cu. Because peroxide decomposition occurs faster at

higher temperatures, the activation in eqns D.5 and D.6 may have been offset by

eq D.7 causing an effective decrease in Cu removal at 90◦C compared to the lower

processing temperatures (Figure D.6).

D.4.3 Microstructure effects.

The FESEM images in Figure D.7 showed a direct correlation between sizes of the

dealloyed features and the initial microstructural phases. The relationship between

the two was evaluated using inverse space image analysis. As expected from the real

space images, the domain size, d, increased at higher anneal temperatures. Higher

temperatures promoted diffusion and generated larger phase domain sizes in the alloy.

The activation energy relating the annealing temperature to d was determined to be

25.4 ±3.7 and 21.9 ±1.2 kJ/mol for the alloyed and dealloyed samples, respectively

(Figure 11). Although a direct literature comparison could not be found specifically

for the AgCu alloy system, the size domain of a B2 phase AgZn alloy exhibited an

activation energy of 49.3 kJ/mol when quenching between 100 - 140◦C41. Activation

energies for interdiffusion in the AgCu system vary substantially depending on the

temperature, grain size, and film thickness, but are reported to range from 48 to
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164 kJ/mol42–44. The specificity of diffusion energetics on alloy properties prevents

assigning the measured activation energy to a particular diffusion process, though it

likely correlates in some way to a barrier for movement of either Ag or Cu atoms

within the film.

Figure D.9b also showed that the dealloyed feature size was consistently less than

the corresponding compositional phase size. This trend is consistent with a mass

balance which predicted the Ag nanostructures should be smaller than the starting

Ag-rich phase regions. The number of Ag atoms from the Cu-rich phase that migrate

and attach onto the Ag-rich regions is less than the volume of Cu lost by etching in

the Ag-rich phase, so an effective size decrease is observed after dealloying. The ratio

of the dealloyed nanostructure size to the initial phase domain size could potentially

be increased by reducing the overall Cu concentration in the film or by using an

alternate alloying approach which would allow for variation of the individual phase

compositions beyond those set by thermodynamic equilibrium.

Both compositional and dealloyed micrographs exhibited OZ scattering with nearly

equivalent values of ξ1 at each of the anneal temperatures studied (Figure D.9c). The

OZ correlation length, ξ1, represents the scale over which variations in contrast are

connected within domain boundaries27. This contrast arises from the SEM imaging

process and can be attributed to variations of composition, height, and orientation in

the samples. For example, when imaging highly topographic surfaces like the deal-

loyed samples, the secondary electron (SE) signal will be higher at edges causing

these regions to appear brighter. In the alloyed images, compositional grading within

the phases could have produced subtle variations in the atomic number contrast.

Applying a threshold algorithm to convert all contrast to either black or white can

reduce the OZ scattering component, but was not used for FFT analysis to avoid

inadvertent data loss. Since size domain, d, grew at higher annealing temperatures,
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it is reasonable to expect a corresponding increase in the size scale of the contrast

gradient. In all cases, ξ1 was less than d, which supports assignment of OZ scattering

to that within the light and dark regions of the images.

The other modeled scattering component, SQL, characterizes interphase con-

trast27. In the alloyed samples, SQL behavior represents boundaries between the

Ag-rich and Cu-rich phases whereas in the dealloyed images, it arises from mor-

phological contrast between the voids and Ag nanostructures. The maximum peak

position in the SQL profile corresponds to d and the peak width is related to ξ2. Peak

width typically represents distribution of intensity and has been used as a measure

of the dispersion of domain sizes in polymer systems20,45. In the case of the samples

analyzed here, ξ2 could be a measure of the size spread of the interphase contrast. For

the alloyed samples, ξ2 exhibits a systematic increase with increasing temperatures,

but in the dealloyed samples it only increases up to 600◦C, beyond which it drops to

values comparable to samples annealed at 450◦C. This suggests a transition in size

dispersity for the Ag nanostructures obtained from samples annealed beyond 600◦C.

In addition to exhibiting a shift in behavior for d, ξ2, and φL, samples annealed at

650 and 700◦C also showed a different morphology consisting of smaller Ag clusters

within the larger network of Ag nanostructures. Note that the low magnification SEM

images used to maximize sampling size for image analysis were not able to distinguish

and characterize the small Ag clusters left in the Cu-rich domain. Consequently, the

modeled parameters only represent larger Ag structures (≥200 nm). Figure D.8b

showed that instead of migrating toward the existing Ag-rich phase regions, the Ag

atoms from the Cu-rich phase remained clustered together within the evacuated Cu-

rich domain. Because the surrounding Ag atoms did not appear to attach to the

existing Ag-rich structures, both d and φL were comparatively lower at higher anneal

temperatures. It could be that the microstructure for samples heated to 650◦C and
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above represents a point where the distance between the two phases becomes pro-

hibitive for Ag surface diffusion. Although Ag atoms near phase boundaries may still

be able to migrate and attach to the existing Ag-rich regions, those more centrally

located don’t have the required mobility and end up clustering together within the

Cu-rich domain.

D.5 Conclusions

Thin multiphase AgCu films were dealloyed in supercritical carbon dioxide using an

etching solution of H2O2 and hfacH to selectively oxidize and dissolve Cu. Higher

concentrations of the etching solution removed more Cu and between 45 - 75◦C,

the reaction exhibited an activation energy of ∼38 kJ/mol. The rate effectively de-

creased at 90◦C due to competing H2O2 decomposition. The selective etching pro-

cesses produced Ag-nanostructures that mimicked the initial alloy microstructure.

Inverse space image analysis showed that increasing phase domain sizes produced

larger Ag-nanostructures. The radially averaged FFT power spectra were modeled

with a 2-part scattering profile. OZ scattering represented variations of composition

within the light and dark regions and SQL scattering characterized the boundaries

between the two areas. In the instances were the phase domains were smaller than

∼500 nm, the Ag atoms from the Cu-rich phase migrated and attached onto exist-

ing Ag-rich phase regions. Above a ∼500 nm threshold, the Ag atoms remained as

clusters within the evacuated Cu-rich region.
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D.5.2 Supporting Information Available:

Example FFT model fit of a dealloyed sample.

Figure D.10 shows an example model fit of eq 4 to a RDF from a dealloyed sample.

The OZ and SQL scattering components are plotted independently with their sum

providing a close profile of the experimental data points. The RDF peak shape for

dealloyed samples was similar to those obtained from alloyed samples.
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Figure D.10. Example model fit of eq 4 to a RDF from an dealloyed sample.

Arrhenius plots of d, ξ1, and ξ2.

Figure D.11 shows Arrhenius plots for the modeled parameters d, ξ1, and ξ2.

Activation energies (EA) were calculated between 450 - 650◦C. An ξ2 activation energy
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was not determined for the dealloyed samples because the data did not exhibit a linear

relationship.
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Figure D.11. Arrhenius plots of (a) size domain, d with EA of 25.4 ±3.7 for alloyed

and 21.9 ±1.2 kJ/mol for dealloyed (b) OZ correlation length, ξ1 with EA of 29.8

±7.0 for alloyed and 26.1 ±0.6 kJ/mol for dealloyed and (d) SQL correlation length,

ξ2 with EA of 18.5 ±0.9 for alloyed.
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