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ABSTRACT

RAPID PROTOTYPING OF NANOSTRUCTURES WITH ELECTRON BEAM
INDUCED PROCESSING
Focused electron beam induced processing (FEBIP) is a nano-scale fabrication
technique that allows the direct deposition of functional materials. However, it suffers from
significant drawbacks, such as high cost, low speed, unavailable precursors for many
materials and low purity of deposits. Liquid-phase focused electron beam induced
processes (LP-FEBIP) are being investigated due to the potential benefits over the gas
phase technique. In this method, deposition or etching occurs at the interface between a
substrate and a bulk liquid. In this work, electron beam induced deposition of copper
nanostructures from aqueous solutions of copper sulfate is demonstrated. The addition of
sulfuric acid eliminates oxygen contamination from the deposit and produces a deposit with
~95 at. % copper. The addition of sodium dodecyl sulfate (SDS), Triton X-100, or
polyethylene glycol (PEG) improves pattern resolution and controls deposit morphology
but leads to slightly reduced purity. High resolution nested lines with a 100 nm pitch are
obtained from CuSO4–H2SO4–SDS–H2O. Higher aspect ratios (~1:1) with reduced line
edge roughness and unintended deposition are obtained from CuSO4–H2SO4–PEG–H2O.
Evidence for radiation-chemical deposition mechanisms was observed, including
deposition efficiency as high as 1.4 primary electrons/Cu atom.
Limiting regimes for EBID of copper from aqueous solutions containing surfactants
is also studied. Findings show that deposition efficiency depends strongly on dwell time
and moderately on refresh time. It is observed that remarkable deposition efficiency under
all conditions (1-10 Cu atoms/primary electron) consistent with the radiation chemistry
model of deposition. Certain metallic nanostructures, typically silver and gold, support
localized surface plasmon resonances (LSPR) that confine electromagnetic fields at the
nanoscale. EBID is appealing for the rapid-prototyping of such structures. Here we show
that silver nanostructures deposited from liquid precursors on bulk substrates support
LSPR. The effect of different surfactant types on the silver deposition process is elucidated.
Moreover, the substrate effect is studied on reducing the size and also extraneous

deposition and darkfield spectroscopy is used to characterize the optical properties of the
deposited silver structures. Here we show that silver nanostructures deposited from an
aqueous solution of silver nitrate and Brij L4 are plasmonically active with resonances in
the visible to near-IR spectral region. Support of localized surface plasmon resonances is
an indication of the sufficiently high purity of the deposits from the AgNO3 and Brij L4
solution. To verify the measured data, we also simulated the silver deposits with a
numerical approach using a finite difference time domain (FDTD) method.

KEYWORDS: Electron Beam, Liquid Phase, Copper Deposition, Silver
Deposition,
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Darkfield
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CHAPTER 1: INTRODUCTION
1.1. History and Background
Focused electron beam induced processing (FEBIP) is a nano-scale patterning
technique that allows the direct deposition (FEBID) or etching (FEBIE) of functional
materials. This process is capable of sub-10 nm features [1] and has a variety of
applications such as nano-scale rapid prototyping, lithographic mask and imprint template
repair, and interconnection to chemically synthesized nanostructures. It is also a candidate
for future integrated circuit editing and debugging. The history of EBID began when people
working in electron microscopy found that the incident electron beam on the sample
produces a dark stain on the surface. Later investigations revealed that the contamination
was due to the hydrocarbons in the chamber, coming from the backstreaming of the vacuum
pump oil. [2][3]
Until almost a decade ago, electron beam processes have only relied on the gas
precursors. In this process, shown in Figure 1-1 an electron beam is focused on a substrate
surface, and adsorbed gas molecules decompose into volatile materials that evaporate and
solids that are deposited onto the substrate. this method is also called additive nanolithography in comparison to standard lithography methods.[4] However, it often suffers
from low material purity, mainly carbon incorporation, as well as a lack of precursors for
certain materials.

1

Figure 1-1 Schematic of Gas-Phased Focused Electron Beam Induced Processing (GP-FEBIP).

Liquid phase electron-beam-induced deposition (LP-EBID) is also a maskless and
direct-write process in which an electron beam induces chemical reactions in bulk liquids
and deposition occurs at the interface between the substrate and liquid as shown in Figure
1-2. Liquid-phase processes are being investigated because they have the potential for
higher purity deposits, simpler precursors, access to new materials and faster processing
rates.

Figure 1-2 Schematic of Liquid-Phased Focused Electron Beam Induced Processing (LP-FEBIP).
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Recently, liquid-phase FEBID (LP-FEBID) on bulk substrates without liquid cells
was accomplished using in-situ injection,[5][6] environmental SEM (ESEM), or a
combination of the two.[7] Growth rates 105 times greater than standard gas-phase FEBID
were reported for carbon deposition from a liquid phase process by Fisher et al.[5]
However, there are challenges with this technique, such as the possibility of reactions in
the bulk liquid, unintended deposition around the intended pattern, and liquid layer
manipulation and control. Figure 1-3 illustrates a method to form a liquid precursor inside
an ESEM chamber. First, the initial precursor is introduced ex-situ using a micro-pipette
or in-situ via a liquid injection system (LIS). After inserting the sample inside the ESEM
chamber, the sample temperature and chamber pressure are controlled to allow water
molecules to condense on the substrate and hydrate the sample. Then, once the precursor
is completely hydrated and reaches equilibrium conditions, a focused e-beam can be
utilized to induce the deposition of material from the precursor. Finally, the chamber
pressure and sample temperature can be modified to evaporate the precursor, leaving
behind the deposited structure. Therefore, this technique allows for the direct deposition of
materials on a substrate.

Figure 1-3 Schematic of electron-beam induced deposition from a bulk liquid in an environmental
SEM. The liquid is open to a water vapor ambient and the electron beam is scanned over the region
where deposition is desired.
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1.2. Literature Review
Liquid-phase processes, in which deposition occurs at the interface between a
substrate and a bulk liquid, are being investigated because they have the potential for higher
purity deposits, simpler precursors, access to new materials and faster processing rates. To
date, Pt [8][9][10], Au [11], Ag[12][13][5], Pd [14] bimetallic alloys (AuAg and AuPt)[15],
semiconductors (CdS)[1] and Cu have been successfully deposited in sealed liquid cells.
Donev et al (2009) for the first time demonstrated electron beam induced deposition of
platinum (Pt) from a liquid precursor in the sealed liquid cell. Figure 1-4 shows, sub-50 nm
platinum wires, and dots from a dilute, aqueous solution of 1 Wt.%

Figure 1-4 (a) Schematic of liquid-phase electron-beam-induced deposition (LP-EBID) of platinum
from chloroplatinic acid solution. The electron beam is focused at the membrane-solution interface
to induce deposition. (b) In situ electron micrograph of Pt nanodots deposited by LP-EBID, and (c)
Ex situ electron micrograph of Pt nanowires deposited by LP-EBID in a four-point measurement
structure. Scale bar indicates 1 μm. Adapted from [8] Copyright 2009 American Chemical Society.

chloroplatinic acid (H2PtCl6) were obtained in this process. Reduction of Pt ions from
liquid precursor led to high purity (>85 at. %) deposits.
They explored electron dose-size relationship, proximity effects, and resolution
aspects of electron beam-induced deposition of platinum nanostructures from a bulk liquid
precursor (LP-EBID of Pt) [10]. It has been reported that a threshold dose of 5 pC per
nanoparticle (NP) was necessary for the deposition of Pt NPs in square arrays of 350 nm
periodicity. At this threshold, the lateral size of the NPs exhibited three stages of growth
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as a function of e-beam dose: rapid initial increase (5–12 pC); tendency towards saturation
(12–120 pC); and dependency on the proximity effects at doses ∼25 times higher than the

threshold dose (120–165 pC). It is reported that the proximity effects, unlike the resistbased e-beam lithography, do not influence the threshold dose for LP-EBID of Pt. A
resolution of ≤ 30 nm for NPs and 25 nm wide parallel lines separated by 60 nm was
obtained.
The substrate effect on LP-EBID Pt was also studied in [9] and it was found that
the electron-beam-induced nucleation and growth of platinum nanostructures from
aqueous solutions is highly substrate-dependent. Deposition on bare silicon–nitride and
gold-coated silicon–nitride membranes differ noticeably from deposition on polyimide
membranes. Nucleation and growth of Pt on a polyimide membrane needs relatively low
doses while depositing on bare SixN4 needs an order of magnitude higher dose to initiate
deposit growth.

A Au + Cr bilayer introduced additional complexity in which a

combination of membrane modification and dose-dependent morphologies were observed.
In Figure 1-4 SEM tilted micrographs of Pt deposit on three different substrates are shown.

Figure 1-5 SEM micrographs of Pt deposits on (a) Au + Cr coated SixN4 (70° tilted), (b) bare SixN4
(70° tilted), and (c) polyimide (45° tilted). Adapted from reference [9] Copyright 2011 RSC
Publishing.
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Schardein et al. (2010) [11] investigated LP-EBID of gold from three different
aqueous solutions containing chloroauric acid (HAuCl4), sodium tetrachloroaurate
(NaAuCl4), and the disulfitoaurate complex ([Au (SO3)2]3−). Both acidic and neutral
solutions containing [AuCl4] − ions yielded similar deposits with a small variation in the
threshold dose. The deposition was dependent upon precursor concentration and optimal
results were obtained with 0.1 mM HAuCl4 solutions. At lower concentrations, gold failed
to deposit uniformly, while at higher concentrations significant collateral deposition was
observed. A resolution of 25 nm half-pitch was achieved in this work. The purity of
deposits from HAuCl4 solutions was reported as <5 at. % Cl contamination.
Unocic et al (2016) [12] studied palladium (Pd) deposition from liquid precursor
using an aberration-corrected Scanning Transmission Electron Microscope (STEM)
operating at 300 kV, with 65 pA probe current and a probe diameter of ∼0.2 nm. Cite
specific patterns deposited from a 10 μM H2PdCl4 solution on the silicon nitrate membrane

in the liquid cell. The influence of electron dose on the Pd deposit size was also studied.
The authors believe that the radiolytically generated hydrated electrons, 𝑒𝑒 − (𝑎𝑎𝑎𝑎),
effectively act as a reducing agent towards metallic species within the solution. Figure 1-6

shows the annular dark field STEM image of an arbitrary Pd pattern deposited in this work.

Figure 1-6 ADF-STEM image showing the nanolithographically patterned structure of Pd
nanocrystals in the “CNMS” text directly from a 10 μM H2PdCl4 precursor solution. The scale bar
is 500 nm. Reused with permission from ref. [12] Copyright 2016 Royal Society of Chemistry.
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Copper (Cu) and silver (Ag) are two other metals that have been deposited via
liquid precursors and we will comprehensively study them in chapter 2 and chapter 4 of
this document.
A more recent study by Bresin et al (2013) [13] shows that the inclusion of a second
metal reagent to the precursor bath results in bimetallic alloys, with a final composition
dictated by the first-order reaction kinetics of the metal ions with solvated electrons. In this
case, the reduction reactions occur in parallel, with no chemical interaction between the
two primary reagents. Bimetallic alloys, specifically AuAg and AuPt, are deposited on the
polyimide membrane in the liquid sealed cell. Both bimetallic nanostructures are deposited
by mixing liquid precursors, where deposit composition can be predicted using established
rate constants of reactions between solvated electrons and metal ions. AuAg was obtained
by electron beam irradiation of HAuCl4 and AgNO3 solution and AuPt was produced from
HAuCl4 and H2PtCl6 aqueous mixture. There is a relationship between the deposit
composition and the solution composition. The deposit compositions were analyzed by
EDX spectroscopy and found to contain a combined metal composition typically exceeding
90 at.%. It is concluded that the bimetallic structures follow their single-element
counterparts in terms of low-contamination levels. Moreover, the deposit composition
appears to be dose-independent within the current measurement capabilities. Figure 1-7
shows the dark-field scanning transmission electron micrograph (DF-STEM) highresolution images from the two bimetallic structures deposited in this work.

7

Figure 1-7 DF-STEM high-resolution image of an ex-situ (liquid side) (a) single deposit, showing
partially embedded colloidal AuAg particles, and (b) a colloidal AuPt deposit . Reused with
permission from ref. [13] Copyright 2013 John Wiley and Sons.

Semiconductor deposition has been a limited area of research in EBID, with the
few extant examples being GaN [14] and GaAs [15] deposition facilitated by elevated
temperatures or post-processing. Based on previous study and capability of LP-EBID in
depositing more than one material simultaneously, Bresin et al (2013) [1] chose to study
the deposition of cadmium sulfide (CdS) using LP-EBID, where the liquid precursor
contained two primary reagents: a cadmium salt and thiourea. Solutions for CdS deposition
contained 0.02 M cadmium chloride (CdCl2) or cadmium sulfate (CdSO4), 0.015 M
Thiourea (SC(NH2)2) and 0.0675 M of ammonium salt in DI water. Ammonium chloride
(NH4Cl) or ammonium sulfate. ((NH4)2SO4) served as complexing agents to produce the
cadmium tetramine complex Cd (NH3)42+.
The hypothesis was that solvated electron kinetics can be applied to the CdS process
and the final deposit would contain a high concentration of cadmium. However, the
resulting deposits were roughly stoichiometric and crystalline without the need for postprocessing steps. Nanostructures with a minimum feature size of 84 nm were patterned
with little to no extraneous deposition depending on the of the solution bath chemistry.
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Figure 1-8 A comparison of collateral deposition in various CdS precursor baths. A 7×7 element
dot pattern deposited from (a) a chloride bath showing little to no collateral deposition, (b) a sulfate
bath, and (c) a chloride bath with no ammonium salt. Reused with permission from ref. [1]
Copyright 2013 IOP Publishing.

Figure 1-8 pictures a comparison of excess collateral deposition for different solution
precursors.
1.3. Research Objectives and Original Contributions
Statement of the problem:
The overall objective of this research was to understand the mechanism behind
liquid phase electron beam induced deposition and how they govern the figures of merit,
e.g. purity, resolution and throughput; and then, evaluate the applications of the technique.
Three research objectives were completed in this work.
Approach:
Research Objective 1 was to improve the resolution and purity of copper FEBID
from liquids on bulk substrates while reducing unintended deposition and avoiding the
precipitation of undesired products. Electron-beam induced deposition of high-purity
copper nanostructures is desirable for nanoscale rapid prototyping, the interconnection of
chemically synthesized structures, and integrated circuit editing. Our approach was to
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evaluate several precursors and optimize the chemistry as well as exposure parameters
regarding our goals.
Research Objective 2 was to determine limiting regimes for electron-beam induced
deposition of copper from aqueous solutions containing surfactants. Our approach was to
carefully study the effect of different exposure parameters while estimating the in-situ
concentration using surface modifications.
Research Objective 3 was to evaluate LP-FEBID for the rapid prototyping of
plasmonic devices. Our approach was to demonstrate silver nanostructure deposition from
liquid precursors and on bulk substrates and to confirm that these structures supported
localized surface plasmon resonances. We first clarified the effect of different surfactant
types on the silver deposition process and, second, ascertained the effect of substrate choice
on the silver deposition.
1.4. Dissertation Outline
Chapter 1: This chapter provides a brief overview of the dissertation and general
information.
Chapter 2: This chapter addresses Research Objective 1 by carefully studying copper
deposition with liquid phase electron beam induced deposition. This chapter includes an
article that is published in the IOP Science Nanotechnology (Esfandiarpour, S., Boehme,
L. and Hastings, J.T., 2017.) Focused electron beam induced deposition of copper with
high resolution and purity from aqueous solutions. Nanotechnology, 28(12), p.125301.
(DOI: https://doi.org/10.1088/1361-6528/aa5a4a)
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Chapter 3: This chapter addresses research objective 2. Limiting regimes for electronbeam induced deposition of copper from aqueous solutions containing surfactants. Surface
modification was performed to control the liquid film and estimate the metal ions
concentration during the deposition process.
Chapter 4: This chapter addresses the research objective 3, an application perspective of
the technique. The field, plasmonics, has received considerable attention as a method to
guide and manipulate light at the nanoscale. Plasmonic nanostructures using cell less LPEBID were obtained and optically characterized.
Chapter 5: This chapter summarizes the main findings of this study, describes the
limitations of this research and offers suggestions for future studies.

11

CHAPTER 2: FOCUSED ELECTRON BEAM INDUCED DEPOSITION OF
COPPER WITH HIGH RESOLUTION AND PURITY FROM AQUEOUS
SOLUTIONS
This chapter includes an article that is published in IOP Science Nanotechnology
(Esfandiarpour, S., Boehme, L. and Hastings, J.T., 2017.) Focused electron beam induced
deposition

of

copper

with

solutions. Nanotechnology, 28(12),

high

resolution

p.125301.

(DOI:

and

purity

from

aqueous

https://doi.org/10.1088/1361-

6528/aa5a4a)
Electron-beam induced deposition of high-purity copper nanostructures is desirable
for nanoscale rapid prototyping, interconnection of chemically synthesized structures, and
integrated circuit editing.

However, metalorganic, gas-phase precursors for copper

introduce high levels of carbon contamination. Here we demonstrate electron beam
induced deposition of high-purity copper nanostructures from aqueous solutions of copper
sulfate. The addition of sulfuric acid eliminates oxygen contamination from the deposit and
produces a deposit with ~95 at. % copper. The addition of sodium dodecyl sulfate (SDS),
Triton X-100, or polyethylene glycole (PEG) improves pattern resolution and controls
deposit morphology but leads to slightly reduced purity. High resolution nested lines with
a 100 nm pitch are obtained from CuSO4–H2SO4–SDS–H2O. Higher aspect ratios (~1:1)
with reduced line edge roughness and unintended deposition are obtained from CuSO4–
H2SO4–PEG–H2O. Evidence for radiation-chemical deposition mechanisms was observed,
including deposition efficiency as high as 0.71 Cu atom/ primary electrons.
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2.1. Introduction
Liquid-phase FEBID of copper has been recently demonstrated on bulk substrates
using in-situ hydration of solid precursors in an ESEM [7] and using a capillary-style liquid
injection system.[13] In both cases, aqueous solutions of copper sulfate served as the
precursor. In the ESEM effort, a surfactant, sodium dodecyl sulfate, was added to the
precursor solution to thin and stabilize the liquid film to obtain higher resolution.
Significant oxygen contamination was observed in both cases, qualitatively by Randolph
et al.[6] and estimated at 16-19 at.% by Bresin et al.[7] In the latter case sub-100 nm
features were patterned, but no attempt was made to optimize the process for high
resolution. Finally, unintended deposition, along with residue and precipitates, were often
observed near the exposed patterns, and maintaining a stable, thin liquid layer through
which one could pattern was challenging. Nevertheless, some preliminary measurements
indicate that the resistivity of copper deposited from these solutions can be orders of
magnitude lower than that deposited by gas-phase processes.[16]
The goal of this work was to improve the resolution and purity of copper FEBID
from liquids while reducing unintended deposition and avoiding the precipitation of
undesired products. Figure 2-1 illustrates the deposition process used in this work in which
the electron-beam reaches the substrate through a thin liquid layer and induces deposition
at the interface. We hypothesized that the addition of sulfuric acid would reduce oxygen
contamination by limiting copper oxides and hydroxides in the deposit. In addition, we
expected both sulfuric acid and surfactants would improve pattern fidelity by reducing
contact angles and stabilizing thin liquid films.

Furthermore, additives common to

electroplating baths should improve pattern fidelity by reducing grain size and by
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suppressing unintended deposition around the pattern. Finally, we anticipated that the low
concentrations of organic additives would only slightly reduce the purity of the deposits.
We found that these hypotheses were confirmed with varying degrees of quantitative
improvement.

Figure 2-1 (a) Schematic of LP-FEBID of copper. An aqueous solution containing copper sulfate
serves as the precursor and remains liquid in an environmental SEM. The electron-beam drives the
deposition reaction at the substrate-liquid interface. (b) In-situ electron micrograph showing the
liquid edge with deposited copper patterns. The liquid covered region is darker.

2.2. Experimental Methods
All experiments were carried out in a Quanta 250 FEG environmental scanning
electron microscope (ESEM, FEI Co., Hillsboro, OR, USA) at an accelerating voltage of
30 kV. Three different substrates were used: (1) a silicon substrate with a 1 μm thick
electrodeposited copper film on an Mn/Cu-Ta-TaN barrier layer, (2) a silicon substrate
with a sputter-deposited chromium coating, and (3) a silicon substrate with sputterdeposited copper coating and polymer liquid wells.

The sputtered coatings, both

approximately 30 nm thick, improved adhesion of the deposits. The liquid wells were
created using photolithography and SU-8 resist (Microchem Inc.). The SU-8 layer was
100 μm thick and the substrate was n-type silicon. The precursor was loaded into the well
ex-situ as a dilute solution, dehydrated during ESEM pump down, and then rehydrated by
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control of water vapor pressure and substrate temperature. A liquid meniscus forms in the
well with a thin central region in which high-resolution patterning can be conducted.
Substrates were oxygen plasma cleaned before each experiment and a Peltier stage
was used to maintain their temperature during FEBID. Conductive silver paint (SPI
Supplies) was used to attach the substrate to the sample mount. The precursor copper
solution contained 0.25 M CuSO4.5H2O (Fisher Scientific) in deionized water (DI H2O).
Different solution compositions were studied; this included the addition of H2SO4 (EMD
Millipore), surfactants, and plating additives, individually or in combination. Surfactants
tested included: sodium dodecyl sulfate (SDS, Acros Organics) and Triton X-100 (SigmaAldrich). SDS was selected to test the effect of an anionic surfactant, while Triton X-100
was selected to test the effect of a non-ionic surfactant. Additives tested included: Cl- (KCl,
Fisher Scientific), polyethylene glycol with a molecular weight of 1000 (PEG 1000, VWR),
and bis-(3-sulfopropyl) disulfide (SPS, Combi-Blocks).
Prior to deposition, the substrate temperature was set to 3oC, a drop of the precursor
copper solution was placed on the substrate (volumes noted in discussion), and the chamber
was pumped to an initial pressure of 5.5 torr. At these conditions, the precursor solution
dehydrates to form either a solid, in the absence of H2SO4, or a viscous liquid, in the
presence of H2SO4. By slowly increasing the water vapor pressure in the chamber to ~6
torr while maintaining the substrate temperature, the precursor rehydrates. The pressure
can then be further adjusted to stabilize the droplet and establish a thin liquid edge for
patterning. Patterns were deposited using a Raith Elphy Plus electron beam lithography
attachment and a fast beam blanker. The beam current was measured with a Faraday cup
and Keithley 6487 picoammeter before each experiment. The beam current was between
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365 and 386 pA for all experiments on the electrodeposited copper substrate. Patterns were
deposited in the microwells at a beam current of 490 pA. Several patterns were used to test
each solution: 100 nm, 200 nm, and 1 μm pitch nested lines with a linear dose of 5 to 30
μC/cm, dot arrays of 4 x 4 elements and 1 μm spacing with a dot dose of 100 pC, and 5 x
5 elements and 1 or 1.5 μm spacing with a dot dose of 100 to 1000 pC.
2.3. Results and Discussion
2.3.1. Deposition from CuSO4 and SDS in microwells
Sodium dodecyl sulfate (SDS) is a widely used anionic surfactant which will reduce
the liquid contact angle with the substrate. Depositing copper in the thinner edge region of
a droplet containing CuSO4 and SDS improved pattern resolution compared to patterning
in solutions containing only CuSO4.[7] However, controlling the spreading of the droplet
containing the surfactant can be challenging; thus, it is convenient to add microwells to the
substrate to constrain the droplet as shown in Figure 2-2. These wells also allow different
liquid precursors to be dispensed on the same substrate because hydration/condensation
only occurs inside the wells and not on the top surface of the well material (SU-8 resist in
this case).

Figure 2-2(a) Schematic illustration of copper deposition from a liquid precursor in a micro-well.
(b) 50o tilt-view of SU-8 microwells with different diameters on a silicon substrate.
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Figure 2-3 shows 400 nm pitch nested lines deposited from an aqueous solution of
CuSO4 and SDS, with initial concentrations of 0.25 M and 4 mM, respectively, in a 400μm diameter well. The precursor was dehydrated on the pump down and rehydrated in the
ESEM chamber. There was some unintended deposition close to the patterning region.
Moreover, precipitation of other solids was observed during the patterning process which
is not surprising given the composition of the solution and the experimental conditions.
First, the temperature used for LP-FEBID is below the Krafft point for SDS (10°C) [17][19], such that micelles no longer form. Instead, if the concentration increases above the
critical micelle concentration (~8 mM and only weakly dependent on temperature) [20]
then SDS will precipitate as crystals. Secondly, CuSO4 will slowly react with SDS to form
Cu(DS)2 which is essentially insoluble at the temperatures used here.[21]

Figure 2-3 400 nm pitch nested lines deposited in a micro-well from an aqueous solution with an
initial concentration of 0.25 M CuSO4 and 4 mM SDS and a linear dose of 40 μC/cm.

Energy dispersive x-ray spectroscopy (EDX) measurements of these patterns
showed carbon, oxygen, and sulfur peaks in addition to copper.

Sulfur is either

incorporated during deposition from the decomposition of SDS or stems from residual SDS
or Cu(DS)2 near the pattern. The concentrations were not quantifiable because of the
proximity to the SU-8 well structure which contributed to the C and O signals and charged
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during the measurement.

Thus, although SDS enables reasonably high-resolution

patterning, it appears to be a sub-optimal choice for copper FEBID under ESEM
conditions.
2.3.2. Deposition from CuSO4 with Triton X-100 in microwells
To avoid problems associated with precipitation and reaction of SDS, it was
replaced by Triton X-100. Triton X-100 is a common non-ionic surfactant which does not
precipitate at low temperatures in aqueous solutions.
temperatures are limited by freezing. [22]

Instead, lower operational

In addition, Triton X-100 does not phase

separate until it reaches its cloud point at approximately 65°C. This broad range of working
temperatures seems ideal for LP-FEBID. Figure 2-4 (a) shows 1 μm pitch nested lines
deposited from a solution with an initial concentration of 0.5 M CuSO4 and 0.5 mM Triton
X-100 at a dose of 40 μC/cm. Unwanted deposition and residues are visible surrounding
the nested lines. The unwanted copper deposition was reduced when the initial
concentration of CuSO4 was decreased to 0.25 M (Figure 2- 4(b)).

Figure 2- 4 Patterns deposited in microwells from an aqueous solution of CuSO4 and Triton X-100.
1 μm nested lines were deposited at a dose of 40 μC/cm from a solution with initial concentrations
of (a) 0.5 M CuSO4 and 0.5 mM Triton X-100, and (b) 0.25 M CuSO4 and 0.5 mM Triton X-100.
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Nevertheless, difficult to remove residues can also be seen in both experiments.
One possible explanation for this is that Triton X-100 also has a hexagonal phase that can
form an insoluble gel at high concentrations, even at room temperature. [23] Although this
is reversible on heating in the presence of water, it is not likely to dissolve under the
dehydrated and cooled ESEM conditions. Thus, Triton X-100–CuSO4–H2O solutions can
only be used if the concentration is not allowed to enter the critical gel concentration range
while in the ESEM, even during pump down. This can prove challenging in the dynamic
pressure environment of the ESEM. EDX measurements of these patterns revealed that
there was no sulfur contamination after the replacement of SDS with Triton; however,
significant oxygen content remained. Again, quantification was not possible for the small
patterns in the microwells. Triton appears advantageous for avoiding precipitation and
sulfur contamination, and conditions were found that produced little unwanted copper
deposition. However, difficulties avoiding residue formation and continuing oxygen
incorporation motivated a search for a further improved precursor solution.
2.3.3. Deposition from CuSO4 and H2SO4 in microwells
Sulfuric acid is a promising liquid reactant for use in reduced pressure
environments such as an ESEM. First, it has a low vapor pressure of 10-3 Pa, [24] and has
been used successfully under vacuum in an Auger spectroscopy system. [25] Secondly, the
freezing point of the H2SO4-H2O system falls rapidly toward 210 K as the H2SO4
concentration increases toward 5 M. [26] Likewise, the concentration of the precursor can
be controlled/estimated based on equilibrium with water vapor. [27] Previously, we
exploited these properties to demonstrate electron beam induced etching (EBIE) of copper
using H2SO4. [28]
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Sulfuric acid is also a promising addition to solutions for liquid phase FEBID of
Cu for several reasons. First, CuSO4–H2SO4–H2O is perhaps the most common system for
copper electrodeposition and there is extensive guidance in the literature for choosing
additives to control the morphology of the deposits. Secondly, CuSO4 hydrates and
precipitates rather abruptly as temperature falls and/or water vapor pressure rises. In
contrast, sulfuric acid solutions remain liquid under most ESEM conditions and allow more
gradual hydration/dehydration. Third, sulfuric acid reduces surface tension to improve
wetting of the substrate and thin the liquid edge. Fourth, adding sulfuric acid to the copper
precursor solution is expected to prevent formation of copper oxides and copper hydroxide.
We dispensed 1 μl of a solution with initial concentrations of 0.5 M CuSO4 and 0.1
M H2SO4 in a well with a diameter of 400 μm. The chamber was pumped to 5.5 torr while
the substrate temperature was maintained at 3º C. The pressure was adjusted until we were
able to form a stable meniscus with a thin region in the center of the well for patterning.
Figure 2-5 shows 300 nm pitch nested lines deposited from this solution. Material visible
on the substrate away from the pattern is believed to be SU-8 residue that was found in
some wells even before deposition. A few particles are present around the pattern, but there
is little systematic unintended deposition.
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Figure 2-5 (a) 300 nm pitch nested lines deposited from 0.5 M CuSO4 and 0.1 M H2SO4 in
microwells with a dose of 30 μC/cm. (b) Tilt view (60°) of the same pattern.

2.3.4. Deposition from CuSO4 and H2SO4 on electroplated copper
Despite the convenience of constraining the liquid precursor in microwells, the
complications arising from quantification of deposit composition and the sporadic
observance of resist residue prompted us to choose a more controlled substrate for further
study. In order to eliminate concerns about adhesion, interfacial layers, and charging we
chose to deposit copper on thick electroplated copper on a silicon wafer as shown in Figure
2-6.

Figure 2-6 Schematic of the experimental set-up for LP-FEBID of copper on an electrodeposited
copper film.
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Figure 2-7 shows 1 μm nested lines deposited on an electrodeposited copper film
substrate from 0.25 M CuSO4 with the addition of 0.1 M H2SO4 and a dose of (a) 40
μC/Cm, (b) 30 μC/Cm and (c) 20 μC/Cm. As the dose decreases, unintended deposition
decreases dramatically. At the concentration of acidic precursor tested, decreasing the dose
helps to obtain cleaner patterns. However, higher resolution lines (200 nm and 100 nm
pitch nested lines) were difficult to deposit from the acidic solution and the lines merged
even with low doses. This may have occurred due to the droplet contact angle being too
large, and the liquid edge not thin and uniform enough, for the electron beam to pattern
high resolution lines. The region for depositing patterns successfully is only a few microns.
The effect of liquid thickness is demonstrated in Figure 2-8 by incomplete 1-μm pitch
nested lines in panel (a) and an incomplete 4 x 4 dot array with different doses (200 pC,
300 pC and 400 pC from left to right) in panel (b). The desired pattern is missing close to
the liquid edge due to the absence of the liquid, whereas, patterns were not deposited
effectively in thicker liquid where the electron beam could not penetrate to the substrate.

Figure 2-7 1 μm pitch nested lines deposited from an aqueous solution of 0.25 M CuSO4 and 0.1
M H2SO4 at a dose of (a) 40 μC/cm, (b) 30 μC/cm, (c) 20 μC/cm, on an electrodeposited copper
film.
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Figure 2-8 Incomplete patterns deposited from 0.25 M CuSO4 and 0.1 M H2SO4: (a) 1 μm pitch
nested lines, (b) 45° tilted view of dot patterns with 4 x 4 elements and 1 μm pitch with increasing
dose of 100 pC for the columns from left to right.

2.3.5. Deposition from CuSO4, H2SO4, and SDS on electroplated Cu
To overcome challenges associated with liquid thickness, surfactant was added to
the precursor solution to reduce the interfacial energy. SDS was added to the solution
described in the previous section and 0.25 μl of the new solution was dispensed onto the
substrate. The substrate was then loaded into the ESEM with an initial temperature of 3ºC
and pressure of 5.5 torr. After adjusting the chamber pressure and stabilizing the liquid
edges, several patterns were deposited successfully. Figure 2-9 presents nested lines with
(a) 100 nm pitch, (b) 200 nm pitch, and (c) 1 μm pitch deposited at a dose of 5 μC/cm from
a CuSO4, SDS, and H2SO4 solution on a copper substrate. Micrographs were taken ex-situ
under high vacuum after rinsing the sample gently with DI-water. Addition of SDS to the
acidified copper sulfate solution improved wetting behavior, providing a larger region on
the substrate surface for patterning at the droplet edge. However, as discussed for CuSO4
and SDS, precipitation is seen in the background of the images.
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Figure 2-9 Nested lines with (a) 100 nm pitch, (b) 200 nm pitch, and (c) 1 μm pitch with a dose of
5 μC/cm from 0.25 M CuSO4, 1 mM SDS, and 0.1 M H2SO4 on a copper substrate.

2.3.6. Copper Deposition from CuSO4, H2SO4 and Triton X-100 on electroplated Cu
Triton X-100 is known to be soluble and stable in acidic solutions, so it was added
to the acidified CuSO4 solution to reduce the contact angle and improve resolution while
avoiding the precipitation and reactions present with SDS. Figure 2-10 shows 200 nm
pitch nested lines with decreasing doses of (a) 20 μC/cm, (b) 10 μC/cm and (c) 5 μC/cm.
Figure 2-11 displays a 60° tilted view of 5 x 5 dot arrays with 1 μm spacing. Here the dose
effect is more easily observed – less copper is deposited at a lower dose. Unintended
deposition between the elements decreases noticeably with dose from 1000 pC in (a) to
500 pC in (c). Moreover, the background is very clean compared to the previous precursor,
SDS, which indicates that Triton X-100 is a better choice to improve the wetting process.
Figure 2-10 and Figure 2-11 indicate that reducing the dose is likely lessening the
unintended depositions close to the exposed region.

24

Figure 2-10 200 nm pitch nested lines deposited from an aqueous solution of 0.25 M CuSO4, 1 mM
Triton X-100, and 0.1 M H2SO4 at a dose of (a) 20 μC/cm, (b) 10 μC/cm, and (c) 5 μC/cm on an
electrodeposited copper film.

Figure 2-11 60° tilt-view of dot arrays of 5 x 5 elements and 1 μm spacing deposited from an
aqueous solution of 0.25 M CuSO4, 1 mM Triton X-100, and 0.1 M H2SO4 at a dose of (a) 1000
pC, (b) 800 pC, and (c) 500 pC.

Figure 2-12 shows the reduction of unintended deposition by the addition of Triton
X-100 to the acidified copper precursor. Panel (a) is a magnified view of 1 μm pitch nested
lines deposited from CuSO4-H2SO4 without additives at a dose of 30 μC/cm, panel (b) is
the same pattern and dose after adding Triton X-100, and panel (c) is μm pitch nested lines
from a CuSO4, Triton X-100, and H2SO4 precursor at a lower dose of 20 μC/cm. The Triton
X-100 reduces grain size and deposition rate. It also appears to reduce, though certainly
not eliminate, unwanted deposition around the desired patterns.
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Figure 2-12 1 μm nested lines deposited from an aqueous solution of (a) 0.25 M CuSO4 and 0.1 M
H2SO4 at a dose of 30 μC/cm, (b) 0.25 M CuSO4, 1 mM Triton X-100, and 0.1 M H2SO4 at a dose
of 30 μC/cm, (c) 0.25 M CuSO4, 1 mM Triton X-100, and 0.1 M H2SO4 at a dose of 20 μC/cm on
an electrodeposited copper film.

2.3.7. Copper deposition with plating additives
Another approach to improve deposition was to borrow chemistries associated with
electroplating or electrodeposition. Copper electrodeposition is widely used in the
microelectronics industry for the fabrication of printed circuit boards (PCB) and
interconnects metallization. The miniaturization of microelectronic devices poses a
challenge for copper electrodeposition. In order to enable void-free fill of small features
with high aspect ratios, special plating additives are required. Copper is electrodeposited
from an acidic copper sulfate electrolyte containing a suppressor, typically a polyether such
as polyethylene glycol (PEG), an anti-suppressor or accelerator, which is a sulfurcontaining molecule such as bis-(3-sulfopropyl) disulfide (SPS), and a chloride
ion.[29][30] Suppressors adsorb to the copper substrate and inhibit deposition, while antisuppressors have the opposite effect and promote copper deposition. Anti-suppressors are
also referred to as brighteners because they act to refine the copper grain structure.[31] The
additive distribution within a feature controls the local plating rates to prevent defects from
forming.
By taking advantage of the inhibiting property of a suppressor and adding it to the
copper precursor solution, we hoped to prevent unwanted deposition surrounding the
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exposed patterns. Additive selection was based on organic molecules used for the
metallization of nano-scale features: the most commonly used suppressor, PEG, and antisuppressor, SPS. Figure 2-13 shows copper deposition results for all additive combinations
tested at a line dose of 30 μC/cm. In the presence of PEG with Cl-, copper deposition is
inhibited; similar to what is expected in electrodeposition. In the presence of chloride ion,
suppressors will adsorb more strongly to the substrate and inhibit deposition more
effectively.[32] The tilted micrographs in Figure 2-14 show the influence of PEG and Clon copper deposition more clearly. At the same line dose, the height of the line deposited
with no additives, PEG, and PEG with Cl- was approximately 390 nm, 230 nm, and 95 nm,
respectively. Visibly PEG suppresses copper deposition, and is even more effective at
doing so with the addition of Cl-. When SPS is added, the copper lines become more
granular in appearance and there are more precipitates that adhere to the substrate that
cannot be rinsed away. In the presence of all 3 additives (Cl-, PEG, and SPS), precipitation
of salts or other compounds is exacerbated. SPS does not work well at the conditions tested
and is unsuitable for FEBID of copper. The best resolution was obtained with the acidified
copper sulfate solution in the presence of PEG.
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Figure 2-13 1.5 μm pitch nested lines deposited from an acidified copper sulfate solution at a line
dose of 30 μC/cm with the addition of different plating additives: (a) no additives, (b) 100 ppm
PEG 1000, (c) 50 ppm Cl- and 100 ppm PEG 1000, (d) 50 ppm SPS, and (e) 50 ppm Cl-, 100 ppm
PEG 1000, and 50 ppm SPS. The best resolution is obtained in the presence of PEG, panel (b).

Figure 2-14 1.5 μm pitch nested lines deposited from an acidified copper sulfate solution at a line
dose of 30 μC/cm with the addition of different plating additives: (a) no additives, (b) 100 ppm
PEG 1000, and (c) 50 ppm Cl- and 100 ppm PEG 1000. Copper deposition is suppressed in the
presence of PEG, and even further with the addition of Cl-.

Figure 2-16 and Figure 2-17 show the effect of dose on 1.5-μm pitch nested lines
for the acidified copper sulfate solution in the absence and presence of PEG, respectively.
Both sets of data give similar results – thinner lines and less unintended deposition is
observed at lower doses. The cleanest patterns are obtained at a dose of 5 μC/cm. At a dose
below 5 μC/cm no deposition is visible. In Figure 2-18 we plot the estimated cross-
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sectional area of the primary deposit (excluding unintended deposition) vs. linear dose with
and without PEG. The error bars represent the intra-experimental spread of the five line
widths and account for proximity effects and liquid thickness variations. The error bars do
not capture inter-experimental sources of error and this may explain the anomalously high
cross-sectional area in the presence of PEG at 10 µC/cm period Regardless, as the dose
increases the suppressive effect of PEG becomes clear. In addition, PEG markedly reduces
the variation in linewidth, presumably because it creates a more uniform liquid layer and
finer grained deposits. This effect is also qualitatively visible in Figure 2-17.
The relative uniformity of the unintended deposition in Figure 2-16 and Figure 2-17
provides the opportunity to assess the range of this effect. We observe that the range is
approximately 1µm which is consistent with the backscattered electron range at the surface
of a silicon substrate with a 1µm thick copper film.
As noted in the manuscript, it is interesting to compare the backscattered range of
electrons to the range of unintended deposition in the pattern. Simple simulations were
conducted in CASINO [33] to determine the backscattered range of 30keV primary
electrons from a silicon substrate with a 1 𝜇𝜇𝜇𝜇 thick copper layer. The results are shown in

Figure 3 and the range is approximately 0.8 𝜇𝜇𝜇𝜇. This neglects any forward scattering in
the ambient water vapor or the liquid precursor, as CASINO does not extract backscattered

radii at intermediate interfaces. However, given that the forward scattering will not broaden
the beam to a size much larger than the primary deposit width, the additional contribution
to the backscattered range will be correspondingly small. Thus, the expected backscattered
range is consistent with the range of unintended deposition observed in Figure 2-16 and
Figure 2-17. However, such a simulation cannot fully rule out an alternative mechanism
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in which copper is reduced in the liquid, rather than at the interface, and subsequently
deposits over an area influenced by the liquid thickness.

Figure 2-15 CASINO simulation (black circles) of 30 keV primary electrons backscattered from a
silicon substrate coated with 1 𝜇𝜇𝜇𝜇 of copper. Although the distribution is clearly not Gaussian, the
red line provides a guide by showing a Gaussian function that falls to 1/e of its peak value at a
radial position of 770 nm.

Finally, we can place approximate bounds on the efficiency of the deposition
process. Based on the measurements from Figure 2-18, we can estimate the deposition
efficiency in terms of Cu atoms deposited per primary electron. For the highest dose
without PEG we find that approximately 1.4 primary electrons are required for each copper
atom deposited. For the lowest dose, for which both solutions are similar, we find that 3.3
primary electrons per Cu atom are necessary. These numbers pertain only to the primary
deposit, and the total efficiency will be higher if one includes unintended deposition. The
increase in efficiency at high doses in the absence of PEG is surprising as one would expect
either linear growth or sub-linear growth depending on whether significant depletion of
Cu2+ was occurring. Regardless, these efficiencies are markedly higher than Cu deposition
from gas-phase metalorganic precursors. For example, when using copper(II) hexafluoro
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acetylacetonate, ~10 primary electrons are required for each deposited atom in the matrix
(90 at.% carbon) and ~100 primary electrons required for each copper atom. [26]
Figure 2-19 shows the effect of dose and refresh time on 1.5 μm pitch 5 x 5 dot
arrays from the same solution described above. As anticipated, more copper is deposited
at a higher dose. Smaller copper dots are observed at 100 pC than 1000 pC, Figure 2-19 (a)
and (b), respectively. To check if refresh time affects liquid-phase FEBID of copper, the
dot array was deposited with a dose of 100 pC and pulsed 10 times to give a total dose of
1000 pC. A refresh time of 100 ms was added between each pulse. Comparing experiments
with and without added refresh time, Figure 2-19 (c) and (b), respectively, there is little to
no difference. Refresh time does not appear to have an effect on the FEBID of copper from
these solutions, suggesting that no significant depletion of Cu2+ is occurring under the
conditions investigated here.

Figure 2-16 1.5 μm pitch nested lines deposited from an acidified copper sulfate solution with
decreasing line dose: (a) 30 μC/cm, (b) 20 μC/cm, (c) 10 μC/cm, and (d) 5 μC/cm. Panels (e-h) are
60° tilt micrographs of (a-d), respectively. Lines become thinner and less unintended deposition
occurs as the dose decreases.
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Figure 2-17 1.5 μm pitch nested lines deposited from an acidified copper sulfate solution with the
addition of 100 ppm PEG 1000 with decreasing line dose: (a) 30 μC/cm, (b) 20 μC/cm, (c) 10
μC/cm, and (d) 5 μC/cm. Panels (e-h) are 60° tilt micrographs of (a-d), respectively. Lines become
thinner and less unintended deposition occurs as the dose decreases.

Figure 2-18 Cross-sectional area of deposited lines versus linear dose for the CuSO4-H2SO4-H2O
system with and without 100 ppm PEG. The suppressive effect of PEG becomes clearly evident at
higher doses, as does the reduction in the variation of linewidth.
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Figure 2-19 Dot arrays of 5 x 5 elements and 1.5 μm spacing deposited from an acidified copper
sulfate solution with the addition of 100 ppm PEG 1000 at a dose of (a) 100 pC, (b) 1000 pC, and
(c) 100 pC x 10 pulses with a refresh time of 100 ms, per dot. Deposition increases with dose and
there is no observable effect when a refresh time is added.

Denser features were deposited to determine the highest resolution achievable.
Deposition of 200 and 100 nm pitch nested lines from acidified copper sulfate with PEG
1000 are shown in Figure 2-20. The large spot at the center of the pattern in panel (a) was
unintentional. The beam parked on this nested line pattern during deposition at another
location nearby. Regardless of the extra deposit, it is evident that the 200 nm pitch nested
lines are well resolved. Pushing the resolution further to 100 nm pitch nested lines proves
challenging (Figure 2-20 (b) and (c)). As the line width and spacing between each line
approach one another, the deposited lines become nearly indistinguishable.
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Figure 2-20 Nested lines deposited from an acidified copper sulfate solution at a line dose of 5
μC/cm with the addition of 100 ppm PEG 1000: (a) and (b) 200 nm pitch nested lines; (c) and (d)
100 nm pitch nested lines.

2.4. Composition and Purity of Copper Deposits
Liquid phase FEBID promises improved purity in comparison with the gas phase
process. To quantify the purity of the deposits, energy dispersive x-ray spectroscopy (EDX)
was performed on a large copper feature deposited from an acidified copper sulfate
solution. This feature was deposited on a silicon substrate that had been sputter-coated with
20 nm of chromium to improve adhesion, but the thickness of the feature eliminates almost
any contribution from the substrate. The EDX spectrum and a micrograph of the deposited
material are shown in Figure 2-21, and a comparison of EDX elemental quantification is
shown in Table 2-1. There is only a slight increase in the carbon content of the copper
deposit, about 5 at. %, compared to the silicon reference. Moreover, no oxygen was
detected in the deposit, which indicates significantly higher purity copper has been
deposited in this process than from the CuSO4–SDS solution. After correcting for the
background carbon signal, the actual metal content is approximately 95 at. %, which is
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dramatically higher than reported values for Cu from gas FEBID deposited from
hexafluoro-acetyl-acetonate

copper

vinyl-trimethyl-silane

[27],

copper

(II)

hexafluoroacetylacetonate [28] which was at most 11 at. % Cu, and recently copper
deposited with FEBID from Cu (I) and Cu (II) precursors upon post-growth annealing
[34]which was at most 12 ± 2 at. %. Deposits formed by irradiating cooled, condensed
layers of copper (II) hexafluoroacetylacetonate in UHV showed similar low copper content
as deposited, but could be significantly purified by subsequent exposure to atomic oxygen
and atomic hydrogen. [27]

Figure 2-21 EDX spectra of copper deposits produced by LP-FEBID from acidified copper sulfate
solution.
Table 2-1 EDX quantification of Cu deposits from acidified copper sulfate along with Si substrate
references (atomic %).
C

O

Si

Cu

Si ref

8.1

0.49

91

-

Cu Deposits

12

-

0.60

88
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EDX also reveals the copper deposits from the acidified copper sulfate solution
with the addition of PEG have more contamination than deposits with no additive in the
mixture. An upper bound of 12 at. % carbon and 3 at. % oxygen was seen in the spectrum
of the copper feature in comparison with the silicon reference. Copper purity of this deposit
was measured to be approximately 85 at.%. Quantified elemental EDX data is presented in
Table 2-2 and Figure 2-22 shows the spectrum data of the deposit compared with the bare
substrate. The deposited copper features are also shown.

Figure 2-22 Energy dispersive x-ray spectra of deposits produced by LP-FEBID from CuSO4,
H2SO4, and PEG.

Table 2-2. EDX quantification of Cu deposits from acidified copper sulfate with the addition of
PEG, along with Si substrate references (atomic %).
C

O

Si

Cu

Si reference

8.2

0.49

91

-

Cu Deposits

20

2.4

-

78
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2.5. Deposition Mechanisms
There is a discussion in the literature as to the relative contributions of
electrochemical and radiation chemical processes in LP-FEBID. [6][7][13][12][28] The
reaction may be surface-mediated, occurring in solution, or a combination of the two. In
the first case, the e-beam is thought to create a localized virtual cathode on the substrate,
thus enabling the electrodeposition of copper.[6] In this scenario, copper ions are reduced
to copper metal at the interface by direct transfer of electrons. This deposition process
proceeds according to the following half-reaction.[49]
−
Cu2+
(aq) + 2𝑒𝑒 ↔ Cu(s) (𝐸𝐸 = 0.340 𝑉𝑉)

Alternatively, the reaction may be driven by radiation chemistry. In this case, a
−
primary electron �𝑒𝑒𝑝𝑝𝑝𝑝
� ionizes water and produces a secondary electron. This electron may

ionize additional water molecules, or lose energy by other pathways until it becomes a
solvated electron, 𝑒𝑒 − (𝑎𝑎𝑎𝑎).

The ionized water molecule subsequently produces a

hydronium ion and a hydroxyl radical. The net reaction is
−
𝑒𝑒𝑝𝑝𝑝𝑝

2𝐻𝐻2 𝑂𝑂 �� 𝑒𝑒 − (𝑎𝑎𝑎𝑎) + 𝐻𝐻3 𝑂𝑂+ + 𝑂𝑂𝑂𝑂

The solvated electron can directly reduce Cu2+ to Cu1+ (𝑘𝑘 = 3 × 1010 𝑀𝑀−1 𝑠𝑠 −1) [50]

and then Cu1+ to Cu(s). There is also an alternative pathway that may be important for
acidic solutions. Specifically, the solvated electron can react with hydronium to form
atomic hydrogen[50]
𝑒𝑒 − (𝑎𝑎𝑎𝑎) + 𝐻𝐻3 𝑂𝑂+ → 𝐻𝐻 + 𝐻𝐻2 𝑂𝑂 (𝑘𝑘 = 2 × 1010 𝑀𝑀−1 𝑠𝑠 −1)

Atomic hydrogen can then serve as the reducing agent, though with a significantly slower
reaction rate. [28]
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𝐶𝐶𝐶𝐶2+ + 𝐻𝐻 → 𝐶𝐶𝑢𝑢1+ + 𝐻𝐻 + (𝑘𝑘 = 9 × 107 𝑀𝑀−1 𝑠𝑠 −1)

Of course, Cu1+ can also be reduced to metallic copper through the disproportionation
reaction
𝐶𝐶𝐶𝐶1+ + 𝐶𝐶𝑢𝑢1+ → 𝐶𝐶𝐶𝐶(𝑠𝑠) + 𝐶𝐶𝑢𝑢2+

The deposit itself is built up by subsequent nucleation and growth from copper atoms or
clusters.
The efficiency of copper deposition under some conditions (<0.71 Cu atom/
primary electrons) suggests that a radiation-chemical mechanism likely contributes as a
purely electrochemical mechanism would be limited to 0.5 Cu atom per primary electrons.
In addition, Figure 2-23 shows 1 μm pitch nested copper lines on the electrodeposited
copper film with additional evidence of copper reduction in solution. The first pattern (a)
is deposited from the acidified copper sulfate solution and the second pattern (b) is
deposited from the same solution with the addition of Triton X-100. Although there are
clean patterns with sharp corners for the nested lines in both, there are two groups of
patterns that have been deposited during the FEBID process at the same time; one on the
substrate and the other in the solution. During the dehydration step, the pattern in the liquid
floated away and re-deposited at a new location on the substrate. It should be noted that
this double patterning was rarely observed, presumably because copper particles formed in
solution did not create well-connected structures or because the secondary structure did not
adhere to the substrate.
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Figure 2-23 1 μm nested lines on an electrodeposited copper film deposited from (a) acidified
copper sulfate solution and (b) acidified copper sulfate solution with Triton X-100 additive. A
second, distorted, copy of the pattern was observed nearby.

2.6. CONCLUSION
High purity copper can be deposited from aqueous solutions of copper sulfate, and
deposition efficiencies greatly exceed those observed for metalorganic, gas-phase copper
precursors. The addition of surfactants to these solutions enables dense, high-resolution
patterning (100 nm pitch nested-Ls) and increases the area available for deposition. This
represents a significant improvement in the resolution of liquid-phase FEBID on bulk
substrates. Previous efforts have only yielded < 100 nm features for isolated lines, [7]
never for dense lines and spaces that truly reveal resolution. We found Triton X-100 is
appropriate for the cooled experimental conditions in an ESEM, and it reduces precipitates
and sulfur contamination compared to SDS. Sulfuric acid stabilizes the liquid films by
decreasing the vapor pressure of the solutions; however, without surfactants, the substrate
area available for direct writing only extends over a few microns.
Addition of Triton X-100 or PEG to the acidified copper sulfate solution thins the
liquid film and produces finer-grained structures. The highest resolution was obtained with
Triton X-100 in acidified CuSO4 while the highest aspect ratio structures were obtained
with PEG in acidified CuSO4. For the precursor solution studied here, thick, dense lines
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cannot be patterned without significant unintended deposition. Thus, until a means to
mitigate this extra deposition is found, practical application of the technique will be limited
to thin lines and/or low-density patterns.

EDX studies revealed that the purity of copper

deposits from LP-FEBID is dramatically improved compared to the standard gas-phase
FEBID processes. Specifically, approximately 95 at. % copper was deposited from the
acidic copper sulfate solution. Addition of PEG improved pattern fidelity, while only
reducing the purity of the deposit to ~85 at. % which is still remarkably high for FEBID.
The effects of additives were similar to those observed for the electrodeposition of copper.
However, significant evidence of radiation-chemical processes was also observed
highlighting the complexity of the LP-FEBID process.
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CHAPTER 3: LIMITING REGIMES FOR ELECTRON-BEAM INDUCED
DEPOSITION OF COPPER FROM AQUEOUS SOLUTIONS CONTAINING
SURFACTANTS
This chapter includes an article that is in-preparation for submission to a peerreviewed journal. (Esfandiarpour, S., and Hastings, J.T.,). “Limiting Regimes for ElectronBeam Induced Deposition of Copper from Aqueous Solutions containing Surfactants”
3.1. Introduction
Liquid-phase focused electron beam induced processes (LP-FEBIP) are being investigated
due to the potential benefits over the gas phase technique. In this method, deposition or
etching occurs at the interface between a substrate and a bulk liquid. However, controlling
the thin liquid film in a partial vacuum has remained a serious challenge. Previously, we
used shallow microwells to produce a meniscus which yields a thin liquid layer close to
the center of the well. Although good copper deposition was achieved, control of the
precursor concentration and the film thickness remained challenging due to the ultra-small
liquid volume.
Here we increase control over the liquid layer by creating deep micro-wells
connected to a shallower well via a channel. The microcapillary effect of the channel results
in dragging the liquid solution from the larger reservoir well into the other microwell. The
second microwell and the channel have controlled depth suitable for patterning. In this
way, we expect to provide larger areas appropriate for patterning. Moreover, since the
precursor in the channel is connected to the solution in the large well, we have a very good
estimate of the concentration of the solution.
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3.2. Experimental Methods
All deposition experiments were carried out using an environmental scanning
electron microscope (ESEM, Quanta 250 FEG, Thermo Fisher Scientific, Hillsboro, OR,
USA). Patterning was controlled by a Raith Elphy 7 electron beam patterning system. A
gaseous secondary electron detector (GSED) was used to collect secondary electron signals
(SE) in the ESEM. A Peltier cooling stage was used to carefully control samples
temperature and hence, the condensation and evaporation of water from the sulfuric acid
solution on the surface. 30 kV acceleration voltage and a current of 700 pA were used for
every experiment.
To carefully study the effect of Cu2+ ion concentration and also to precisely control
the liquid film in-situ, a modified surface substrate was used. The modified configuration
consists of 50 µm deep micro-wells connected to a shallower well of 3 µm depth via a
channel. These structures were created by deep reactive-ion etching into the silicon wafer
as shown in Figure 3-1. The microcapillary effect of the channel results in dragging the
liquid solution from the larger reservoir well into the other microwell. By carefully
controlling the chamber environmental conditions, after reaching equilibrium, we may fire
the electron beam into the desired region in the channel or the second well to deposit copper
patterns. Before the deposition process, the sample was rinsed with acetone, IPA and DIH2O followed by the in-situ plasma cleaning to improve wetting. Copper deposition from
several liquid precursors was studied in the previous chapter. It was concluded that the
acidified copper sulfate solution resulted in high purity copper deposits, (95 at. %).
The initial precursor was loaded into the 50 µm deep well ex-situ using a custom liquid
injection system. We filled up the deep reservoir to be able to estimate the final
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concentration of copper ions during the deposition process. The solution was further
hydrated by controlling the temperature and pressure in the ESEM with a water vapor
ambient. Figure 3-2 displays the in-situ hydration of precursor on the bulk substrate
schematically. It is seen that by cooling the substrate and increasing the water vapor
pressure, in our case to 3 °C and ~ 6 torr, a liquid film forms on the surface that can be
used as the deposition medium containing the metal ions. After stabilizing the liquid film,
an electron beam is applied to the specific location with the predefined pattern; then the
substrate is reheated to the room temperature and removed from the chamber to study the
deposits in the high vacuum mode of the microscope. As the liquid fills the deep well it
starts to flow through the channel toward the other well (Figure 3-3). As mentioned earlier,
the precursor in the channel is connected to the solution in the large well, so we have a very
good estimate of the concentration of the solution.

Figure 3-1 60° tilted view of deep reactive-ion etched microwells in the Si substrate.
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Figure 3-2 Schematic of electron-beam induced deposition from a bulk liquid in an environmental
SEM. The liquid is open to a water vapor ambient and the electron beam is scanned over the region
where deposition is desired.

Figure 3-3 In-situ hydration and flow from the reservoir via channel toward the second well. (a)
after pumping the chamber to 5.7 torr the liquid is visible with some precipitated CuSO4, (b)-(d)
further adjustment in the chamber pressure to facilitate the liquid flow. The liquid film can be
distinguished from the substrate by its darker appearance in the micrograph.
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3.3. Patterning and liquid retraction
The precursors that are used in these experiments are 125 mM, 63 mM and 31 mM
CuSO4 plus 100 mM H2SO4 and Triton X-100 to improve the liquid flow.

Figure 3-4 liquid flow from the reservoir toward the channel at 5.6 torr (a), and ex-situ micrograph
with 60° tilt-view of an arbitrary pattern deposited in the channel with the dose of 5µC/cm, 10
µC/cm and 15 µC/cm from left to right (b).

Figure 3-4 shows an in-situ image of the liquid flow and deposited patterns in the channel
(a), and tilted view of the arbitrary patterns deposited with a dose of 5 µC/cm, 10 µC/cm
and 15 µC/cm from left to right (b). Controlling the liquid thickness results in a very small
amount of unintended deposition. Again, at two lower doses, we can see the trace of two
lines deposited. One is on the substrate, and the other appears to have formed in solution
and merged after dehydration. At the highest line dose, it appears one solid high aspect
ratio line was deposited. However, it was likely two lines that connected during the
exposure nicely. Moreover, in Figure 3-5 it is shown that a pattern of 200 nm pitch nested
lines deposited at a relatively high dose of 20 µC/cm, are merged with a flat top surface.
The interesting point about this pattern is that the height of this deposit is approximately
3µm and the deposition did not grow beyond the liquid film (3µm thick) as expected.
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Figure 3-5 SEM image of 200 nm pitch nested lines deposited from acidic copper sulfate solution
at a relatively high dose of 20 µC/cm, (a) In-Situ top view, and (b) 60° tilted view of the same
pattern in the hi-vac mode.

After establishing that deposition consistently occurs, we carefully designed
experiments to control and study the LP-EBID parameters. Our patterns were defined to
be an array of single dots to ease the calculations for the volume of deposited copper and
finally the efficiency of the process.
3.4. Parametric studies of copper deposition
Our goal was to identify different deposition regimes and build a foundation for
modeling. Large (~ 500 nm) arrays of dots were deposited in the microchannel with 3µm
thick liquid.

We measured the volume of the deposits and inferred the deposition

efficiency. The efficiency is defined as the number of copper atoms deposited per primary
electron. Parameters that have been studied in the next sections are dwell time, refresh
time, cycles/total dose, and concentration.
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Figure 3-6 Example experiments used to study the deposition of copper across a wide parameter
space, 10 x 10 array of copper dots deposited from (a) 63 mM and (b) 125 mM CuSO4:100 mM
H2SO4: 1 mM Triton X-100, with an electron dose range of 10-100 pC /dot and 10 exposure cycles
with 50 ms refresh time. Larger volume is deposited at higher Cu2+ concentrations.

Figure 3-6 shows a 10 x 10 array of copper dots deposited from (a) and (c) 63 mM,
(b) and (d) 125 mM Cu2+ precursors. This pattern shows the effect of changing dwell time
(dose) for each element as it varies point by point in a range of 10-100 pC /dot and 10
exposure cycles with a constant 50 ms refresh time for the cycles. As the dwell time
increases, for both solutions, a larger volume of deposit obtained. Based on our previous
work, described in 2.3, it is expected that the size of the deposits is controlled by the
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electron dose and will increase as a function of increasing electron dose (or equivalently
irradiation time).
3.4.1. Effect of dwell time and refresh time on deposition efficiency
Figure 3-7 plots the average deposition efficiency versus refresh time from 25
patterns deposited from 125 mM CuSO4:100 mM H2SO4:1 mM Triton X-100. Deposition
efficiency depends strongly on dwell time and moderately on refresh time. The blue line
represents 100 pC/cycle (140 ms dwell time) × 10 cycles per dot, and the red line represents
200 pC/cycle (280 ms dwell time) × 5 cycles. Thus, each dot was deposited with a 1000
pC electron dose. It is seen that the deposition efficiency depends strongly on dwell time
and moderately on refresh time. Longer dwell times resulted in almost twice as efficient
deposition at the same dose. While increasing the refresh time also increases efficiency, it
is not as dramatic a change.

Figure 3-7 Measured deposition efficiency for 140 ms and 280 ms dwell time per dot, of dot arrays
deposited from 125 mM CuSO4:100 mM H2SO4:1 mM Triton X-100 vs refresh time.
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We extend the study of the dwell time effect by plotting the number of deposited
copper atoms per electron pulse as a function of refresh time for the same patterns in Figure
3-8. Interestingly, the two lines are almost identical for the two different dwell times. This
indicates that doubling the number of electrons in a pulse has no effect on the amount of
deposited copper. Thus, the process is extremely mass-transport limited at these dwell
times. Cu2+ ions are completed depleted in the region near the beam impact point at some
dwell time lower than 140 ms. However, all the refresh times studied here allowed
sufficient replenishment of Cu2+ that deposition continued for subsequent pulses. A modest
increase in deposition occurs with refresh time indicating that even 400 ms do not
completely replenish the reactant in the vicinity of the beam.

Figure 3-8 Measured efficiency per pulse for 140 ms and 280 ms dwell time per dot, of dot arrays
deposited from 125 mM CuSO4:100 mM H2SO4:1 mM Triton X-100 vs refresh time.
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In the next step, deposition efficiency versus refresh time was measured for a
constant 20 pulses but 10 pC /pulse /dot and 15 pC /pulse /dot. The former dose related to
the 14 ms of dwell time and the latter to 21 ms of dwell time. A solution of 125 mM
CuSO4:100 mM H2SO4:1 mM Triton X-100 was used. Again, three refresh times were
examined for each pattern.

Figure 3-9 Measured efficiency for 14 ms (blue) and 21 ms (red) dwell time per dot, of dot arrays
deposited from 125 mM CuSO4:100 mM H2SO4:1 mM Triton X-100 vs refresh time. SEM
micrograph represents the granular copper patterns related to the longest dwell and refresh time.

In this case, the process is neither dwell time nor refresh dependent for except for
200 ms refresh. This result indicates that the process was electron limited at the specified
parameters. Moreover, we observed a transition from almost conical deposits to granular
deposits at long refresh times. Therefore, an aggregation mechanism vs. single point
nucleation and growth governs the deposition.
3.4.2. Concentration Effect on Copper Deposition
The influence of Cu2+ concentration was also investigated by depositing copper patterns
with 31 mM and 63 mM CuSO4 in the precursor. Figure 3-10 illustrates the output of this
study. We observed that at low concentrations, the process transitions from electron limited
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to mass transport limited as a result of changing refresh time to a longer value. Moreover,
comparing the two concentrations revealed regimes where there was no nucleation or no
adhesion as well as regimes with large amounts of collateral deposition. For 63 mM
concentration, any refresh time longer than 200 ms resulted in extensive unintended
deposition. Figure 3-11(c) shows an example of high collateral deposition for 400 ms
refresh time with 63 mM CuSO4.

Figure 3-10 Measured deposition efficiency vs refresh time for 5×5 dot arrays deposited from 63
mM (blue), and 31 mM (red) CuSO4:100 mM H2SO4: 1 mM Triton X-100. An electron dose of 40
pC /cycle/dot was applied in 20 cycles of exposure (total dose of 800 pC /dot). Refresh timedependent regime at lower concentration solution indicates the electron limited to mass transport
limited transition. this reveals a practical limit on the nucleation and collateral deposition.
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Figure 3-11 60° tilted SEM micrographs of copper patterns deposited from (a) 63 mM CuSO4:100
mM H2SO4: 1 mM Triton X-100 at 200 ms refresh time, (b) 31 mM CuSO4:100 mM H2SO4: 1 mM
Triton X-100 at 600 ms refresh time, and (c) 63 mM CuSO4:100 mM H2SO4: 1 mM Triton X-100
at 400 ms refresh time.

The refresh dependent regime at lower Cu2+ concentrations indicates a transition
from electron limited to mass transport limited behavior. This region also reveals practical
limits on nucleation/adhesion. In Figure 3-11(a) and (b) also picture two different arrays
deposited from high and low concentration solutions respectively. (a) shows how slow
refresh resulted in granular deposits as compared with the conical patterns and (b)
demonstrates how collateral deposition started to affect the patterns at longer refresh time.
3.5. Conclusions
In conclusion, micro-wells and channels enabled controlled liquid thickness and
concentration, allowing us to quantify deposition efficiency. The deposition efficiency is a
useful figure of merit to study the effect of deposition parameters such as concentration,
dwell time, refresh time, and beam energy. We established the transition from electron to
mass transport limited deposition, which had not been previously observed for LP-EBID.
Moreover, an additional aggregation-based regime and high aspect ratio regime were
identified throughout our studies. We observed remarkable deposition efficiency under all
conditions (1-10 Cu atoms/primary electron) consistent with the radiation chemistry model
of deposition.
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CHAPTER 4: PLASMONIC NANOSTRUCTURES USING CELL-LESS LIQUIDPHASE ELECTRON BEAM INDUCED DEPOSITION
This chapter includes an article that is in-preparation for submission to a peerreviewed journal. (Esfandiarpour, S., and Hastings, J.T.,). “Plasmonic Nanostructures
using Cell-less Liquid-Phase Electron Beam Induced Deposition”
4.1. Introduction
Background:
The field of plasmonics is the study of an interaction between the electromagnetic
field of light and free electrons in metals. Most studies and applications focus on surface
plasmons excited on thin metal films or metal nanoparticles. Once the incident light
delivers energy to the metal nanoparticles, free electrons will move from their equilibrium
position, and this displacement results in the formation of an ionic and electric cluster on
the particle surface, Figure 4-1 (a). These charges will follow the external field oscillations
and radiate electromagnetic waves. Localized surface plasmon resonance (LSPR) will
occur when the oscillating plasmon frequency equals the frequency of the incident field.
This results in electric field enhancement in the vicinity of the metal nanostructure, Figure
4-1 (b). LSPR highly depends on the size, geometry, material, and refractive index of the
surrounding medium. Thus, not every metal supports plasmon resonances. Controlling
these parameters results in controllable and tunable plasmonic peaks. Plasmonic structures
have several applications including biosensing, optical waveguides for integrated circuits
and photovoltaics.
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Figure 4-1 (a) Schematic of induced electric and ionic cluster in a metal particle with an external
electromagnetic field, (b) Normalized E field around a 50 nm Silver NP surface at LSPR
wavelength, simulated in Lumerical FDTD solution.

Certain metallic nanostructures, typically silver and gold, support localized surface
plasmon resonances (LSPR) that confine electromagnetic fields at the nanoscale. Silver, in
particular, is of interest in plasmonics because it can support resonances between 300 nm
up to 1200 nm [36]. Silver is predominantly the preferred material for applications in
extraordinary optical transmission, near-field and coherent microscopy, far-field superlens,
single-photon emission, and photovoltaic absorption-enhancement [56].
Electron-beam induced deposition (EBID) is appealing for rapid-prototyping of
such structures and for deterministically placing them in more complex devices.[54][55]
However, the low purity of gold from organic precursors, the limited availability and
handling difficulties of inorganic gold precursors, and the long-time absence of silver
precursors have limited gas-phase EBID for plasmonics applications. Researchers tried site
specific growth of plasmonic nanostructures previously with a focused beam such as
focused ion beam (FIB) [54] and gas-phase FEBID [55][57]. However, the outcome was
not very successful because of the limitations mentioned above. More details are explained
in the literature review in this section. To address this, previously EBID of silver
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nanostructures from bulk liquids was studied.[36]

The structures supported LSPR;

however, they were deposited on the membrane of a liquid cell, an impractical geometry
for most applications. Subsequently, our group deposited silver on bulk substrates from
aqueous solutions in an environmental SEM, [36] and Fisher et al. achieved a similar result
using electrospray injection of ethylene glycol solutions.[5] Both approaches greatly
improve the practicality of liquid-phase EBID and opened the possibility of creating more
practical silver plasmonic devices. A literature review of previous works is presented in
the next few pages.
Literature review:
Dhawn et al. (2009) reported the fabrication of metallic Au nanopillars and linear
arrays of Au-containing nanodots for plasmonic waveguides. In this article, two different
processes focused ion beam (FIB) milling of deposited thin films, and electron beaminduced deposition (EBID) of metallic nanostructures from an organometallic precursor
gas is used to deposit Au nanopillars. Figure 4-2 shows two of patterns deposited from (a)
FIB and (b) FEBID technique in this paper.

Figure 4-2 SEM micrograph showing, (a) 45° tilted view of an array of gold nanopillars fabricated
by FIB milling , (b) EBID gold nanopillars on ITO-coated glass slides for developing plasmonic
waveguides with high magnification. Reused with permission from ref. [54] Copyright 2009
Elsevier.
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Graells et al. (2010) used EBID to grow gold nanorods on a transparent substrate, glass
cover slit coated with 4 nm of Ti. They claimed the Ti layer enables the evacuation of
charges at the sample surface while avoiding undesirable chemical reactions of the
precursor as observed for instance when using Indium Tin Oxide. A focused electron beam
with the 30 kV and 250 pA is used for dissociation of the organometallic precursor.

Figure 4-3 SEM micrographs of arrays of rods grown by EBID using ten successive back and forth
scans, line dwell time = 400 ms and line step size = 40 nm. Reused with permission from ref. [55]
Copyright 2010 Springer Nature.

Roy et al (2009), presented electron beam induced silver deposition from an ionic liquid
that contains AgBF4. They were able to deposit dendritic silver structures on anatase TiO2
surface, but not on amorphous TiO2 and Au surfaces. Based on these findings and different
behavior of silver on different substrates, it is been suggested that the deposition
mechanism is pseudo-photocatalyst. The incident electrons cause in the TiO2 the excitation
of an electron from the valence band to the conduction band. It is been described that
excited electron can diffuse throughout the TiO2 surface up to the diffusion length of
electrons. In anatase TiO2 the diffusion length is much longer than for amorphous TiO2.
At the TiO2 -IL interface, the excited electrons will reduce the Ag+ to Ag0 and form silver
deposits from the AgBF4 IL solution. On amorphous TiO2 on the other hand, electron
transport processes are crucial and a high number of defects exist in the substrate facilitates
electron-hole recombination. So, before any reaction with Ag+ can take place, most charges
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cancel each other within the substrate. On a highly conductive surface like Au, the electronhole theory is not applicable and even after a long exposure time, no deposit on the surface
is seen. Figure 4-4 shows the dendritic silver structures deposited on the anatase TiO2 in
this work. The procedure was performed in an ultra-high vacuum SEM.

Figure 4-4 SEM image showing Ag deposition, inset: magnification of dendritic structure
of Ag. Reused with permission from ref. [57] Copyright 2009 Elsevier.

In the work of Halka et al (2011), silver was deposited locally by irradiation of a molten
metal salt film, specifically AgNO3, with a focused electron beam in the SEM. Conductive
and nonconductive substrates were studied. Figure 4-5 shows the deposited silver patterns
on Si (a), Ta (b) and glass (c) with a 15 keV electron beam at 260 °C AgNO3 film. It is
noted that Ag is also deposited in the non-irradiated areas with much lower density than
the desired regions. The authors concluded that these deposits are the result of the
precipitation of the silver colloids which exist in the AgNO3 film; either because of the
contamination in the AgNO3 salt or photoreduction by exposure to the light during the
preparation of the electrolyte layer. It is also concluded that, since annealing of the sample
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for hours did not have any major effect, thermal decomposition of AgNO3 does not play a
prominent role in the number of background particles.

Figure 4-5 Checkerboard patterns of Ag particles on Si (a), Ta (b), and glass (c), formed by
irradiation of a 1–3 µm thick liquid AgNO3 film at 260°C with a 15 keV electron beam in an SEM.
Reused with permission from ref. [58] Copyright 2011 John Wiley and Sons.

To synthesize silver nanoparticles a large number of reducing agents such as
ethylene glycol, sodium borohydride, and glucose have been employed. Several polymers
such as poly (vinyl alcohol) (PVA), poly (vinyl pyrrolidone) (PVP), polystyrene,
poly(methylmethacrylate) have been extensively reported to stabilize silver nanoparticles.
However, only a few polymers such as PVA and PVP have been reported to reduce Ag+.
Abargues et al. (2008) have used a negative tone resist, specifically PVA containing
AgNO3, in the electron beam lithography system at 30kV to deposit silver on the silicon
BK7 and ITO covered soda lime glass. Upon the exposure of the PVA- AgNO3 film to the
electron beam, the irradiated area was less soluble in the developer (distilled water) than
the non-exposed area. This was the key of the procedure and how they have been able to
keep the silver nanoparticles, reduced by the e-beam, on the surface. Additional baking
was used at lower doses to help with the silver nanoparticle reduction on the substrate.
Also, based on the resolution study, it has been concluded that due to a strong electron
scattering and subsequent charging effects in the insulator substrates, the resolution has
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been reduced by even a factor of two. Figure 4-6 displays the silver pattern obtained in this
work.

Figure 4-6 Silver deposit from AgNO3-PVA negative tone resist. Reused with permission from ref.
[59] Copyright 2008 IOP Publishing.

There was no precursor available for silver deposition in gas phased EBID, until
Utke’s group reported silver deposition from AgO2Me2Bu, and AgO2CC2F5 in 2017 and
2018 respectively.[61][62] Hoflich et al. (2017) reported direct writing of silver-based
nanostructures as an alternative for resist based techniques. Direct deposition of high purity
silver (75 at. %) at low doses of 30 nC/µm2 was observed whereas at higher electron doses
around 104 nC/µm2 large carbon content was measured. Berger et al (2018) used
carboxylate complex silver(I) pentafloruoropropionate and deposited high content silver
structures of 76 at. % on Si/SiO2 substrate with good electrical properties and strong Raman
signal. The deposition was conducted at a substrate temperature of 160°C and also the gas
injection system was heated to 175°C. Figure 4-7 shows the silver patterns from [61]and
[62] with gas precursors. The reported silver content is fairly high compared to other
materials like copper from the gas phase, but the purity is less than the liquid-phase silver
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deposits (%85)[39]. More concerning, however, was that Ag pattern are very granular with
low density, resolution, and aspect ratio.

Figure 4-7 Scanning electron micrograph of (a) a typical square deposit of 10 μm × 10 μm from
AgO2Me2Bu Reused with permission from ref. [61] Copyright 2017 American Chemical Society ;
(b) a spot deposit and close up of its central area, (c) line deposit and close up of central area, from
AgO2CC2F5 on bulk 200 nm SiO2/Si using a 25 keV and 0.25 nA primary electron beam. Reused
with permission from ref. [62] Copyright 2018 Beilstein-Institut.

Noh et al (2012) studied the electron beam effect on inducing microstructural
evolution in Ag during TEM. Two different processes, dissolution of Ag after ionization
induced by the primary beam and deposition of Ag because of the reduction of Ag+ ions in
solution by secondary electrons generated in the substrate. These processes were observed
under different experimental conditions. The response of the system will depend on the
energy distribution of free electrons and holes, the charge transfer kinetics, and mass
transport kinetics. Here, aqueous solutions of silver, based on Ag2SO4, were confined
between two silicon nitride windows, one with silver film and one without, well-aligned in
a sealed liquid cell. Sampled current voltammetry was utilized to characterize kinetics
associated with silver diffusion in the solution. The authors concluded that both beaminduced dissolution and growth occur as a function of the composition of the solution. They
believe there should be a composition that exists in which the effective rates of reaction
balance and mass is conserved in the region of interest. Moreover, simple models may
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describe the general response of the system in charge transfer limited and mass transport
regimes. [60]
Fisher et al (2015) demonstrated FEBID silver deposition from silver nitrate dissolved in
ethylene glycol using an electrospray technique. In this study, the liquid precursor is
introduced via nanoelectrospray from a pulled glass capillary tip in situ. Increasing the
applied bias to the electrospray tip increases the liquid injection rate and as a result
increases the liquid film thickness and spreading. After reaching the desired film geometry,
the bias voltage is decreased so that there is little or no change to the lateral extent. By
adjusting the voltage, the film thickness can be adjusted dynamically. The e-beam induces
deposition when it interacts with the liquid starting at the liquid-vacuum interface.

Figure 4-8 SEM micrograph of ∼40 μm tall micropillar electron-beam deposited using electrospray
of silver nitrate metal salt dissolved in ethylene glycol solvent (a), Concave structure at the top of
pillar is closed as seen from top-down (b) and, Magnification of hole on side of micropillar reveals
a rough, granular structure (c). Reused with permission from ref. [5] Copyright 2015 American
Chemical Society.

Ocola et al. (2012) reported silver deposition from aqueous AgNO3 precursor in sealed
liquid cells on polyimide membranes. Three different beam energy at three different
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electron doses were studied.

They concluded that by adjusting electron energy the

deposition process can be optimized either for maximum deposit-volume per electron-dose
ratio or for achieving minimal feature sizes. Figure 4-9 shows the silver patterns deposited
in this work.

Figure 4-9 SEM image of silver deposits at 20 kV on polyimide membrane (a), electron dose and
beam energy study on silver deposition(b). Reused with permission from ref. [35] Copyright 2012
AIP Publishing.

It is seen that relatively higher beam energy (20 keV) is inducing radiation damage in the
membrane as scissioning of molecular chains before crosslinking.
In another study, Bresin et al (2014) reported silver deposition on a bulk silicon substrate
in an environmental SEM by in-situ hydration of AgNO3 salt crystals to form a thin liquid
film containing Ag+ ions. The reaction occurs at the interface of the liquid film and bulk
and high purity silver, 85 at. %, is deposited on the substrate. The resolution of deposits is
shown to improve drastically with the addition of surfactants to the precursor. As is seen
in Figure 4-10, 70 nm resolution lines and 200 nm diameter dots deposited in this work. A
maximum resolution of 100nm diameter for silver dot is reported.
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(a)

(b)

Figure 4-10 Line writing with liquid phase electron-beam-induced deposition, produced with a line
dose of 200 nC/cm. Inset: High magnification of lines showing 70 nm feature size(a), 60° tilt image
(b) of Ag array showing 200 nm diameter dots(b). Reused with permission from ref. [7] Copyright
2014 Cambridge University Press.

Here, our goals were to
•

e-beam deposit high purity silver structures on bulk substrates while
minimizing the deposit size and collateral/unwanted deposition,

•

demonstrate that silver nanostructures deposited from liquid precursors on
bulk substrates support LSPR, and

•

study these structures’ optical properties using darkfield spectroscopy in
the visible to near-infrared spectral regions.

Regarding our first goal, an aqueous silver nitrate solution was used to deposit
silver on bulk substrates in an environmental SEM. The solution also contained one type
of surfactant to improve wetting and reduce the liquid layer thickness. To address the
second and third goals, first, we carefully studied the chemistry of the precursor.
Surfactants are important for establishing thin, well-controlled liquid films on many
substrates, but they also affect the chemistry of the LP-FEBID process. Three surfactants
were evaluated including sodium dodecyl sulfate (SDS), a common ionic surfactant, along
with Triton X-100, Brij O10 and, Brij L4, two common nonionic surfactant groups. Then
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we studied the effect of the substrate of choice on the silver deposition. Silicon with 1.7
µm thick silicon dioxide layer, intrinsic silicon, and sapphire (Al2O3) were three different
substrates that were studied in the experiments. After optimizing the solutions, a dark field
spectroscopy setup was assembled to characterize the optical properties of the deposited
silver nanostructures. In the next section, the detailed procedure and results are presented.
Numerical analysis was performed to simulate the LSPR of similar nanostructures.
4.2. Methods and Materials
All experiments were carried out in a Quanta 250 FEG environmental scanning
electron microscope (ESEM, FEI Co., Hillsboro, OR, USA). Patterns were deposited using
a Raith Elphy Plus electron beam lithography attachment and a fast beam blanker. A
gaseous secondary electron detector (GSED) was used to collect secondary electron signals
(SE) in the ESEM. The beam current was measured with a Faraday cup and Keithley 6487
picoammeter before each experiment. The beam current was between 520 and 560 pA.
Three different substrates were used: (1) a silicon substrate with a 1.7 μm thick silicon
dioxide layer, (2) a sapphire substrate (Al2O3), and (3) an intrinsic silicon substrate. Silver
adhesion to all three substrates was acceptable, so to prevent further complication in the
deposition process no adhesion layer was applied.
In every experiment, substrates were rinsed with acetone (Fisher Scientific), IPA
(Fisher Scientific), and deionized water (DI H2O), followed by a three minutes plasma
cleaning before each experiment. It is observed that plasma cleaning results in better
wetting behavior of substrate during the rehydration of metal salt. A Peltier stage was used
to maintain the temperature of the substrate during FEBID. Conductive silver paint (Ted
Pella) was used to attach the substrate to the sample mount.
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The precursor silver solution contained 0.25 M and 63 mM AgNO3 (SigmaAldrich) in DI H2O. Different solution compositions were studied; this included the
addition of sodium dodecyl sulfate (SDS, Acros Organics), a common ionic surfactant,
along with Triton X-100 (Sigma-Aldrich) and Brij (Sigma-Aldrich), two common nonionic
surfactants.
Prior to deposition, a drop of 0.2 µl of the precursor solution was placed on the
substrate, the substrate temperature was set to 3oC, and the chamber was pumped to an
initial pressure of 5.5 torr. At these conditions, the precursor solution dehydrates to form
either a solid or a viscous liquid. By slowly increasing the water vapor pressure in the
chamber to ~6 torr while maintaining the substrate temperature, the precursor rehydrates.
The pressure can then be further adjusted to stabilize the droplet and establish a thin liquid
edge for patterning. This process was longer for the sapphire substrates, due to its lower
thermal conductivity compared with silicon substrates. Arrays of dots with different
spacing between the elements were deposited on each substrate. After the deposition
process was completed, before venting the system, the chamber pressure was slowly
lowered down to 2 to 1 torr and then the cooling was turned off. Then the sample was
gently rinsed by pipetting in and out of 10 µl DI water/IPA in order to remove any excess
residue on the surface during the dehydration process.
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4.3. Silver deposition from liquid precursors
4.3.1. Deposition from AgNO3 and SDS on Si/ SiO2
Anderton and Sale determined the phase diagram for the water-silver nitrate system
by a sub-ambient differential scanning calorimetry [53]. It is understood from Figure 4-11
that the eutectic composition is approximately 40.5 wt. %. The eutectic temperature of the
partial system is 263 ± 0.5 K. The silver deposition is performed at 276 K and a lower
concentration of AgNO3 so it remains completely dissolved at the experimental conditions.

Figure 4-11 Partial phase diagram for binary water-silver nitrate system. Reused with permission
from ref. [53] Copyright 1979 Elsevier.

The deposition was conducted with a 20 kV accelerating voltage in the ESEM.
Energy-dispersive x-ray spectroscopy was used to estimate the liquid thickness and to
quantify the purity of deposits. Figure 4-12 shows two arrays of silver dots deposited with
a dose of 1000 pC/dot (top) and 800 pC/dot (bottom).
Figure 4-13 plots a comparison of energy-dispersive x-ray spectra from the Ag
nanoparticles and the surrounding substrate. This graph indicates a high concentration of
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Ag with some additional carbon incorporation, presumably from the surfactant.
Quantification of the composition of small structures on substrates is challenging; however,
we can place some bounds on the purity of the material by assuming that: (1) the oxygen
signal is entirely due to the underlying silicon dioxide; this assumption is reasonable
because the silicon to oxygen ratio is similar for the two spectra; (2) the carbon signal is
entirely from the deposit, rather than from any hydrocarbon deposition during imaging or
analysis (worst case scenario). A lower bound can be placed on the purity of 80 at.%.
It is known that silver dodecyl sulfate (AgDS) is only weekly soluble in water, and
it was suspected that some of the collateral deposition may be precipitation of AgDS. Thus,
we hypothesized that the substitution of a nonionic surfactant may reduce this problem.
Triton X-100 was unsuccessful because it forms a nearly irreversible gel under conditions
encountered in the ESEM. In Figure 4-14, for instance, two of the unsuccessful patterns
obtained from this mixture are shown. Thus, we studied deposition from solutions
containing Brij L4 and discovered a new regime for deposition.
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Figure 4-12 5 x 5 array of silver dots deposited on a silicon substrate at 20 keV and, electron dose
of 1000 pC/dot (top). 4 x 4 array of silver dots deposited on a silicon substrate at 20 keV and,
electron dose of 800pC/dot (bottom). Initial Precursor: 250 mM AgNO3 and 4mM SDS
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Figure 4-13 Composition of silver patterns deposited from AgNO3 and SDS precursor

Figure 4-14 Formation of irreversible gel from Triton X-100 under the experimental conditions and
its effect on silver pattern and deposited from 250 mM AgNO3: Triton X-100 with an electron dose
of (a) 1000 pC/dot and (b) 500 pC/dose.

4.3.2. Deposition from AgNO3 and Brij L4 on Si/ SiO2
We tried to deposit silver on the oxidized silicon substrate using AgNO3 (aq) and
Brij L4 as a surfactant in the solution. The deposition was conducted with a 30kV
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accelerating voltage. We started with the 250 mM AgNO3 and 2Wt.% Brij L4. This attempt
resulted in very large silver deposits in a very short amount of time. The high deposition
efficiency was surprising and quite interesting. Figure 4-15 and Figure 4-16 are
demonstrating two of the patterns obtained in these experiments. It is seen from these
micrographs that large silver deposits form on the Si/SiO2 substrate with almost no
collateral deposition. Also, despite the very gentle rinsing, these deposits poorly adhered
to the surface and a few of them have come off of the substrate. In the magnified images
of Figure 4-16, it is noted that flipped deposits show a concave surface right at the center
of the deposit which is also the impact point of the beam.

Figure 4-15 Silver deposits from an aqueous solution containing 250 mM AgNO3 and 2 wt.% Brij
L4, a nonionic surfactant, on Si/SiO2 substrate. (a) top view, (b) 45° tilted view. The structures
were deposited with 10 exposure cycles at 600 pC/cycle.
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Figure 4-16 Silver deposits (center graph) and magnified view of array elements (corner graphs)
from an aqueous solution containing 250 mM AgNO3 and 2 wt.% Brij L4, a nonionic surfactant, on
Si/SiO2 substrate. The structures were deposited with 10 exposure cycles at 600 pC/cycle.

We can attempt to estimate the efficiency of the deposits by assuming, the silver
density is close to bulk silver, 1.05×107 gr/m3. The efficiency of Ag deposition was
remarkably high at approximately 300 Ag atoms per primary electron. This result suggests
autocatalytic growth with Brij L4 serving as the reducing agent. This is consistent with the
findings of other groups that ethoxylated surfactants can reduce silver ions.[67]
This interesting result leads us to explore higher resolution deposition with lower
concentrations of Brij L4 and lower electron doses. As shown in Figure 4, deposits from a
solution with 1 wt.% surfactant and doses from 1/6 to 1/2 the dose in Figure 4-15 were
significantly smaller. The collateral deposition was still present but also reduced in
severity.
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Figure 4-17 Silver deposits from an aqueous solution containing 250 mM AgNO3 and 1 wt.% Brij
L4. Reducing the Brij concentration and dose reduced both the size of the deposits and the amount
of collateral deposition.

Therefore, Brij L4 appears to improve the efficiency of the deposition process, but does not
appear to provide a path to higher resolution nor does it eliminate collateral deposition.
When using 2 wt.% Brij L4 solution dendritic silver structures were growing on the
substrate during the deposition in some cases. These dendritic structures started to appear
on the surface close to the exposure region. Figure 4-18 is an example; it shows both the
in-situ and ex-situ view of the dendritic shapes as well as low magnification array of
deposited silver dots.

In some patterns, it became very dramatic. Removing these

unwanted features without damaging the primary deposit was not successful.

72

Figure 4-18 Growing dendritic structure during the patterning process using a 30 keV electron beam
and a 250 mM AgNO3+ 2Wt.% Brij L4 solution on Si/SiO2 substrate. (a) in-situ during the process
at 5.9 torr, (b) ex-situ (after dehydrating the sample at 2 Torr)

Figure 4-19 demonstrates the exposed region in the experiment and also a closer view of
the deposited silver patterns and how the dendritic structures covered the desired silver
deposits.

Figure 4-19 (a) Top-view of the exposed regions and also dendritic silver structure grown on the
substrate, (b) and (c) Tilt-view of a 3x3 silver dot array deposited from AgNO3(250 mM) + Brij L4
(%2) on the oxidized silicon substrate, shown in (a); using a 30kV accelerated voltage and 530 pA
current electron beam. Dendritic deposition grew on top of the desired patterns.

4.3.3. Deposition from AgNO3 and Brij on Sapphire
We also investigated silver deposition on sapphire. Our goal was to deposit silver
nanostructures with small size and minimal collateral deposition. Sapphire is an excellent
substrate for the optical studies discussed later and exhibits adequate thermal conductivity
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such that the surface temperature can be controlled in the ESEM. We started with a
solution of 250 mM silver nitrate which was ultimately optimized to 63mM AgNO3 to
reduce collateral deposition. At first, Brij O10 was selected as a nonionic surfactant in the
solution. Despite sapphire’s reduced thermal conductivity, we successfully deposited silver
dots with a small amount of unwanted deposition and a relatively clean substrate. However,
using this type of Brij did not lead us to the smaller size silver nanostructures. Almost all
of the deposits, even with low electron doses, were quite large (a few hundreds of
nanometers). Figure 4-20 shows an array of 30 µm spacing silver dots and the magnified
view of two of its elements. Spherical silver deposits around 1 µm in diameter were
deposited. Lowering the electron doses (as seen in Figure 4-21) also was not very effective
in reducing the size of the silver deposits

Figure 4-20 (a) 3x3 array of Silver dots, (b)and (c) magnified view of the silver dots, deposited
from AgNO3 (63 mM) + Brij O10(%1) on Sapphire substrate at 30 keV, and 535 pA at the electron
dose of 800 pC/dot.
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Figure 4-21 3x3 array of Silver dots, (a) top view, (b)45° tilt view, deposited from AgNO3 (63 mM)
+ Brij O10(%1) on the sapphire substrate at 30 keV, and 535 PA at the electron dose of 600 pC/dot.
Scale bar represents 10 µm.

At this point, Brij O10 was replaced with Brij L4 and it was an effective substitution as far
as reducing the size of features. Silver dots with a small amount of unwanted deposition
and a relatively clean substrate were created as shown in Figure 4-22. With further
refinement of the process, we were able to produce clean Ag structures as small 200-nm as
shown in Figure 4-23. These structures proved to be plasmonically active as discussed in
the next section.

Figure 4-22 Plan view of silver deposits from AgNO3 (63 mM) and Brij L4 (%1) on a sapphire
substrate using a 30 keV beam energy, 530 pA current, and a dose of 10 cycles at 300 pC/cycle.
(a) in-situ at 5.8 Torr with the liquid present, (b) ex-situ.
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Figure 4-23 45° tilted view of Ag dots deposited with a dose of 100 pC on sapphire from a solution
containing AgNO3 (63 mM) and Brij L4 (%1).

In some experiments, silver nanostructures were deposited with a small amount of
unwanted deposition in the exposed area. Further post-processing efforts were tried to
remove the unwanted material, such as rinsing with a lower surface tension liquid (Novec
7100 Engineering fluid, C5H3OF9 - Sigma life science) ; however, it was not an easy task
to do without damaging the deposits. Also, due to their size and thickness, EDX analysis
could not quantify the deposits composition. Figure 4-24 is an example of what is just
discussed.

Figure 4-24 (a) Top view of 3x3 array of Silver dots in-situ at 5.8 Torr, (b) before rinsing, and (c)
after rinsing with IPA, deposited from AgNO3 (63 mM) + Brij L4 (1 wt.%) on sapphire substrate
at 30 keV, and 530 PA at the electron dose of 100 pC/dot. It is seen that further rinsing the sample
has little effect on removing the background features from the surface of the substrate.
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4.3.4. Deposition from AgNO3 and Brij on intrinsic silicon
To study the effect of the substrate on the silver deposit, the third substrate of
intrinsic silicon was selected. Again, our goal was to minimize the deposit size and also
reduce the unwanted deposition around the patterns. We observed that at the same electron
dose and beam energy, denser silver structures with regular geometries (sphere,
hemisphere, cone) were obtained from AgNO3 (63 mM) and addition of Brij L4 (1
wt.%) solution. Figure 4-25 shows 45° tilted view of Ag dots deposited with an electron
beam of 30 kV, 530 pA on intrinsic Si from a solution containing AgNO3 (63 mM) and
Brij L4. (1 wt.%). An electron dose of 2000 pC/dot in 5 cycles is applied at each point. A
magnified view of one array element shows a spherical deposit.
However, these geometries were not reproducible and silver plates often grew on
the structure or close to it. Some examples of micrographs are shown in Figure 4-26.

Figure 4-25 45° tilted view of Ag dots deposited with an electron beam of 30 kV, 530 pA; five
cycle exposure of 400 pC/ dot on Intrinsic Si from a solution containing AgNO3 (63 mM) and Brij
L4 (1 wt.%).(a) 3×3 array, (b) magnified view of one element.
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Figure 4-26 Tilt view of silver deposits from an aqueous solution containing 63 mM AgNO3 and 1
wt.% Brij L4 on an intrinsic silicon substrate. Deposition on intrinsic silicon yielded structures with
a variety of shapes (conical, spherical and irregular) and often produced silver plates in addition to
the target structure. All deposits were formed using a 30-kV primary beam, with a current of 530
pA, and a dose of 3000 pC delivered in five cycles with 200 ms refresh time.

As we noted earlier in this section, all the deposits on the intrinsic silicon seem to
have very dense and high purity structures. To prove that, a TEM sample was prepared by
FIB milling one of the large silver deposits in an FEI Helios Nanolab 660 system. The
deposit and its higher magnification view is shown in Figure 4-27. The structure was
coated with a carbon layer to protect against ion beam damage. Then the composition and
silver content was carefully studied in the TEM (FEI Talos F200X).

Figure 4-27 52°tilt- view of silver deposit from AgNO3 (63 mM) + Brij L4 (%1) on an intrinsic
silicon substrate at an electron dose of 600 pC/ dot (a) and higher magnification view of the selected
region (b). Similar to some of the silver deposits on the un-doped silicon wafer, a silver flake shape
is grown on the desired deposit. Also, there is a crack on the deposit, possibly caused by the
cleaning process after the dehydration.
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Figure 4-28 (a) FIB milled slice of silver deposit from AgNO3 (63 mM) + Brij L4 (%1) on an
intrinsic silicon substrate at an electron dose of 600 pC/ dot. (b) TEM view of the slice shown in
(a) suggest a dense silver deposit. (c) higher magnification view of the deposited Ag/Si interface,
(d) and (e) EDX maps of the elemental composition of the sample, and (f) EDX signal vs. position
over the scanned region shown in (e), indicates a high silver content in the deposit.

Figure 4-28 illustrates these processes and TEM images show a high-density deposit and
the EDX study proves a high purity silver has been deposited from AgNO3: Brij L4 solution
on the intrinsic silicon.
The poor reproducibility of deposition on intrinsic silicon prevented further work
in this direction, but the variety of deposits suggests that different nucleation and growth
mechanisms are competing over a small substrate area under nearly identical conditions.
4.4. Monte Carlo Simulation of Backscattered Range
It is interesting to compare the backscattered range of electrons to the range of
unintended deposition in the pattern. Simple simulations were conducted in CASINO[33].
The goal was to determine the backscattered electron range of 30 keV primary electron
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beam from substrate. To model the LP-EBID phenomena, a 1 μm thick diluted liquid
AgNO3 film (0.54003 g/cm3) on sapphire substrate was defined. The same simulation was
repeated for a silicon substrate with 1.7 μm oxide layer. Figure 4-29 shows the multilayer
along with the deposited electron energy in the simulated region for the two substrates
Backscattered electron range for both substrates are shown in Figure 4-30. Although the
distribution is not Gaussian, the red line provides a guide by showing a Gaussian function
that falls to 1/e of its peak value at a radial position of 3 μm and 4.5 μm respectively.
Despite the highly approximate estimate of the liquid film thickness and concentration, and
also neglecting any forward scattering in the ambient water vapor, the backscattered range
is consistent with the unintended deposition radius around the silver dots shown in Figure
4-12 and Figure 4-21.
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Figure 4-29 Deposited energy in a 1 μm thick diluted liquid AgNO3 film (0.54003 g/cm3) on (a)
sapphire, (b) silicon with 1.7 μm oxide layer. A 30 keV electron beam applied and 20000 electrons
simulated for both (a) and (b).
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Figure 4-30 CASINO simulation (black circles) of 30 keV primary electrons backscattered from a
1 μm thick diluted liquid AgNO3 film (0.54003 g/cm3) on (a) sapphire, (b) Silicon with 1.7 μm
oxide layer substrate. Although the distribution is not Gaussian, the red line provides a guide by
showing a Gaussian function that falls to 1/e of its peak value at a radial position of 3 μm and 4.5
μm respectively.

4.5. Optical Characterization
Dark-field spectroscopy is an effective method for scattered field detection of single
nanoparticles. This spectroscopy method, which is dark-field microscopy coupled with a
spectrometer, has been developed to observe the metal nanoparticles and has become a
common technique to measure the scattering spectrum of single nanoparticles. Whether for
detection of LSPR frequencies or real-time monitoring of catalytic reaction processes (such
as electrocatalysis, photocatalysis, homogeneous and heterogeneous catalysis).[66] As
was mentioned previously, LSPRs are influenced by many factors, such as composition,
size, morphology, and the refractive index of the surrounding medium. So different results
would be expected for any change in the above parameters.
Figure 4-31 illustrates a schematic of the experimental setup used for measuring
the scattering spectra from the arrays of nanostructures.
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Figure 4-31 Schematic of the optical setup used for scattering measurements

Darkfield scattering spectra of silver deposits on a silicon substrate with 1.7 µm oxide on
top were measured, in reflection mode, using a Zeiss Axiovert 405M inverted microscope
fiber coupled to a grating spectrograph (Acton SP-150) and a thermoelectrically cooled
CCD camera (Princeton Instruments PIXIS 256). Illumination was performed with direct
light from a Super K Extreme supercontinuum laser source (NKT Photonics) through a
50X darkfield objective. The same objective was used to collect the scattered light and
direct it to the spectrograph. A tilted view of a group of four silver dots (part of a larger 10
µm spacing array of dots) and a magnified view of one of its elements represented in Figure
4-32. This sample was used in the optical setup to determine its scattering spectrum and

LSPR wavelengths related to the silver nanostructures.
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Figure 4-32 Tilt-view of a (a) group of four silver dots, (b) magnified view of the lower right dot
in (a), deposited from AgNO3 (aq) with a dose of 800 pC/dot. The substrate is silicon with a 1.7μm thick thermally grown SiO2 layer.

Figure 4-33 shows the detected spectrum. a strong resonance near 580 nm and
several weaker resonances at longer wavelengths. The spectrum is normalized to scattering
from the bare substrate. These features are consistent with localized surface-plasmon
excitation of silver nanostructures.

Figure 4-33 Optical darkfield scattering spectrum of silver deposits on the silicon substrate with
1.7 µm oxide on top.
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Darkfield scattering spectra of silver deposits on the sapphire substrate, conducted
in the transmission mode, using a Zeiss Axiovert 405M inverted microscope fiber coupled
to a grating spectrograph (Princeton Isoplane-320) and a thermoelectrically cooled CCD
camera (Princeton Instruments PIXIS 256). Illumination was performed with a 100 W
deuterium/halogen lamp. The scattered light was collected through a 50X darkfield
objective and routed to the spectrograph through a multimode fiber. All spectra were
normalized to the scattering from the bare sapphire. Prior to the optical measurements and
data acquisition, the grating spectrograph was calibrated using an IntelliCal. Also, the
grating was a 1200 g/mm grating blazed at 500 nm and set to a center wavelength of 750
nm to reach the best reference spectrum. To verify our setting for the center wavelength,
the scattering spectrum of gold nanoparticles on the glass microscope slide was taken with
an Ocean Optics spectrograph as well. It is seen that in both spectra, a peak appears at
800nm. (Figure 4-34)

Figure 4-34 Scattering spectrum of standard gold nanoparticles on the glass slide; both spectra
show a peak at 800 nm and verifies the calibration, selected center wavelength and grating in the
measurement setup.
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Because of different geometry and size of silver deposits and possibly the different
silver content in each deposit, multiple resonances and different spectra were obtained from
each pattern. Figure 4-35 pictures a set of micrographs along with the scattered spectra
from the darkfield spectroscopy. It is learned from the graphs that as the size of the pattern
increases, there is a shift to the longer wavelengths as expected. A wide resonance peak
around 590 nm observed for the 222 nm diameter silver dot (b). A stronger resonance is
seen around 650 nm for the 340 nm diameter deposit (a), and there is a wide peak close to
680 nm for the 400 nm diameter sample (c). Moreover, silver deposits with almost
spherical geometry resonate in the shorter wavelength region; as compare with the conical
shape deposits in which we observed wider peaks with possible multiple resonances in the
longer wavelengths’ region (760 nm – 900 nm).

Figure 4-35 Electron micrographs and dark-field scattering spectra from silver nanoparticles
deposited on sapphire substrates. The aqueous precursor solution contained AgNO3 and Brij L4.
Smaller, nearly spherical deposits, exhibit resonances in the visible wavelength range. Larger,
more conical deposits with collateral deposition exhibit resonances in the near-infrared. All spectra
are referenced to the scattering from the bare sapphire substrate.
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4.6. Numerical analysis of silver nanoparticles on the substrate
4.6.1. Introduction
Finite-difference time-domain (FDTD) algorithms analyze structures by solving the
differential form of coupled Maxwell’s equations in the time domain. This method involves
discretization of Maxwell’s equations in both the time and the space domains in order to
find the E and H fields at different positions and at different time-steps. Lumerical FDTD
solution is one of the widely used commercial packages available for modeling the complex
electromagnetics problems in which the discretized elements are generally made of
cartesian components. The size of the mesh elements plays a very important role in the
numerical modeling process. In this work, Lumerical was employed to perform the optical
simulation and analyze the plasmonic nanostructures.[68]
The plasmon resonances occur at specific wavelengths and can be identified
experimentally as pronounced peaks in the optical scattering spectrum. In general, the
plasmon energies depend on the density of conduction electrons and the geometry of the
nanoparticle. If the dielectric function of the metallic phase is known, the optical response
of the particle can be calculated using the equations of classical electromagnetics.
4.6.2. Geometry, Material & Boundary Formation
To study the optical response of silver nanostructure, first, the geometry was
created using simple drawing tools as well as structures from the object library. A 4 µm by
4 µm by 4 µm cubic simulation domain was employed to model the scattering from a silver
nanocone placed on a 500 µm thick sapphire substrate. The nanocone was modeled as a
three-dimensional parabolic cone with a 200 nm radius and 200 nm, 400 nm and 500 nm
height into the simulation region. The geometry matched that of the silver nanostructures
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fabricated by the liquid phase EBIP technique. However, the roughness of the deposits was
neglected and pure silver content was assumed in the study. Silver and Al2O3 were assigned
to the nanoparticle and substrate respectively. The spectrally dependent refractive indices
of sapphire and silver were taken from a model based on the data of Palik. Lumerical
enables us to choose the material of interest from the material explorer window, and then
fit its index/permittivity vs wavelength. In our case, a maximum coefficient of 10 and a fit
tolerance of 0.01 was set for the best fit.
To truncate the simulation domain and to prevent any spurious reflections from the
boundary, the FDTD simulation region is bounded by the perfectly matched layer (PML)
boundaries. This way, we ensure that the wave incident on the PML layer experiences zero
reflection back into the simulation domain. To reduce the simulation time, we took
advantage of the symmetry in the system and symmetric boundary conditions were applied
to the y-axis. An auto shut off level of 10-5 was used to ensure accurate convergence in
calculating the fields. Here, frequency-domain profile monitors were used to record the
near fields in all three axes. The optical power was analyzed to calculate the scattering
cross-section of the deposit
4.6.3. Meshing
After defining the geometry, the next step is discretizing the structure. FDTD uses
a rectangular, Cartesian style mesh, like the one shown in Figure 4-36. It should be noted
that all the fundamental simulation quantities, i.e. material properties, geometrical
information, and electric/magnetic fields are calculated at each mesh point. Using a finer
mesh, of course, allows for a more accurate representation of the device; however, the
simulation time and memory requirements will increase. The Lumerical FDTD solver
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provides different mesh refinement methods, including the conformal mesh algorithm, that
allows one to obtain accurate results, even when using a relatively coarse mesh. In some
cases, like our simulation for silver deposits, it is also necessary to manually add additional
meshing constraints. This involves forcing the mesh to be smaller near complex structures
(often metal) where the fields are changing very rapidly. To maintain accuracy, the smallest
element size and densest mesh around the volume of the silver structure, the region of high
field gradient, is used (Figure 4-36).

Figure 4-36 Zoomed in x-z view of the rectangular simulation domain exhibiting finer mesh size
in proximity region of conical silver deposit.

The number and size of the mesh used in the analysis were tested against a set of higher
and lower parameters and chosen based on convergence and reduced computational time.
4.6.4. Total Field Scattered Field Source
An advanced version of the plane-wave source is the total field scattered field
(TFSF) source and primarily designed to study the particle scattering in a homogeneous
medium or on a multi-layer substrate. TFSF source appearance in the simulation interface
is a 3D box, rather than a 2D plane. The boundaries of the source cannot extend through
the scattering object and the scatterer needs to be completely inside the TFSF source.
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Moreover, the injection axis should be normal to the substrate and the TFSF source must
see the same refractive index profile along the direction of propagation. The wave is
injected from one side and the source will then subtract the same plane wave when it arrives
at one of the other TFSF boundaries. The subtraction happens at the boundaries of the
source and a reference 1D line at the top right corner of the TFSF boundary is used to
determine the index profile of all the boundaries. So, it is important to make sure the
reference corner, always goes through the substrate and not the feature for which we want
to calculate scattering.
Non-normal incident angel:
To study both transverse and longitudinal modes in the simulation, the geometry
needs to be illuminated in an angle. When using a non-normal angle of incidence, i.e.
direction of propagation is not normal, we should remember that the angle of incidence is
still wavelength dependent. Figure 4-37 illustrates this importance. Once the theta – lambda
relation becomes non-linear, it cannot be used properly in the simulations. The best way to
overcome this issue is to break the bandwidth in to shorter bands and then combine the
results afterward. Moreover, for the best results, it is necessary to use a mesh override
region over the entire x, y, and z span of the source so that the mesh is uniform over the
source.
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Figure 4-37 Theta vs wavelength; incident angle dependency on the wavelength, injection angels
of (a) α = 10°, (b)α = 30°, and (c) α = 60°. It is seen that for large injection angels, most of the
incident wave at longer wavelengths goes out of FDTD solution boundaries. At this point, it is
necessary to break the bandwidth into smaller bands and stitch the results to obtain the whole band.

For normalization, it is important to note that the source sensitivity is defined with respect
to the principle injection plane of the source; therefore, a factor of cos (𝜃𝜃) needs to be

applied to the result.

Figure 4-38 Illumination setup of the silver deposit on the sapphire transparent substrate

A 3-D total-field scattered-field (TFSF) source from 200 nm to 1400 nm was used
to surround an NP at an incident angle of θ = 30º from within the substrate, shown in Figure
4-38. It should be noted that, due to the wavelength dependency of θ, the simulation
bandwidth needed to be broken up in smaller bands. Two analysis groups, comprising 6
transmission monitors for each group in 3-D, were placed inside and outside the light
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source box, respectively. The inside and outside groups obtain yield the absorption power
and scattering power, respectively.
4.6.5. Results and discussion
Finally, after setting up all the parameters, we ran the simulations for each
bandwidth and then merged these data into one graph. Figure 4-39 shows the calculated
scattering cross-section spectra from two different size silver nanocones placed on the
Al2O3 substrate in the Lumerical FDTD solution using a 30° TFSF illumination from the
sapphire. The red graph is for a 500-nm tall and 400-nm base diameter cone and the blue
graph is for a 200-nm tall and 200-nm base diameter. A redshift is observed for the bigger
deposit around the 410-420 nm wavelength. Considering the size of the deposits, having
multiple resonances was also predictable. The scattering efficiency coefficient for the two
deposits is also plotted. For the 200-nm tall nanocone, a wide peak around 900 nm is seen.
Figure 4-41 shows the field enhancement of the smaller nanocone at 400 nm (a) and 900
nm (b) wavelengths.
Due to different compositions and also the geometry of silver deposits, we could
not match the simulation and measurement results perfectly. As we know, LSPRs are
highly dependent on the material, size, and morphology.
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Figure 4-39 Scattering cross-section from silver nanocone placed on the Al2O3 substrate simulated
in the Lumerical FDTD solution using a 30° TFSF illumination from the sapphire. Red graph for a
500 nm tall and 400 nm base diameter cone and blue graph for a 200nm tall and 200 nm base
diameter.

Figure 4-40 Scattering efficiency coefficient, defined as scattering cross-section of the deposit
divided by the cross-sectional area, from silver nanocone placed on the Al2O3 substrate simulated
in the Lumerical FDTD solution using a 30° TFSF illumination from the sapphire. Red graph for a
500 nm tall and 400 nm base diameter cone and blue graph for a 200 nm tall and 200 nm base
diameter.
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Figure 4-41 Enhanced electric field around the 200nm tall nanocone related to the resonance
wavelengths in the spectrum. A TFSF is illuminating the deposits from the sapphire substrate. (a)
at 400-450 nm and (b) 900 nm wavelengths.

4.7. Conclusion
Silver was deposited using LP-EBID on different substrates: oxidized silicon,
intrinsic silicon, and sapphire, without using a liquid cell. SDS was very effective in
reducing the surface interfacial energy between liquid film and substrate to improve
wetting. Structures less than 80 nm in size were deposited from aqueous AgNO3 solution
with SDS. However, we needed to reduce collateral and unwanted residue from the
exposed region and SDS was not the best surfactant for this purpose. The temperature used
for the process is below the Krafft point for SDS (10°C) and micelles no longer form.
Instead, if the concentration increases above the critical micelle concentration (~8 mM and
only weakly dependent on temperature) then SDS will precipitate as crystals. Multiple
resonances in the VIS-NIR spectral range were observed in the darkfield spectroscopy
studies of the deposited silver structures. It was expected for relatively large Ag particles
with complex shapes and the underlying substrate.
In another attempt, silver was deposited from AgNO3 (aq) and Brij as a surfactant
on the oxidized silicon substrate. At a silver concentration of 250 mM and Brij L4 2 wt.%,
large silver deposits were obtained in a very short amount of time were obtained. Having
this high efficiency of ~ 300 Ag atoms/ PE was very impressive. This result suggests
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autocatalytic growth with Brij L4 serving as the reducing agent. This is consistent with the
findings of other groups that ethoxylated surfactants can reduce silver ions.[68] At this
point, the concentration of Brij L4 was reduced from 2 wt.% to 1 wt.%.
However, dendritic structures appeared on the surface close to the exposure region.
In some patterns, even though a large volume of silver deposited, unwanted deposits
became very dramatic. Removing these features was not successful. Reducing the
surfactant concentration by half resulted in reducing the size of the silver dots as well as
preventing the dendritic features. However, there is not much advantage for Brij over SDS
as far as reducing the size of silver deposits and in many circumstances, the patterns are
still suffering from the unwanted/collateral deposition.
To study the effect of substrate on the silver deposition, two other substrates,
intrinsic silicon, and sapphire were used in the LP-EBID process. Again, our goal was
minimizing the deposit size and also reducing the unwanted deposition around the patterns.
It is observed that at the same electron dose and beam energy, as well as a similar solution,
dense silver structures with regular geometries (sphere, hemisphere, cone) were obtained.
However, in some micrographs, a few silver flakes grew on the desired structure or close
to it. Compared with oxidized silicon, less dendritic structures appear on the substrate
surface during the process. Further investigations on the nucleation and growth mechanism
of silver deposition on this substrate are needed.
Sapphire was selected because it is an excellent material for optical applications
and studies. Although sapphire was challenging for the process as far as its thermal
conductivity, we managed to run the experiments and successfully deposited small size
silver nanopatterns with a very small amount of unwanted deposition and a relatively clean
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substrate. Two types of Brij surfactants were used for our purpose, Brij O10, and Brij L4;
the former resulted in spherical silver deposits with a very clean substrate in the exposed
region and the latter improved the size and enhanced the possibility of deposition silver
nanostructures that are supporting the LSPR in the VIS-NIR regimes. Dendritic structures
were observed in a few patterns, but they are not very dramatic compare with the
observation on the oxidized silicon substrate. Optical darkfield spectroscopy results
showed an enhancement in the scattering intensity signal. Depending on the geometry of
the structure we observed different peaks in the spectrum. Deposits with smaller size and
almost hemispherical geometries showed the enhancement in the shorter wavelengths
whereas longer wavelength and broader peaks were observed from conical deposits. As
expected, larger size deposits result in a shift toward the NIR regime. FDTD simulations
of Ag nanostructures on thick SiO2 substrate and sapphire also show that there are multiple
resonances related to these features. However, since LSPR is highly dependent parameters
such as material, size, and geometry of the structures. Since the silver content and its
morphology are not known for the experimentally deposited silver nanostructures,
darkfield spectra show different resonances and bandwidths than the simulations predict.
In summary, we found that both total dose and number of deposition cycles influenced the
size, morphology, and adhesion of silver deposits. Both SDS and Brij L4 surfactants proved
to be useful for controlling the liquid film, but Brij L4 also accelerated the deposition
process likely by serving as a reducing agent during autocatalytic growth. Both oxidized
silicon and sapphire proved to be reliable substrates for deposition while sapphire yielded
less unwanted deposition. In conclusion, with refinement, liquid-phase EBID may prove
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practical for fabricating plasmonic devices. However further studies needed to increase the
control over the process for practical applications.
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CHAPTER 5: CONCLUSIONS AND RECOMMENDATIONS

5.1 Findings
The overall objective of this research was to understand the mechanisms behind
liquid phase electron beam induce deposition and how they govern the figures of merit, i.e.
purity, resolution and throughput; and then to evaluate the applications of the technique.
We accomplished three objectives in this dissertation.
First, we improved the resolution and purity of copper FEBID from liquids on bulk
substrates while reducing unintended deposition and avoiding the precipitation of
undesired products. High purity copper can be deposited from aqueous solutions of copper
sulfate, and deposition efficiencies greatly exceed those observed for metalorganic, gasphase copper precursors. The addition of surfactants to these solutions enables dense, highresolution patterning (100 nm pitch nested-Ls) and improved the wetting. We found Triton
X-100 is appropriate for the cooled experimental conditions in an ESEM, and it reduces
precipitates and sulfur contamination compared to SDS. The highest resolution was
obtained with Triton X-100 in acidified CuSO4 while the highest aspect ratio structures
were obtained with PEG in acidified CuSO4. EDX studies revealed that the purity of copper
deposits from LP-FEBID is dramatically improved compared to the standard gas-phase
FEBID processes. Specifically, approximately 95 at. % copper was deposited from the
acidic copper sulfate solution. Addition of PEG improved pattern fidelity, while slightly
lowering the copper purity down to ~85 at. % which is still remarkably high for FEBID.
The effects of additives were similar to those observed for the electrodeposition of copper.
However, significant evidence of radiation-chemical processes was also observed
highlighting the complexity of the LP-FEBID process.
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Second, surface modification of silicon substrate, i.e. micro-wells and channels,
enabled us to control the liquid thickness and concentration, and as a result allowed us to
quantify deposition efficiency as a function of concentration, dwell time, refresh time. We
established the electron and mass transport limited regimes. Moreover, an additional
aggregation and high aspect ratio regimes were identified throughout our studies.
Remarkable deposition efficiency under all conditions (1-10 Cu atoms/primary electron) is
observed consistent with the radiation chemistry model of deposition.
Third, silver was deposited using LP-EBID on different substrates: oxidized silicon,
intrinsic silicon, and sapphire without using a liquid cell. We found that both total dose
and number of deposition cycles influenced the size, morphology, and adhesion of silver
deposits. Both SDS and Brij L4 surfactants proved to be useful for controlling the liquid
film, but Brij L4 also accelerated the deposition process likely by serving as a reducing
agent during autocatalytic growth. Both oxidized silicon and sapphire proved to be reliable
substrates for deposition while sapphire yielded less unwanted deposition. Backscattered
electron range was studied for both substrates (Si/SiO2 and sapphire) and verified that the
collateral deposition around the patterns falls in the approximately the same radius.
Numerical analysis of light scattering from deposits do not agree well with optical
measurements, possibly because the permittivity of the deposit differs substantially from
bulk silver or because the deposits exhibit complex morphologies.

5.2 Limitation of the study
When using electrons to direct-write in solution, the minimum size of the created
structures is limited to the nanometer scale due to the fundamental physics of the
interactions between the electron beam and the liquid, including the lateral transport of
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solvated electrons and ionic species.[70] Also, controlling the liquid film in-situ is still a
challenge and highly effects the deposits. Poor adhesion due to the lack of carbon
contamination was another limit that sometimes interfered with the deposition process.

5.3 Opportunities for future research
Understanding the nucleation and growth mechanism of metal on the insulator
substrates is an important task that can be recommended for future studies. For instance,
despite the interesting nucleation and growth process of silver deposition on an intrinsic
silicon substrate, lack of replication in some experiments, specifically in silver deposition
on intrinsic silicon, limited us from further investigations.
Many possible reactions are occurring in the liquid film during the irradiation of
the electron beam which resulted in some unintended deposition that we could not easily
remove. Further understanding of the possible mechanisms will be crucial in developing
liquid phase techniques. Considering the complexity of the liquid phase deposition
processes, developing modeling tools such as Monte Carlo simulation will have a high
impact on efficiently designing the experiments and controlling the parameters.
There is a high demand for flexible substrates in the optical/semiconductor
industries. Liquid phase electron beam induced processes may find an interest in that type
of research. So, developing the FEBID for fabrication on flexible substrates would be
another recommendation. In addition, here is a high demand for complex nanostructures
in the magnonic research area, and depositing magnetic materials using the liquid
precursors would be interesting.
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