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ABSTRACT OF THE THESIS

Controlling the Wetting Behaviors of Copper Nanostructures through Solution Immersion
Method

By
Pranav Dubey
Master of Science in Materials Science and Engineering
University of California, Irvine, 2017

Assistant Professor Yoonjin Won Irvine, Chair

Addressing a desired surface wettability has been a significant challenge for a variety of innovative
thermofluidic applications from anti-icing coating to two-phase heat exchangers. Surface
wettability can be controlled by fabricating nanostructures on the surfaces and modifying their
chemistry. While numerous nanofabrication efforts have been investigated for this purpose, a
solution immersion method is suggested in this research since it can effectively install
nanostructures on two-dimensional or three-dimensional surfaces over a large area. Therefore, we
employ the solution immersion method in order to investigate the wettability of copper oxide
nanostructures related to fabrication parameters. The examples of copper oxide nanostructures
include nanoneedles and nanoflowers/nanograsses on polished copper substrates and open-cell
porous copper structures (i.e. copper inverse opals). Detailed analysis is followed to quantify
surface structural details, chemical composition, and surface wettability. The understanding of
structure- and chemistry-dependent wettability will pave the way for the implementation of copper
nanostructures with well-controlled wetting properties into future copper-based thermofluidic

applications such as heat exchangers and heat pipes.
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CHAPTER 1: INTRODUCTION

The design of metamaterials has attracted significant attention owing to their unique
combinations of specific surface area, transport physics, and interfacial physics, enabling a wide
range of applications such as sensors®, water-harvesting surfaces?, and thermofluidic devices®. In
particular, for thermofluidic applications, controlling surface wetting characteristics via surface
treatment methods is interesting to improve liquid transport through the void fraction of
metamaterials. Despite several efforts in past, the development of a facile and economical surface
treatment methods with accurate control of wetting characteristics still remains a challenge. A
solution immersion technique that creates nanostructures on surfaces has a potential to efficiently
tune the surface wetting behaviors by modulating both the chemistry and morphological details of
nanostructures. Therefore, we investigate the effects of various types of nanostructures by
employing solution immersion methods with the aim of optimizing wetting characteristics in this

study.
1.1 Demonstration of Nanostructures on a Flat Substrate

In recent years, the control of wetting characteristics of solid surfaces has resurfaced as a topic
impacting many fields of science and technology such as anti-icing®, anti-biofouling®, anti-
corrosion®, self-cleaning’, and microfluidics system?. The wetting behaviors of a surface can be
modified based on two basic approaches: (1) The first approach is to create structural roughness
on intrinsically hydrophobic or hydrophilic surfaces. (2) The second approach is to modify

surfaces with low or high surface energy materials®.

Typically, a surface is defined to be hydrophobic if the contact angle (CA) is >90° and

hydrophilic if the CA is <90°. Furthermore, a surface is superhydrophobic if the CA is >150° and



superhydrophilic if the CA is <10°. Traditional theories such as Young’s model (figure 1.1)°,
Wenzel’s model’®, and Cassie-Baxter’s model'! explain interfacial physics as a function of fluid
properties and surface roughness. The Young’s model demonstrates the dependence of surface
wettability on surface tensions at three contact y

v

interfaces (i.e. solid-vapor, solid-liquid, and liquid-

vapor interface). The classic Young-Dupre’s

equation is given as: Ysv Yu
cosg =SV _Yst 4y Figure 1.1 Surface tensions on a water droplet
Yiv on a smooth surface.

where 0 is the CA; ysv, ysL, and yLv are the surface tensions at the solid-vapor, solid-liquid, and
liquid-vapor interface, respectively. However, the Young’s model considers only surface tensions
but neglects surface roughness on CAs.
Wenzel’s equation, thereby, explains CAs on rough surfaces (figure 1.2a) associated with

a roughness factor r (ratio of actual surface area to projected surface area),

cosf@* =rcosf ..1.2
where 6* is the apparent CA on the rough surface, and @ is the CA on a smooth surface with
identical surface chemical composition. Equation 1.2 can be rearranged as

0* = cos™1(r cos )
where 0* is inversely proportional to r for 0 < 6 < 90°, and directly proportional to r for 90° < § <
180°. This suggests that an increase in roughness increases the hydrophilicity of a formerly
hydrophilic surface and the hydrophobicity of a formerly hydrophobic surface. For a significantly
large value of r, the term rcos@ is greater than 1. Since cos8™ is always <1 the Wenzel’s model is

only valid for low or moderately rough surfaces such that rcosf < 1.



Another approach to explain CAs on rough surfaces is the Cassie-Baxter model that
modified the equation 1.3 for surfaces with a broad range of roughness by considering the surface
to be a composite of air and solid (figures 1.2b and c)

cos@* = ficos0; + f,cos6, ..1.3
where f1 is the fraction of liquid-solid interface, f2 is the fraction of the liquid-air interface, 61 is the
CA on a solid surface, and - is the CA on air surface. This equation suggests that the presence of
air pockets underneath a rough nanostructure increases the CA and hence causes the surface to
become more hydrophobic. The above equations are only valid when the water droplet size is of
the order of nanoliter to neglect the gravity effect and two orders of magnitude higher than the

wavelength of roughness'?*3 to approach the most stable CA (with negligible evaporation).

AA

Figure 1.2 Different states of wetted rough surfaces: (a) Wenzel's state, (b) Cassie’s
superhydrophobic state, and (c) Cassie’s state of partial wetting on nanostructured structures.

1.2 Fabrication Methods to Demonstrate Nanostructures on a Metal Substrate

Numerous methods to fabricate nanostructures on metal substrates have been explored in the
past. Those fabrication methods include sandblasting and fluorinated lubricant infiltration4,
plasma treatment®®, hydrothermal methods'®, spin-coating methods?’, self-assembly techniques*®,
screen-printing techniques?®, electrochemical process?, solution immersion methods?-?%’, and a
combination of two or more methods?*8. Many of these processes are subject to limitations by
severe conditions (high fabrication temperature or pressure), fabrication complexity, and

expensive costs. The solution immersion method is a one-step process by which we can accurately



control the nanostructure morphology by varying process parameters. In this method, a clean
substrate is immersed in a basic solution to cause a controlled surface oxidation. A variety of
nanostructures can be created by varying solution composition, immersion time, and solution
temperature. In particular, the design of copper nanostructures has been interesting in many
applications as copper is widely used in industry*2. As a result, various copper oxide nanostructures
have been availble as lised in table 1.1, which exhibit a wide range of wetting characteristics (from
hydrophobic to hydropihlic) with varying fabrication parameters.

Table 1.1 Various copper oxide nanostructures by solution immersion methods and their
corresponding chemical compositions, characteristic lengths, water contact angles, and total

fabrication time.

Morphology Chemical Characteristic | Contact | Fabrication
composition length angle time
(nm) (deg) (mins)
Nanoneedles** Cu0 0.2 20 5
CuO 15 9 5
Nanoribbon arrays® Cu(OH) 100 4.2 10
Nanowires?® CuO 0.1 9 15
Microflowers with CuO/Cu(OH). 4 5 30
nanorod arrays®’
Dandelion and sheet like CuO 2.5 158 40
structure?®
Nano crystals®® CuO 3 0 80
Coralline like CuO-CusPt/Cu 0.12 130 100
nanospheres* 02 170 100
Hierarchical spheres and CuO 2.3 50 120
flowers®
Flower like clusters?? Cu(CH3(CH,)12C00), 51.66367 70 4320
59.868 125
98.88175 162
Microcabbages?* CuO 0.09 9 8640
Nanoflower film3? Cu,0 6 120 21600
Sheet like nanograins with CuO 5 54 43200
nanogrooves*
Nanotube arrays* Cu(OH), 0.35 11.5 72000




1.3 Demonstration of Nanostructures using Copper Oxidation Process

In general, the solution immersion method involves chemical oxidization of metal surfaces to

form metal oxide nanostructures with unique morphologies. With copper substrates, the

nanostructures are predominantly composed of CuO, so it is important to understand the

mechanism of formation of the oxides from base copper.

Internal ® Cu
CuO Oxidation e O
o precipitates Zone e CuO
L P 20, +2e” - 0%
. 0« 0, J 2 CuO nanostructures
- S 0"
T R INTIT ' “cg b0,
_ | —
Cu ) I 2e r \
Cu + 02_
- Cu0 + 2e~

STAGE 1

o

STAGE 3

Figure 1.3 Schematic diagram showing the mechanism of copper oxidation. (a) Oxygen atoms
approach the copper surface, (b-e) copper atoms reconstruct as the initial oxide forms an 10Z,

and (f) finally a nonuniform oxide layer develops on the surface.



The oxidation of copper surface for the formation of nanostructures occurs in three steps as
explained below?&°:

STAGE 1: Dissolution of oxygen into the surface layer (lattice of Cu) (figure 1.4a).
STAGE 2: Formation of an Internal Oxidation Zone (10Z) involves the following steps

2.1.Cu surface oxidizes to form CuO nuclei (figure 1.4b).
2.2.CuO precipitates start to grow on the surface (figure 1.4c).
2.3.A concentration gradient develops across the 10Z (figure 1.4d).

2.4.0xygen atoms diffuse inwards extending the oxide particles (figure 1.4e)
STAGE 3: Development of non-uniform CuO layer (figure 1.4f)

3.1. Diffusion of Cu atoms in the oxide layer is slower than the flow of oxygen atoms
towards the copper surface because a highly basic solution quickly furnishes oxygen atoms

to the surface whereas Cu faces obstacles to diffuse through the 10Z.

3.2. Oxide builds up at I0Z-oxides interface and pushes up.

Metal oxide

Discontinuity in oxide

Metal + Trace

Metal O, from
solution

Figure 1.4 Non-uniform oxide layer of metal leading to oxide-nanostructure formation where the
metal is copper in this study“°.



Before the formation of nanostructures of copper oxides, the metal oxides form an incoherent
surface layer. The discontinuities shown in figure 1.5 may comprise of pores, cracks, or channels
of any shape, obviously possessing little protective action on the underlying metal surface®’. Such

discontinuities act as nucleation sites for the formation of nanostructures.

The “internal oxidation zone” (10Z) is formed when the diffusivity of oxygen (Do) is larger
than that of metal (Dm) and comprises of sub-surface oxides formed when oxygen penetrates deep
into the metal surface. If the partial pressure of oxygen in the solution is high enough, external

oxides start forming by precipitation of latest oxide particles at the border of 1024,

According to the classical theory of nucleation, the activation barrier to nucleation (G*) can be

estimated from the free-energy change for the formation of a nucleus of radius R:

4
37mR3

AG = 4nr?o + ( ) (AG, + AGs) ..1.4%

where o is the specific interfacial free energy, AG,, is the free energy change per unit volume of
those precipitated particles formed during reaction, and AGg is the specific strain energy. The
mechanism of nucleation and initial growth of oxide islands on a clean Cu surface has been
proposed in terms of “capture zones”%. Aggregation and contribution to island growth will be
preferred over nucleation of new islands when oxygen atoms land in these capture zone. The
saturation number of islands that can act as nucleation sites, Nsat, is expressed as

(1 _ e—kaiT)

15
Ly

Nsar =

where Lgq is the radius of capture zone, k is the initial island nucleation rate, and T is time allowed

for nucleation. This model is valid for oxidation of Cu (100) and Cu (110).



In summary, we discuss the importance of the nanoscale architectures’ design and their impacts
on the wetting behaviors, which can be explained by classic interfacial physics theories. We also
discuss literature studies that utilize solution immersion methods to create various nanostructures
on copper substrates and their resulting CAs. Since solution immersion methods involve copper
oxidation, we investigate the oxidation mechanism that forms unique morphology of copper

oxides.



CHAPTER 2: DESIGN OF COPPER OXIDE NANOSTRUCTURES

The solution immersion method is a facile and rapid technique to fabricate nanostructures on
a copper surface by precisely controlling process parameters. In this chapter, we study
nanostructuring processes on a bare copper using solution immersion methods by varying

parameters such as chemical composition, solution immersion time, and processing temperature.

2.1 General Fabrication Procedure for Solution Immersion Methods
The solution immersion method generally involves three steps to fabricate nanostructures on a
copper surface, including (2.1.1) cutting and polishing, (2.1.2) cleaning, and (2.1.3) solution

immersion and drying.

2.1.1 Cutting and Polishing

Copper plates are cut to size 1 cm x 1 cm for a solution immersion method. The samples are
polished with 220, 320, 400, 500, 600, 800, 1000, and 1200 grits using water as a lubricant.
Appropriate polishing is important to obtain a uniform surface for accurate repeatability of results.
The SEM image of the unpolished copper sample (figure 2.1a) possesses significantly more

scratches than the polished copper (figure 2.1b).

25 um! Sum

Figure 2.1 SEM images of (a) unpolished copper plate and (b) polished copper plate from 220 to
1200 grits.



2.1.2 Cleaning

The polished copper samples are rinsed for 10 mins in acetone ultrasonically, methanol (30
secs), isopropanol (30 secs), and deionized (DI) water (30 secs). Then samples are immersed in 2
M HCI solution to remove surface oxides after an air dry. Finally, the samples are washed with DI

water, dried in air, and are ready for a solution immersion.

2.1.3 Solution Immersion and Drying
The cleaned samples are carefully immersed in an oxidizing solution with a tweezer for an
amount of time decided by the fabrication plan. In general, two sets of solutions are prepared to

observe various types of nanostructures.

e Solution A: NaClO, NaOH, NasPO4-12H-,0, and DI water,

e Solution B: NaOH, K>S,0g, and DI water.

Manostruc
turing
solution —
r I
[ ( [nternal
| f thermometer
K External
Water thermometer
bath
\.‘\

Copper
sample

Hot plate

Figure 2.2 Fabrication setup for solution immersion shows a 1 cm x 1cm polished copper sample
immersed in a chemical solution with an accurate control of the solution temperature.
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Figure 2.2 illustrates the fabrication setup for the solution immersion method. The solution
temperature is confirmed by using two thermometers - the hot plate’s internal thermocouple and

an external thermocouple. Finally, the samples are dried in air at room temperature.

2.2 Solution A - Nanoflakes

2.2.1 Control Parameters and Variation

To fabricate CuO nanoflakes, the solution composition and solution temperature are held at
3.75 gm NaClOz, 5 gm NaOH and 10 gm NasPO4-12H,0 in 100 ml DI water and 95 °C**,
respectively. The nanostructures’ morphology remains as nanoflakes for immersion time from 1
min to 18 mins as presented in table 2.1. The density of nanoflakes is observed to increase with

increasing immersion time as shown in figure 2.3a-d. The sparse nanoflakes form at 1 min

Figure 2.3 Nanoflakes fabricated on polished copper substrates by immersing in solution A for
(@) 1 min, (b) 5 mins, (c) 10 mins, and (d) 18 mins (Scale bar=5um)

11



immersion, rapidly increase in size (1 um to 4 um), and agglomerate up to 5 mins of immersion,

as observed in figure 2.3b and figure 2.4. However, they dissociate as the immersion time is
increased beyond 10 mins (figure 2.3c). We observe a clear reduction in the size of nanoflakes

with an increase in immersion time to 18 mins (~1 um) (figure 2.3d and figure 2.4).

Table 2.1 Nanostructure morphology at different immersion times for solution A.

Solution A 0.4 M NaClOz, 1.25 M NaOH, 0.26 M NazP0O4-12H,0
Time (mins)
1 5 10 18
Temp (°C) 95 | Nanoflakes Agglomerated Nanoflakes Nanoflakes
nanoflakes
5 -
=45 1
S 4
<,35 1
S 3 L
© 25 - 1
2 244
8 15 -
©
5 1
O 0.5 -
0 T T T 1
0 5 10 15 20

Immersion time (mins)

Figure 2.4 Characteristic length of nanoflakes with varying immersion time show an initial
increase (agglomeration) followed by a gradual decrease (as the nanoflakes dissociate).

2.2.2 Wetting Characteristics

The surface wetting behaviors of fabricated nanostructures are measured using a contact angle
meter (MCA-3 Kyowa Interface Science). As a result, figure 2.5 shows the change in CAs of
nanoflakes with varying immersion time. With the increase in immersion time, the CA decreases
from about 135° to 110°. On close observation, the CAs stay constant at ~135° till 5 mins

immersion beyond which there is a sudden dip to ~110°. We suppose this occurs due to the

12



agglomeration of nanoflakes to form an astral shaped structure at 5 mins as observed in figure

2.3b.

The nanoflakes display a minor change in CAs with varying immersion time and lie in the
hydrophobic regime. This motivates us to fabricate nanostructures possessing both hydrophobic

and hydrophilic characteristics depending on the solution immersion time.

150 1
140 - T
-
§ 130 . L ' Sudden dip in CA due to agglomeration of nanoflakes
S [ | T
?120- [ T | I l T T
5 I [L1¢
8 L J_ T T J_ J_ T
< 110 A
S ¢ 11 |
o ] I I \
2 100
S ]
9 1
oo
0 5 10 15 20

Immersion Time (min)

Figure 2.5 CA and droplet volume vs immersion time for nanoflakes fabricated with the solution
immersion method (solution A).

2.3 Solution B - Nanoflowers/Nanograsses/Nanoneedles

Previous researchers observed that the solution B (NaOH, K:S;0g) forms two-level
nanoflowers/nanograsses with changing immersion time and solution concentration®%. Although
the creation of flower-based nanostructures has a potential to possess hydrophobicity because of
multi-level hierarchy, the control of their wetting behaviors is yet to be addressed. The presented

solution immersion method with solution B enables a direct control of nanostructure morphologies

13



by modifying process parameters including chemical composition and immersion time to modulate

their surface wettability.

2.3.1 Control Parameters and Variation

A full-factorial fabrication plan is devised to observe various nanostructures at different
immersion time, solution temperature, and solution concentration using solution B. As shown in
table 2.2, we vary the solution temperature from 27°C to 60°C, the immersion time from 3 mins to

60 mins, and solution concentrations from B1 to B3 to observe their effects on the nanostructures’

Table 2.2 Full-factorial experiments showing various nanostructures fabricated with solution B
at 84 different fabrication conditions.

Solution B1 0.1M K,S,04, 2M NaOH
Time (mins)
3 10 20 30 40 50 60
27 NF+NG NF+NG NF+NG NF+NG NF+NG NF+NG NF+NG
o (°C) 40 NF+NM NF+NM NF+NM NF+NM NF+NM NF+NM NF+NM
50 SNN+NT NN+NT NN+NT NN+NT NN+NT NN+NT NN+NT
60 SNN SNN SNN SNN SNN SNN SNN
Solution B2 0.05M K,S,04, 2M NaOH
Time (mins)
3 10 20 30 40 50 60
27 NONE NF+NG NF+NG NF+NG NF+NG NF+NG NF+NG
o 40 SNN+NF NM NM NM NM NM NM
Temp (C)
50 SNN NM NM NM NM NM NM
60 LNN LNN LNN LNN LNN LNN LNN
Solution B3 0.1M K,S,0g, 1M NaOH
Time (mins)
3 10 20 30 40 50 60

27  SNF+NG SNF+NG SNF+NG SNF SNF SNF SNF

40 SNF+NG SNF+NN+NT SNF+NN+NT NN+NT NN+NT NN+NT NN+NT
50 SNN SNN SNN SNN SNN SNN SNN
60 SNN SNN SNN SNN SNN SNN SNN

RNF-nanoflowers (3-4 um); NG-nanograss (3-4 um); SNN-small nanoneedles (~0.3 pum);
LNN-large nanoneedles (~2 pum); NT-nanotrenches (3-4 um); NM-nanomesh (0.3-0.5um);
SNF-spiky nanoflowers (3-4 um).

Temp (°C)
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size, shape, and hierarchy. The solution concentration is varied as 0.1M K>S;0s + 2M NaOH,
0.05M K>S,0s + 2M NaOH, and 0.1M K>S,0g +1M NaOH such that we note the effects of both
NaOH and K>S;0s on the nanostructures with decreasing basicity. In general, with increasing

solution temperature, there is a decrease in the hierarchy and overall surface nanostructure size.
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Figure 2.6 Representative SEM images of the various nanostructures obtained via full-factorial
experiments (a) round nanoflowers (RNF) and nanograsses (NG), (b) spiky nanoflowers (SNF)
and nanograsses (NG), (c) long nanoneedles (LNN), (d) short nanoneedles (SNN), (e)
nanotrenches (NT), and (f) round nanoflowers on nanomesh (NM).
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The abbreviations of the nanostructures with their respective characteristic lengths are presented
at the bottom row in table 2.2. In addition, figure 2.6a-f shows the SEM images of all possible
nanostructures obtained using the parameter variations mentioned in table 2.2. Table 2.2 also
shows the characteristic lengths of all the nanostructures measured using ImageJ. Interestingly, the
two-level nanostructures consist of a top layer of nanoflowers (NF~3-4 um) resting on a layer of
nanograsses (NG~3-4 um). Such nanoflowers and nanograsses are only observed at lower solution
temperatures (< 40°C) for all solution concentrations (B1, B2, and B3) and immersion time (3mins
to 60 mins). Furthermore, solutions B1 and B3 with different NaOH content produce two-level
nanostructures with two different nanoflower morphologies — round nanoflowers (RNF) (figure
2.6a) and spiky nanoflowers (SNF) (figure 2.6b). With an increase in solution temperature
(>40°C), the unstable nanoflowers and nanograsses dissolve in the solution exposing a bed of
nanoneedles with two sizes - long nanoneedles (LNN~2 pum) (figure 2.6¢) and short nanoneedles
(SNN~0.3 um) (figure 2.6d). The length of nanoneedles is decided by the solution composition, a
mechanism for which is unclear. In addition, as the nanograsses dissolve, they also leave behind
nanotrenches (NT~3-4 um) (figure 2.6¢) as imprints. Finally, solution B2, with an intermediate

basicity, yields a nanomesh (NM) structure studded with round nanoflowers (figure 2.6f).

It is convenient to fabricate and control the number, size, and shape of the two-level
nanostructures, i.e. nanoflowers/nanograsses by controlling the solution composition and
immersion time. Consequently, we select solutions B1 and B3 to study the morphological impacts

of round and spiky nanoflowers by varying the immersion time from 1 min to 25 mins on the CAs.

2.3.2  Morphological Analysis of Nanoflowers and Nanograsses
The combination of chemical solutions of NaOH and K.S;Og (i.e. B1 and B3) creates

heterogeneous surfaces possessing two-level features such as nanograsses and nanoflowers. In the
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oxidation process of those surfaces, nanograsses and nanoflowers exhibit different nucleation
density and rate, creating time-dependent nanostructure morphologies that can be categorized by

grass- and flower-dominated regime.

In detail, nanograsses initially start growing on the substrate within the ‘grass-dominated
regime’ until t = t¢, the critical time, where the transition between morphological regimes occurs
at flower area ratio fnrp = 0.5. After t > tc, the nanoflowers keep increasing their sizes with
immersion time by the Ostwald ripening mechanism?®, and occasionally agglomerate to form short
chains and piles, in the ‘flower-dominated regime’.

The different chemical compositions in the oxidation process affect the morphology of
nanograsses and nanoflowers due to their level of alkalinity in the solutions®. Solution Bl

produces round-shaped nanoflowers and thin, long nanowires, defined as ‘round nanoflower’ and

Grass Ifegime Flower ﬁegime

Figure 2.7 Scanning electron microscope (SEM) images of time-evolving nanostructures using
different combination of chemical solutions. Round nanograsses and nanoflowers are prepared
at immersion time (solution B1) of (a) t = 3, (b) 10, and (c-d) 15 mins. Using different chemical
concentration, spiky nanograsses and nanoflowers (solution B3) at (e) t = 3, (f) 10, and (g-h)15
mins are observed. The close-up views of (d) and (h) show round- and spiky-shaped flower petals,
respectively. Insets illustrate the evolution of nanograsses and nanoflowers with immersion time.
All scale bars are 5 um.
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‘round nanograss’, as indicated in the scanning electron microscope (SEM) images in figure 2.7a-
d and figure 2.8i. The lower NaOH concentration in solution B3 yields spike-shaped features and
wide, short nanowires, defined as ‘spiky nanoflower’ and ‘spiky nanograss’ (SEM images in figure
2.7e-h and analysis in figure 2.8i). The preferential growth of nanograsses occurs at surface defects
(i.e. impurities, scratches, grain boundaries) that determine the number of nanograsses, quickly
leading to saturation. The tightly-packed nanograsses on such limited spaces of surface defects are
prone to depart from the surface and begin to agglomerate, forming cluster-like nanoflowers in
order to reduce their surface energy®. The differences in the nanoflowers’ petal shapes are
expected to be contributed by the amount of nanograss agglomeration that occurs. That is, a highly
basic solution (solution B1) causes a more active nanograss agglomeration, rounding the
nanofeatures to produce round nanoflowers. Whereas low agglomeration level of spiky
nanograsses causes rough-edged petals to form.

The image quantification of nanofeatures is conducted by investigating both top and side view
SEM images (figure 2.8a and b). The top view SEM images are used to quantify the morphological
details of nanograsses and nanoflowers (i.e. the area ratio ¢, diameter d, number density n, length
I, and width w) where the subscripts NG and NF denote the nanograss and nanoflower,
respectively. The side view images are obtained using focus ion beam (FIB) technique that mills
the structure to enable a top-angled view. The side view images through the FIB SEM technique
allow us to calculate nanoflower heights hne and maximum peak height hnemax. Based on those top
and side view 2D images, 3D topographical images can be reconstructed to compute the roughness
r by using a commercial software (MountainsMap) with the 1SO 25178 standard’. This post-

image processing analyzes the difference in contrast and brightness of an image of interest to
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construct a relative topographical map with the estimation of hnrmax. As a result, a representative
3D topography image of round nanoflowers is shown in figure 2.8c.

The plot in figure 2.8h showing nanoflowers area ratio ¢nre confirms the nanofeature growth
can be classified into two distinguishable regimes: nanograsses-dominated (t < t;) and
nanoflowers-dominated (t > tc) regimes, where ¢\r is the ratio of the sum of individual flower area
to the total area. The transition between two-level morphologies occurs due to the different growth
rates of nanograss and nanoflowers and are shown to approximately occur at tc = 7 mins in this
study. In addition to the area fraction calculation, the nanoflowers’ diameter dye and maximum
height hnemax With varying immersion time are plotted in figure 2.8d and e. The dnr and hnemax is
directly measured from 2D SEM images from top and side view. Over the entire time, the round
nanoflowers’ diameter is consistently 10-30% larger than that of spiky nanoflowers. Larger
diameters of round nanoflowers result in smaller number density than that of spiky nanoflowers
once the regime is stabilized at t > tj = 15 mins (figure 2.8f). At this saturation time, both dnr and
hnFmax remain constant at 3-4 um and 5-7 pm, respectively while the ¢yr continue to increase up

to ~0.6 (figure 2.8h).

Another important structural parameter that affects the wettability of nanostructured surfaces
is the roughness r, defined as the ratio of interfacial surface to projected surface, thus a flat surface
will possess r=1. The r values with varying morphology are computed using 3D images (shown in
figure 2.8g). The r of round nanostructure is 75% larger than that of spiky nanostructure in the
grass-dominated regime (t < tc) due to its larger nucleation density. In the flower-dominated regime
(t>tc), the r of round nanoflowers is 25-50% smaller than that of spiky nanoflowers. Such a
noticeable increase in the r of spiky nanoflowers is contributed by the spiky nanoflowers’ sharp-

edged petals as well as larger n in the flower-dominated regime.
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Figure 2.8 Effects of chemical immersion time on nanostructure morphologies. Representative
SEM images of round nanostructures from (a) top and (b) side-angled view at t = 15 mins. (c) The
top and side views enable the reconstruction of the three-dimensional topography to calculate the
roughness of the nanostructures. Image analysis is followed to investigate the morphological
details of nanoflowers including (d) nanoflowers’ diameters dnr, (€) maximum height hne, (f)
number density nnr, (g) roughness r, and (h) the area ratio ¢ne. (i) The structural information
including length Inc and width wne of nanograss features is plotted. (Scale Bar=5 um)

In detail, 2D SEM images and a maximum height of the structure are plugged in as inputs to
the software. This image processing analyses the difference in contrast and brightness of an image
to construct a relative topographical map of the image. The value of maximum peak height is
estimated based on Focus lon Beam (FEI Quanta 3D FEG Dual Beam) SEM images as plotted in

figure 2.8e.
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Figure 2.9 FIB-SEM images of round (a) and spiked (b) NFs fabricated a 15 mins’ immersion
used to feed ‘maximum height data’ to 3D reconstruction software (scale bar is Sum), and (C)
parameters defined for roughness calculations using MountainsMap®.

The cross-sectional images in figure 2.9a,b clearly confirm the dendritic growth of
nanoflowers. Round NFs with a processing time of 15 mins (figure 2.9a) show a comparatively
smoother surface with thicker and rounder nanograsses fabricated comparing with spiky NFs. The
apparent maximum height is calculated from the lowest point to the highest point on the milled

surface (figure 2.9c) based on the angle between electron and ion columns of 52°. So the actual
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maximum height is found to be approximately 3 um. As a result, figure 2.8a,c shows the examples

of 2D SEM and 3D reconstructed image of round nanoflowers. Based on 3D topography, the height

of the nanostructures is computed as a function of a traced line length as shown in figure 2.10c.

0 10 20 30 40 50 60 70 um
Figure 2.10 3D reconstruction of a single SEM image of round nanoflowers fabricated at 15 mins’
immersion, (a) topological plot, (b) 3D visualization, and (c) roughness profile recorded with a
zig-zag trace on the SEM image.

[

T T T T T T

0 10 20 30 40 50 60 70 um

Figure 2.11 3D reconstruction of a single SEM image of spiky nanoflowers fabricated at 15 mins
immersion, (a) topological plot, (b) 3D visualization, and (c) height profile recorded with a zig-
zag trace on the SEM image.
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Table 2.3 Parameters evaluated from the 3D reconstructed images at 15 mins immersion

Parameters Round nanoflower Spiky nanoflower
Root-mean-square height (Sq) 0.682 um 0.832 um
Maximum peak height (Sp) 1.07 um 1.09 um
Maximum pit height (Sv) 1.93 pm 1.91 pm
Skewness (Ssk) -0.978 -1.04
Kurtosis (Sku) 3.66 3.29
Arithmetic mean height (Sa) 0.551 pm 0.656 pum
Developed interfacial area ratio (Sdr) 625 % 985 %

Representative results of the 3D reconstruction using round (figure 2.10) and spiky (figure
2.11) nanoflowers fabricated at 15 mins’ immersion show the (a) topological plots, (b) 3D images,
and (c) height vs zig-zag trace profiles. Such data processing is repeated for several images at each
immersion time and the developed interfacial area ratio (Sdr) is evaluated from the height profile.
Furthermore, table 2.3 lists the average of the roughness parameters evaluated using the ISO 25178
standard. The skewness and kurtosis for both nanoflowers are approximately the same, proving
the distribution is equally skewed. This is noted as a quantitative indicator that the images are
collected at equal contrast and brightness values for a fair comparison. Notice that the roughness
factor (r) is the ratio of actual surface area to projected surface area whereas the developed
interfacial area (Sdr) is the ratio of liquid-solid interfacial area to projected surface area. Thus, the
correlation between r and Sdr is expressed as Sdr = 100(r-1) (%). With the fabricated structures,
round nanograsses show larger roughness than spiky nanograsses in a grass-dominated regime

while spiky nanoflowers show larger roughness in a flower-dominated regime.
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The method of 3D reconstruction enables fast generation of 3D topography with a moderate
accuracy and low costs compared to Atomic Force Microscopy (AFM) analysis while AFM is
limited because of the costs and errors from the “tip convolution’ effect*’. To improve the accuracy
of 3D topographies, SEM images should be carefully recorded with maximum contrast without
losing the depth of focus. Fast height measurement is possible by FIB-SEM imaging, which
enables better visualization (without obstruction from nanograsses) in a short time with minimal

sample invasion.

2.3.3 Surface Chemical Composition Analysis

We perform the point-by-point energy dispersive spectroscopy (EDS) analysis to understand
how the chemical composition of individual nanofeature affects their wetting properties. The ratio
of surface Cu:O content for both round and spiky nanofeatures is plotted as a function of immersion
time in figure 2.11a and b. In figure 2.12a, round nanograsses in the grass-dominated regime show
a larger ratio of surface Cu:0=0.3-0.4 (t < tc) than round nanoflowers (Cu:0=0.1-0.2) where the

surface is mostly covered by grasses (instead of flower). Thereby, the resulting wetting properties
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Figure 2.12 Nanostructure chemistry changes using energy dispersive spectroscopy (EDS)
analysis. The ratio of surface copper to oxygen is presented for (a) round and (b) spiky
nanofeatures with varying immersion time. The highlighted regime indicates a higher copper
content in nanograsses at t < tc.
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of round nanostructures (t < tc) will be determined by the greater presence of copper as indicated
in figure 2.15a. In figure 2.12b, spiky nanograsses in the grass-dominated regime show a much
larger ratio of surface Cu:0=0.6 (t < tc) while spiky nanoflowers show a lower ratio of surface
Cu:0=0.1-0.2. However, the nucleation density of spiky nanograss is smaller than that of round
nanograss. The resulting nanograss area ratio ¢ne =~ 20% (figure 2.9i) at t = 3 mins minimizes the
impact of copper-containing spiky nanograsses on the wetting properties, as indicated in figure
2.15a. As time evolves in the flower-dominated regime, the ratio of surface Cu:O content of all
four entities gradually reduces (i.e. the level of oxide increases) to generate hydrophilic surfaces.
Based on the morphologies and chemistry of nanofeatures, the phase diagram in figure 2.15a
shows the governing surface chemistry (copper vs. oxide) depending on the structural evolving
stages (grass-dominated regime vs. flower-dominated regime) for both morphologies (round and
spiky features). In this phase diagram, round and spiky nanograsses (t < tc) possessing more copper
suggest relative hydrophobicity while nanoflowers show more oxide components.

The nanostructure surface chemistry is investigated using Relative Intensity Ratio (RIR) of
Grazing Incidence X-ray Diffraction (GI-XRD) patterns (GI-XRD, Rigaku Smartlab X-Ray
Diffractometer)*. The GI-XRD pattern shows that both round and spiky nanoflowers are
composed of CuO and Cu(OH). where the intensities increase with chemical immersion time
(figure 2.13). In general, the intensity of both CuO and Cu(OH). increases (circle a) while Cu
decreases (circle b) with increasing immersion time. Relative-Intensity-Ratio (RIR) method for
GIXRD obtains surface phase weight percentage (figure 2.14) clearly shows a drastic increase in
weight percent of CuO with a simultaneous decrease in weight percent of Cu with immersion time.

The increase in the surface Cu(OH)2 content is relatively small compared to that of CuO. This is
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Figure 2.13 GI-XRD pattern of round and spiky nanoflowers at 5 mins’ and 25 mins’
immersion.
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Figure 2.14 Surface weight percentage of round and spiky nanoflowers immersed for 5 mins and
25 mins.

because Cu(OH): is relatively metastable and thz% formation of CuO nanoflowers is accompanied



by the breaking of H-bonds at the edges of Cu(OH); layers®>“3,

This analysis also observes that spiky nanoflowers show higher weight percent of Cu on the
surface than round nanoflowers. This might be attributed to a lower concentration of NaOH used
during solution oxidation. At lower immersion time, the weight percent of CuO and Cu(OH); is
approximately equal. However, at t = 25 mins, Cu and Cu(OH)> transform to CuO indicating the

formation of nanoflowers originating from nanograsses.
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Figure 2.15. (a) Phase diagram showing the dependency of surface chemistry (copper regime
vs. oxide regime) on morphology (grass-dominated regime vs. flower-dominated regime) as
examined with EDS analysis. (b) Wettability measured for both round and spiky nanofeatures
with varying immersion time shows decreasing CAs with immersion time. (c) Variation in cos&*
with cos@for round and spiky nanostructures demonstrates that surface roughness governs the
wetting behaviors in flower-dominated regime while surface chemistry dominates the grass-

dominated regime. (d) Temperature-dependent CAs for round and spiky nanostructures (t =25
mins).
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2.3.4 Wetting Characteristics

After observing the changes in surface morphologies and chemistries, we evaluate the wetting
characteristics of the fabricated surfaces by measuring their CAs. For this, we use a contact angle
meter (MCA-3, Kyowa Interface Science) that dispenses nanoliter-sized droplets. A high-speed
camera at 100,000 fps captures transient and temperature-dependent liquid-vapor interfaces on
structured surfaces. The contact angle measurements are recorded at 10 different locations on each
sample. The results in figure 2.15b show the measured CAs as a function of immersion times. In
the grass-dominated regime, round nanograsses exhibit relatively hydrophobic wettability,
showing the CAs of 110-70°. This might be attributed to the dominance of surface copper in
nanograsses as illustrated by the phase diagram in figure 2.15a. Since the regimes are
predominantly covered by nanoflowers as t increases, both round and spiky nanoflowers contain
more surface oxide, showing hydrophilicity. Spiky nanoflowers consistently show low CAs as an
evidence of hydrophilicity because of the combination of surface chemistry and sharp morphology.

The role of structural information and chemistry related to surface wettability can be explained
by Wenzel’s™® or Cassie’s model®®. In Wenzel’s model, a liquid is assumed to completely fill the
grooves of a rough surface while vapor pockets are assumed to be trapped underneath a liquid
drop, creating a composite surface in Cassie’s model. Since most surfaces reported in this study
are hydrophilic, we employ the Wenzel’s analysis to explain the relationship between surface
chemistry and its wettability. In this analysis, 8 (~75-90°) is calculated using &* (CAs on
nanostructured surfaces) and r from image analysis based on the Wenzel’s equation 1.2. The data
sets are placed in the Wenzel quadrant, as plotted in figure 2.15c. Both round and spiky

nanofeatures show a relatively noticeable difference dé (~15°) between the regimes, confirming

the differences in structural chemistry from grasses to flowers. Again, both round and spiky
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nanostructures show a small deviation dé (~5°) at t > tc, revealing that r governs the wettability.
The use of Wenzel’s equation is valid in this study because the droplet diameter (300-400 pum) is
two orders of magnitude larger than the characteristic length of the nanostructures (~5-8 pm)!’:18
while the gravity effect is negligible.

In addition to the modulation of CAs via tuning the nanoscale growth morphology, it is
important to investigate the temperature-dependent wetting properties of such nanofeatures our
most hydrophilic samples (i.e. fabricated at t = 25 mins) for the use in heat pipe applications
because of their potential use in heat transfer devices. In particular, it is of interest to investigate
our most hydrophilic samples (i.e. fabricated at t = 25 mins) for the use in heat pipe applications
at elevated temperature’!!. Here, we vary the substrate temperatures ranging from 25°C to 90°C

using a thermal stage attached to the substrate to measure the temperature-dependent CAs as
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Figure 2.16 Receding contact angle vs time after releasing the water drop for nanostructured
copper surface.
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plotted in figure 2.15d. In this process, temperatures are confirmed with a thermocouple taped to
the thermoelectric modules and the sample surface. Spiky nanoflowers show a gradual increase in
CAs with increasing temperatures whereas round nanoflowers show constant CAs. This
phenomenon might be attributed to the formation of local vapor blankets below the highly rough
spiky nanoflowers. In general, this measurement confirms that nanostructures with low CAs are
consistent at high temperatures.

Additionally we examine the change in receding CAs with immersion time (figure 2.16). The
receding CAs decrease with an increase in immersion time and reach the superhydrophilic limit at
25 mins of immersion. Furthermore the receding CAs are < 90° only when t > 25 mins suggesting
25 mins is the minimum immersion time to achieve hydrophilic characteristics.

In this chapter, we have investigated the effects of fabrication parameters of solution
immersion methods to determine nanostructures’ morphological details and their chemistry. First
of all, by using two different sets of chemical solution A or B, we fabricate different nanostructure
shapes such as nanoflakes or nanograsses and nanoflowers, respectively. Consequently, the CAs
of copper oxide nanostructures are measured and are related with their structural information and

chemical composition.
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CHAPTER 3: DEMONSTRATION OF HIERARCHICAL STRUCTURES

Porous copper structures with nanostructures can be utilized for microfluidic wicking
applications*, antibiofouling®, anti-icing®®, and efficient condensation heat transfer?® applications.
The design of the hierarchical copper nanostructures combining two different length scales can
improve wicking applications by providing an enormous fluid-permeable accessibility. In those
applications, it is critical to maximize solid-liquid interfacing surface areas with desired
hydrophilic properties to improve fluid transport within void fraction of porous structures.
Therefore, in Chapter 3, we study how to fabricate hierarchical copper structures by employing

microporous copper structures and solution immersion methods that are discussed in Chapter 2.

3.1 Copper Inverse Opals

The heat flux through porous copper structures in thermal wicks, which is explained by the
modified Darcy’s law, is proportional to permeability K and is inversely proportional to effective
pore diameter Des. From the Darcy correlation, a higher permeability requires larger pore sizes in
order to minimize the viscous resistance through porous structures. Also, a higher permeability
can be obtained by both small pore sizes Det and small CAs 8 where the effective pore diameter

Deft = Dporecos 7.

Among multiple types of porous copper structures such as sintered copper particles*’ or
machined copper structures®®, copper inverse opals (10)* are shown to be appealing because of
their periodicity, regularity, and pore-level controllability. The unique combination of such
structural characteristics enables the control of geometrical designs including porous copper’s
porosity and tortuosity. The control will enable to precisely control thermal and liquid transport
through the solid and void fractions of porous copper. Therefore, copper 10s are selected for the
creation of hierarchical porous copper with nanostructure installation with the aim of maximizing
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their interfacial surface area. SEM image of copper 10s (figure 3.1) shows a side view of the pores

and necks that provide a tortuous path for the fluid to flow.

3.2 Fabrication of Hierarchical Copper Inverse Opals

Figure 3.1 SEM image of copper inverse opals showing the interconnected pores of 5 um in
diameter.

Hierarchical copper 10s are fabricated by combining a template assisted electrodeposition
technique around self-assembled monodispersed spheres and solution immersion methods that are
discussed in Chapter 2. A schematic of the complete fabrication process can be found in the
previous research®! and is briefly illustrated in figure 3.2a-d. The general fabrication process is
briefly explained below:

e Polystyrene spheres of diameter ~ 8 um are deposited on a gold substrate using either
vertical deposition process or drop casting process and sintered at elevated temperature
(~98°C).

e These spheres self-assemble to form close packed structures, are dried at room temperature,
and are annealed at ~100°C. The self-assembly is driven by the attractive capillary force

interaction which reduces the Gibbs free energy. A combination of hydrodynamic forces
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and capillary forces is responsible for dragging and trapping the spheres within a thin liquid
film®° (figure 3.2a).

e The electrodeposition of copper around the sacrificial polystyrene spheres using a
potentiostat will be followed (figure 3.2b).

e The polystyrene spheres are dissolved using tetrahydrofuran to leave behind hollow copper
structures, known as copper inverse opals (figure 3.2c).

e Finally, we perform the solution immersion process to fabricate nanostructures on copper

inverse opals (figure 3.2d).

a Polystyrene b
- > 000000
— v
layer
1. Polystyrene Deposition Silicon 2. Electrodeposition of Copper
onto Au/Si Substrate Substrate
; . &
. CuO/Cu,0
v PR Y I ST < Pores
f nanostructure <&
4. Nanostructuring Copper Inverse 3. Etching out Polystyrene Spheres
Opals to leave behind pores

Figure 3.2 (a) Self-assembly of polystyrene spheres, (b) electrodeposition of copper around
polystyrene spheres, (c) removal of polystyrene spheres, and (d) nanostructure installation on
copper inverse opals (10s).

3.3 Hierarchical Copper 10s with Nanoflowers/Nanograsses (Solution B1)

Copper 10s are hydrophobic showing a CA of 140° without any surface treatments. Taking a
cue from the nanostructure process using bare copper substrates, the solution immersion method
can install superhydrophilic nanoflowers/nanograsses on copper 10s. In this process, 5 pm sized
copper 10s are immersed in solution B1 for an immersion time ranging from 3 mins to 60 mins at

room temperature (figure 3.3a-f).
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Figure 3.3 SEM images of copper inverse opals decorated with nanoflowers with solution B1
(insets show side view) at immersion time of (a) 3 mins, (b) 5 mins, (c) 10 mins, (d) 15 mins, (e)
30 mins, and (f) 60 mins.
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3.4 Wetting Characteristics of Nanostructured Copper 10s

The static CAs of the nanostructured copper 10s are measured using the contact angle meter.
As observed in figure 3.4, the CAs gradually reduce with increasing immersion time, which shows
a similar trend of the bare coppers’ wetting characteristics (from Chapter 2). The plot in figure 3.4

shows superhydrophilicity when immersion time >30 mins.
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Figure 3.4 Contact angle vs immersion time for nanostructured copper 10s shows
superhydrophilicity for 30 mins or higher immersion time.

Additionally, we compare the receding CAs for nanostructured copper I0s with that for
nanostructured polished copper substrates. As observed in figures 3.5 and 2.16, the receding CAs
for nanostructured copper 10s are hydrophilic at t > 5 mins whereas nanostructured polished

copper substrates are hydrophilic at t > 25 mins. These observations suggest us that:

e The CAs on hierarchical copper inverse opals are inversely proportional to the immersion

time, and hydrophilicity is achieved within 5 mins of immersion.
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e The optimum immersion time for superhydrophilicity on nanostructured copper plates and

nanostructured copper 10s is approximately 25 mins where the CAs remain constant.
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Figure 3.5 Receding contact angle vs time after releasing a water droplet on nanostructured
copper 10s.

The nanostructured copper 10s show promising superhydrophilic behaviors with most of the

time regimes. However, in the process of nanostructuring, the pores and necks of copper 10s are

partly filled by those nanostructures, this might decrease the nanostructured copper 10s’

permeability. To minimize this, we can either increase the neck size of the copper 10s before

nan

3.5.

3.5

ostructuring or decrease nanofeatures’ size. The latter option is further investigated in section

Copper 10s with Nanoneedles (Solution B1)

As noted in section 2.3.1, an increase in solution temperature decreases the nanostructure

size by dissolving the nanoflowers and nanograsses, leaving behind the small nanoneedles (0.3

um). To fabricate nanoneedles on copper 10 surfaces, the immersion time is varied up to 1 min to
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avoid over-oxidation since the copper 10s possess much higher surface area than polished copper

plates and hence exhibit a faster rate of oxidation.

Figure 3.6 SEM lmages of copper IOs studded with nanoneedles fabrlcated by solution immersion
for (a,b) 15 secs, (c,d) 20 secs, and (e,f) 1 min. Insets of a,c, and e show static CAs on respective
surfaces. Insets of b and d show close-up views of nanoneedles.

Consequently, figure 3.6a, ¢, and e show the SEM images of copper 10s decorated with

nanoneedles for the immersion time of 15 secs, 20 secs, and 1 min with the respective static CAs
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in insets. A magnified view of the nanoneedles at 15 secs (figure 3.6b inset) and 20 secs (figure
3.6d inset) immersion presents the morphology of nanoneedles which are sharp nanobelts with
multiple bends. With an increase in immersion time, the nanoneedle length increases from ~ 0.24
um to 1.96 um and CAs decrease from 70° to 36°. However, nanostructures within copper 10s start
clogging interconnecting pores of 10s as shown in figure 3.6e and f. To minimize the clogging
effects, we can limit the oxidation time to 20 secs to preserve pore diameters with the

demonstration of desired hydrophilicity (CA=55°).

In conclusion, we discuss how to create hierarchical porous copper by combining copper 10s
and solution immersion methods in order to improve interfacial surface area which can be used in
thermal wicking materials. With the demonstration of nanostructures within copper IOs, the 10
surfaces exhibit superhydrophilicity (from hydrophobicity) by decreasing their CAs. Since the
nanostructuring process using solution immersion methods is an additive process, it is important
to investigate the volumetric change via nanostructure construction to minimize the clogging of

interconnected pores.
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CHAPTER 4: CONCLUDING REMARKS

4.1 Summary

In summary, we have successfully fabricated various nanostructures (i.e. nanoflakes,
nanoflowers, nanograsses, nanoneedles, nanotrenches, and nanomesh) on bare copper substrates
and porous copper structures by controlling solution immersion methods parameters (i.e. chemical
composition, immersion time, and solution temperature). Then, we measure the contact angles of
fabricated samples to quantify their wetting characteristics with varying nanostructures. In this
process, we capture the top view SEM images and cross-sectional view FIB-SEM images to
reconstruct the three-dimensional topological maps of copper oxide nanostructures. This enables
to compute nanostructures’ morphological parameters (i.e. sizes, shapes, and number density) and
surface roughness (from the three-dimensional topography). The morphological details and
surface chemical contents are used to understand their effects on water CAs based on the Wenzel
theory. In general, the combination of surface roughness and surface oxides improves the
hydrophilicity of nanostructured copper with increasing chemical immersion time. This study will
allow us to systemically design nanostructures on copper substrates with desired wetting

characteristics.

4.2 Challenges and Future Work

The interfacial properties of sessile droplets’ interfaces are known to strongly depend on
surface-active impurities and nanostructure variations across the sample®. Therefore, it is critical
to reduce the number of surface impurities and concomitantly improve nanostructure uniformity
in order to provide consistent wetting properties. To address this issue, we will carefully handle

impurities in the future work where the potential impurity sources are listed below:

e Improper pre- and post-fabrication cleaning can increase organic surface impurities.
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e A long exposure to NaOH solution (t > 30 mins) can induce Na compound residues on
surfaces (figure 4.1a)

e Improper polishing before chemical immersion can create deep scratches on copper
surfaces, which act as nanostructure nucleation sites (figure 4.1b). This can be minimized

through a uniform polishing using sandpapers (220 to 1200 grits).

g

%, Cu=21.2%

=L Al = s’ L] N PN

Figure 4.1 (a) Na compound residues are confirmed using EDS analysis (bottom) among copper
oxide nanoflowers (top). (b) Scratches on improperly polished samples act as nanoflowers’
nucleation sites.

In future study, we plan to further investigate the nanostructures’ morphological parameters in
addition to nanostructures’ size, shape, number density, and roughness. The further parameters
include (1) oxide layer thickness in order to understand the volumetric portion of copper and
copper oxide after the solution immersion; (2) based on the copper oxide layer thickness, it is
critical to quantify the updated neck size and corresponding structural porosity; and (3) uniformity
and conformity of copper oxide nanostructures across the sample (lateral direction) and through

the sample thickness (vertical direction).

Another challenge will be associated with an analysis that quantifies surface chemical
composition. During chemical composition analysis using the GIXRD method, the grazing angle
is 0.3° to the sample surface. This causes the X-rays to penetrate up to a depth of 1 um, providing

us a sub-surface chemical composition rather than a surface chemical composition. Accurate
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chemistry characterization can be addressed by employing advanced surface chemistry analysis

such as X-ray photoelectron spectroscopy (XPS) in the future.
Concluding Remarks

In this research, we have investigated the fabrication methods to demonstrate nanostructured
copper substrates and porous copper with hydrophilic properties in order to improve fluid transport
properties. This research will provide a systematic understanding of the design parameters of
heterogeneous nanostructured copper so as to directly control their wetting characteristics. This
research can pave the way to fabricate hydrophilic nanostructured surfaces for their potential use

in thermofluidic applications.
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