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Abstract

Copper nanowires have been synthesized at different pH values through the template assisted electrodeposition technique
using polycarbonate track-etch membranes as scaffolds. The effect of pH (0.8-2.8) of the electrolyte on structure, morphol-
ogy, composition and deposition rate of copper into the pores of the template, while keeping other electrochemical conditions
same, was investigated. X-ray diffraction analysis confirmed the face centered cubic phase of synthesized nanowires. With
the change in pH, no shift in peaks was observed except the inclusion of an additional peak of copper oxide in nanowires
synthesized at pH 2.8. The nanocrystallite size, strain, lattice stress and energy density were evaluated by X-ray analysis.
Field emission scanning electron microscopy images revealed that nanowires obtained at pH 0.8, 1.1 and 1.4 showed incom-
plete deposition in the pores of the membrane whereas, the nanowires obtained at pH 1.7 were densely stacked, vertically
aligned and uniform along the diameter and that obtained from pH 2.0-2.8 had overdeposition on their top. An increase in
deposition rate was observed with the increase in pH value. The average diameter of Cu nanowires was found to be ~ 105 nm.
The electrical conductivity of as-grown nanowires was observed to decrease 13-fold as the transition from bulk values to
the nanosystem. Nanowires prepared at pH of 1.7 were characterized for their field-emission properties. A very large field-
enhancement factor of ~ 10,855 was obtained indicating that Cu nanowires grown by reported technique shows outstanding
potential as efficient field-emitters for flat panel displays.

1 Introduction

Low dimensional structures have received attention owing
to their unusual and enthralling properties compared to that
at the bulk level. Immense opportunities can be perceived
by downsizing the structures into lower dimensions. Con-
finement of electrons show size dependent excitation and
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emission [1], ballistic conductance [2] and single electron
tunneling [3]. Such minuscule structures can be synthesized
using hydrothermal [4], sol-gel [5], sonochemical [6], elec-
trodeposition [7-11] and other techniques.

The synthesis techniques of low-dimensional structures
are broadly categorized into two types (1) top—down (2) bot-
tom—up approach. The bottom—up approach is most popu-
lar as it offers unparalleled control over the morphology of
nanoparticles [12—15]. One dimensional structures like rib-
bons, rods, cones, wires etc. are being extensively studied
due to their application in mesoscopic physics and modeling
of nanolevel devices [16]. They are used as interconnects
and functional units of small-scale devices [17], diode junc-
tions [18] and sensing applications [19]. In particular, 1D
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structures are especially suitable to elucidate the dependence
of mechanical, galvanic, optical and thermal properties on
dimensionality [20-24].

Although synthetic porous solids are being studied for
a long time, yet their fabrication and characterization with
definite nano-architectures has been the subject of intense
research in recent times. Template-based synthesis offers
several advantages over other methods for the synthesis
of 1D nanomaterials. These include: (1) mild synthesis
conditions [25], (2) fast growth rate, (3) control over the
morphology, and (4) ease in the deposition of multilayered
materials. Free-standing, aligned and non-aligned nanow-
ires and nanorods could be prepared using a template-based
approach. The mainly used templates include anodic alu-
mina membrane (AAM), ion track-etch polycarbonate mem-
brane (PC), co block polymer template, mesoporous materi-
als, carbon nanotubes, zeolites etc. [26-30]. AAM and PC
membranes are most commonly used for the synthesis of
nanorod or nanowire arrays. Both templates are very con-
venient for the growth of nanorods by various growth mech-
anisms, but each type of template also has its disadvantages.
The advantages of using PC as the template are its facile
handling and removal by means of decomposition at high
temperatures or dissolution in a solvent. The template pores
can be filled by using capillary forces, electric potential,
centrifugation force, and chemical vapor deposition [31, 32].
Electrochemical and electrophoretic deposition both could
be done using electric field [33]. Electrochemical deposi-
tion includes the oriented diffusion of charged reactive spe-
cies through a solution when an external electric field is
applied, and the reduction of the charged growth species at
the deposition surface serving as an electrode. In industry,
electrochemical deposition is widely used to coat metals and
the process is known as electroplating [34]. In general, this
method is only applicable to electrically conductive materi-
als such as metals, alloys, semiconductors, and electrically
conductive polymers. When the deposition is confined to the
pores of template membranes, nanocomposites like nanorod
or nanowire arrays are produced. The growth of nanowires
of conducting materials in an electric field is a self-propa-
gating process [35]. Once the small rods form, the electric
field and the density of current lines between the tips of
nanowires and the opposing electrode are greater than that
between two electrodes, due to the shorter distances between
the nanowires and the electrodes. This ensures that the spe-
cies being deposited is constantly attracted preferentially to
the nanowire tips, resulting in continued growth. To better
control the morphology and size, templates containing chan-
nels in the desired shape are used to guide the growth of
nanowires. The template is attached to the cathode, which is
brought into contact with the deposition solution. The anode
is placed in the deposition solution, parallel to the working
electrode. When an electric field is applied, cations diffuse
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through the channels and deposit on the cathode, resulting
in the growth of nanowires inside the template. A variation
in current density is observed at different stages of deposi-
tion when a constant electric field is applied. The current
does not change significantly until the pores are completely
filled, at which point the current increases rapidly due to
improved contact with the electrolyte solution. The current
saturates once the template surface is completely covered.
The nanowires obtained using this approach were found to
be true replicas of the pores [36]. Possin prepared various
metallic nanowires using radiation track-etched mica [37].
Williams and Giordano produced silver nanowires with
diameters of less than 10 nm [38]. Whitney et al. fabricated
arrays of nickel and cobalt nanowires, also using PC tem-
plates [39].

Copper being less expensive and abundantly available
metal, copper based nanomaterials act as a viable alterna-
tive to the rare and expensive metals like silver though
its conductivity is 6% less than silver [40]. Thus, copper
can be an economically cheap alternative to silver without
showing much difference in performance. Copper is a 3d
transition metal and shows fascinating physical and chemi-
cal properties. It exists in many oxidation states which
make it suitable for organic transport, photocatalysis,
electrocatalysis etc. [41-45]. Copper nanowires can also
improve the performance of transmittance networks and
electronic systems [46]. The enhanced non-linear optical
properties of copper arising due to Plasmon surface reso-
nance phenomenon also makes it useful in optical switches
or photochromic glasses [47].

Comprehensive research is being carried out on elec-
tron emitters because of their plentiful applications in the
field of flat panel arrays, electron beam lithography instru-
ments, vacuum nanoelectronics, cathode ray tube displays
accelerators and X-ray sources [48—51]. The electron beam
can be generated in metals and semiconductors either by
heating at large temperature or by cold field emission [52,
53]. The materials that show high current density and low
strength of turn-on electric field are best suited for com-
mercial applications. These requirements can be attained
by optimizing the alignment and tip size of the nanostruc-
tures. Lately, materials with sharp tips grown on planar
substrates show outstanding field emission arising due to
local field enhancement on the tips [54, 55]. Chang et al.
[56] reported 12.4 V/um turn-on field for Cu nanopillars
of 7 um length with field enhancement factor as 713. Zhou
et al. [57] recorded a very high field enhancement factor
of 4400 and a turn on field of 2.2 V/um for partly aligned
Mo nanowires of length 3.1 um. Wang et al. [58] noticed a
field enhancement factor of 1904 for partly aligned Tung-
sten (W) nanowhiskers of length 20 um. Deheer et al.
[59] reported that tube-tube contact acts as static defect
and decreased mean free path of the electrons for carbon
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nanotubes of diameter 10 nm and length 1-5 pm aligned
parallel to each other.

In this work, we have synthesized Cu nanowire arrays
for field-emission applications using the template-based
electrochemical deposition at different pH values (0.8, 1.1,
1.4,1.7,2.0, 2.3 and 2.8) while keeping other electrochem-
ical and other conditions viz., electrodeposition potential,
time, molarity, temperature, pore size unchanged. The
structural and morphological properties were studied using
XRD and SEM techniques. The Scherrer and William-
son—Hall (W-H) methods were used to evaluate the crys-
tallite size. Also, the electrical properties of the nanowires
were studied. There is minimal prior work on the effect
of pH on the deposition rate and structural variation in
nanowires obtained using template-based electrochemical
deposition and field emission. An extremely large field-
enhancement factor of > 10,800 was observed for the Cu
nanowires (obtained at pH 1.7), which to the best of our
knowledge is one of the highest values reported in the
literature for field emission from copper nanostructures.

2 Materials and methods
2.1 Chemicals

Copper(Il) sulphate pentahydrate (CuSO,:5H,0), Dichlo-
romethane (CH,Cl,) and Sulphuric acid (H,SO,) (Sigma

(@)

—— > Teflon cell

Aqueous electrolyte

Effective area under O-ring
Polycarbonate TEM
Cathode

b
Anode (counter electrode) ( ) Polycarbonate track-
etch membrane

Aldrich) were demarcated pure. Double distilled water was
used throughout the experiments.

2.2 Experimental setup and Cu nanowires synthesis

A two-electrode cell made of Teflon was used to conduct an
electrochemical experiment and prepare an array of copper
nanowires. A cylindrical copper rod with one end shaped as
a cone was used as counter electrode and a polycarbonate
TEM with through pores attached to a conducting substrate
acted as the working electrode during the deposition process.
One-sided adhesive copper tape (3M) was used as conduct-
ing substrate for the nucleation of copper grains. This con-
ducting copper tape was further fixed on a curved copper
disc working as a cathode with an o-ring fitted in the top
enclosure of the cell. Figure 1a represented the 3D diagram
of the electrochemical cell used for electrodeposition of Cu
nanowires and Fig. 1b shows the schematic of the main steps
associated with the fabrication of Cu nanowires using ion
track-etch membranes (TEM) as scaffolds. Commercially
available polycarbonate TEM (Whatman) with 100 nm pore
diameter and 10° pores cm™2 pore density was used as a scaf-
fold to direct the growth of nanowires. The area in contact
with the electrolyte was determined by the inner diameter
of the o-ring. The deposition electrolyte consisted of 1.0 M
CuSO,'5H,0 prepared using doubled distilled water. No
additives or complex reagents were used during the deposi-
tion process except the change in the pH values. The electro-
chemical deposition in all cases of variable pH values was
carried out potentiostatically at 0.35 V for 16 min at room

Copper tape attached to the
base of the membrane

T "

Cross sectional view during

‘ "
Removal of template Electrodeposition

Fig. 1 Schematic representation of a electrochemical cell used for electrodeposition of Cu nanowires and b main steps associated in the fabrica-

tion of Cu nanowires using ion track-etch membranes as scaffolds
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temperature (25 °C). The current variation of 0.007-0.011 A
was observed during the deposition. The pH of the elec-
trolyte was varied from 0.8 to 2.8 by adding few drops of
H,SO, using micropipette. The copper substrate surface was
pre-cleaned with 0.1 M H,SO,. On the completion of the
deposition process, the samples were delicately separated
from the cell, rinsed with double distilled water and finally
dried in open air. The membrane helped in the protection of
samples from direct oxidation. The copper nanowires were
harvested by dissolving the template in dichloromethane
(CH,Cl,).

2.3 Characterization methods

The crystalline structure of the nanowires was investigated
by Bruker X-ray powder diffraction with CuK, wavelength
(A=1.5406 A) operated at 40 kV and 40 mA. All diffract
graphs were examined from 30° to 100° with a step size of
0.02°. Field emission scanning electron microscopy (MIRA
7718, TESCAN) was employed to characterize the morphol-
ogy of the nanowires. The chemical composition of the syn-
thesized samples was analyzed by energy dispersive X-ray
spectroscopy. I-V characteristic (IVC) measurements were
done using Keithley 2400 source meter. The tungsten tip
was used as one electrode in two-electrode set up to make
contact with the nanowires embedded in the polycarbonate
membrane while Cu base substrate acted as another elec-
trode during the [-V measurements. At a time, the tungsten
probe covered around 300 nanowires and the measurements
were carried out at different regions of the TEM.

3 Results and discussion
3.1 SEM analysis

FESEM images of copper nanowires deposited using differ-
ent pH aqueous citrate baths were shown in Fig. 2. As may
be seen from FESEM images for pH value 0.8, 1.1 and 1.4
(Fig. 2a, c, d), show incomplete deposition in the pores of
the membrane. However, increase in length with an increase
in pH is indicated and the nanowires corresponding to pH
1.7 (Fig. 2e, f) were dense, vertically aligned, smooth and
with an average diameter 105 nm (as shown in the histogram
in Fig. 2b). The variation in wire diameter was measured
using ImageJ software for a large data sample of nanowires.
Further, increasing the pH value from 1.7 to 2.8, over-depo-
sition in the form of caps was observed in all cases (Fig. 2g
for pH 2.8). The well-known chemical reactions depicting
the formation of copper nanowires are as follows:

@ Springer

Copper sulphate dissociates into Cu*? and SO4_2 ions in
presence of an acidic medium

CuSO, - Cu™* +S0,™?

Under appropriate potential difference Cu*? ions get
reduced and generate copper grains starting from the bot-
tom end of the pore, and further continuous growth takes
place within the pore due to confinement within the pore
boundaries [60].

Cu*? +2¢~ - Cu

Hydrogen gas is liberated at the cathode due to the
reduction of the H* ions
2H* + 2¢” - H,

As shown in Fig. 3 the deposition process takes place
in three steps (1) an electric charge double layer is formed
that leads to the reduction of ions at the working electrode,
(2) growth within the orifice of the template and (3) over
deposition over the ends of the template pores. Firstly,
under electrochemical polarization, an electric charge dou-
ble layer is built-up which forms potential gradient across
the length of the scaffold. The potential loss increases
along the length from bottom to top due to high electric
resistance [61]. As the negative potential is applied to the
bottom of the template (Fig. 3a.3) Cu*? ions move towards
the bottom of the pores through diffusion [62], where they
form copper grains (Fig. 3a.4) due to reduction process
which further assembles according to the shape of the
template giving rise to nanowires. Once the deposition is
complete till the end of the template pore, the reduction
no longer takes place through diffusion within the pores;
rather the growth starts on the surface of the template.
This over-deposition rate is very fast due to the increase
in electrode surface area thereby leading to the formation
of caps on the top of the nanowires (Fig. 2g).

The aqueous citrate bath at pH 0.8 contains the maxi-
mum amount of concentrated sulphuric acid which results
in an abundance of H* and SO, ions compared to that
present at pH 1.7 and 2.8. The slower rate of deposition
leading to the incomplete growth of nanowires can be
attributed to two reasons (1) excess of H' ions (2) excess
of SO, % ions. Due to excess of H" ions the reduction of
H™ is very dominant (Fig. 3b.1), probably leaving very
fewer sites on the surface of the working electrode for
metal deposition [63]. Excess of SO,2 ions obstructs
the motion of Cu*? ions (Fig. 3b.1), thus decreasing their
mean free path resulting into a lesser number of Cu™? ions
to diffuse into the pores leading to slow deposition rate of
Cu metal. Further, with the increase in pH value from 0.8
to 1.4, the concentration of H" and SO4‘2 ions decreases
leading to increase in length of the nanowires (Fig. 2c, d)
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Fig.2 FESEM images of
nanowires obtained from aque-
ous citrate electrolyte at a pH
0.8,cpH 1.1, d pH 1.4, show
incomplete deposition; e, f pH
1.7 are dense, vertically aligned,
smooth and uniform in diameter
and g pH 2.8 exhibit over-
deposition over the nanowires in
the form of caps. b Histogram
showing the distribution of
diameter of Cu nanowires syn-
thesized at pH 1.7 with average
diameter of 105 nm
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Fig.3 Schematic representing a growth of nanowire within each pore ions into copper nanograins and hydrogen ions into hydrogen gas and

of the template a.1 cross-sectional view of the template with the elec- b comparative number of ions at pH b.1 0.8, b.2 1.7 and b.3 2.8 that
trolyte filled into its pores a.2 enlarged view of the single pore of the are present in a pore of the template which effects the mean free path
template showing all the ions present in it a.3 on application of exter- of Cu*? ions and hence the deposition rate of copper into the pores of

nal potential copper tape acts as working electrode and attracts all the the template
copper and hydrogen ions towards itself and a.4 reduction of copper
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within the same deposition time. At pH 2.8, the concentra-
tion of H" and SO4_2 ions is the least (Fig. 3b.3) compared
to that at pH 0.8 and 1.7. This, therefore, causes lesser
collisions amongst the ions leading to increase in the mean
free path. It results in faster deposition rate that causes
overdeposition in the form of caps (Fig. 2g).

3.2 XRD and EDS analysis

Bruker X-ray diffractometer was used to study the crystallin-
ity, structural phase and lattice parameters. The strain, lattice
stress and energy density were evaluated by Scherrer and
Williamson—Hall (W—H) methods that are based upon line
broadening analysis. XRD analysis (JCPDS 04-0836 and
48-1548) confirmed the face centered cubic phase of synthe-
sized nanowires at pH 0.8-2.8. As there was no significant
change in the XRD spectra for pH 1.1, 1.4, 2.0 and 2.3, only
the XRD spectra corresponding to pH 0.8, 1.7 and 2.8 i.e.
extreme and optimized pH values have been shown in Fig. 4.
With the change in pH, no shift in peaks was observed but
the inception of copper oxide peak in nanowires synthesized
at pH 2.8 revealed that nanowires were oxidized as shown
in Fig. 4c. The concentration of OH™ ions was highest at pH

pH 2.8

(c) Cu substrate
| ——pH 1.7
(111) —pHO0.8
ECuO(111) (220) (311)
L ) |
;.‘ (b) (111) Cu substrate
E A
>l (220)
g (311)
o} .
£ JL (222)

Cu substrate

(a) (M)

(220) (311)

[T e

30 40 50 60 70 80 90 00
20 (degree)

Fig.4 XRD spectra of Cu nanowires obtained from different aqueous
citrate baths having pH a 0.8, b 1.7 and ¢ 2.8

2.8 leading them to react with Cu*? ions and forming cop-
per oxide. The potential-pH equilibrium diagram is used to
determine the conditions for deposition of copper oxides at
the cathode. The pH of the electrolyte plays a vital role in
the deposition of copper oxides [64—66]. Initially, there are
lesser number of H* ions in the solution compared to that
at pH 0.8 and the applied potential is also sufficient enough
to induce hydrogen evolution which further reduces the H;

2H" +2¢~ - H,

The concentration of OH™ ions increases due to exhaus-
tion of H* ions in the form of hydrogen gas. The excess
OH™ ions react with the Cu*? leading to the formation of

copper hydroxide which further dehydrates and generate
more stable copper oxide;

Cu*? +20H™ — Cu (OH),

-H,0
Cu(OH) — CuO +H,0

This is also in consistency with our XRD results as shown
in Fig. 4c indicating CuO peak. In the present work, 0.35 V
potential is applied which also favors the formation of Cu,O
on the working electrode according to the following reac-
tions [64];

Cu*? + OH™ + e~ — Cu(OH)

—H,0
2Cu(OH) — Cu,0 + H,0

Cu,O is thermodynamically unstable outside the pH
range 6—14 [65]. Cu,O thus formed gets decomposed and
is not present in our polycrystalline nanowires as shown
in XRD spectra in Fig. 4. Fullprof program was used for
obtaining the refined cell parameters value. The refinement
model is required to produce matched peak positions as well
as intensities. Figure 5 showed that the observed and calcu-
lated patterns are in good agreement. The values of profile R
factors determine the goodness of fit (GOF) for peak shape
and position, structure and background. The relatively lower
values of R and R, are considered for good profile refine-
ment. The refined structural parameters and profile R-factors
have been listed in Table 1. The obtained values of R-factors
are less than 10%, as well as matching of observed and cal-
culated patterns confirmed the goodness of refinement. From
EDS spectrum, the calculated wt% of copper is found to be
97.9% along with a very little oxygen percentage of around
2.02% as shown in Fig. 6.

3.3 Crystallite size and strain

The study was made for the sample synthesized for the opti-
mized pH 1.7.

@ Springer
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Fig.5 Refined XRD patterns of copper nanowires obtained from dif-
ferent aqueous citrate baths having pH a 0.8, b 1.7 and ¢ 2.8

3.3.1 Scherrer method

The crystallite size of copper nanowires was determined
using line broadening of Bragg peaks. The crystallite size
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of copper nanowires was calculated using the Debye—Scher-
rer formula [67-70]:

K2

L= —*=~%
(ﬂ D )Measured cos0

ey
where K is constant having a value equal to 0.94, A is the
wavelength of CuKa radiation (1.54056 A), L is the crys-
tallite size, O is the Bragg peak position and By, is the full
width of the peak at half the maximum intensity. The actual
broadening of the peak is a combination of both instrument
and sample effects. A standard reference such as silicon was
used to calculate the instrumental broadening. The actual
broadening was calculated by subtracting (Bp)instrumentar 20€I-
ration from the measured value (Bp)peasured [711-

2 2 1/2
‘BD = [(ﬁD)Measured - (‘BD)lnstmmenml] (2)
Thus, the corrected formula becomes:
K4
L= —
(Pp)cosb )
taking log of Eq. (3);
kA 1
1 =ln—+1
nfp = In L + ncos@ @

From the plot between Inpy and In 1/cos, the crys-
tallite size was estimated by the y-intercept of the line
obtained after linear fitting the data points using the rela-
tion L =k\/e™PY_ The modified-Scherrer plot is shown
in Fig. 7a. The average crystallite size of copper nanowires
was calculated as 29 nm.

3.3.2 Williamson-Hall methods

The broadening of peaks also comes from strain arising due
to crystal distortion and imperfections which is given by the
relation € =f/tan® where ¢ is lattice strain and f is strain-
induced peak width [72]. The dependency of peak width
arising from crystallite size varies as 1/cos0 as shown in
Eq. (3) and that arising from strain varies as tanf. The broad-
ening due to both is independent of each other and thus, total
broadening is given by;

Pwa = Pp + Bs ®)
KA
R
ﬂhkl Leosd + 4etand (6)

Rearranging Eq. (6)

Briucost = % + 4esind @)
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Table 1 Refined parameters of
nanostructures obtained at pH

Parameters

pHO0.8

pH 1.7 pH 2.8

0.8, 1.7 and 2.8 Crystal system

Cell length a=b=c (;\)

Volume (1&3)

Rp, R, ., and Xz

wp?

Cubic

3.6159 (09)

Cell angle a=f=y (°) 90

47.3532

16.9, 21.9, and 4.68

Cubic Cubic

3.6156 (01) 3.6164 (03)

90 90

47.2637 47.3001

10.5, 14.8, and 3.25 21.8,22.9, and 4.75

Cu

Counts (a.u.)

0 2 4 6 8 10 12 14 16 ‘18 20

Energy (keV)

Fig.6 EDS spectra of Cu nanowires obtained at pH 1.7

Uniform deformation model (UDM) is represented by
Eq. (7), in which crystal was considered as isotropic in
nature showing uniform strain along all the crystallographic
directions. W-H plot was drawn between f,,; cosd and 4sinf
on the x-axis as shown in Fig. 7b. The crystallite size was
estimated from the y-intercept of the line obtained after lin-
ear fitting the data points using the relation L =kMintercept
and the strain was equal to the slope of the fitted line.

The uniform stress deformation model (USDM) considers
the anisotropic nature of the crystal which is more realistic.
It obeys Hooke’s law that maintains linear proportionality
between strain and stress given by the relation Y =oc/e, where
Y is Young’s modulus of elasticity [73]. Assuming small strain
in copper nanowires and applying Hooke’s law to Eq. (7) yields:

K24 | 4osing
Brcoso 7 + Yo 8)

The modulus of elasticity (Y,,,) for the cubic crystal sys-

tem is given by the relation [73]:

Yo = [S11 = 2[(S11 = S12) = 058 {l1alas + lplsy + 132112}]_1

©))
where, S;;, S|, and S, are elastic compliances of copper
with the values 1.5x 107" Pa™', —0.63x 107" Pa~" and
1.33x 107! Pa~! respectively [73]. Using the above relation,
Young’s modulus for cubic copper nanowires was calculated
as 181.885 GPa. W-—H plot was drawn between f,,, cos6 and
4sin0/Y ,, as shown in Fig. 7c. The y-intercept of the linear

fit was used to determine the crystallite size of the nanowires
using the relation L =kM/intercept and uniform deformation
stress was equal to the slope of the fitted line.

The uniform deformation energy density model
(UDEDM) is used to determine energy density of the crys-
tal assuming the crystal to be homogenous and anisotropic
in nature. The UDEDM is the best model to determine the
crystallite size of metallic samples with cubic structure [74].
Hooke’s law relates the energy density (u) and strain as
u=¢’ Yi/2 [75]. On substituting € in terms of u in Eq. (7),
we get,

1/2
Bicos0 = K4 dsino( 2L (10)
L hkl

W-H plot was drawn between P, cos6 and 4sin6 (2/
Y,.)""? as shown in Fig. 7d. The y-intercept of the linear
fit was used to estimate the crystallite size using the rela-
tion L =kMintercept and energy density was equal to the
square of the slope of the fitted line. Using the relation u=¢?
Y,/2 and 6 =¢€Y, the expression for stress comes out to be
o=2uY, )"

The crystallite size, strain, lattice stress and energy den-
sity of copper nanowires calculated using UDM, USDM and
UDEDM models was summarized in Table 2. As per our
knowledge, a comprehensive study using these models on
Cu nanowires synthesized using polycarbonate TEM is not
yet reported. The study divulges the importance of these
models in the determination of crystallite size of copper
nanowires.

3.4 Electrical studies

I-V characteristics (IVC) of copper nanostructures obtained
from different aqueous citrate baths were measured using
Keithley 2400 series source meter. The IVC was measured
while the nanostructures were embedded in the membrane to
limit their oxidation from the external environment. As dis-
cussed earlier, in two electrode IVC measurement, the cop-
per substrate acted as one electrode and the tungsten tip of
diameter around 10 um which covered around 300 nanowires
at a time acted as another electrode. The IVC corresponded
to the combined and average effect of 300 nanowires
assembled parallel to each other inside the polycarbonate
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Fig.7 a Modified Scherrer equation of Cu nanowires obtained at pH 1.7. The W—H analysis of Cu nanowires obtained at pH 1.7 assuming b
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Table 2 Geometrical parameters

. . Scherrer method
of copper nanowires obtained

Williamson—Hall method

atpH 1.7 UDM USDM UDEDM
L (nm) Lmm) ex10® Lmm) exI10 oMPa) L@mm) ex1072 u@®Im™)
29 38 0.238 41 0.107 19.60 38 0.224 4.58

membrane at different places. -V plot was not obtained
for nanowires formed at pH 0.8-1.4, as the deposition was
incomplete and as such the electrode tip may not be in con-
tact with all the nanowires. The nanowires obtained at pH
1.7 were complete in length thus making a link between both
the electrodes and giving a straight line (Fig. 8a) IVC. The
electrical conductivity () of 100 nm nanowires obtained at
pH 1.7 was calculated using the formula [76, 77]:

L dl _ L
o= = — X —
RxA dv A

Y

@ Springer

where L is the length of the nanowire, A is the area of the
cross-section of cylindrical nanowire and R is the resistance
of nanowire calculated from the slope of the linear best fit
line. The electrical conductivity of 300 copper nanowires of
100 nm diameter was calculated to be around 4.55x 10%/Q m
while it is 59.6 x 10%Q m for the bulk copper material. The
electrical conductivity of copper nanowires was observed
to decrease around 13 times as we advanced from bulk to
nanoscale. The electrical conductivity of nanowires depends
upon electron—electron interaction, electron—phonon inter-
action and scattering from surface and grain boundaries
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[77-83]. The electron transport in low dimensional struc-
tures occurs via ballistic and diffusive transport [84, 85].
When the diameter of nanowires is of the order of the elec-
tron Fermi wavelength, which is nearly few tenths of nanom-
eter for noble metals, the ballistic transport phenomenon
was observed but the nanowires in our case lie the diffusive

Fig.9 Field-emission from Cu

transport regime, where conduction was caused by charge
carriers due to lattice vibration, scattering from external sur-
face of nanowires, grain boundaries and background scatter-
ing. The IVC for copper nanowires obtained at pH 2.8 was
a non-linear curve (Fig. 8b) due to the formation of copper
oxide.

3.5 Field emission studies

The optimized copper nanowires, owing to their high
aspect ratio, vertical geometry and high conductivity are
excellent candidates for field emission. To investigate the
field emission characteristics, we performed Field emis-
sion experiments in a vacuum chamber with the pres-
sure maintained at ~2 x 107> Torr. The experiments were
carried out using parallel plate geometry. Plated Au was
deployed as the anode and copper nanowires on copper
tape were used as the cathode. The separation distance
between the top of Cu nanowires and plated Au was main-
tained at ~300 pum as shown in schematic in Fig. 9a. A
curve tracer was used for supplying the voltage between
the cathode and the anode and also for recording the I-V
measurements. As is evident from Fig. 9b these nanowires
show extremely low turn-on electric field. This extremely
low value of turn on can be attributed to the geometry of
these nanowires with sharp edges and corners and high

(@)
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aspect ratio and dense packing leading to the increase in
density of sites for field emission. COMSOL simulations
were done to look into the electric field distributions in
the vicinity of the copper nanowires oriented vertically.
The results indicate significant enhancements in the local
electric field at the edges and corners of these nanowires
(Fig. 9d). To further investigate and analyze the field emis-
sion data, we use the Fowler—-Nordheim (F-N) equation
[57].

AP Bo:

J 4’ exp _ﬂE

where J is the current density, E is the electric field, ¢ is
the work function, J is the electric field enhancement
factor and A and B are constants (A=1.56x107° eV,
B=6.83x10° V um~! eV™¥%). From the F-N curve
(Fig. 9c) we estimate a very large field-enhancement factor
of ~ 10,855 for the Cu nanowire, indicating their outstanding
potential as efficient field-emitters for flat panel displays.

4 Conclusions

This paper presents investigations on the effect of pH on the
deposition rate and structural composition of Cu nanow-
ires synthesized in polycarbonate TEM by electrochemi-
cal method. The pH of the aqueous citrate bath was varied
between 0.8 and 2.8 keeping all other deposition parameters
constant. For pH 0.8—1.4, nanowires deposited show incom-
plete deposition in the pores of the membrane whereas an
increase in the length of the nanowires was observed with
increase in pH. Corresponding to pH 1.7, the nanowires are
densely stacked, vertically aligned and possess an average
diameter of 105 nm. Further, on increasing the pH value
to 2.8 overdeposition in the form of caps was observed at
the top of nanowires. From the EDS spectrum of nanowires
synthesized at pH 1.7 the wt.% of copper was found to be
97.9% along with a very little oxygen percentage of around
2.02%. XRD spectra confirmed the face centered cubic
crystal system for nanowires synthesized at all pH values.
The parameters like crystallite size, strain, lattice stress and
energy density were calculated for nanowires obtained at
pH 1.7. The analysis was done on the basis of Bragg peak
broadening of each diffraction peak. The average value of
diameter for nanowires obtained at pH 1.7 was found to be
~105 nm using SEM analysis. The crystallite size is found
to be ca. 38 nm as calculated from W-H (UDEDM) method.
I-V characteristic studies have suggested that nanowires
obtained at pH 1.7 showed ohmic behavior whereas that
obtained at pH 2.8 represented non- linear IVC due to the
formation of copper oxide at pH 2.8. We estimate a very

@ Springer

large field-enhancement factor of ~ 10,855 for the Cu nanow-
ire at pH 1.7, indicating their outstanding potential as effi-
cient field-emitters for flat panel displays. This research
optimizes the parameters viz. electrolytic composition, pH
value, temperature etc. for given TEM pore size to get the
best yields for the quality of nanowires. The large field-
enhancement factor makes them a potential candidate for
their application as field emitters, transparent contacts and
interconnects in nanoscale devices.
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