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Abstract

We report in this paper the electric properties of nanostructured copper
filament arrays self-organized by a novel electrochemical method. Due to the
spontaneous oscillation of the concentration field of [Cu?*] in front of the
growing interface, crystallites of copper and cuprous oxide appear alternately
on the filaments of the electrodeposits. A conducting atomic force microscope
(CAFM) and current imaging tunnelling spectroscopy (CITS) were used to
characterize the electric properties of the nanostructured copper filaments. By
applying a constant voltage across the conducting probe of the CAFM and the
sample, an electric current mapping is achieved, in which alternating low and
high current regions correspond exactly to the periodic nanostructures on the
filaments. The profile of the electric current along the structured filament has
been analysed, and no noticeable potential drop has been observed. A typical
linear /-V curve for a metal and nonlinear /-V curve for a semiconductor were
collected in the high and low current regions respectively. These results suggest
that despite the periodic distribution of Cu,O crystallites on the deposited
filament, there should exist a metallic core of copper crystallites inside the
filament. This type of structured metal-semiconductor filament might have
potential application.

1. Introduction

During the past decade the microelectronics industry has begun to switch rapidly from
aluminium-based wiring to multilevel metal interconnects based on copper. This transition
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is due to the fact that chips wired with copper have significant advantages in performance
and manufacturing cost over those made with aluminium [1, 2]. In the microelectronics
industry, the metallic interconnection is usually achieved via a ‘top-down’ photolithography
process. To find new ways to form electric contacts in three dimensions and to achieve
enhanced data-processing density, people have been trying to establish conducting channels
between electrodes with patterned and direction-controlled electrodeposition [3, 4] and electro-
polymerization [5, 6]. Yet in previous reports the metal electrodeposit was usually ramified. A
ramified metallic connection is clearly not favoured for microelectronics. The reason is that
the random ramification of the deposited filaments may increase the electric capacitance of the
system, which may countervail the benefit of lower electric resistance of copper wiring and slow
down the switching speed of an RC circuit. An essential step towards the real application of
patterned electrodeposition is to suppress the ramification of the deposits, and to gain efficient
control over the deposit morphology [7-11].

To suppress the ramification of the deposit and to control the deposit morphology,
we recently developed a unique electrodeposition method [12], which allows the copper
electrodeposits to grow robustly on a glass substrate with considerably low branching rate.
When the voltage across the electrode is kept constant (potentiostatic mode), copper filament
arrays covered with periodic nanostructures of Cu and Cu,O are obtained. Due to the fact that
Cu is a good conductor (5.8 x 10’ Sm~!,20°C) and Cu,0 is a semiconductor, it is interesting
to investigate the electric properties of such a periodically hybrid structure and to explore the
possible applications of it [20-25].

In this paper we report studies on the electric properties of the nanostructured copper
filaments with a conducting atomic force microscope (CAFM). By applying a constant
voltage across the conducting probe of the CAFM and the sample, a current mapping is
achieved, in which alternating low and high current regions correspond exactly to the periodic
nanostructures on the filaments. Quantitative analysis of the current mapping also shows that
there is no potential drop along the filament. A typical linear /-V curve for a metal and a
nonlinear /-V curve for a semiconductor were collected in the high and low current regions
respectively. These results are helpful in achieving a full understanding of the structure and the
growth mechanism of the deposited filaments.

2. Experimental details

Nanostructured copper filaments, such as those shown in figure 1, were made by a unique
electrodeposition method from an ultrathin layer of concentrated aqueous solution of CuSQOy.
Details of the experimental setup and procedure were the same as reported earlier [13—15].
The morphology of the electrodeposits was characterized by a field emission scanning electron
microscope (FESEM) (LEO-1530VP). For the convenience of chemical component analysis, a
GaAs wafer with high electric resistance was used as a substrate. The percentage of copper and
cuprous oxide in the deposited filaments was obtained by energy disperse spectroscopy (EDS)
(EDAX). The electric properties of the copper filaments were measured with a high vacuum
atomic force microscope (AFM) (Seiko SPI 3800N) in the conducting mode (CAFM). The
principle of CAFM measurement is schematically illustrated in figure 2. The electrodeposited
filaments on the substrate were connected to the metallic sample holder of the CAFM with
silver paste. The metallic sample holder was held positive while the conducting cantilever of
the CAFM (Si3 N4 coated with PtIr5 from Nanoworld, AG, Switzerland) was held negative. The
electric properties of the sample were measured in contacting mode. Two methods were used to
characterize the electric properties of the filaments. One was current mapping, where a constant
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Figure 1. The SEM image of nanostructured
copper filaments. (Experimental conditions:
0.05 M CuSOy4 electrolyte, glass substrate,
0.1 mm thick copper foil as electrode,
constant voltage of 1.0 V. For experimental
details see [12]). The bar represents 2 pm.

Figure 2. A schematic diagram of the kernel part of the
experimental setup to measure the electric properties with
a CAFM. (1) the sample holder; (2) the conducting probe
of the CAFM; (3) the electrodeposited filaments; (4) the
silver paste; (5) the scanner of the CAFM; ((6), (7)) inner
circuit of the CAFM including the voltage supply of the
CAFM.

voltage of 2.0 V was applied across the sample and the conducting probe of AFM, and the scan
rate was set as 1.0 Hz. The other way was current imaging tunnelling spectroscopy (CITS). The
cantilever was located at a selected spot, and the applied voltage varied from —1.0 to 1.0 V. In
this way the /-V curve was obtained. The voltage scan rate was set as 50 mV s~!. The electric
property measurements were carried out in a high vacuum environment of 3.0 x 10~ Torr, so
the influence of water condensation on the sample surface can be avoided.

3. Results and discussion

Macroscopically the electrodeposits generated by our electrodeposition method have shiny
metallic colour and grow robustly on the glass substrate. Figure 1 shows an SEM image of
the deposited filaments. The branching rate of the deposits has been significantly decreased
compared with those generated by conventional methods [7, 17, 18]. Even though bifurcation
occurs in most of the filaments, isolated, straight filaments (more than 150 pm long) can still be
observed occasionally. Figure 1 also demonstrates striking periodic corrugated structures on the
filaments. It is noteworthy that the corrugation on the neighbouring filaments is synchronized in
position. The coherent, periodic growth of the filaments is associated with an evident oscillation
of electric current. The period of these spatiotemporal oscillations depends on the voltage
applied across the electrodes, the pH of the electrolyte, and the temperature, etc [12-16].
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The chemical composition of the filaments was analysed by EDS. A single crystalline,
high electric resistance GaAs wafer was used as the substrate (instead of the glass substrate)
in electrodeposition for the convenience of elemental analysis. SEM topography of copper
filaments on GaAs substrate, as shown in figure 3(a), reveals periodic nanostructures on the
copper filament. Along the line marked in figure 3(a), the relative concentration of copper
and oxygen elements were measured by EDS, as shown in figure 3(b). Corresponding to the
periodic structures on the copper filaments, the ratio of copper and oxygen oscillates. The peaks
and valleys of copper concentration correspond exactly to the bump and valley regions in the
morphology, and the oxygen concentration is higher in the valley region and lower in the bump
region. Previous transmission electron diffraction has shown that the electrodeposited filament
is made of Cu and Cu,O crystallites [12—15]. Therefore we conclude that Cu,O crystallites are
much more concentrated in the concave region than on the bump.

To investigate the electric properties of the structured filaments, a constant bias voltage
was applied across the conducting AFM probe and the deposited filament such as that shown
in figure 2. An AFM image of the electrodeposited filaments is shown in figure 4(a). The
corresponding current image obtained with the contact mode is shown in figure 4(b). The
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Figure 4. (a) The morphology of the copper filaments deposited on a glass substrate viewed by
AFM. Periodic structures can be identified on these filaments. (b) The electric current mapping of
the same filaments as those shown in (a), which was measured by a PrIr5-coated AFM probe at a
scan speed of 1.0 Hz. The voltage was applied across the conducting AFM probe and the filaments
was kept at 2.0 V. A periodic distribution of current density can be identified. (c) The electric current
image of the filaments obtained when a lower bias of 0.8 V was applied. Quantitative analysis of
the current distribution along the dark line shows that there is no potential drop along the filament.

regions with high current and low current appear alternately. The current in the concave regions
is much lower than that in the bump regions. Comparing figures 4(a) and (b), one may easily
find that the regions with alternating low and high electric current correspond exactly to the
periodic nanostructures on the filaments. In the CAFM experiments, in order to get a clear
periodic variation of electric property along the deposited filament, a higher bias (typically
1.0-2.0 V) was usually applied. However, once we tried to quantitatively analyse the current
profile (and hence potential drop) along the filament, immediately we found that in the high
current regions (bumps) the electric current was completely saturated. To solve this problem,
a lower bias (0.8 V) was applied, and the current mapping was as shown in figure 4(c). The
electric current along the black line was plotted, which indicated that there is no noticeable
potential drop along the filament.
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Figure 5. /-V curves measured in the bright region and in the dark region on the current mapping
of the filament shown in figure 4(b). The potential scan rate was 50 mV s~!. (a) In the bright region
of the current mapping, a linear /-V relation can be identified. The horizontal lines are due to the
saturation of electric current. (b) The nonlinear /—V relation measured in the dark region of the
current mapping of the filament shown in figure 4(b).

Figure 5 is the current imaging tunnelling spectroscopy (CITS) diagram. The current—
voltage relation (I-V curve) could be obtained at a selected spot. A linear /-V curve in the
bump regions is shown in figure 5(a), while a nonlinear /-V curve in the concave regions of
the copper filaments is shown in figure 5(b).

In previous experiments, according to the measurement of electric resistivity of the copper
filaments, it was estimated that the average concentration of Cu,0O is no more than 2% [19].
Our analysis shows that the number of grains of Cu,O crystal is high in the concave region
on the deposited filaments (figure 3). On the other hand, the filaments are generated by
electrochemical deposition. Therefore, all these filaments should be conductive in some way.
In addition, quantitative analysis of the electric current mapping of the filaments in figure 4(c)
indicated that there is no potential drop along the filament. This fact strongly suggests that there
must exist conductive channels inside of the filament. Therefore the current mapping actually
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)V Figure 6. A schematic diagram to illustrate that the conducting probe, Cu, O
D2 V2 and Cu form two inversely spaced semiconductor—metal (S-M) junctions.
The applied voltage V is divided to two parts, V; and V,. V) and V, are
Cll applied to the junction probe—Cu,O and the junction CuyO—metallic wiring,
respectively. Vp; stands for the contact potential barrier between the probe
and Cu,0, and Vp; stands for the contact potential barrier between Cu and

= Cu,0.

reflects the local electric property immediately under the scanning tip of the CAFM. The reason
for this conclusion is that if there were no such very conductive channels inside the filaments,
due to the electric resistance of the filament itself, a gradient of current density would have
been observed along the filament. Therefore, our results from the conducting AFM provide
important structural information on the filaments: the copper crystallites contact each other,
forming conducting inner channels in the filament, whereas oscillation of the concentration
field of Cu?t leads to a periodic distribution of Cu,O on the filament surface.

Based on the above experimental data, we try to establish a model for the electric property
of the deposited filaments. We expect that CITS characterizes the direct electric feature of the
specific point on the surface of the copper filament. Once the probe of the conducting AFM
contacts a region with Cu crystal grains, a metallic conducting chain is formed, in which a part
of the conducting circuits is the metallic backbone inside the filament. In this scenario a linear
I-V relation such as is shown in figure 5(a) is generated. Once the scanning probe contacts a
region covered with Cu,O crystallites, a nonlinear /-V curve such as that shown in figure 5(b)
is generated. A simple model to interpret the nonlinear /—V relation is illustrated in figure 6,
where two semiconductor—metal (S—M) junctions are inversely connected. One junction is the
junction between the conducting probe of the CAFM and Cu,0O, and the other is the junction
between Cu,0O and the conducting copper channel inside the filament.

The electric properties of this system can be understood as follows. The current transport
in metal-semiconductor contacts is contributed mainly by majority carriers. Cu,0O is a low-
mobility semiconductor, in which diffusion theory is applicable. The diffusion theory of
Schottky [26] is based on the assumption that (1) the energy barrier height of a metal—
semiconductor junction is much larger than ko7, (2) the effect of electron collisions within
the depletion region is included, (3) the carrier concentrations at x = 0 and x = x4 are
unaffected by the electric current flow, and (4) the impurity concentration of the semiconductor
is nondegenerate [27]. When a metal is brought into an intimate contact with a semiconductor,
the determined relationship in energy levels between the semiconductor and the metal serves
as a boundary condition of the Poisson equation in the semiconductor. The Poisson equations
can be expressed as:

d*v N,
— = q—A, —xg<x <0
dx?2 &80
; M
d-v
=0, X < —Xgq,

dx?
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where ¢ is the electron charge, Ny is the acceptor density, &, is the relative dielectric constant,
&o is the vacuum dielectric constant, and x4 is the surface barrier layer width. |E(x)| is
the electric field intensity. The electric field in the semiconductor is zero, hence |E(xq)| =
—dV /dx|,=—x, =0, V(0) = ¢ps = (EF)m/g, Where ¢, is the height of Schottky barrier for
the semiconductor, and (EF)y, stands for the Fermi energy level of the metal. In the barrier
region the following relations hold:

dV(x) N,
|E@)| = - AR
dx &80 2)
qNA 1 2 (
V(x) =¢ps+ — [ xxqg+ Z—x7 ).
£1E0 2

Since the current in the depletion region depends on the local electric field and the concentration
gradient, the current density can be expressed as

ap gp(x) dV(x) dp
| =—gD -
Pax} P[ koT — dx *ox

where p(x) is the carrier density, the mobility of the carrier u, = gD,/koT, and D, is the
diffusion constant. For the steady-state situation, the current density is independent of x.
Equation (3) can be integrated using exp[qV (X)]/koT as an integrating factor. It follows that

0 0
qV(x) qV(x)
Jy /_Xd exp[ kT j| dx = —¢gD, {p(x) exp|: kT i“_Xd , (@)

and the boundary conditions are

Je=q [P(X)MPIE(X)I -D 3

gN
V(—x4) = Gps — Tr:oxﬁ
) — oo — _a%k
p(—x4) = po = Ny exp < koT) 5)
V(0) = ¢ps
N q(V)o
p0) = poeXP[ kT }

where Ny is the effective density of states in the valence band, pg is the equilibrium density
of the carrier, Vj is the surface potential, and ¢, is the potential barrier of the metal when the
metal contacts the semiconductor.

Substituting equations (5) into (4), we get

A+ Vi 4 ’ 4
Jy = qDppo {exP [%}} |:exp <—ZO—T> - l:|// ~ exp I:ko(Tx)i| dx. 6)

To get the integral in equation (6), we neglect the occurrence of x? in equation (2); then the
potential distribution can be approximated as

Nax
V(x) = s + 1AM

x. (N
Er€o

Taking equation (7) into equation (6), the current passing through the junction can be
expressed as

= qupNV —q(VD — V)2Na ]/2 ex <_%) ex <_ﬂ) —1
- k()T Er€o P koT P k()T
qV
= JSD(V) |:exp <_k0—T) - 11| , (8)
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The following parameters are used
in equation (8): Vpj, the contact
potential barrier between Pt and
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Voltage (V) Cu;0,is 0.6 V.

where Vp represents the contact potential barrier between the metal and the semiconductor,

and Jsp(V) is defined as Jsp(V) = qu;’TNv[_q(VD;z)ZNA]‘/z exp(—%). Clearly Jsp(V)
depends on Vp and varies with the applied Ovoltage V. In the model of two inversely positioned
S—M junctions (as shown in figure 6), the current passing through the junction between the
conducting probe and Cu,O should be equal to the current passing through Cu,O and the
conducting channel beneath. With these preparations, we are able to calculate the /-V curve.
For a selected value of V, which is in between —1.0 and 1.0 V, we divide it into two parts, V;
and V,. V; and V, apply to the junction probe—Cu,O and the junction Cu,O-metallic wiring,
respectively. According to equation (8) two currents are obtained. If these two currents are
identical, then we shift to next V' ; otherwise another division of V will be made, until a correct
division is reached and the currents flowing through these two junctions are identical. A simple
computer code is compiled to fulfil this requirement. The value of the contact potential barrier
is determined by the work function of the metal and the semiconductor, respectively, and by
the detailed contact situations. For the p-type semiconductor Cu,0O, the work function of Cu,O
is larger than that of Cu and the Pt-coated probe. The work function of the Pt probe (5.3 eV) is
larger than the work function of Cu (4.5 eV). For this reason, we assume Vp,; (contact potential
barrier between the probe and Cu,0) to be smaller than Vp, (contact potential barrier between
Cu and Cu,0). In the calculation we set Vp; as 0.2 V, and Vp, as 0.6 V. The calculated -V
relation is shown in figure 7. It is noteworthy that this curve is not symmetrical about the
point V. = 0. A similar tendency has been experimentally observed, such as that shown in
figure 5(b). As a matter of fact, as long as the contact potential barriers Vp; and Vp, are
different, an asymmetric /-V curve should be expected.

In our previous studies of electrodeposited filaments, we knew that the spatial distribution
of Cu,0 and Cu varied periodically and followed the corrugated structures on the filament
surface. However, we did not know the exact location of the crystallites of copper/cuprous
oxide in the filament. More specifically, for the regions where we detected a high concentration
of Cu,0, we did not know whether the crystallites of Cu,O distributed homogeneously across
the filament, or Cu,O existed only on the surface of the filament. The mapping of the
electric properties of the filaments shown in this paper helps to clarify the structure of the
electrodeposits. We can conclude now that Cu,O is periodically concentrated on the surface
layer of the filament. This unique structure implies possible applications. Suppose that
an electric current with sufficiently high frequency is applied to such a structured filament.
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The current density tends to be higher on the surface of copper filaments (known as skin
effect) [28-31]. With such a skin effect, the copper filaments eventually become an array
of metal-semiconductor junctions, and they might be used as unidirectional current-carrying
devices, such as rectifier elements.

4. Summary

We report in this article the electric characterization of nanostructured copper filament arrays,
which are self-organized by a novel electrochemical method. An alternating distribution of
crystallites of copper and cuprous oxide appears on the deposited filaments. The electric current
mapping of the filaments helps to pinpoint the structure of the deposited filaments. We conclude
that Cu,O is periodically concentrated on the surface layer of the filament. Such a unique
structure might have potential applications in high frequency rectifier devices.
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