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Highly ordered monocrystalline silver nanowire arrays
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Highly ordered silver nanowire arrays have been obtained by pulsed electrodeposition in
self-ordered porous alumina templates. Homogeneous filling of all the pores of the alumina template
is achieved. The interwire distance is about 110 nm corresponding to a density of silver nanowires
of 61x10° in.”2 and the diameter can be varied between 30 and 70 nm. The silver wires are
monocrystalline with some twin lamella defects and grow perpendicular tlt# direction. The
previously encountered difficulty to obtain 100% filling of the alumina pores is discussed in the
framework of electrostatic instabilities taking into account the different potential contributions
during electrodeposition. To obtain homogeneously filled pore membranes, a highly conductive
metal containing electrolyte, a homogeneous aluminum oxide barrier layer, and pulsed
electrodeposition are a prerequisite. 2002 American Institute of Physics.
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I. INTRODUCTION Il. TEMPLATE PREPARATION

We report on the preparation of ordered silver nanowire ~ Hexagonally ordered porous alumina templates have
arrays obtained by pulsed electrodeposition in porous alueeen prepared via a two-step anodization process, which is
mina. Nearly 100% filling of the nanometer sized pores with'eported in detail elsewhet8:**Briefly, a first long-duration
silver has been obtained. The difficulty of achieving a homo-0Xidation of high purity aluminum and subsequent complete
geneous filling is based on instabilities occurring duringdlssqlutlon of the formed porous alumina leads to patterned
growth of the highly conducting silver nanowires. In other aluminum substrates. The surfgce kgepsf the regular hexago-
publications concerning filling of nanopores with silver the nal texture, formed during the first oxidation process by self-

roblem of the homogeneity of the filling is not addresse ssembly, which acts as a mask for the second anodization
b 9 y 9 (Fig. 1. After the second oxidation, an ordered nanopore

a.m-d I can.be deduced from .the d:\ta that only a very IOWarray is obtained. The diameter and depth of the pores as
filing fraction has been achievéd? Furthermore, so far \e||'as the distance between them and the degree of ordering
most people dealing with the filling of porous materials usedyepends critically on the anodization parameters. Typical pa-
disordered alumina, track-etched polycarbonate-membranegameters used in this work are 0.3 M oxalic aditj, =40V,
or other disordered pore arrays as templ&tésyhich even  and T=2°C. To obtain homogeneous electrodeposition into
in case of homogeneous pore filling would yield disorderedthe pores in the final step it is highly necessary to previously
wire arrays with a large dispersion in the pore diameter. Posreduce the alumina barrier thickness at the pore bottom. The
sible applications for such ordered wire arrangement includéhinning is achieved by chemical etching and/or by current
photonic crystalSand surface enhanced Raman spectroscopymited anodization stepS. First, isotropic chemical pore
(SERS.8 Other applications might be based on the sharp Sizé\{idening reduces the barrier thickngs; and increase; the pore
distribution of the wire dimensions replicating the high orderdiameter. Then, the sample is oxidized several times for
of the template. After dissolving the alumina matrix, theselo_15 min using constant current conditions, reduu_ng Fhe
wires can be either used as conducting nanowires in nanodgyrren.t after each step by a factor of.2. The' ano@zaﬂon
. . o potential decreases slowly with decreasing barrier thickness.
vices or as templates for hollow cylinders similar to hollow

here<€ This article | ized as foll We first tThe thinning is stopped when the anodization potential
Spheres. This article 1S organized as Toflows. We NIrSLTeport o5 hes 4 value of 6 to 7 V, which is equivalent to a barrier

on the porous alumina template preparation. Then we W"‘ayer thickness of about 10 nm. Further thinning might cause
present the filling procedure and characterize the silver nangpe oxide structure to peel off of the aluminum substrate
wire arrays. Finally we discuss the instabilities occurringqyring the deposition. Applying current limited anodization
during silver nanowire growth in the framework of a linear steps not only results in a thinning of the barrier oxide, but
stability analysis. also in a modification of the pore structure. The originally
straight pores branch out at the formation front because the

dAuthor to whom correspondence should be addressed; electronic maiPore .d.enSity is i_nve_rselylgagportional-l 'tO the square of the
wehrspoh@mpi-halle.de anodizing potentialFig. 1)."**The splitting up of the pores
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FIG. 1. Schematic diagram describing the fabrication of a highly ordered ] |
porous alumina matrix and the preparative steps necessary for the subs¢ ‘; s |
quent filling of the structure. The Al substrate is prestructured by a long-time
anodizing until the pores arrange in a hexagonal lattice. Then the aluminun ot — A >
oxide is selectively removed. Starting from a prestructured Al substrate, a 0 5 10 0 5 10

highly ordered alumina pore structure is obtained in a second anodizatior. Time (ms) —>
step. Afterwards, the barrier layer is thinned and the pores are widened bz ) ) ) " )
isotropic chemical etching. For further thinning of the barrier layer two FIG. 2. Current and potential transients during electrodeposition. First a

current-limited anodization steps are used and dendrite pore formation o&urrent-limited negative pulsig,sis applied to deposit Ag. Then a positive

curred at the barrier layer. Then, the pores are filled by pulsed eIectrodepdlUlse is applied to discharge the capacitance of the alumina barrier layer.
sition with silver. The cycle is repeated aftey in order to avoid depletion of metal ions near

the deposition interface.

into the barrier layer leads to the formation of several nucle-
ation sites in each pore at the beginning of the electrodepdsee below: Finally, the electrolyte contained potassiumthio-
sition. Since the potential drop at the deposition interfacecyanate(105 g/, which was necessary to dissolve precipi-
depends critically on the barrier thickness, it has to be highlyjated silver salt through complexation. The pulsed elec-
uniform. This is achieved by our thinning process describedrodeposition consists of modulated pulses in the millisecond
above. range(Fig. 2). During each pulse of negative curremfs.
=6 ms, | =15 mA/cnt), silver is deposited at the pore
bottom. A relatively high current density is applied in order
to increase the number of nucleation sites in each fore.
The pores are filled with silver under constant currentAfter the deposition pulse, another pulse with positive polar-
conditions adopting the concept of pulsed electrodepositiorization (t,yse=6 ms,Up,se=6 V) was applied to discharge
To achieve homogeneous filling of the pores, the choice of éhe capacitance of the barrier layer and to interrupt the elec-
suitable electrolyte is crucial. In order to avoid corrosivetric field at the deposition interface immediately. The posi-
attack of the alumina template, tipel of the electrolyte has tive pulse also repairs discontinuities in the barrier oxide, an
to be adjusted between 4 and®Therefore it is hardly pos- important mechanism especially at the beginning of the elec-
sible to work with cyanide containing silver baths, which trodeposition. The current for this second pulse is also lim-
generally require a highgsH. To supply the deposition in- ited to | ,,=15 mA/cnt. To avoid depletion of the silver
terface sufficiently fast with metal ions the concentration ofions at the deposition interface, the ion concentration has to
electroactive silver species has to be as high as possiblescover before the next double pulse is applied. Introducing a
otherwise hydrogen evolution can become dominant. Furdelay timet; of typically 0.4—1 s is sufficient to ensure the
thermore, pulsed electrodeposition through an insulating barestoration of a high silver concentration at the pore bottom
rier layer requires high negative polarizatiod ,sc as high  before the subsequent deposition pulse appears. This im-
as —8 V). Consequently, the electrolyte must not containproves the homogeneity of the deposition and prevents ex-
other electroactive species like, e.g., nitrate ions, which alseessive hydrogen evolution. During the electrodeposition,
might react in side reactions under these conditions. Finallythe potential required to ensure the desired current density is
stability analysis showésee below that the conductivity in  measured for each pulse. Hence the electrodeposition can
the electrolyte has to be quite high to obtain uniform depo-easily be followed via a potential versus pulse number plot
sition into the pores. Based on these considerations th@-ig. 3). Generally, the plot can be divided into three regions.
choice of a suitable electrolyte is not trivial. As the presenceAt the beginning of the filling process the electrons have to
of nitrate ions and other electroactive species is excludetunnel through the barrier oxide before they react with the
silver sulfate(8.5 g/l) was chosen as the silver ion source.silver ions and nucleation takes place at numerous sites in
Diammoniumhydrogencitrat@00 g/l was added to ensure a each pore. The surface available for electrodeposition is
high conductivity and to adjust theH value to around 4.5. quite large. Further electrodeposition leads to a filling of the
Furthermore, diammoniumhydrogencitrate has the functiomranched structure and thus the electrochemically active sur-
of a repairing agent as it favors the formation of stable aluface area decreases, accompanied by an increase in the depo-
mina during the positive polarization in the pulse sequenceition potential (first region. When the deposited silver

IIl. ELECTRODEPOSITION
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8 v T y T y T y IV. CHARACTERIZATION

The filled alumina templates were examined by scanning
electron microscopySEM) to determine the degree of pore
filing and the extension of the silver nanowires. By etching
the filled porous structure from the top, nanowires ending
somewhat below the membrane surface became observable
for scanning electron microscog$EM) examination. Etch-
ing of the samples was performed by Ar sputtering with an
ion mill (Gatan Duo Mill 600 and led to a funnel-shaped
excavation in the surface. The depth of the hole was corre-
lated with the etching time. Figure 4 shows two top view
micrographs and one side view micrograph of a highly or-

4 . . . . . ' . dered alumina pore structure filled with silver. The pore di-
0 5000 10000 15000 20000 ameter is approximately 35 nm and the interpore distance is
pulse number 110 nm. The thickness of the porous layer is approximately 2

FIG. 3. Voltage-pulse-number curve during the filling process of porousttM. Figure 4a) was taken before etching the sample. In
alumina with Ag. In regime | the dendride-like nucleation pores are filled Some pores, the silver nanowires reached the pore opening

with Ag. The potential increases due to a reduction of the deposition area. Iand excessive electrodeposition yielded three-dimensional

regime |l the silver wires grow and the potential increases slightly. In regime . . -
Il the silver wires reach the top of the alumina template and the noise ancgrOWth of silver partlcles on top of the matrix structure

slight potential drop are due to the uncontrolled increase in deposition aredDright spot$. In most of the remainingnot completely
filled) pores, the top of the nanowires can be s@#ffierent

gray levels indicate different levels of residual pore dgpth

Figure 4b) shows the same sample after etching the initially
reaches the beginning of the straight part of the pores th& um thick porous structure by about 200 nm. As can be
increase in the deposition potential slows down distinctly,seen clearly, almost every pore is filled with silver to this
but still proceed$second region The decreasing silver con- level indicating fluctuations in the height of the filling of less
centration in the pore channel can be made responsible fortaan 10%. The same information can be obtained from Fig.
gentle increase in the deposition potential in this region, bu#i(c). Simple cutting of an(unthinned substrate with wire
it cannot explain the significant rise of more than one volt.cutting pliers leads to a fracture of the rigid alumina layer.
The filling of the pores continues until the deposition poten-Most of the pores are filled with silver wirgbright sticks to
tial drops or exhibits some noigthird region, which is due  at least 90% in height. The lack of wires in some of the pores
to an increase of the electroactive surface arising from silveas well as the presence of twisted and ruptured wires can
deposition on top of the porous alumina matrix. Although theeasily be explained by the mechanical stress evolving during
significant increase in the deposition potential, especially irthe process of the cleavage of the alumina membrane.
the second region, is not completely understood yet, the po- Crystallinity and surface configuration of the silver wires
tential versus pulse number plot at least allows one to followwere further analyzed by high-resolution transmission elec-
and control the filling process. Additionally the charge can betron microscopyHRTEM). After dissolving the alumina ma-
calculated from the measured data and thus allows one tiix such wires have been placed on electron microscopy
estimate the degree of pore filling and to control the wirecopper grids covered by a thin carbon film. Although ar-
length. ranged randomly on the carbon film, the silver wires tend to

FIG. 4. SEM micrographs of a silver-filled alumina membrajae Top view of an unthinned samplé) top view of the same sample approximately 200 nm
underneath the initial surface, anc) side view of a fracture.
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TABLE |. Resistivities(at 38 °Q of some metals and electrolytes used in
this work and similar work in literature.

Material Resistivity inQ) cm
nickel (bulk) 6.3x10°6
silver (bulk) 1.4x10°6
nickel Watts-bath electrolyte 14
Metzger Co bath 77
Xu Ni bath 500
silver containing electrolytéthis work) 5.2

cotarS W e V. DISCUSSION

FIG. 5. HRTEM image of a segment of two adjacent silver nanowires. The As mentioned in the Introduction. most studies have not
upper one exhibits three planar defects shown in more detail in the box,. . - .
below. The diffractograncircular inse} reflects the lattice relation between discussed the achieved degree of filling of the pores with
the twin lamella “T” and wire matrix. either silvet=> or other metals like Ad! Co®-? Fe?? or

Ni.Z% In the present work we demonstrated that under very

specific conditions of pulsed electrodeposition, one can ob-

tain a nearly 100% homogeneous filling of pore arrays also
align parallel in groups because of capillary forces actingwith silver. In a former publication we have shown that it is
during evaporation of the solvent. Figure 5 shows a HRTEMindeed possible to fill homogeneous nickel and cobalt into
image of a segment of two adjacent wires touching eactporous alumind®
other along a nearly horizontal line. From selected area elec- Now we are presenting a model to explain the physical
tron diffraction these silver wires are found to be single crysteasons underlying this process. The key ingredients of our
talline. Nevertheless, they contain a certain extent of latticenodel are a thin homogeneous barrier layer, pulsed elec-
defects such as twin boundaries and stacking faults. Whil&rodeposition, and a highly conducting electrolyte. Figure 6
the wire in the lower part of Fig. 5 does not exhibit lattice shows a schematic diagram of the equivalent electrical cir-
defects in the frame of this image, the upper wire has threeuit applicable during pulsed electrodeposition. Starting from
planar defects that may be recognized as narrow bands diie current source, there is a resistance in the aluminum sub-
stronger contrast running obliquely across the wire. Theistrate R), then all the pores are in parallel consisting of a
structures are shown in more detail in the boxes beneathhin interfacial oxide layer R;), the deposited metalp(,),
From the course of the lattice plane fringes seen here, anahd the electrolyte ). Finally, there is a common resis-
reflected also by the diffractografRourier transformof the  tance of the electrolyte in the electrochemical c&8L). For
image given in the circular inset, t§€10 zone axis of the a stability analysis, we can neglect the potential drop in the
silver lattice is deduced to be perpendicular to the wire axisaluminum substrate and the electrolyte since they are simple
The wires have generally a face-centered-cufic) lattice,  series resistances and do not contribute significantly to the
which was also confirmed by x-ray diffraction analysis. Theyinstability. The first instability arises from the fact that the
do not show indications of neither oxide coverage nor incoralumina barrier layer at the pore bottom is not uniform. If it
poration. would be uniform, then it would represent an overall series
resistance liker, or Rg. However, due to the electrochemi-
cal process, there are always fluctuations in the barrier layer
thickness. Therefore as already pointed out by Zagfiell, >
the barrier layer thickness and therefore the overall potential

Electrolyte |
R, drop iR; should be as small as possible compared to the
— potential drop across. andp,,. This is the reason for thin-
Electrolyte = ning the alumina barrier layer to typically 10 nm. However,
'"pf?t;e this still results in a significant contribution to the potential
drop of ~6 V in the barrier layer compared to a few tenths
Metal in mV for the electrolyte solutioriTable ). Therefore and be-
p:re gg’,:',i’;' . cause of the rectifying nature of the barrier layer, we have
" (AC) applied a self-limiting current process by using pulsed elec-
Barder trodeposition. During the 6 ms negative pulses, all of the
oxide metal ions in the pore are deposited due to the high current.
'aée' Thus once all the ions have been deposited in one specific
' pore, the current flow is reduced and other pores with a
S”b;s"ate — slightly thicker barrier layer take over the current. A uniform

filling of the pore bottom is achieved and the impact of fluc-
FIG. 6. Schematic diagram of the electric circuit during pulsed electrodepollu‘5‘_“0_”_S ofR; is red_uced due t(_)_a time dependent e_leCtmlyte
sition. resistivity pe(t). During the positive pulse, the capacitance of
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the barrier layer is discharged. Moreover, as pointed out byl. CONCLUSIONS
25 g
Doprevet al, _the use of positive pulses Iea(_js to monoctys A highly efficient method of depositing silver into the
talline nanowires. They speculate that during the positive R
) , ._nanochannels of ordered porous alumina is presented. Nearly
pulse, a certain amount of current will lead to the preferential . . .
. . . ; . ~100% of the pores were filled with silver and only small
dissolution of the defect rich metal deposit of the previous . . S
. . ) fluctuations in the growth rate in different pores were ob-
negative pulse, thus promoting monocrystalline growth. . . ) :
L i : . served. The silver nanowires are monocrystalline with some
Another electrostatic instability arises during the growth_ ~. A .
; twin-lamella defects. The growth direction is perpendicular

conductive than the electrolyte, small fluctuations in theEEO the(110 direction. The wire diameter can be varied from

) ) . .30 to 70 nm depending on how the alumina template is pre-
length of the wire will be enhanced and will lead to nonuni- . o .
L L pared. Based on a linear stability analysis, we have modeled
form growth. Similar to the case of pore growth in highly . .- . .
_— . . . the electrochemical filling behavior. To obtain homoge-
resistive p-type silicon, this effect can be described by a ) ;
. 2. . 26.97 neously filled pore membranes, a homogeneous aluminum
linear stability model. Following Wehrspohet al.,~ . . 2 .
) . S - oxide barrier layer, pulsed electrodeposition, and a highly
can define a instability coefficiernt : o
conductive electrolyte are a prerequisite.
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