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The potentiostatic electrochemical template synthesis of nanowires (Ni, Co, Cu, Au, and polyporrole) in
polycarbonate track-etched membranes with hominal pore dianddrstween 10 and 200 nm is studied.
Along the wire the cross section is found to vary: the wire diameter, which is argued to directly reflect the
pore diameter, is observed (for all deposits) to be substantially larger in the middle than at both ends. Therefore,
the pores are not cylindrical with constant cross-section, in general, but appear to be “cigarlike”. Inside the
membrane, the pores are wider by up to a factor 3. Comparing the potentiostatically measured current-time
characteristics obtained during wire growth for different pore dimensions, a pore-size dependence of the
diffusion coefficientD for the metal ions is foundD = 2.5, 1.5, and 0.% 1078 cm¥/s for dy = 80, 30, and

10 nm, respectively.

1. Introduction anisotropic optical filterd®> and the synthesis of aqueous
dispersions of monodisperse metallic colloidal rés.

In this work, the electrochemical growth of nanowires
obtained from commercially available polycarbonate track-
etched membranes is studied. These membranes are used in
many laboratories as filters and are therefore widely available.
In recent publications the pores have been assumed to be
cylindrical with an inner diameter that corresponds to the one
tabulated by the manufacturer (nominal diameter). This hy-
pothesis was only challenged by Chlebny et’aivho found
that the diameters of nanowires analyzed by transmission
electron microscopy (TEM) could be larger by up to a factor
of 3 compared to the nominal diameter of the nanopores. In
the present paper, the shape of different metallic wires is studied
and compared with the electrochemical current during poten-
tiostatic growth. We find (a) in general wires that avet
cylindrical, (b) a current versus growing time characteristic, and
(c) ionic diffusion, which depend on the nominal pore diameter.
It is emphasized that the true wire cross-section is an important
calibration parameter in all previous studies. For example, it
determines the estimated conductivity of conducting polymers
grown in pores?

Template synthesis is an elegant chemical approach for the
fabrication of nanostructures, in particular for different kinds
of nanowires. It can be considered an alternative to conven-
tional lithography methods. Arrays of nanowires are obtained
by filling a porous template that contains a large number of
straight cylindrical holes with a narrow size distribution. Filling
proceeds in solution by electrochemical depositiéror other
chemical methodsg.g., polymerization reactions, or by high-
pressure injection of a melted matefalJseful templates are
alumite membranes (anodized aluminum fils) track-etched
membranes and nanochannel array gléssr mesoporous
channel host&. The first two are commercially available.

Historically, the method was introduced by Possin who
prepared different metallic wires with diameters as small as 40
nm in pores of etched nuclear damage tracks in rhicEhe
method was thereafter refined by Williams and Giordano who
obtained Ag wires with diameters below 10 SnMiembranes
filled with Co, Ni, or Fe are magnetic nanocomposites that have
a strong perpendicular magnetic anisotropy suitable for per-
pendicular recording! Penner and Martin demonstrated the
successful synthesis of conducting polymers (pyrrole and
polythiophene) from commercial screen membranes, which are . )
polycarbonate foils with pores obtained by etching nuclear 2+ EXperimental Section

damage track$:? For small pore diameters, the conductivity — pyp coated polycarbonate screen membranes (overall diam-
of these polymeric fibrils was found to be almost an order of ater 13 mm) are used with pore diametégs= 10, 30, 50, 80
magnitude higher than in bulk polymers prepared by the same 3nq 200 nm specified by the manufacturer, thereafter refered
method. This has been attributed to polymer chains with an tq a5 the “nominal diameter’xd Results shown in this work
enhanced order having less defects due to the unidirectionalpzye been obtained for membranes from PoréficSimilar
growth imposed by the confined geometry. Instead of wires, it resyits have also been measured for membranes from other

is also possible to synthesize tubutésin addition, pores have g ppjiers, i.e., Nuclepore and Millipore, confirming that our
successfully been filled with two different materials which were  fingings are general. The membranes have a thickness=of

stacked alternatingly to form multilayet3. 6 um. A metallic layer serving as back electrode is electron-
Applications of template synthesis include arrays of electron peam evaporated onto one side of the membrane: a 20-nm
field emitters, biosensofs, novel magnetic-disk materiald,  adhesion layer of either Ti or Cr is applied first, followed by a

magnetic sensors based on the giant magneto-resistance'&ffect, a film with a thickness of 500 nm to Am. The thicker layer

is needed in case of the wider pores in order to ensure that the
* Address correspondence to this author at the University of Basel. electrode completely covers the pores. After evaporation, the
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# University of Basel. membranes are fixed with the electrode facing down onto a
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sticker. This sticker leaves the central part of the membrane
open over a diameter of 6 mm, which is the part that is exposed
to the electrolyte.

Before mounting the prefixed membrane into the electro-
chemical cell, it is immersed in deionized water under ultrasonic
agitation during 2 min. This step has turned out to be crucial
for obtaining reproducible results and a homogeneous growth
over the whole 6-mm growing area. If this step is omitted,
growth starts in some pores first and the number of pores in
which growth proceeds may increase with time, which results
in an increasing current (potentiostatic mode). This current
increase is an artifact and cannot be related to the effective pore
diameter, since at no time is one certain about the number of
pores in which electroplating commences. After the ultrasonic
treatment, the membranes are withdrawn from the deionized
water. A reliable test of successful pore wetting is the
requirement that the free membrane area is fully covered with
a water droplet after withdrawal. If this is the case, the
membrane is finally mounted into the electrochemical cell.

Electroplating is done in a Teflon cell with the substrate
(membrane) facing upward. There is no separate compartment
for the counter electrode which is a Pt plate of about 16,cm
nor is there any agitation (stirring) or heating. A saturated-
calomel electrode (SCE) was used as reference for the applied
potential. This electrode is placed’ mm above the substrate.
Using a conventional potentiostat, the current is measured during (b)
electroplating at a fixed potential versus SCE, refered idsas
The growth in pores has been studied for Ni, Co, Cu, and Au Figure 1. (a) Electrochemical reduction curreift) as a function of
deposits as well as for polypyrrole polymer synthesis. The timet for the potentiostatic plating of Ni and Ce-{.1 Vsce for Ni
following aqueous electrolytes have been used: Ni solution, and—1.2 Vsce for Co) in pores of polycarbonate membranes vith
SL5 gL NHNSOJr4H0 -+ 20 glL NCr6HO + 20 gL Z,56, 1 (orine bes e e soerets iapley ocs
HaBOs; Co solution, 400 g/L CoSP7H:0 + 40 g/L H:BOs; grow in the pores, in region Il, the pores are j’ust completely filled
Au solution, 0.32 M gold(l) cyanide- 0.26 M citric acid and  (4ansition region to bulk growth), and in region I1l, growth commences
0.65 M KOH (pH= 5-6); Cu solution, 125 g/L CuS£bH,0 over the whole membrane (diameter 6 mm). (b) SEM image of the Ni
+ HySO, such that pH= 1; pyrrole solution, 0.5 M pyrrole  deposit obtained after dissolution of the polycarbonate membrane.
monomers (from a freshly distilled solutios) 0.1 M LiClOj. Electrodeposition has been stopped in region I.

Typical deposition voltages arel.2, —1.1, —1.0, —0.2, and
+0.8 Vscefor Ni, Co, Au, Cu, and pyrrole, respectively.
After electroplating, the membrane is inspected under an

Ni |

'''''

(a)

statically) on these membranes. In the same figure, two pores
are schematically drawn in cross-section at three different stages

optical microscope. If the growth has been interrupted while Of the growth process. During the first stage (left schematics

the pores where not completely filled, areas on the membraneslab_eled l) the m(_etal (shown hatched) is growing in the pores
covered with nanowires appear black. If the pores were While the reduction current takes on a valuex mA (the

completely filled and growth proceeded on the whole membrane variation in the current will be discussed below). Growth

surface, a three-dimensional “bulk” film starts to cover the

proceeds in the pores until they are filled up to the top surface

membrane. If this is the case, the membrane appears reflective®f the membrane (middle schematics). Beyond this, growth can

in the case of metal deposits. These two simple observations

allow one to test the degree of growth homogeneity on the

membrane. In order to measure the diameter of the wires, the

polycarbonate membrane is dissolved ir"@Xdichloromethane
(CICHy), rinsed in fresh dichloromethane, chloroform, and
ethanol. This preparation procedure is sufficient for standard
SEM work. However, high resolution images still suffer from
electron-beam-induced charging effects which are caused by
residual organic (and insulating) layer on the wires. In case of

metal wires, this organic coating has been removed in an oxygen

plasma treatment at 100C.

3. Experimental Results and Discussion

3.1 Nanowires Grown in 80-nm-Wide Pores. The most

a

continue in three dimensions: hemispherical caps form on top
of the wires (see also Figure 2a and 4) which grow in size until
coalescence on the membrane surface occurs. This is the
transition region (labeled 1), which starts at the position of the
arrow in Figure la. Since the effective electrode area increases
rapidly during this stage, the electrochemical current increases.
In the following, the term “transition to bulk growth” will be
used. Once growth proceeds on the whole membrane surface
(right schematics labeled IIl), the current approaches an
asymptotic value. This value corresponds to the current
measured on a metallic electrode of the same overall area and
for the same applied voltage.

Figure 1b shows an image of Ni wires after dissolution of
the polycarbonate membrane obtained by scanning electron
microscopy (SEM). In this example, the deposition was

comprehensive dataset has been obtained for membranes witlinterrupted before the transition to bulk growth. The wires,

a nominal pore diameter @y = 80 nm. For this reason, we
initially focus our attention to these membranes. Figure la
shows two electric currertversus timet characteristicsl ¢t
characteristic) for the reduction of Niand Cé* ions obtained

during electrodeposition at constant applied voltage (potentio-

observed in Figure 1b, are oriented in a wide range of directions.
This is not an artifact produced by the dissolution of the
membrane, which could be suggested, because during dissolu-
tion and drying mechanical forces tear on the wires. It is a
property intrinsic to commercial screen membranes. The pores
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vary among different pores. This is one reason (of fundamental - fv 1 o . :
origin) that broadens the “sharp” transition to 3D bulk growth ﬂ'
observed in thé—t characteristic. Another is inhomogeneous ' o
growth: if some of the pores are initially poorly wetted, the
number of pores in which electrodeposition occurs can increase
with time. This (1) results in a current, which gradually
increases, and (2) leads to a considerable smearing out of the
transition to bulk growth (not shown). A sharp transition, as
the one seen in Figure la (and following figures) is a good
criterion for homogeneous growth.

In Figure 1a a strong increase of the current is observed when
the deposition starts to change from growth in pores to growth
on the whole surface of the membrane. To a first approxima-
tion, this increase may be related to the changing effective
electrode area. The membranes have a typical porosiybéb
(using an effective electrochemical pore diameter, defined later),
so that the electrode area increases by at least an order of
magnitude. However, the observed current only increases by
a factor 3-4 for Ni and~2 for Co. The observed reduced
current increase at the transition is attributed to partial mass
transport limitation (convection and diffusion). Though high
ionic concentrationsc1 M are used for all plating solutions,
electroplating on the whole membrane surface is not ideal; i.e.,
it does not only depend on electrode parameters (applied voltage
and electrode area), but also to a certain degree on the transport
of ions from the solution reservoir to the electrode region, where Figure 2. SEM images (equal magnification) of the Ni deposit plated

the ionic concentration is (partly) depleted. In order to testthis i, g = 8o nm porous membranes obtained after dissolution of the
conjecture, we applied electrolytes with a diluted concentration polycarbonate membrane. Electrodeposition has been stopped at the
of Ci#" ions. For low concentrations {110 mM) the current transition to bulk growth (region Il in Figure 1a) and long afterwards
rise, which is observed at the transition to bulk growth in highly (region 11I) for (a) and (b), respectively.

concentrated electrolytes, completely disappears. The changing[he total number of porell, is known: N, = n,D2/4. The
; P -+ Np = Nl .

electrode area at 'th_e t_rar_13ition does not change_ the e|ECtr'C\/qumeVp of one completely filled pore, assuming an effective
current, because it is limited by mass transport in the bulk . . S e
electrolyte. Hence, we can conclude that the smaller electric electrochemical diametek, is given byV, = Ldg/4, wherel
current risé at the tr,ansition to bulk growth for Co with respect ~ 6” m is the thickness O.f the membrane (approximate for the
to Ni seen in Figure la demonstrates that mass transportm.aX'mum length c_>f the_ wires). Using the molar vquM@o_f
limitation is more important for Co as compared to Ni. It is Ni or Co (almost identical), the total c_harge needed to fill all
important to emphasize that highly concentrated electrol.ytes arethe pores up to the membrane surfgc@ns ZFN?NPNM' where
a prerequisite for monitoring the growth process with the aid 2= 2forthe (_jlvalent C& and NE+ lons and” is the F_araday
of the | —t characteristic constant. This charg® is approximated by the.expenmentally
o A ) o ) obtained charg€); that has been transferred in the cell from
While Figure 1b displays a SEM image of Ni wires obtained ne start of growth up to the point of transition to bulk growth
from a growth run, which was stopped before the transition to (¢, is refered to as the transition charge). Here, a 100% current
bulk growth, Figure 2 corresponds to situations at the point of efficiency is assumed. This assumption has carefully been
transition (Figure 2a) and long thereafter (Figure 2b), when the sydied and confirmed for the Co bath, which is similar in
metallic deposit covers the whole membrane. On some of the ;gncentration than the other applied electrolyfesSince the
wires in Figure 2a small hemispherical caps have already beenyansition charg&; for many runs of Co and Ni deposits show
formed. no difference within the accuracy of the measurements, a 100%
In the following, the apparent wire diametdydeduced from current efficiency for the Ni bath is justified as well. From
SEM images (similar to Figure 1b) of Ni and Co wires will be ~50 samples (Ni and Co deposits), where the growth covered
compared to the electrochemically derived effective wire the whole exposed area, we obt&@n= 0.7 + 0.13 C. Using
diameterd.. First, the pore diameter and density of empty this value, an effective electrochemical diamedg= 161 +
polycarbonate membranes are studied with SEM. In order to 19 nm is deduced (the error given includes the uncertainty of
render electron microscopy possible, the membranes have beetthe wire length). Similarly, from SEM images we obtain an
coated with a thin (10 nm) conducting layer. We measure a apparent average diamety= 180+ 40 nm. These values
pore diameter ofl; = 78 + 18 nm (s = “surface” diameter) for the diameter are in good agreement with the result of
and a pore density ofi, = 7 x 10° cm™2 in reasonable Chlebny et ak” who studied the diameter of similar wires with
agreement to values specified by the manufactuigr= 80 transmission electron microscopy and found a valuel,of
nm and n, = 4-10® cm?). Since the growing area is 164 + 10 nm. Both from electron microscopy images of
predetermined by the adhesive sticker (diam&er 6 mm), nanowires and electrochemically transferred charge, a consider-

in these membranes are not aligned parallel but have a
considerable angular distribution ©:34° (Poretic4® production

selection guide). For this reason, the length of the pores,
measured through the membrane, is not constant. Hence, even |

=
=
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Figure 3. Three examples of the electrochemical reduction current
I(t) (chargeQ) versus timet for potentiostatic Ni growthl = —1.0 Figure 4. SEM images of Ni wires grown idy = 80 nm membranes
Vscg) in pores of polycarbonate membranes vdth= 80 nm. Inset: after dissolution of the membrane. The growth was stopped after the
I(t) for Cu (solid curve) and Co (dashed curvellat= —0.1 and—1.1 transition to bulk growth during which hemispherical caps were formed.
Vscg respectively. The wires have a length ¢¢6 um and an apparent diameter of 100

280 nm.

able (factor 2) larger wire diameter is found as compared to
the nominal pore diametaty. Data obtained for Cu and Au  the diffusion current increases as well. The surprising current
deposition (not shown) are in full agreement with the Co and drop in thel—t behavior is also observed for all the other
Ni data. electrochemical systems studied (Ni, Co, Au, Cu, and pyrrole).

In region | (Figure 1a) where electroplating proceeds in the These systems correspond to a wide range of deposition voltages
pores, the observed electrochemical current is not constant.ranging from—1.3 to+0.8 Vsce  As an example, the inset of
Details of thel —t characteristic during this growing period are  Figure 3 shows$—t curves for Cu, grown dt/ = —0.1sce (solid
shown in Figure 3. Threé—t curves representative for Ni  line), and for Co, grown a! = —1.1 Vsce (dashed line). In
deposition atU = —1.0 Vsce together with the integrated both cases, clear maxima are observed (less pronounced for Co,
current, i.e., the charg@(t), are displayed. Growth proceeds in general). In addition to using different solutions, the
in the pores up td ~ 1000-1200 s when the rapid current deposition time for pore filling was also varied by changing
increase signals the transition to bulk growth. For these the applied voltage. For the range= —1.3 to0 —1.0 Vscg
examples, the transition charges are 0.65, 0.67, and 0.75 Cused for Ni deposition, which corresponds to 2200 s, the
which are values in agreement with the average of#.0.13 maximum was always clearly observable.
C. Starting growth in the pores, the current first increases with  Apart from diffusion and migration, the electrochemical
time, approaches a maximum aftet/, of the period needed  current is also proportional to the electrode area. The current
to fill the pores up to the top membrane surface, and then startsmaximum is due to an increased wire diameter in the middle
to decrease significantly before the transition to bulk growth. section of the nanowires, as will be demonstrated. Figure 4
In general, the current maximum is found to be more pro- shows high-resolution SEM images of Ni wires viewed from a
nounced the sharper the current rises at the point of transition,direction almost perpendicular to the wires. These wires
which is the case if almost all wires approach the top surface originated from a membrane which was electroplated a short
of the membranes simultaneously (ideal case). To a first instant beyond the point of transition. The hemispherical caps
approximation, the lengthof the wires can be assumed to be on the top of the wires develop just after the pores are
proportional to the time, that has elapsed after growth was completely filled. In Figure 4, the wire diameter is observed
initiated. Hence, we observe a deposition current, which can to be larger in the middle than at the bottom (where growth
be up to factor of 6 larger than the initial current, when the started first) and top immediately underneath the caps. This
wires have been grown to a lengt/, of the total pore length effect is even more pronounced in two extreme examples
of L~ 6 um. The decreasing reduction current with progressive displayed in Figure 5. In the left image the bottom and top 2
growth is quite unexpected: the electrochemical current is um of the same wire are shown. The diameters are 100 and 75
determined by the applied voltage and, if mass transport is anm close to the bottom and top and 210 nm around the middle
limitation, by the diffusion of ions. Since the reference electrode section. In the right image the diameters ar£00 nm close
is located in the bulk electrolyte (reservoir) above the membrane, to the top and bottom and 240 nm in the middle. The wires
there may be a voltage drop along the electrolyte in the poresare observed to be up to a factor of 2.5 wider in the middle
which would result in a reduced electrochemical current. With than at the base or top end. This increase in diameter, which
progressive growth, this voltage drop should decrease, howeveramounts to a factor o6 increase in area, is consistent with
since the wires are approaching the reservoir. Hence, the currenthe 1—t behavior of Figure 3. The observed dimensions are
is predicted to increase. A similar conclusion is reached if mass also in agreement with the average of the effective electro-
transport limitation is considered. As a first-order approxima- chemical pore diameter of about 160 nm.
tion, one may assume a constant ion concentration in the There are two possible reasons for the increased diameter.
electrolyte (reservoir) above the pores. The concentration First, the pores may not be cylindrical (but wider inside), or
gradient, which determines the diffusion current, increases if second, the pores widen during growth. This latter scenario
the wires approach the top surface of the membrane, so thatcan originate during metal deposition, if the metal not only
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Figure 6. SEM images of polypyrrole fibrils potentiostatically grown

in dy = 80 nm membranes after dissolution (in part) of the membrane.
Note that the polymeric wires are thinner at their end (e.g., arrows on
the left image). In the right image (identical magnification), the
variation of the diameted along the wire is emphasized with dashed
lines that follow the border of the wire. In this cade~ 130 nm at

the top end and ~ 250 nm in the middle section. The bottom section
of the wire cannot be seen here.

Poretics, Nuclepore, and Millipore). For smaller diameters,
however, thd —t dependence is different as will be discussed
below.

3.2. Nanowires Grown in 10- and 30-nm-Wide Pores.
Figure 5. SEM images of Ni wires grown idy = 80 nm membranes Flgure§ 7 and 8 show representatlve. SEM Images of !\“ wires
after dissolution of the membrane. The growth was stopped im- grown in polycarbonate membranes with nominal pore diameters
mediately at the transition to bulk growth. The two images to the left 0f dy = 30 anddy = 10 nm, respectively (pore density alsg
display the top and bottom 2m of the same wire (total lengtk6 ~ 7 x 108 cm3). In Figure 7, two wires are shown over their
um). Note the remarkably increased diameter in the middle section of \yhgle length £5.5-6 um). These images serve to check
the wires. whether size variations along the wires exist, similar to the

grows strictly along the direction of the pore axis but also to a Previous observation fody = 80 nm. Although there are
certain degree radially, exerting pressure onto the polycarbonatevariations in the diameter, partially due to the granular structure
membrane which causes a widening of the pores. For this Of the wires, no systematic dependence can be observed, except
scenario a decreasing wire diameter with progressive growth for the very end of the wires: for wires which were grown to
would be difficult to understand, since the mechanical strain their full length given by the membrane thicknebsx 6 um),
would relax much easier near the membrane surface. As a testthe wires are seen to systematically narrow at the very end over
polymeric wires were also potentiostatically grown in the these the last few 100 nm. Three examples are indicated in Figure 7
pores. Since the polymer is expected to have mechanicalPy arrows. This narrowing suggests that the inner pore diameter
properties more similar to the template material (all “soft atthe top and bottom surface of the membrane is approximately
matter”), a widening imposed by the growing wires is not N agreement wltmN_ byt is considerably wider inside the
expected in this case. Figure 6 shows two SEM images of the Membrane. This is similar to the,é= 80 nm case, except that
top part of pyrrole polymer wires after dissolution of the the thinner pores now widen over ashorter o_hs’gance m_easured
polycarbonate membrane. Even though the image contrast isom the membrane surface. From figures similar to Figure 7
much poorer here, one can clearly see that the wires narrow at2nd 8, the average apparent (by SEM) diameter of the wires is
the top (see arrows). In the right image of Figure 6 the border found to bed, = 80 + 20 nm @y = 30 nm) andd, = 50+ 18
of a wire is highlighted by dashed lines. This wire has a NM (v = 10 nm). An effective electrochemical diameter for
diameter of 93 nm at the top and 250 nm in middle section, in thedy = 10, 30 nm membranes is derived from the transition
agreement with results for metal wires. chargeQ; obtained froml—t curves, which will be discussed
We thus can conclude that the pores themselves are in generalPe|°W-
not cylindrical with a constant cross-section but are rather  The results for all three membranes are summarized in Table
cigarlike. For the analyzed pores with a nominal diameter of 1. The data for the wire diameters measured with TEM are
dny = 80 nm, the middle section of the pores is wider by up to taken from ref 17. A remarkably good agreement between the
a factor of 3. This is not in contradiction to SEM studies, in electrochemically derived diametgyand the apparent diameter
which the membrane surface and hence the pore diameter justlameasured with TEM is evident. In contrast, the data obtained
at the surface are studied. This apparent diameter is comparablérom SEM images, systematically overestimate the diameter of
to the nominal one. the wires by~14—23 nm, which presumable is related to the
The observed current maxima in Figure 3 directly reflect the reduced resolution of SEM compared to TEM.
shape of the pores. We mention that a similar maximum is  Since we have demonstrated before that the wires are true
observed in case aly = 50 anddy = 200 nm membranes. replicas of the pores (except for the granular structure of the
This maximum is also (and with similar intensity) present in wires), we may state that the pore diameters (averaged over
pores of membranes obtained from different suppliers (i.e., the whole pore length) are factors s, 2.1, and 3.6 wider
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Figure 8. SEM images of Ni wires grown idy = 10 nm membranes
after dissolution of the membrane. Note, that the roughness along the
wire etch amounts to 4 nm, only. It is pressumably caused by the
granularity of the metal.

TABLE 1: Data for Wires Grown in Polycarbonate
Membranes with a Nominal Pore Diameterdy?

s NM ds, M (TEM)

dn, NM Q,C de, NM (SEM) fromref 17
Figure 7. SEM images of Ni wires grown idy = 30 nm membranes 80 0.7+ 0.13 161+ 19 180+ 40 1644 10
after dissolution of the membrane. The arrows point to wires where 30 0.11+0.02 63+ 8 80+ 20 57+ 3
the narrower wire cross-section at the end regions can be seen best. 10 0.035£ 0.008 36+ 6 50+ 18 36+ 3

B ) . . . 2Q is the electrochemical charge needed to fill all pores over a
than specified. With respect to the effective wire cross-section, membrane area with diameter 6 mmtk; is the average electrochemical

the area is on average up to a factor of 10 larger than whatwire diameter obtained from®, and d. (SEM/TEM) is the average
would be assumed if the nominal values were used. This candiameter derived from SEM and TEM (from ref 17) images of these
drastically influence physical parameters derived from measure- /"S-
ments on these wires, e.g., ref 12.

Finally, we discuss thd—t characteristics measured for
membranes witlly = 30 and 10 nm. Figure 9a displays three

measured in case of membranes with the smallest pores.
Similarly, the relative surface coverage of filled pores is often
representatively = 30 nmI—t curves for Ni growth at) = found to be reduc_eq for .these' kind of membranes. This
—1.2 Vsce (curves labeled a, b) and = —1.15 Vsce (curve demonstrates the difficulty in getting all pores wetted by water

labeled c). Curve c is rescaled so that the point of transition to Prior to electrodeposition.

bulk growth approximately coincides with the other two curves ~ The I—t characteristics in Figure 9a show some structure:
(t ~ 220-230 s) in the figure. Experimentallyft) was~2x there is a current rise during the initial growth phase and similar
smaller and the time scate2x longer. The transition charge  to thedy = 80 nm membranes a drop just before the pore filling

Q: for the three curves are 90, 100, 125 mC with an average is completed at the point of transition to bulk growth. These

(over many curves) of; = 0.11+ 0.02 C (see Table 1). two observations are in agreement with the geometry of the

Figure 9b displays—t curves fordy = 10 nm. The solid wires: the wires are found to be narrow close to the bottom
curves (a-c) correspond to Ni grown & = —1.2 Vscg while and top end (discussed above). Thé curves in Figure 9 seem
the dashed curve (d) is an example for Co growtt at —1.06 to develop a current minimum after'/, of the maximum wire

Vsce The top two curves (a, b) represent examples in which length, which geometrically would correspond to a narrowing
the largest currents have been observed for these membranesf the wires in the middle section. Though this narrowing
corresponding to a complete filling of all pore®; are 40 and cannot be supported by SEM images, it is thought to be related
45 mC (average 3% 8 mC). |-t curves with smaller currents,  to the average geometry of the wires (expressed in diameter,
similar to the two bottom curves (c, d) of Figure 9b, are often the effect is expected to be small).
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Figure 10. Time dependence of the electrochemical reduction current
1(t) (chargeQ(t)) of diluted C#" measured iy = 30 nm pores. The
curves are drawn with respecttf& to emphasize the one-dimensional
diffusion behavior of the limiting current. Inset: Diffusion coefficient

D (squares) obtained from a set @ft) dependences as a function of
the “effective” electrochemical pore diametlr The dashed horizontal
line is shown as a reference. It correspondBte 3.6 x 1076 cn/s,
measured for a flat electrode using the rotating disk method. The dotted
line is a guide to the eye.

at the electrode surface is assumed to be zero. For the standard
N RPN highly concentrated electrolytes used in our study, the current
(b) 0 100 200 300 is only partially mass-transport limited, since no limiting plateau
t(s) has developed for the applied voltages. In order to realize a
Figure 9. Electrochemical reduction curremgt) versus timet for situation in which the electric current is equal to the limiting
potentiostatic metal deposition in polycarbonate membranes with (a) current during electrodeposition in the pores, another electrolyte
dv = 30 nm and (b)dy = 10 nm pores. All curves correspond to Ni  is used. This electrolyte is based on the standard Co electrolyte
plating, except for the dashed one in (b), which corresponds to Co. (concentration 1.2 M) to which-110 g/L CuSQ-7H.0 is added.
This amounts to a molar concentration of 3 mM. Since
Comparing theé—t characteristics for all three pore diameters, the equilibrium potential for G + 2e = Co (—0.57 Vscp) is
there is, in addition to the geometric dependence, a significant much more negative than that for €u+ 2e = Cu (+0.07
difference: for the thinner two pore diametett) has the V¢, it is possible to reduce Ctiin the range of the limiting
tendency to increase with time. This increase is very pro- current plateau for Cu deposition without depositing Co. This
nounced fordy = 10 nm. Here, the current has a gradual electrolyte allows one to measure the diffusion coefficient of
increasing component, because of which the transition to bulk the diluted component Gt, which is present in an environment
growth can hardly be discerned. From the discussion of Figure of highly concentrated Co ions. We assume that the diffusion
1a, we know that mass transport is more a limiting factor for coefficient obtained for the Cti ions represents to a first
Co than for Ni growth. The dashed curve (d) in Figure 9b is approximation the one for the €oions. This is justified
an example for Co growth in the narrowest pores. Apart from because of the presence of the highly concentrated ©ns,
the initial rise and plateau, there is a smooth and gradual increaseso that the C# ions experience a similar environment as the
of I(t), which extends beyond the transition to bulk growth. The C?* ions, at least with regard to electrostatics.
transition point cannot be determined unambiguously anymore.  The rotating disk method is only applicable for flat electrodes,
We think that the increasing current is caused by mass-transportsince it relies on the shape of the flow profile of the electrolyte.
limitation. The current increases close to the point of transition Therefore, this method cannot be used for the pores as substrate.
because the wire approaches the top membrane surface andive used it, however, to obtain a reference value for a flat Cu
therefore, also the large electrolyte reservoir, in which the ion electrode. We deriv® = 3 x 106 crm?/s. The procedure
concentration is approximately constant. That the current is used for pores is the following: starting with the standard Cu
increasingly controlled by diffusion for smaller pore diameters path (high concentration), the pores are filleduat= —0.15
is only consistent if the diffusion coefficie® for the active Vsceduring 50 s, which corresponds to a grown wire length of
ion species is pore-size dependent. Measuremersvefsus  ~1 um. Next, the membrane is flushed with deionized water
dn, discussed in the next section, support this conclusion. before the Co/Cu electrolyte is added. The initi@) charac-
3.3. Size Dependence for the Diffusion of lons in Pores. teristic is measured d) = —0.5 Vsce during the first few
In this section measurements of the diffusion coefficient for seconds. This(t) dependence is used to estimate the diffusion
the electroactive electrolyte ions in the restricted geometry of coefficient. The membrane is flushed with water again and the
the pores are discussed. There are two standard approaches toriginal highly concentrated Cu electrolyte is applied again.
determine the diffusion coefficiel¥: First, there is the rotating  Electroplating proceeds in this solution up to the point of
disk method for which the limiting currenin, is proportional transition to bulk growth. The current is also monitored during
to D¥2w2, where w is the angular rotation speed of the plating by using the standard Cu bath. This allows one to derive
electrode. Second) can be obtained from the initial time the transition charg®; and, therefore, to verify whether all pores
dependence of the limiting current, which in one dimension is have been filled.

given byl(t) = zFc* AD/(Dxt) Y2, whereA is the active electrode Figure 10 shows a representatiMg curve and the derived
area ancc* the bulk ion concentration present before plating chargeQ(t) for Cu deposition in the mixed Co/Cu bath foda
starts. Integration yields for the transferred chaf@g) = = 30 nm membrane. Note, that the curves are displayed versus

2zFc A (D/m)V412. Both methods relate the diffusion coef- tY2in order to emphasize the proportionality@fwith t¥2 The
ficient to the limiting current;m, for which the ion concentration  diffusion coefficientD can be obtained from the slope of Qe
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vst2curve Q = 2zFAc(D/x)tY?), provided the true electrode
areaA is known for which the pore diameterand the pore
density are needed. Fdmwe use the average electrochemically
determined diameted,, previously derived and tabulated in
Table 1. The following values are obtaineD:= 2.5, 1.5, and

the hypothesis that PVP adsorbed on the pore walls may be
responsible for the observed pore size dependence of the
diffusion coefficient.

3.4. Origin of the Widened Pore Diameter. This final
paragraph is devoted to the question of why the pores are wider
0.7 x 107% cmé/s for d = 80, 30, and 10 nm, respectively. In  inside the membrane than close to the surface. We speculate
the inset of Figure 10, the diffusion coefficient is shown relative that this effect is a consequence of the ion impact during
to d.. We note that the value for the largest pores is consistent “exposure”. Each pore is formed by a single highly energetic
with the one obtained for the macroscopic electrode by the ion traversing the membrane. The direct impact interaction
rotating disk method (X 1076 cn¥/s). The diffusion coefficient ~ produces a damage zone along the ion track (damage ffack).
decreases by approximately a factor of 3 for the smallest poresThe membrane is then etched in a solution with a high selectivity
studied. for damage tracks; i.e., the etching rate for the damaged zone

Since the electrochemical current for growth in pores is most 1S much larger than for the undamaged material. For polycar-
strongly dependent on diffusion in the case of the narrowest bonate, this selectivity is found to b®400%° During this
pores, we estimate the stationary limiting current at the Process, a physical hole is opened in the membrane. Since

beginning of metal deposition fody = 10 nm pores: this  ©tching proceeds from the top and bottom surface, the pore is
limiting current for one single pore is given by~ zFAc*D/ expected to assume a shape with a thinner middle cross section.

L, whereA, is the cross-sectional area of the pore. Usiagr This is just the opposite of what is observed in our work.
36 nm,c* = 1.2 M, D = 0.7 x 106 cn?s, andL = 6 um, one However, one has to keep in mind that the (primary) damage
obtainsl, = 2.7 pA. The total current is obtained by multiplying ~ 20n€ is localized within a very narrow region. A typical damage
with the number of pores and is found to hg = 0.5 mA. diameter is 10 nm! Once the pores are open, they widen with
The measured current 6f0.2 mA (Figure 9b) is already close progressive etching time, ideally homogeneously, in which case

to the limiting current, demonstrating that diffusion has to be cylindriciall holfes \r’]"i” de\ilelop. V\(/f think that this its) not the
considered in the interpretation of thet curves in the case of ~ caS€: at least for the smaller pore diametess200 nm, because

the narrower pores of a secondary effect, which also modifies the membrane
In the followin w late on ible mechanism th t(polycarbonate). Besides the primary damage, caused by the
the following, we speculate on possible mechanism that ;. , impact, a large number of secondary electrons are generated
may influence the ion transport in Fhe confined geometry. S|z_e at any point along the track (electronic collision cascdfle).
effetc_ts; %art‘ oceur lwhen t]t\e_medlum (heg? th? elttacltrolytte) 'S These electrons themselves have sufficient energy (already a
restricted to a volume of size comparable (in a €ast One€ ¢q,y electron volts are enough) to interact destructively with the
dimension) to a characteristic length scale of the medium. For polymer membrane by cleaving chemical bonds, for exafple
an electrolyte, important length scales are the mean distance-l-he resulting smaller polymeric fragments are etched more
between ionsl,, and the DebyeHuckel screening lengttpy.

For th dard luti ih ai ? f12 easily than the original polymer, and since the range of
or the standard Co solution with a ion concentration of 1.2 g -ondary electrons is large (upad um), the etch rate can
M, we estimated,, = 1.25 nm anddpy = 0.4 nm, values that

. ) ; also be enhanced at positions away from the track center. This
are still much smaller than the effective pore diameter. eect is very well-known in electron beam lithography (e-beam

Therefore, if ions were to adsorb on the pore walls, the |ioqraphy)22 Here, a focused medium energy electron beam
electrostatics of the electrolyte within the pores is not expected (~10—100 keV) is used to expose a resist, which most often is

to change, since the extend of the double layer (expressed byppvia with a molecular weight of~100K. In the developing

the Debye-Huckel screening length) is very small. If an ion  siep (etching), the exposed material is dissolved. A fundamental
happens to reach the pore wall during its random walk it may propjem in e-beam lithography is the fact that also secondary
stay there for a longer period, if an attractive-iguolycarbonate  gjectrons expose the resist, often they even dominate the
interaction is present. This would reduce the effective diffusion gynosure. Since secondary electrons can penetrate the polymer
coefficientD. Because of the high ion concentration, however, qgyer rather long distances, the resist is effectively exposed
only a small fraction of ions can participate in such a process. laterally away from the position of the primary beam. This
The diffusion coefficienD can, however, also be reduced as a effect has been termed “proximity effect” in e-beam lithography.
result o_f the ch_angi_ng properties of the_carrier medium (v_vater). We propose that the pore widening is a consequence of
According to EinsteinD = kT/6r for arigid particle of radius  proximity exposure. This suggestion allows one to understand
rin a solution with viscosityy. In our caset has to be replaced  \yhy etched pores are in general wider inside than at the top
by an effective ion radius. Taking = 3 x 10°° cn¥/s andy and bottom end of the membrane. Let us assume that the
= 103 kg/m s (for water at 20C) yields a radius of = 0.73 secondary electrons are generated isotropically at each point
nm. Though this formula is certainly not valid in this situation, along the ion track in the membrane. Any point in the vicinity
the derived effective radius is a reasonable measure of the iongf the track, but sufficiently inside the membrane, receives
size including its hydration shell.  Since this effective radius is exposure from secondary electrons generated afiogtbelow
much smaller than the pore diameter, this parameter is mostthijs point. This is different for a point close to the membrane
likely not changed for the different pore dimensions. We think gsyrface. On the top surface, for example, impinging secondary
that the diffusion coefficient is pore-size-dependent because ofglectrons can only originate from below this point, since the
the (effective) viscosity) for water, which increases significantly  impacting ion moves through vacuum above. For this reason,
for smaller pores. This observation may be related to the PVP proximity exposure is reduced by approximately a factor of 2
(polyvinylpyrrolidone) which is applied to the membrane as a close to the membrane surface. If etched, the pore will develop

wetting agent by the manufacturer. According to heersus g smaller diameter at the top and bottom of the membrane
de dependence, shown in the inset of Figure 10, the diffusion compared to regions inside.

coefficient extrapolates to zero for an effective diameter of

~10—20 nm. This is in contradiction with the finding that very
narrow nanopores (diameterl0 nm) in ALO; membrane can
still be filled by using similar electrolytes. This remark supports

4. Summary

The time ) dependence of the currenduring electroplating
(potentiostatic mode) in nanopores of commercially available



Template Synthesis of Nanowires J. Phys. Chem. B, Vol. 101, No. 28, 199505

polycarbonate screen membranes with nominal pore diametersReferences and Notes
of dv =.200’ 80, 30, and 10. nm Is StL_JdIed, a?‘ well as_ the (1) For a review, see: (a) Martin, C. Bciencel994 266, 196. (b)
geometric shape of the deposits (nanowires), which are Ni, Co, grymiik, . J.; Menon, V. P.; Martin, C. RL. Mater. Res 1994 9, 1174.
Cu, and Au metallic deposits or conducting polymers obtained (2) Possin, G. ERev. Sci Instrum 197Q 41, 772.
by the electropolymerization of pyrrole. From scanning electron (3) Williams, W. D.; Giordano, NRev. Sci Instrum 1984 55, 410.
microscopy (SEM) images of nanowires, obtained after dis-  (4) Penner, R. M.; Martin, C. Rl. ElectrochemSoc 1986 133 2206.
solution of the membrane, the apparent wire diameter in generalprat(gr) gyggéghéag;fg%’;é%a_Sadoql, M.; Lubin, J. A.; Manalis, S.;
exceeds the nominal pore diameter by up to a factor of 3. The (6)’ Furneaux, R. C.; Rigby, W. R.; Davidson, A.Wature1989 337,
wires are not uniform in width; however, they are wider in the 147.
middle as compared to the top and bottom (end) sections. The (7) Fleisher,R. L.; Price, P. B.; Walker, R. Muclear Tracks in Solids
top and bottom region, where the diameter assumes a value inU”""SOfTCZ"“f‘”.”""‘R P;?SJS: tBerkI'Beyl'_ ,1?:75' ilo. A3 Ford. C.SEi
reasonable agreement witly specified by the manufacturer, 199(2 ?2580%03?" o JUSHUS, B, Ly Tampiio, A. 2 Ford, TSeience
correspond to regions close to the membrane surface. This wire  (9) wu, Chun-Guey; Bein, ThomaBciencel994 264, 1757.
widening is most pronounced for wires obtained frdg—= 80 (10) Alumite membranes are available under the trade name Anopore
nm membranes. The nonuniformity of the wire diameters is from, e.g., Whatman Laboratory Division, Clifton, NJ, and polycarbonate
. . track-etched membranes are available from, e.g., Nuclepore Corp., Pleas-
reflected in thel(t) characteristic. From the chargg trans- anton, CA, or Poretics Corporation, Livermore, CA.
ferred during electroplating wires in the pores, an average (11) Kawai, S.; Ueda, Rl. ElectrochemSoc 1975 121, 32. Tsuya,
(electrochemical) wire diameter can be deduced, which again N.; Tokushima, T.; Shiraki, M.; Wakui, Y.; Saito, Y.; Hayano, S.; Furugori,
is larger thardy, in good agreement with diameters observed ﬁ-? Prﬁﬁ?}maEE}ElTErEESTMrg%Q l\lﬂzsi’viggf’\zﬂ /}\(1;2-7 ﬁg"(')'GK- I';;fﬂi‘g%
by SEM. It is argued that the wires are a “perfect” replica of . K.i’takar);i, 0.J. Appl. Phys 1993973’ 5391 ’ ' '
the pores, so that the pores themselvesnatecylindrical in (12) Cai, Z.; Martin, C. RJ. Am Chem Soc 1989 111, 4138. van
general. We think that the pores are wider inside than close to Dyke, L. S.; Martin, C. RSynthetic Metald 990 36, 275;Langmuir199Q
the membrane surface, because of proximity exposure by g’olclllggéql\ﬁrzmgg(;é?'é\rlsr?s%l,(?\h.l?llr?é’aﬁ';l,' g:'s'gl'rf‘t’;%ti\g‘,@;lagggg
electrons that are generated in the secondary electron cascades—s7, 460. Granstim, M.; Ingaria, O.Polymer1995 36, 2867.
caused by the impact of the high energy particle during nuclear  (13) Blondel, A.; Meier, J. P.; Doudin, B.; Ansermet, J.-Rppl. Phys
track formation. For thinner poresi( = 30 nm, in particular ~ Lett 1994 65, 3019. Piraux, L.; George, J. M.; Despres, J. F.; Leroy, C.;
for dy = 10 nm) a gradual increase of the electrochemical gffgj'_n’ E.; Legras, R.; Ounadjela, K.; Fert, Appl Phys Lett 1994 65,
current is measured, if the growing metal wires (in the pores)  (14) koopal, C. G. J.; de Ruiter, B.; Nolte, R. J. Nl. Chem Soc,
approach the membrane surface (and therefore, also, theChem Commun 1991 1691. Yoshida, M.; Tamada, M.; Asano, M,;
electrolyte reservoir). This effect is attributed to mass transport Omichi, H.; Kubota, H.; Katakai, R.; Spohr, R.; VetterRhdiation Effects
limitations in the pores, which are more significant for narrower n Sfé')dfziis éZQA flOH%myak G. L.; Stockert, J. A.; Martin, T.Phys
wires than for wider ones. Hence, the effective diffusion chem 1994 98, 2963. T T o
coefficientD is pore-size-dependent. The measured diffusion  (16) van der Zande, B. M. I.; Bohmer, M. R.; Fokkink, L. G. J.;
coefficientD drops from 2.5 fordy = 80 to 0.7x 1076 cn?/s Schimenberger, C., submitted t Phys Chem _
for dy = 10 nm, whileD = 3 x 1076 cn?/'s for a macroscopic 19{(;:;7)2 Cégl;zbny, 1.; Doudin, B.; Ansermet, J.-Ph. Nano-Structured Materials
electrode. Itis speculated that PVP polymer, which is adsorbed (18)'|_enc'zowski, S. K. J.; Séhenberger, C.; Gijs, M. A. M.; de Jonge,

in the pores as a wetting agent by the manufacturer, increasesw. J. M. J. Magn Magn Mater. 1995 148 455,

the effective viscosity of water. (19) Fischer, B. E.; Spohr, Rev. Mod. Phys 1983 55, 907, see Figure
5 therein.
. (20) Ferain, E.; Legras, Rlucl. Instr. andMeth in Phys Res B 1994
Acknowledgment. We are grateful to M. Doeli, M. A. M. 84 331.

Gijs, N. Kramer, S. K: J. LeUCZOWSki: J. E. A. M. van den (21) Spohr, R.; Ambruster, P.; Schaupert, Radiation Effects and

Meerakker, C. R. Musil, H. Siegenthaler, J. F. C. Verhoeven, Defects in Solidsl989 110 27; Bouffard, S.; Cousty, J.; Pennec, Y.;

and A. R. de Wit for discussion and useful suggestions and to Th'(gazl;daur ‘TRcadFlzatJEﬁ' ?EfSCtIS_ shohds;ggg %’66 5225'd I L Gobredht
_ usii, C. R.; Jeggle, D.; Lenmann, R. ., ©Canaella, L.; Gobrecnt,

H. C. I_D_onkersloot an(_j J. M. !(e_rkhof for electron t_>eam metal 3. Ditheli, M. J. Vac Sci Technol B 1995 13 (6) 2781.

deposition. Part of this work is financed by the Swiss National (23) For a brief review, see: Hatzakis, M. IBM Res Dev. 1988 32,

Science Foundation. 441,



