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Nonlithographic nanowire-array tunnel device: Fabrication, zero-bias anomalies,
and Coulomb blockade
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Coulomb blockad€CB) was observed in Al/aluminum oxide/Ni nanowire single-junction arrays fabricated
by electrochemical deposition of Ni into porous aluminum oxide nanotemplates. The bias dependence of the
tunneling current and the temperature dependence of the zero-bias anomalies observed in the tunneling spectra
are shown to accord well with the theory of Nazarov for CB in systems where the leads play a significant role.
Direct scanning tunneling microscopy measurements of the nanowire leads resistance confirms it to be the
regime required by the theor}{/S0163-182@08)02521-1

A great deal of brilliant science and engineering involving Likharev’ for a single junction. Additionally, a number of
mesoscopic structures was made possible over the past dmiccessful Coulomb blockade studies performed on multiple
cade through the use of advanced lithographic technologiefunctions of metal clustef< or nanolithographic structurg$
These techniques seem to be approaching their economicalliive been reported. In contrast, few reports exist demonstrat-
not their technological limits for fabricating one-dimensional ing clear CB in single junction systefit?"°because in single
(1D) and 0D nanostructures of very small size, thereby crejunctions the effect is easily masked by the effect of the
ating an opportunity for introducing alternative approachesxternal leads unless a high enough lead resistance such that
to nanostructure fabrication through such means as selecti\I%_>>RQ=h/2e2 is directly connected to the single junc-
deposition into templates® An attractive template candi- tion.>!! In practice, it is very difficult to achieve this condi-
date is anodic aluminum oxid@®AO) which self-organizes tion in single junctions while retaining a small stray capaci-
into a hexagonal array of uniform nanopdtesth pore den-  tance<10 !¢ F. In a number of studies, the high lead resis-
sities up to 18 cm~2 and pore diameters down to 4 nm. A tance was achieved by connecting a few tunnel junctions in
variety of nanostructures can be created using AAO temseries®!?
plates by depositing metals, semiconductors, organics, or In this paper we report observation of CB in electro-
their combinations into the pores. chemically fabricated arrays of single tunnel junctions

The tunneling probability through single tunnel junctions formed at the tips of parallel Ni nanowires. The nickel in the
of small enough capacitance and at low enough temperatureggnowires is disordered and, hence, the nanowire resistance
such thatk T<e?/2C, is strongly suppressed Coulombically. is found to be sufficiently high to overcome the aforemen-
The quantum-mechanical theory of this effect, referred to asioned effect of low lead resistance. Additionaly, the stray
Coulomb blockade(CB), was reported by Averin and capacitance was found to be very snfal(3—8)x 10 1" F]
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FIG. 1. (a) Schematic cross-sectional view of an AAO template,
(b) Top-view SEM micrograph of Ni nanowire arrafg) nanowire E
diameter distribution(d) schematic of device indicating sources of o}
stray capacitance. o
)
in our structures. The simple technology described is poten- 1 /
tially applicable to device fabrication. | 15k A 002 000 002 004
A schematic cross-sectional view of the structure of the 1090 Bias Voltage (V)

AAO template is shown in Fig.(&). Nanowire arrays were ™ ™ T 0
fabricated by electrochemically depositing Ni into the paral- 10 107 10 10

lel, 2 um long 12 nm diametetsample No. 1or 2.4 um Bias Voltage (V)

Ipngzasnd ,16 nm dlamete(sgmple No. Zpores of the AAO FIG. 2. (a) Examples of tunneling conductancg\@ spectra,
films™* using ac electrolysis. The fabrication of AAO films ¢\e 1: sample set No. Z=3.5 K, curves 2 and 3: two samples
with varying pore diameters is a well established process.fom the sample set No. I,=1.5 K. (b) Tunneling spectra corre-
The nickel wires are separated from the underlying, bulksponding to curve 3, the deviation from the square-root behavior is
aluminum substrate by a thin aluminum oxide barrier layerclearly observed at 1.5 K. Inset shows the temperature evolution of
whose thickness can be varied reproducibly by varying thehe zero bias dip corresponding to curve 2.

anodizing voltage during the template fabrication step. The

barrier layer thickness, which forms the tunnel junctions washot extrapolate to zero dt=0. Figure Zb) displays the con-
varied in the range 7 to 28 nm while keeping the pore diamductivity measured at 1.5, 12, and 20 K as a log-log plot.
eter and pore density constalithe pore density was con- Two conductivity regimes are observed at 1.5 K. For bias
trolled such that the mean interwire distance was 40)#n. voltages above the voltage indicated by an arrow in Fig) 2
scanning electron microscog&EM) micrograph showing the tunneling conductance is more or less independent of
the top surface of a nickel-bearing AAO film and a typical temperature and dependent on voltageGsV® with «
measured diameter distribution function are also shown in~0.45. Below that voltage the tunneling conductance is ap-
Figs. 1b), 1(c). The full-width at half height of the diameter proximately a linear function of bias, i.e5,~V. At higher
distribution is approximately 16% of the mean diameter. TheemperaturesT>7 K) the square-root voltage dependence
tips of the nickel wires at the end which is not next to theis observed throughout the bias voltage range except at very
barrier layer were first exposed by partially chemically etch-low bias values where the temperature smearing of the Fermi
ing down the AAO matrix, then a silver electrode vapor function likely affects the conductivity.

deposited thereby shorting out the nickel wire array at that The G~V* [Fig. 2(b)] background can be attributed to
end. electron-electron interactions in the disordered metal wires,

Ordinary wire leads were then attached to the Al and Agin accord with Altshuler and Aronot***This sort of behav-
electrodes. The entire device then consists of an aluminurior was previously reported for disordered Al films and
electrode, a thin aluminum oxide barrier layer, the array ofdoped semiconductors:}® The effect originates in the nickel
individual nickel nanowires contained within an aluminum nanowire connected to the tunnel junction resulting in an
oxide matrix and a vapor-deposited silver electrode connectadditional contribution to the tunneling conductivity with ap-
ing all of the nickel nanowires approximately 2—2idm  proximately square-root voltage dependence of the form
above the tunneling barriers. Tunneling conductivity mea-G(eV)=Gy[1+ (eV/A)¥?]. The quantityA is related to the
surements were performed using standard modulation teclilegree of disordé? and is known to depend on bulk resis-
niques. tivity as ~p 2.

A few typical tunneling spectraG(V)=dl/dV, are The resistance of the individual nanowires which act as
shown in Fig. 2a). The curves exhibit clear zero bias dips. effective leads in intimate contact with the tunnel junctions is
The minimum deepens dramatically as the temperature ia key factor in determining whether CB is observable in our
reduced below 5 K, however, the zero-bias conductivity doesystems or not. We determined the individual nano-wire re-
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FIG. 3. Temperature dependence of the zero bias tunneling re- =
sistance for two sets of junction arrays, solid lines are guides to the ° 0.00 . .
eye. 70.00 0.01 0.02 0.03

Bias Voltage (V)
sistance using scanning tunneling microscdpgelding re-
sistivity values~ (2.5—6.7)x 10 * ) cm at 300 K for vari-
ous sets of samples. The quantity was found to be
approximately 0.25 eV at 1.5 K. The resistivity is approxi-

mately two orders of magnitude larger than for bulk poly- . . . . . .
y g 9 poly unit length, respectively, an@; is the junction capacitance.

crystalline Ni, suggesting a highly disordered metBletails o . ) .
of these measurements, carried out in nanowire arrays simY—Vhen these conditions are fulfilled the tunneling probability

lar to those used in the present study, will be reported sepéi génﬁletely suppressedg@m;ﬂz blash.;/olthage r?T‘gb d

rately. The conductivity of nanowires also shows a square= /<~ N a contrasting casié q, While the total lea

root temperature dependence at low temperattijes. resstgnceRoL remains Igrger tha'R.Q‘ In this event, the
Narrow zero-bias anomalies such as those shown in Fig. 3Nneling conductance is substantially but not completely

are hallmarks of CB, however, for this interpretation to beSUPPressed and the Coulomb blockade is dominated by the

invoked several conditions must be fulfilled) For CB to leads. CB o_f the_ second type oceurs n our tunnel_ Junction

be observed in single junctions, the values of junction andT@ys- The junction capacitan€; can be roughly estimated

lead resistances, respectiveR, andR, , must each signifi- as a flat plate capacitance between the bottom of each of the

) J! 1 H —~ 2 —~ —18
cantly exceed the resistance quantBey=h/2e?. The zero- ~Nanowires and the Al substraig~ eeoma“/d~3Xx 10 F,
bias dip is strongly suppressed whea<Ro=12.9 K2, wherea is the nanowire radius ardlis the tunneling barrier

while for lead resistances greater thar0 k2, R, is found thickness. The quantitfzo was determined by direct mea-
to have almost no influence on the ¢BThe total tunneling Surement to be approximately 30 and@/um at 4.2 K for

resistance of our junction array was measured to lie in thdh® 12 nm and the 16 nm diameter samples, respectiVely.
range of 100-500 . Each array consists of at most'¢0 TS Yields a value of the order of Ikfor R;. Hence, the
junctions, hence the total resistance of a single nanowire anl§ds Play an important rofé*Nazarov derived an analyti-
its tunnel junction easily satisfies this condition. The lead®®! €xpression for the first derivative of theztunntzel conduc-
resistance?, which in our case is the resistance of a single!N¢€ s & j‘lJ,gCt'on of bias as followst™l/ gv RoVe
cylindrical nanowire is 19—60Q for the samples studied, as —L4(V/Vc)"] ™ exp(=Vc/aV), where Vc=e"Ry/Cof.

measured by STM(2) The location of the high-resistance IS expression fits our measured results wig. 4) using
leads in immediate contact with the junction is also impor-VC values of 20 and 8.5 mV to fit the data extracted from the

tant for the observation of CE- conductivity measurements performed on the 12 and 16 nm
Our arrays fulfill the above conditions suggestipgma ~ nanowire diameter samples, respectively. The value€ pf

facie that the observed conductivity-voltage behavior is dugd€termined from thes¥. values are given in Table IThe

to Coulomb blockade. The inverse temperature dependend@/Ues obtgllréed are in agreement with published estimates
of the normalized zero-bias resistance is shown in Fig. 3 fofo" Co~10 " F/um (Ref. 8]. Accordingly, a substantial
the arrays based on 12 and 16 nm diameter nanowires. Tt incomplete suppression of tunneling is expected even at
substantially higher zero-bias resistance of the junctions fabl =0 K whenV<Vc¢. _

ricated from the higher-diameter wirgshich have a lower The possible effect of stray capacitances must also be
metallic resistivity(8 vs 30 K/ xm)] and the location of the con5|d_ered. At first glance it m|gh§ seem remarkable that the
saturation point in th&o/R; vs 1/T curves for two sets of capacitanc&€™* between the deposited Ag and the lower alu-
junction arrays, clearly demonstrate the effect of the lead
resistance on CB. The effect of leads on CB in single junc-
tions was considered by Nazarti*® Two different cases
are described by him in where CB could be observed irPamPle
single tunnel j2uncti0ns. In the first case the inequalitiesye, 1 (12 nm 3% 10t 20 6x10°Y7 3x10° Y
V>>hCo/RoCie and R;=CjRy/Co>>Rqy, must hold no. 2(16 nm  8x1C° 8.5 4x<10°Y  gx10Y’
whereC, andR, are the leads capacitance and resistance per

FIG. 4. The second derivatives of the tunneling current(&r
12 nm diameter nanowiregh) 16 nm diameter nanowires. Solid
lines are fits to experimental data measured at 1.3 K.

TABLE I. Nanowire junction parameters.

Ro (/um) Ve (mV) Co (Flum)  Ce (F)
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minum electrode$Fig. 1(d)] does not mask the CB effects. = The effect of the interwire capacitan€®,, [Fig. 1(d)]
A parallel plate capacitor with a surface area of 9 faan  must also be considered. A simple estimateGgy is obtain-
interelectrode spacing of 2m and filled with a material of able by noting that each nanowire is surrounded by six
dielectric constant 4 has a capacitanG&~3x10 't F.  neighbors, a situation which might be modeled as a cylinder
Likewise one might worry about the interwire capacitance inconcentric with the nanowire positioned approximately at the
the array. The effect of both of these sources of stray capaclocation — of ~ the  nearest neighbors, i.e.,Cy,
tance can be shown to contribute insignificantly to the effec=270Xq€€q/In(b/a), with b=40 nm anda=6 nm. This

, : . i i - i - 16
tive capacitance of the device due to the length and pocyi€lds an interwire capacitance of the order of 80" =" F.
conductivity of the nickel nanowires in contact with the tun- However, the coupling between neghboring nanowires can

nel junctions. These attributes effectively localize the elecP® neglected due to the the smallness of the rilidR,

— 104 whi -
tron tunneling event to a region near the junction thus decou- 10 V(‘j’hr']Ch matI?]es the vo_It'gage dr0|c|J_ along tlhe_t\)/;/lres almost
pling it from the upper portions of the nanowire. As a resyltZ€0 and nence the capacilive coupling negligioie.
only the portion of the nanowirgof length 6Xq, say, Fig. _Slngle tunnel junction nanowire arrays were fabrlca_ted
1(d)] whose resistance is Rq Ref. 5 contributes to the ef- using a non“thogrgphw technique whergby NI IS depos!ted
fective capacitance that might influence the CB. This Iengthelectrochemmally in the pores of anodic aluminum oxide
of wire would contribute a capacitan@y= 5XoCo, Where nanqtemplates. T_he tunn_ellng condL_Jctances of these arrays,
C s the capacitance per unit len (ffffabIeQI) O,ieldin studied as a function of bias voltage in the temperature range
COY —3% 10 17pand 8¢ 1OP17 E for thegtwo sets o¥ sampgies 1.3-40 K, displayed zero-bias anomalies whose temperature

eff— i-
studied. These values, together with the measured values 8Fpendence strgngly suggest Coulomb blockade as thg ort
the resistivities per unit lengtkTable ), suggest that the gin. Stray capacitance was shov_vn to affect_the CB n_egllglbly
nanowires will be decoupled from thé tunnel junction at as a result of the high lead resistance which effectively de-
approximately, 0.5 and 1.5um along their lengths for "couples the tunnel junction. The results are in a good agree-

. ment with predictions of Nazard¥for the experimental re-
3\/?:25';’:025 .alngnzd :L’n:efgggg\clﬁﬂ\?e?; '(I)'\rlmzr?!clf?k?;??h(g g]f gime where the device leads affect the details of the CB

fective junction capacitance is determined almost exclusivelf ignificantly.

by the self-capacitance of this lower portion of the nanowire

only is further implied by the observation that the zero-bias We gratefully acknowledge the financial support provided
dip widths and hence the effective capacitances of tunndly NSERC through both Research and Strategic grants. We
junction devices fabricated with barrier thickness in thethank K.K. Likharev, S. Kobayashi, and A.A. Tager for help-
range of 7—28 nm were virtually identical. ful discussions.
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