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Size effects in the electrical resistivity of polycrystalline nanowires
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~Received 12 November 1999!

Grain-boundary and surface scattering are known to increase the electrical resistivity of thin metallic films
and wires. The length scale at which these produce appreciable effects is of the order of the electronic mean
free path. For the well-studied case of thin films, both mechanisms can, in principle, be used to explain the
observed thickness dependence on resistivity. In order to evaluate which of these mechanisms is more relevant,
we have carried out an experimental study of the width dependence of the resistivity of narrow thin-film
polycrystalline gold wires~nanowires!, and computed the expected behavior on the basis of both surface and
grain-boundary scattering mechanisms independently. We find that the resistivity increases as wire width
decreases in a manner which is dependent on the mean grain size and cannot be explained adequately by either
model alone. We propose a modification to the well-known model of Mayadas and Shatzkes, incorporating the
variation of mean grain size on wire dimensions.
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I. INTRODUCTION

The scale of interconnects used in the semiconductor
dustry is continually shrinking towards dimensions comp
rable with the electronic mean free path. The electrical tra
port properties of larger wires~in the diffusive transport
regime! are well established, the resistance~V! following the
simple relationshipV5r l /A, wherer is the resistivity, and
l and A are the sample length and cross-sectional area
spectively. Much smaller wires~in the ballistic transport re-
gime!, having dimensions comparable with the Fermi wav
length (lF), exhibit discrete resistance values, given byV
}1/Int@A/lF

2 #, showing a stepwise variation with size. Th
is due to the confinement of the electronic wave functions
the surfaces. Transport at this scale is well described u
the highly successful Landauer-Bu¨ttiker formalism.1

The intermediate region, where a wire has dimensions
the order of the mean free path is, however, a less w
studied area and is where we turn our attention to in
article. Extensive research has been carried out on exte
thin films where only one dimension is confined, and
draw on the same tools used to study those systems in o
to understand the effect of an extra degree of confinemen
the form of a wire.

The measurement of size and surface-related resist
effects in conductors has been an area of considerable i
est for the past several decades.2–5 It is well known that the
electrical resistivity of thin metallic films increases once t
film thickness decreases below the bulk electronic mean
path. Initial work by Fuchs and Sondheimer2,3 ~FS theory!
attributed this effect to diffuse scattering at the film boun
aries, which essentially imposes a restriction on the m
free path, as shown in Fig. 1. As the resistivity is invers
proportional to the mean free path, the resistivity con
quently increases. Their analysis consisted of solving
Boltzmann transport equation subject to the condition tha
the film surfaces, a proportion of the electron distributi
function is independent of direction~diffuse scattering!.
They found reasonable agreement with experimental res
PRB 610163-1829/2000/61~20!/14215~4!/$15.00
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for thin Al and Sn films. Their work was extended to the ca
of wires of square,6 circular,7 and finally arbitrary8 cross sec-
tion, with confinement now in two directions.

A simpler and more flexible approach due to Chambe8

and based on using kinetic-theory arguments rather t
solving the Boltzmann equation explicitly is the approach
take here. In the context of this type of analysis, the o
unknown parameter isp, the proportion of electrons that ar
specularly reflected at the film surfaces. For several deca
the standard procedure has been to fit experimental data
ing p as the variable parameter. This has resulted in a var
of values forp, some of which are nonintuitive. Towards th
end of the 1960s, significant departures from the FS the
were found.9 The situation was partially resolved by theore
ical work done by Mayadas and Shatzkes10,11 ~MS theory!,
who attributed the enhanced resistivity of thin films to gra
boundary scattering superimposed on the smaller Fuchs
effect. The key to their work lay in the observation that up
film thicknesses of the order 1mm, the mean film grain di-
ameter is approximately equal to the film thickness, due
the growth mode of thin films. Consequently, as one g

FIG. 1. Illustration of difference between specular and diffu
surface scattering. An incoming electron (e2) strikes the metal sur-
face and for specular reflection, the component of momentum a
the applied field~indicated by E and the arrow! is conserved,
whereas for diffuse reflection, it is not and the reflected electron
a random direction of momentum, thus reducing the net curr
flow.
14 215 ©2000 The American Physical Society
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towards thinner films, the mean grain size decreases, lea
to the presence of more grain boundaries and hence a
crease in resistivity. In their analysis, the resistivity due
grain-boundary scattering is found to greatly exceed that
to surface scattering. The matter of grain-boundary ver
surface scattering remains somewhat unresolved, howe
as both the MS and FS theories can actually provide a
sonable fit to experimental data for a variety of cases.10,11

Clearly some more exhaustive test is required to distingu
between these two models. The main parameters of the
theory arep and the electron reflection coefficientR, which
is the mean probability for an electron to be reflected b
grain boundary. Gold is known to exhibit a high degree
specular reflection from its bare surfaces. From data fits
the MS theory, one can inferR;0.15 for Al, and values
measured by scanning tunneling microscopy~STM! potenti-
ometry forR for single grain boundaries in Au yieldR from
0.4 to as high as 0.9.12 We have previously reported a valu
of 0.9 for a single grain boundary in gold.13 One can estimate
R quite readily by assuming that the grain boundary
equivalent to a missing row of atoms, and consequently
electronic barrier height is reduced significantly below t
vacuum level due to the image potential, as illustrated in F
2. Using the WKB method15 we obtain a value ofR50.85
for gold at the Fermi level.

II. RESULTS

In order to evaluate which model is more appropriate,
have fabricated a series of Au wires of thickness 20 n
width ranging from 15 to 80 nm, and length 500 nm, a
measured the resistivity from four-terminal resistance m
surements. The wires were prepared by a process invol
both optical and electron-beam lithography. A Si substr
with a well-defined oxide layer of 18.7 nm thickness is sp
coated with AZ 5214 photoresist, which is then exposed
ultraviolet light through a chromium~Cr! mask, using a
proximity aligner at a gap of 1mm. After development, a
1-nm Cr seed layer followed by a 20-nm Au layer is th
evaporated onto the sample and the nondeveloped a
lifted off, leaving the large patterns for connection to ext
nal testing equipment. This sample is then spin-coated wi
layer of low- and then high-molecular-weight poly-meth
methacrylate~PMMA!, and the nanowire plus several of th
interconnects are patterned by electron-beam lithograp
After development, gold is evaporated onto the sample to
nm thickness at a base pressure of 1026 mbar following
deposition of a 1-nm-thick Cr seed layer, and a final lift-o

FIG. 2. Illustration of origin of grain-boundary scattering. Th
circles represent atoms, and the grain boundary consists of a s
row of missing atoms. The electric potential is shown above a
solid curve, and the dotted curve shows what the barrier would
like without the image potential.
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process leaves the wire plus interconnects behind on the
strate. The interconnects are bonded with Al wires for co
nection to external testing equipment. After bonding and
fore testing, the wires were annealed at 350 °C for 12 h
reduce the background impurity scattering from defects
impurities.16 Figure 3 shows a scanning electron microsco
~SEM! image of a 45-nm wide wire to illustrate the geomet
used. The four-terminal resistance was measured usin
computer controlled Keithley 2400 source/meter. Due to
unfavorable effects of Joule heating and electromigrati
induced failure13,14 in such narrow wires, we always kept th
current below 50mA during testing. For each size of wire
the resistivity of at least four wires was measured and av
aged. The deviation was typically60.5 mV cm ~of the order
7–8 %!. All of the measurements were performed at roo
temperature, so electron-phonon scattering will contribute
the background resistance.

A plot of the measured resistivity as a function of the w
width is shown in Fig. 4~open triangles!, from which we can
see that the resistivity starts to increase once the wire w
decreases below about 45–50 nm. Both electron microsc
and scanning tunneling microscopy revealed that the m
grain size in our films after annealing was of the order
nm. Although we had previously reported that there was
size dependence on resistivity,13,14 in those cases there ha
been no anneal and the mean grain size was of the orde
nm. Our data from these wires is included in Fig. 4~filled
circles!. Thus the experimental observations requiring an
planation are~a! the width dependence on the resistivity
narrow wires and~b! the dependence on the mean grain si

gle
a
e

FIG. 3. Electron micrograph of a 45-nm-wide, 20-nm-thic
500-nm-long gold nanowire showing the current input~I! and volt-
age measurement (V) points.

FIG. 4. Measured dependence of resistivity on wire width fo
mean grain size of 20 nm~filled circles! and 40 nm~triangles!.
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III. DISCUSSION

Assuming that the surface scattering~FS term! and grain-
boundary scattering~MS term! terms can be described b
relaxation timestFS and tMS, we can estimate the overa
resistivity simply by calculating both terms separately a
combining using Mathiessen’s rule such that the total re
tivity is described by a combined relaxation time,t
5(1/tFS11/tMS)21. The effect of background scatterin
must then be considered separately, because in the pres
of background and surface/grain-boundary scatter
Mathiessen’s rule is not satisfied. As we are only interes
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in the relative importance of surface and grain-bound
scattering, this is of little consequence to our analysis.

Following the approach of Chambers8 we have calculated
the surface-scattering component of resistivity for a wire
rectangular cross section. In our analysis, the electronic m
free path isl, the proportion of electrons specularly reflect
from the surface isp, the wire width and thickness arew and
h, respectively, the mean grain diameter isD50, and the
grain-boundary reflection coefficient isR. Insofar as a mean
free path for polycrystalline films can be defined,17 it is of
the order 40 nm for gold.18 We obtain for the size-dependen
component of resistivity
r0

r
5

3

4phw E
2h/2

h/2

dyE
2w/2

w/2

dxE
2p1arctan~w/h!

arctan~2w/h!

dwE
0

p

sin~u!cos2~u!F 12~12p!

expS 2
w

2l cos~u!cos~f! D
12p expS w

22l cos~u!cos~f! D G du

1
3

4phw E
2h/2

h/2

dyE
2w/2

w/2

dxE
arctan~2w/h!

arctan~w/h!

dwE
0

p

sin~u!cos2~u!F 12~12p!

expS 2
h

2l cos~u!cos~f! D
12p expS h

22l cos~u!cos~f! D G du,

~1!
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wherer0 is the bulk resistivity value.
We have numerically evaluated this and the result is p

ted in Fig. 5 using a value forp of 0.5 ~Au has a high degree
of specular reflection5! and a film thickness of 20 nm. Th
extra degree of confinement in a wire essentially adds
offset onto the resistivity above that expected for just o
degree of confinement~extended thin film!. The calculation
clearly shows that the resistivity should only start increas
significantly once the wire width decreases below 25 nm
odds with our experimental observation. Even if we assu
l570 nm, we calculate that the resistivity will start increa
ing at a wire width of about 50 nm, but will then increa
much more rapidly than experimentally observed. Con
quently, using the FS model alone, we cannot explain

FIG. 5. Calculated dependence of resistivity on wire wid
~solid curve! based on Fuchs-Sondheimer surface scatter
Mayadas-Shatzkes grain-boundary scattering incorporating
grain size distribution modification~dashed curve!, and the combi-
nation of both terms calculated using Matheissen’s rule~dotted
curve!. The points are the measured values from Fig. 4.
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width or the grain-size dependence of the resistivity, so
must now turn to the MS model.

From the MS model, the grain-boundary component
resistivity is given by

r0

r
53F1

3
2

a

2
1a21a3 lnS 11

1

a D G , ~2!

where

a5
l

D50

R

12R
.

In the absence of any dependence of the mean grain siz
the wire width, the MS component will be a constant, and
combined resistivity will be dominated by the FS comp
nent. The grain size distribution in polycrystalline thin film
is known to follow a log-normal distribution.19 Equation~2!
is arrived at by assuming a Gaussian distribution of gr
sizes for mathematical simplicity. We propose to modify E
~2! to account for the variation in mean film grain size as
function of the linewidth. The rigorous approach would be
incorporate this distribution in the original Boltzmann equ
tion and then find a solution to it, but our aim is only to ma
a first-order correction to the MS theory in order to expla
the observed trends. As the mean grain size follows a sim
log-normal distribution, we can analytically estimate the
fective grain size distribution as a function of the linewidt
The average distance between grain boundaries is given

g,
he
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Deff5

p

4
*w

` f ~D !D
D2w

w
dD

*w
` f ~D !

D2w

w
dD

,

where

f ~D !5
1

sDA2p
expH 2F 1

&s
lnS D

D50
D G 2J . ~3!

Here, s is the log-normal standard deviation of the gra
diameters. From the distribution of grain sizes as measu
by STM, we find that it can be fitted to a log-normal dist
bution, with a value fors of 0.2, reflecting the narrow dis
tribution of grain sizes in our films. From Eq.~3!, we calcu-
late that on average the mean distance between g
boundaries (Deff) actually decreases as the wire width~w!
decreases, in the range 0.5D50,w,1.3D50, reaching pla-
teaux above and below those limits. Therefore the MS the
doespredict a size dependence on resistivity for polycrys
line thin film wires. Experimentally we find from an analys
of grain sizes~from atomic force microscopy data! that the
apparent grain size does indeed decrease with decrea
wire width.

In Fig. 5, we plot the resistivity calculated in this way fo
a mean film grain size of 40 nm, assumingR50.9. The
resistivity reaches a plateau at a wire width of about 60
or 1.5D50 as thereafter, the wire becomes polycrystalli
rather than bamboolike, and the average distance betw
grain boundaries will just beD50. We see that this modified
MS theory predicts the resistivity should start increasing
ed

in

ry
l-

ing

en
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preciably below a wire width of about 50 nm, in good agre
ment with our data, and should level off below a width
about 30 nm. For the case of a mean grain size of 20 nm,
model predicts that the resistivity should only start incre
ing at a wire width of about 25 nm, in agreement with o
results which showed no width dependence for wires in
size range 25–60 nm. As both scattering mechanisms
occurring simultaneously, to obtain the overall resistivity, w
should combine both the FS and modified MS terms us
Mathiessen’s rule. This is shown as the dotted curve in F
5. We see that the combination of both terms produce
width dependence which is in good agreement with our d
for the following parameters:l540 nm, D50540 nm, s
50.2, p50.5, andR50.9. This leads us to the following
conclusions regarding polycrystalline wires with dimensio
comparable to the electronic mean-free path: First, when
wire width is comparable to the mean film grain size, gra
boundary scattering is the dominant source of increased
sistivity. Second, when the wire width is below approx
mately 0.5 times the mean film grain size, surface scatte
becomes important, approaching the same order of ma
tude as grain-boundary scattering as the width decrease

CONCLUSION

We have carried out a study of the width dependence
the resistivity of narrow thin-film polycrystalline gold wires
and computed the expected behavior on the basis of b
surface and grain-boundary scattering mechanisms inde
dently. We find that the experimental results can be
plained by a combination of both mechanisms if we inclu
the variation of the effective mean grain size on wire wid
R
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