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Anomalous electrical conductivity of a gold thin film percolation system

Xiang-Ming Tao, Gao-Xiang Ye, Quan-Lin Ye, Jin-Sheng Jin, Yan-Feng Lao, and Zheng-Kuan Jiao
Department of Physics, Zhejiang University, Hangzhou 310028, People’s Republic of China

~Received 9 December 2001; published 10 September 2002!

A gold thin film percolation system, deposited on a glass surface by the vapor deposition method, has been
fabricated. By using the expansive and mobile properties of the silicone oil drop, a characteristic wedge-shaped
film system with a slope of;1025 naturally forms during deposition. The electrical conductivity of the
bandlike film, i.e., the uniform part of the wedge-shaped film with a fixed thickness, is measured with the
four-probe method. It is found that the hopping and tunneling effects of the films are stronger than those of the
other films. The dependence between the dc sheet resistanceR0 and temperatureT shows that the samples
exhibit a negative coefficientdR0 /dT below the temperatureT* . According to our experiment, it is suggested
that all the anomalous behaviors of the system should be related to the characteristic microstructure of the
samples, which results from the immediate quench processes by the oil drop during deposition. The experiment
indicates that the relaxation period of the microstructure of the samples may be longer than 30 min.

DOI: 10.1103/PhysRevB.66.115406 PACS number~s!: 68.90.1g, 73.50.2h, 68.55.Jk
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I. INTRODUCTION

The microstructure of thin films plays a crucial role in
wide variety of physical processes. There is clear evide
that many physical properties of a thin film vary dramatica
as its microstructure changes.1 For instance, rough substrate
can be used to fabricate a bilateral rough film system wit
specific surface morphology, and its electrical transport pr
erties are much different from those of the flat system.
other words, deviations of thin film surfaces/interfaces fro
flatness have a strong influence on their electrical trans
properties, since they induce additional electro
scattering.2–4 In addition, growth methods also strongly in
fluence the conductivity of the films.5 Therefore, it is ex-
pected that the microstructure of films can be well control
or designed in more efficient ways so that the films can
hibit desirable properties.

The microgeometry of a percolation film can be cons
ered as a random resistance network with total sheet re
tanceR, carrying a currentI, made up of elements of resis
tance Ra carrying currenti a . Theoretical analysis on th
random resistor network~RRN! model has yielded the
relation6–8

B5R0
21w , ~1!

whereR0 is the zero-power sheet resistance,w is a critical
exponent, andB is the normalized third-harmonic coefficien
which is related directly to the resistance fluctuation. T
coefficient B0, which equals the value ofB when the fre-
quency of the current, i.e.,v, approaches zero, is obtaine
from the dcR2I relation

R5R01B0I 2. ~2!

It should be noted that the quadraticR2I behavior in Eq.
~2! is interpreted in terms of the rise in the temperature of
hot spots~or links! in films due to the local Joule heatin
while the microstructure of the percolation film remains u
changed in this process.

It has been proved that, ifv→0, the value ofB obtained
by ac measurement will approach the dc valueB0 and, fur-
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thermore, that the critical exponentw is independent of the
frequency v although the coefficientB depend on the
frequency.8,9 Therefore, using Eq.~2! to measure the critica
exponentw is an ideal method for its simplicity and accu
racy.

According to the RRN model,6,7 above the percolation
thresholdpc , the power-law relation between the breakdow
currentI c andR0, is

I c}R0
2g . ~3!

Since the critical exponentg of the rough systems is signifi
cantly distinct from those of the systems deposited on
substrates,g is generally considered to be nonuniversal, a
in fact has not been predicated theoretically so far.6,7

In this paper, we report the preparation and measurem
of the nonlinearR2I behavior of a metallic film percolation
system deposited on glass surfaces by using the expan
and mobile characteristics of silicon oil drops. It is observ
that hopping and tunneling effects in the films are mu
stronger than that of the other film systems. The depende
between the sheet resistanceR0 and temperatureT is mea-
sured and an evident crossover ofdR0 /dT at zero magnetic
filed is observed experimentally.

II. EXPERIMENT

The samples used in this study were prepared by ther
evaporation of 99.999% pure gold at pressure of
31024 Pa. A drop of pure silicone oil~Dow Corning 705
Diffusion Pump Fluid with a vapor pressure below 1028 Pa
at room temperature! with a diameterf52 –4 mm was
dripped on a piece of glass. The oil drop here was used
quench the gold film deposited on the glass surface du
deposition~for details see the following description!. The
substrate, i.e., the piece of glass, was levelly fixed 200 m
above the evaporating filament~tungsten!. The deposition
rate f and the nominal film thicknessd were controlled by a
quartz-crystal thickness monitor which was located just
side the substrate. The deposition ratef for all samples was
0.01 nm/s. The most interesting phenomenon in our exp
ment is that the radius of the oil drop expanded stead
©2002 The American Physical Society06-1
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mainly due to the heating of the filament and the bomba
ment of the deposition atoms, which is the key characteri
of the liquid drop used for our samples~see the details be
low!. After deposition, the sample was removed from t
vacuum chamber. With the four-probe method, the temp
ture dependence ofR0 was then measured and the dc sh
resistanceR of the samples as a function of the dc currenI
was measured at room temperature. The effective size o
samples is 1.530.5 mm2.

III. RESULTS AND DISCUSSION

After the samples were ready, the oil drops on the gl
surfaces as well as the gold films on the oil surfaces w
cleaned with acetone. The schematic view of the gold fi
deposited on the glass surface is shown in Fig. 1. For e
sample, there is a ring-shaped film on the glass surface
inner and outer circles of the ring-shaped film are the ma
of the oil drop before and after the deposition, respectiv
Obviously, there is no film in the area of the inner circ
since it was always covered with the oil during the depo
tion. The thickness of the gold film in the area outside
ring-shaped film should equal the nominal thicknessd de-
tected by the quartz-crystal thickness monitor since it w
always uncovered. With an optic microscope, we found t
the thickness of the ring-shaped gold film on the glass s
face increases linearly from the inner radiusr 1 to the outer
radius r 2 of the ring-shaped film approximately, indicatin
that the oil drop expands and its radiusr increases uniformly
during the deposition. Consequently the slope of the ri
shaped film~or the wedge-shaped film! can be determined a

FIG. 1. ~a! Schematic view of the gold films deposited on t
glass and oil surfaces. The shaped parts are the Au films.
dashed and dotted curves denote the outlines of the oil drop be
and after deposition, respectively.~b! Photograph of the ring-shape
film on a glass surface (2.032.0 cm2). ~c! SEM image taken at the
central area of the ring-shaped film. (2.032.0 mm2).
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u5d/(r 22r 1). The slopeu of our samples is of the order o
;1025 rad.

During the deposition, our thermocouple detected the
cumulated temperature increment on the glass surface
around 0.5 K, and changed with the filament temperature
the deposition time. Therefore, we believe that the expan
phenomenon of the oil drop is mainly resulted from the lo
temperature rise of the oil drop surface during deposit
because of both the thermal radiation from the filament a
the strike by the deposited gold atoms.

According to the experimental observation above,
therefore propose that, during the deposition, when the
drop has been covered with several layers of gold atoms,
volume of the oil drop increases and its surface tension
creases due to the local temperature rise. Then the radr
increases and the expanding oil breaks the connection
tween the gold film on the oil surface and the gold film
the glass surface. Therefore, the gold atomic layer on
glass surface and near the oil drop will be covered gradu
with the oil. This process repeats during the deposition a
finally a metallic wedge-shaped~ring-shaped! film forms, as
shown in Fig. 1. After the gold atomic layer is covered wi
oil during the deposition, the kinetic energy of the gold a
oms will be dissipated and the oil molecules will block th
thermal diffusion of the gold atoms as well. Thus, due
such a quick quenching process, a huge number of def
and a characteristic percolation structure form naturally
the gold film. If the qualitative growth model describe
above is correct, a characteristic microstructure of the sam
is expected and therefore the dc conductivity behavior of
samples should be quite different from those of the other fi
systems.

Figure 1~c! presents the typical scanning electron micr
scope~SEM! image for the ring-shaped film. One finds th
no obvious crystalline structure is observed in Fig. 1~c! at
this length scale, and the ring-shaped film exhibits an ch
acteristic structure. The structure shown in Fig. 1~c! should
be resulted from the quick quenching process~see the de-
scription above! since the gold film outside the ring-shape
film exhibits a very smooth surface morphology at the sa
length scale.

In order to measure theR2I behavior of the sample, the
ring-shaped film on a glass surface was carefully carved
shaped with a small knife along the circumference of
ring-shaped film so that bandlike films of widthb were ob-
tained, as shown in Fig. 2. Our samples were carved from
wedge-shaped~ring-shaped! film with u51025 rad, d
520 nm, andDr 5r 22r 1510.0 mm. Since the thickness o
the gold film on the glass surface increases linearly from
inner radius to the outer radius, the thickness of the band
film can be determined asd8'@d/(r 22r 1)#3(r 2r 1). In
other words, the thickness of the bandlike film can be
lected by choosing the areas at different radii in the rin
shaped film. In our experiment, the width of the bandli
film was very narrow (;0.5 mm), the maximum relative
thickness difference, i.e.,Dd8/d8, in different regions of
each bandlike film in Fig. 3 was less than 10%. In this sen
each band-like film can be viewed as homogenous film
proximately because of small thickness fluctuation.
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The dc current dependence of the resistance of the b
like gold film is plotted in Fig. 3. By varying applied curren
I from 0 to 30 mA, it can be seen in Fig. 3 that the sh
resistance increases gradually with current at low current
tensity and the value of the slope, i.e.,dR/dI is positive. This
R2I behavior can be well fitted by the quadratic relati
@Eq. ~2!#. WhenI equals the crossover currentI m , however,
R reaches its maximum value and then starts to drop quic
with the current, which is quite different from those of th

FIG. 2. Schematic view of the bandlike film carved from t
ring-shaped film.

FIG. 3. R2I characteristics of the bandlike gold film. The tw
insets show theI 2R characteristics of the bandlike film whenI
,I m : up triangles and squares are the experimental data and
solid lines represent the fitR5R01B0I 2. ~a! d859.061.0 nm,
B051.23105 V/A3. ~b! d854.061.0 nm,B055.83108 V/A3.
11540
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other film systems.6–11 On the other hand, in Fig. 3, bothR
anddR/dI behaviors remain almost unchanged after the fi
measurement and furthermore there is approximately no
mark difference between the result measured in air and
in vacuum condition. Therefore, theR2I behavior in Fig. 3
is almost reversible and it should be related to the mic
structure of the film.

In viewing this, we propose that the nonlinearR2I be-
haviors illustrated in Fig. 3 mainly resulted from the chara
teristic microstructure of the films since other film system
do not exhibit such behaviors.6–11 Because of the immediat
quench process of the oil drop, a huge number of defects
a characteristic percolation structure would exist in the fil
Therefore, many weak links, just as various metal-insula
metal ~MIM ! tunneling junctions, are constructed in th
band-like film. When a high current passes through a w
link, the local temperature change is sufficient to excite lo
hopping and breakdown of the MIM tunneling junction. Bo
the hopping and tunnelling effects would reduce the curr
density in the link and therefore the sheet resistance.
higher the current is, the more the amount of the resista
will be reduced. In this sense we ascribe the phenomeno
dR/dI,0 mainly to hopping and tunneling effects.6

We note that the crossover currentI m in Fig. 3~a! is larger
than that in Fig. 3~b!. The present experiment showed that,
the thicknessd8→d, the currentI m increases rapidly and th
film exhibits the quadraticR2I behavior in a very large
current range~see Fig. 4!, which is similar to the phenom
enon observed in other systems.6–11 Obviously, as the thick-
ness of the bandlike gold film increases, more gold ato
can be deposited on the glass surface before the atomic
is covered with the oil drop. Thus the influence on the pro
erties of the bandlike films by the immediate quench proc
should be reduced as the film thickness increases and
nature of the thick bandlike films should be similar to tho
of the normal films on glass surfaces. Therefore theR2I
behavior of the bandlike film near the edge of the rin
shaped film should be close to that of the normal gold fil
deposited on glass surfaces.

A power law of w provides a further evidence that th
local hopping and tunneling effects relate to the microstr

he

FIG. 4. dc currentI vs the resistanceR of bandlike gold film
deposited on a glass surface,d8515.0 nm. Squares are the expe
mental data and the solid line represents the fitR5R01B0I 2, B0

51.13105 V/A3.
6-3



en
o

t

of
o

l
n
e
th
si
th
ir
l
he
th
c

ea

or

e
e
t

pp

er

-
ve
in
f
ti

the
m-
cur-
c-

e
ects
on

and-
e
de-

f-

re-
era-

e-
ce of
ed

ea-
ena

ent

-

ex-
ity
of

her
cal
er,

eve

of
y re-

- -

TAO, YE, YE, JIN, LAO, AND JIAO PHYSICAL REVIEW B66, 115406 ~2002!
ture of the films. It has been proved that the critical expon
w is nonuniversal and closely related to the microstructure
the system.8 Fitting the experimental data in Fig. 3~a! by Eq.
~2! for I ,I m , one findsB051.23105 (V/A3). By using this
method, the coefficientB0 of different samples with differen
sheet resistances are obtained and the scaling law ofB0 as a
function of the sheet resistanceR0 is shown in Fig. 5. Ac-
cording to Eq.~1!, the value of critical exponentw is deter-
mined to be 0.2260.01, which is much smaller than those
the other film systems and the theoretical predictions in tw
dimensional system.8,12–16We propose that the lower critica
exponentw may be resulted from the local hopping and tu
nelling effects of the bandlike films. As motioned abov
both the hopping and tunnelling effects would reduce
current density in the various links and then the sheet re
tance. The higher the current is, the more the amount of
resistance will be reduced, which causes a weaker th
harmonic coefficientB0 @see Eq.~2!#, and hence the critica
exponentw becomes smaller. According to this analysis, t
experimental phenomenon shown in Fig. 5 indicates that
hopping and tunnelling effects in the bandlike films are mu
stronger than those of the flat films. This conclusion is r
sonable since the weak links~or tunneling junctions! in the
bandlike films are much more plentiful than that in the n
mal flat systems due to the immediate quench process.

It is difficult to obtain the power-law relation between th
breakdown currentI c ~Refs. 6 and 7! and the sheet resistanc
R0 of the samples from the curve ofI 2R because the shee
resistance has been reduced due to the anomalous ho
and tunnelling effects forI ,I c . However, theR02I m be-
havior of the bandlike gold films can be measured in exp
ment and plotted in Fig. 6. A power-law behavior

I m}R0
2a ~4!

is observed, and the deduced exponenta for the bandlike
film is about 0.9260.08, which is quite different from the
exponentg.6,7 This result indicates that theI c is not related
to I m intrinsically. In fact, I m is the current when the resis
tanceR reaches its maximum value, which is the crosso
from the local Joule heating effect to hoping and tunnel
effects, andI c is the breakdown current. In the vicinity o
I m , the increment of the resistance due to the Joule hea

FIG. 5. Scaling ofB0 as a function of the bandlike film resis
tanceR0.
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effect is equal to the decrement of the resistance due to
hopping and tunneling effects, i.e., those two effects co
pensate for one another. We believe that the crossover
rent I m on theR2I curve should depend on the microstru
ture of the system and the exponenta is nonuniversal. The
small exponentsw anda can be viewed as evidence of th
existence of a considerable amount of characteristic def
in the bandlike film, resulting from such a special depositi
process.

The temperature dependence of the resistance of the b
like gold films is plotted in Fig. 7. At high temperature, th
resistance decreases monotonically as the temperature
creases, andR can be well described by positive linear coe
ficient. For temperatures just below the temperatureT* , the
sample resistance exhibits a nonmonotonic behavior: the
sistance slowly increases with the decreasing of the temp
ture, anddR0 /dT becomes negative. The resistanceR0 was
found to obey the Arrhenius law

R0~T!5R08exp~2bT!, ~5!

where the prefactorR08 is expected to be temperature ind
pendent. On the other hand, the temperature dependen
the resistanceR0 of the sample is approximately unchang
as the temperature various direction changes during the m
surement. It is noted that similar experimental phenom
was observed in a previous electrical transport measurem
on single-wall carbon nanotubes.17 Therefore, we believe
that the unusualR02T behavior are related to the micro
structure of the films.

The experimental result presented above is really un
pected. The experimental results suggest that the proxim
of the metal-insulator transition is due to the presence
localized states at the Fermi levelEF . However, until now
the question of the origin of such localized states, whet
they are due to the long-range quasiperiodicity or to the lo
structural environment or to some kind of structural disord
has not been fully answered yet.18 A detailed study on this
topic is beyond the scope of this paper. However, we beli
that the characteristicR02T behavior described in Fig. 7
might result mainly from the characteristic microstructure
the samples, since the immediate quenching process ma

FIG. 6. Scaling ofI m as a function of the bandlike film resis
tanceR0.
6-4
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sult in a huge number of defects in the samples and there
the film would exhibit a characteristic percolation structu
for the suitable film thicknessesd8.

Figure 8 shows the dependence between the cross
temperatureT* and the resistanceR0 of the bandlike films.
One finds thatT* is strongly dependent onR0, i.e., T* in-
creases withR0. At the moment, a consistent theory for th
phenomenon is still lacking. However, we propose here
the phenomena should be related to the characteristic de
and disorders in the films, which are strongly dependent
the film thicknessd8. The thinner the film thickness is, th
more amount of the defects will be exist in the film. For thi
bandlike gold films, more gold atoms can be deposited on
glass surface before it is covered with the oil drop. Thus
the thickness of the bandlike film is great enough, the in
ence on the properties of the sample by the immed

FIG. 7. Temperature dependence of the dc sheet resistan
the bandlike gold films, at the measurement currentI 530 mA. ~a!
d859.061.0 nm. The inset shows theR02T characteristic of the
bandlike film whenT,100 K. Dots are the experimental data me
sured as the temperature decreases and the up triangles a
experimental data measured as the temperature increases.~b! d8
54.061.0 nm. The inset shows theR02T characteristic of the
bandlike film whenT,T* . Up triangles are the experimental dat
and the solid line represents the fitR05R08 exp(2bT).
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quench process should be very small so that it could no
detected in our experiment. Therefore, for the thick bandl
films, all the physical properties should be similar to those
the other films deposited on glass surfaces andT* ap-
proaches zero, as shown in Fig. 8. Considering the sm
deposition rate and the film thickness of the samples, Fig
implies that the relaxation period of the microstructure of t
film may be longer than 30 min.

IV. CONCLUSION

In summary, we have fabricated a wedge-shaped gold
film system with a slope of;1025 and a characteristic per
colation structure by a vapor deposition method. The imm
diate quench process by the oil drop is the main rea
which results in the characteristic microstructure. TheI 2R
characteristics of the bandlike films have been studied. B
the anomalousR2I behavior and the small exponentsw and
a indicate that the bandlike films contain a huge number
characteristic defects due to the special deposition proces
crossover of the coefficientdR0 /dT is observed fromR0
2T measurements for the bandlike films. The crossover te
peratureT* is found to be dependent on the film resistan
It is proposed that those anomalous behaviors should
closely related to the quench process by the oil drop dur
deposition. Furthermore, it is proved that the relaxation
riod of the microstructure of the samples may be longer th
30 min.
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