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Anomalous electrical conductivity of a gold thin film percolation system
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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~10"° 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 resisignaed temperaturd shows that the samples
exhibit a negative coefficietR,/d T below the temperatur€*. 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.
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[. INTRODUCTION thermore, that the critical exponewtis independent of the
frequency o although the coefficienB depend on the
The microstructure of thin films plays a crucial role in a frequency>® Therefore, using Eq2) to measure the critical
wide variety of physical processes. There is clear evidencexponentw is an ideal method for its simplicity and accu-
that many physical properties of a thin film vary dramatically racy.
as its microstructure chang&&or instance, rough substrates ~ According to the RRN modél/ above the percolation
can be used to fabricate a bilateral rough film system with ahresholdp., the power-law relation between the breakdown
specific surface morphology, and its electrical transport propeurrentl . andRy, is
erties are much different from those of the flat system. In
other words, deviations of thin film surfaces/interfaces from lc*Ry 7. 3

flatness have a strong influence on their electrical ranspoice the critical exponent of the rough systems is signifi-
properties, ~since ‘they induce additional electroniccanyy gistinct from those of the systems deposited on flat
scattering™ In addition, growth methods also strongly in- substratesy is generally considered to be nonuniversal, and

fluencde ;he ﬁond_uctlwty of theff;!:ﬁs]’ heregore, Illt IS ex-" Jn fact has not been predicated theoretically sdfar.
pected that the microstructure of films can be well controlled |, i naper, we report the preparation and measurements

ﬁfbdejlgneilln more efficient ways so that the films can exq¢ e nonlineaR—1 behavior of a metallic film percolation

' 1IEh esirable propert|esf. lation fil b id system deposited on glass surfaces by using the expansive

e microgeometry of a percolation film can be consid-, 4 mopile characteristics of silicon oil drops. It is observed
ered as a random resistance network with total sheet resig hopping and tunneling effects in the films are much
tanceR, carrying a current, made up of elements of resis- gy qer than that of the other film systems. The dependence
tanceR, carrying currenti,, . Theoretical analy3|s on the between the sheet resistarRg and temperatur@ is mea-
raln(:pr:%_gesstor networkRRN) model has yielded the ;e and an evident crossoverdiR,/d T at zero magnetic
relatio filed is observed experimentally.
B=RZ"W, 1
0 @ IIl. EXPERIMENT

whereR, is the_ zero-power _sheet _resistanmei_s a crit?c_al Th | d'in th q d by th |
exponent, and is the normalized third-harmonic coefficient, € sampies use mg Is study were prepared by therma
which is related directly to the resistance fluctuation. TheevngIiE'O”A‘g 99-?995 p_:J.re 90"_3[)3" gressurem(g S
coefficientB,, which equals the value d8 when the fre- <10 " Pa. rop or pure silicone ofLow Lorning
quency of the current, i.ew, approaches zero, is obtained Piffusion Pump Fluid with a vapor pressure below fPa

from the dcR—1 relation at room temperatujewith a diameter¢=2-4 mm was
dripped on a piece of glass. The oil drop here was used to
R=Ry+ Bl?. (2)  quench the gold film deposited on the glass surface during

deposition(for details see the following descriptipnThe

It should be noted that the quadraRe-1 behavior in Eq.  substrate, i.e., the piece of glass, was levelly fixed 200 mm
(2) is interpreted in terms of the rise in the temperature of theabove the evaporating filameftungsten. The deposition
hot spots(or links) in films due to the local Joule heating ratef and the nominal film thickness were controlled by a
while the microstructure of the percolation film remains un-quartz-crystal thickness monitor which was located just be-
changed in this process. side the substrate. The deposition rafer all samples was

It has been proved that, #6—0, the value oB obtained 0.01 nm/s. The most interesting phenomenon in our experi-
by ac measurement will approach the dc vaBgeand, fur-  ment is that the radius of the oil drop expanded steadily
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2r, 0=d/(r,—r4). The sloped of our samples is of the order of
oil ~1075 rad.

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

According to the experimental observation above, we
therefore propose that, during the deposition, when the oil
drop has been covered with several layers of gold atoms, the
volume of the oil drop increases and its surface tension de-
creases due to the local temperature rise. Then the radius
increases and the expanding oil breaks the connection be-
tween the gold film on the oil surface and the gold film on
the glass surface. Therefore, the gold atomic layer on the

®) © glass surface and near the oil drop will be covered gradually
with the oil. This process repeats during the deposition and

FIG. 1. (a) Schematic view of the gold films deposited on the finally a metallic wedge-shapedng-shapeglfilm forms, as
glass and oil surfaces. The shaped parts are the Au films. Thehown in Fig. 1. After the gold atomic layer is covered with
dashed and dotted curves denote the outlines of the oil drop beforil during the deposition, the kinetic energy of the gold at-
and after deposition, respectivell) Photograph of the ring-shaped oms will be dissipated and the oil molecules will block the
film on a glass surface (2:02.0 cnf). () SEM image taken atthe thermal diffusion of the gold atoms as well. Thus, due to
central area of the ring-shaped film. (2.0 um?). such a quick guenching process, a huge number of defects
and a characteristic percolation structure form naturally in

mainly due to the heating of the filament and the bombardthe gold film. If the qualitative growth model described
ment of the deposition atoms, which is the key characteristi@P0OVe is correct, a characteristic microstructure of the sample
of the liquid drop used for our samplésee the details be- 1S expected and therefore the dc conductivity behavior of the
low). After deposition, the sample was removed from theS@mples should be quite different from those of the other film
vacuum chamber. With the four-probe method, the temperaSyStems. _ . .

ture dependence @&, was then measured and the dc sheet Figure Xc) presents the typical scanning electron micro-
resistanceR of the samples as a function of the dc current SCOPE(SEM) image for the ring-shaped film. One finds that

was measured at room temperature. The effective size of afl0 Obvious crystalline structure is observed in Fir) lat
samples is 1.50.5 mnf. this length scale, and the ring-shaped film exhibits an char-

acteristic structure. The structure shown in Fi¢c) Ishould
be resulted from the quick quenching procésse the de-
scription abovg since the gold film outside the ring-shaped
film exhibits a very smooth surface morphology at the same
After the samples were ready, the oil drops on the glas$ength scale.
surfaces as well as the gold films on the oil surfaces were In order to measure thR—1 behavior of the sample, the
cleaned with acetone. The schematic view of the gold filmring-shaped film on a glass surface was carefully carved and
deposited on the glass surface is shown in Fig. 1. For eacthaped with a small knife along the circumference of the
sample, there is a ring-shaped film on the glass surface: théng-shaped film so that bandlike films of widthwere ob-
inner and outer circles of the ring-shaped film are the markgained, as shown in Fig. 2. Our samples were carved from the
of the oil drop before and after the deposition, respectivelywedge-shaped(ring-shapey film with 6=10"°rad, d
Obviously, there is no film in the area of the inner circle, =20 nm, andAr=r,—r;=10.0 mm. Since the thickness of
since it was always covered with the oil during the deposithe gold film on the glass surface increases linearly from the
tion. The thickness of the gold film in the area outside theinner radius to the outer radius, the thickness of the bandlike
ring-shaped film should equal the nominal thicknesde-  film can be determined ad’'~[d/(r,—ry)]X(r—rq). In
tected by the quartz-crystal thickness monitor since it wa®ther words, the thickness of the bandlike film can be se-
always uncovered. With an optic microscope, we found thatected by choosing the areas at different radii in the ring-
the thickness of the ring-shaped gold film on the glass surshaped film. In our experiment, the width of the bandlike
face increases linearly from the inner radiysto the outer film was very narrow 0.5 mm), the maximum relative
radiusr, of the ring-shaped film approximately, indicating thickness difference, i.eAd’/d’, in different regions of
that the oil drop expands and its radiusicreases uniformly each bandlike film in Fig. 3 was less than 10%. In this sense,
during the deposition. Consequently the slope of the ringeach band-like film can be viewed as homogenous film ap-
shaped film(or the wedge-shaped filncan be determined as proximately because of small thickness fluctuation.

wedge-shaped <

_—

film

IIl. RESULTS AND DISCUSSION
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FIG. 2. Schematic view of the bandlike film carved from the K(mA)

ring-shaped film.

FIG. 4. dc current vs the resistanc® of bandlike gold film
geposited on a glass surfack,=15.0 nm. Squares are the experi-
ental data and the solid line represents th&RfitR,+ Bol?2, By
1.1 10° VIAS.

The dc current dependence of the resistance of the ban
like gold film is plotted in Fig. 3. By varying applied current T
| from O to 30 mA, it can be seen in Fig. 3 that the sheet™
resistance increases gradually with current at low current ingther film system&:* On the other hand, in Fig. 3, bofR

tensity and the value of the slope, i.@R/dl is positive. This  anddR/dI behaviors remain almost unchanged after the first
R—1 behavior can be well fitted by the quadratic relation measurement and furthermore there is approximately no re-
[Ed. (2)]. Whenl equals the crossover current, however,  mark difference between the result measured in air and that
Rreaches its maximum value and then starts to drop quicklyy vacuum condition. Therefore, tiR—1 behavior in Fig. 3
with the current, which is quite different from those of the js aimost reversible and it should be related to the micro-
structure of the film.

In viewing this, we propose that the nonlingar-1 be-

640+ (a) G180 B 12 % 10° v/A® haviors illustrated in Fig. 3 mainly resulted from the charac-
teristic microstructure of the films since other film systems
600 - Y, Goes do not exhibit such behaviofs* Because of the immediate
5601 * oso quench process of the o!l drop, a huge number_ of_defectg and
a : [ a characteristic percolat!on structure wquld exist |n.the film.
¥ 50r I(mA) Therefore, many weak links, just as various metal-insulator-
metal (MIM) tunneling junctions, are constructed in the
480 Sasy band-like film. When a high current passes through a weak
aap | e st measuement of the fim **%zixf.x.x link, the local temperature change is sufficient to excite local
X the second measuement ofthe film i hopping and breakdown of the MIM tunneling junction. Both
o 4 3 12 16 2 the hopping and tunnelling effects would reduce the current
ImA) density in the link and therefore the sheet resistance. The

higher the current is, the more the amount of the resistance
will be reduced. In this sense we ascribe the phenomenon of

dR/dI<0 mainly to hopping and tunneling effeés.

10000 _(b) 'ﬂ*\ 10800} B,=58x10°V /A’ We note that the crossover currdptin Fig. 3(a) is larger
than that in Fig. &). The present experiment showed that, as
the thicknessl’ —d, the current , increases rapidly and the

& 7500 - film exhibits the quadratilR—1 behavior in a very large
= 4 current ranggsee Fig. 4, which is similar to the phenom-
& so00f ‘ enon observed in other systefid! Obviously, as the thick-
ness of the bandlike gold film increases, more gold atoms
2500 1 can be deposited on the glass surface before the atomic layer
s i - is covered with the oil drop. Thus the influence on the prop-
Gl . v . L erties of the bandlike films by the immediate quench process

0.0 0.5 1.0 15 2.0 2.5 3.0 should be reduced as the film thickness increases and the
I (mA) nature of the thick bandlike films should be similar to those
of the normal films on glass surfaces. Therefore el

FIG. 3. R—1 characteristics of the bandlike gold film. The two behavior of the bandlike film near the edge of the ring-
insets show thd —R characteristics of the bandlike film whén  shaped film should be close to that of the normal gold films
<ln: up triangles and squares are the experimental data and thdeposited on glass surfaces.
solid lines represent the fiR=Ry+Byl2. (a) d’=9.0+1.0 nm, A power law of w provides a further evidence that the
By=1.2x10° V/A3. (b) d'=4.0+1.0 nm,B,=5.8x 10° V/AS. local hopping and tunneling effects relate to the microstruc-
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FIG. 5. Scaling ofBy as a function of the bandlike film resis-

FIG. 6. Scaling ofl,, as a function of the bandlike film resis-
tanceR,.

tanceRy.

ffect is equal to the decrement of the resistance due to the
opping and tunneling effects, i.e., those two effects com-
pensate for one another. We believe that the crossover cur-
rentl,,, on theR—1I curve should depend on the microstruc-
ture of the system and the exponenis nonuniversal. The
small exponentsv and « can be viewed as evidence of the

. - ; existence of a considerable amount of characteristic defects
cording to Eq.(1), the value of critical exponent is deter- i, yhe pandiike film, resulting from such a special deposition
mined to be 0.22 0.01, which is much smaller than those of process.

the other film systems and the theoretical predictions in two- 11,4 temperature dependence of the resistance of the band-
. . 12—-1 ..
dimensional systerh:*™*"We propose that the lower critical jie goiq fiims is plotted in Fig. 7. At high temperature, the

exponentv may be resulted from the local hopping and tun-egisiance decreases monotonically as the temperature de-

nelling effects of the bandlike films. As motioned above, oreases, ang can be well described by positive linear coef-
both the hopping and tunnelling effects would reduce th§jgient For temperatures just below the temperafiife the
current density in the various links and then the sheet resiss, )16 resistance exhibits a nonmonotonic behavior: the re-
tance. The higher the current is, the more the amount of thgjqiance slowly increases with the decreasing of the tempera-

resistance will be reduced, which causes a weaker thirdfure anddR,/dT becomes negative. The resistamigwas
harmonic coefficienB, [see Eq.(2)], and hence the critical foun’d to obey the Arrhenius law '

exponentw becomes smaller. According to this analysis, the
experimental phenomenon shown in Fig. 5 indicates that the
hopping and tunnelling effects in the bandlike films are much

stronger t_han those of th? flat films. Th'S. conplu3|_on IS €33 here the prefactoR,’ is expected to be temperature inde-
sonable since the weak linKsr tunneling junctionsin the

S ) . pendent. On the other hand, the temperature dependence of
bar;ofl:lkte f'ITS aredmu;:ht[]nore pleg_tlf':JI than tT]at in the N0 ihe resistanc®, of the sample is approximately unchanged
mal i isa di?‘?iuelmg ogteair? thg pl)r(;]vrvneer-lfwerglua?ir;% bF()erts\;:eeeSnS.the as the temperature various direction changes during the mea-

. surement. It is noted that similar experimental phenomena
E{reaﬁiﬁ wn currleritcf (Refts;]. 6 and YgfrlthT)e sheet rtisstﬁnc? was observed in a previous electrical transport measurement
o Of the samples Irom the curve ecause ihe sheet ,, single-wall carbon nanotub&sTherefore, we believe
resistance has been reduced due to the anomalous hopp@,g11t the unusuaR.— T behavior are related to the micro-
and tunnelling effects fot<I,. However, theRy—I,, be- structure of the fiI?ns

havior of the bandlike gold films can be measured in experi- The experimental result presented above is really unex-

ment and plotted in Fig. 6. A power-law behavior pected. The experimental results suggest that the proximity
| <R5 ® (4) of thg metal-insulator transij[ion is due to the presence of
localized states at the Fermi levEéf. However, until now
is observed, and the deduced exponentor the bandlike the question of the origin of such localized states, whether
film is about 0.92-0.08, which is quite different from the they are due to the long-range quasiperiodicity or to the local
exponenty.®” This result indicates that the is not related  structural environment or to some kind of structural disorder,
to |, intrinsically. In fact,|, is the current when the resis- has not been fully answered y&tA detailed study on this
tanceR reaches its maximum value, which is the crossovettopic is beyond the scope of this paper. However, we believe
from the local Joule heating effect to hoping and tunnelingthat the characteristi®,—T behavior described in Fig. 7
effects, andl . is the breakdown current. In the vicinity of might result mainly from the characteristic microstructure of
I, the increment of the resistance due to the Joule heatinthe samples, since the immediate quenching process may re-

w is nonuniversal and closely related to the microstructure o
the systend.Fitting the experimental data in Fig(8 by Eq.

(2) for 1<l ,, one findsBy,=1.2x 10° (V/A®). By using this
method, the coefficierB, of different samples with different
sheet resistances are obtained and the scaling |&8y af a
function of the sheet resistan&® is shown in Fig. 5. Ac-

ture of the films. It has been proved that the critical exponent

Ro(T)=Ro"exp(—BT), ®)
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— ¢ )1 WO A%:“‘R" BCHTY FIG. 8. Crossover temperatufé vs the dc sheet resistanig
ety & wn - of bandlike films deposited on glass surfaces.
< L

7000 - T s .
~ L\ 2 i quench process should be very small so that it could not be
9/}0 6000 L 160 200 240 detected in our experiment. Therefore, for the thick bandlike
F N T(K) films, all the physical properties should be similar to those of

2000 ¢ i the other films deposited on glass surfaces arfd ap-

4000 - proaches zero, as shown in Fig. 8. Considering the small

deposition rate and the film thickness of the samples, Fig. 8

140160 1801 200 220 240 260 280300 implies that the relaxation period of the microstructure of the
T(K) film may be longer than 30 min.

FIG. 7. Temperature dependence of the dc sheet resistance of
the bandlike gold films, at the measurement curien80 mA. (a)
d’=9.0=1.0 nm. The inset shows tHe,— T characteristic of the In summary, we have fabricated a wedge-shaped gold thin
bandlike film whenT<100 K. Dots are the experimental data mea- fijm system with a slope of-10"° and a characteristic per-
sured as the temperature decreases and the up triangles are #lation structure by a vapor deposition method. The imme-
experimental data measured as the temperature incre@ges. diate quench process by the oil drop is the main reason
=4.021.0 nm. The inset shows thB,—T characteristic of the —\yhich results in the characteristic microstructure. TheR
bandlike film whenT<T*. Up triangles are the experimental data, oharacteristics of the bandlike films have been studied. Both
and the solid line represents the &= R, exp(~4T). the anomalou®— | behavior and the small exponenisand

sult in a huge number of defects in the samples and therefork indicate that the bandlike films contain a huge number of

. o L . Eharacteristic defects due to the special deposition process. A
the film would exhibit a characteristic percolation structure i :
. . . crossover of the coefficierdR,/dT is observed fromR,
for the suitable film thicknesses .

. —T measurements for the bandlike films. The crossover tem-
Figure 8 shows the dependence between the crossover . , .
ratureT* is found to be dependent on the film resistance.

! L e
temperatureT* and the resistancR, of the bandlike films. per .
One finds thaf™* is strongly dependent oRy, i.e., T* in- It is proposed that those anomalous behaviors should be

creases withR,. At the moment, a consistent theory for this closely related to the quench process by the oil drop during

henomenon is still lacking. However. we probose here th eposition. Furthermore, it is proved that the relaxation pe-
P 9- ' propose n iod of the microstructure of the samples may be longer than
the phenomena should be related to the characteristic defe '

. . . : min.

and disorders in the films, which are strongly dependent on
the film thicknesdd’. The thinner the film thickness is, the
more amount of the defects will be exist in the film. For thick
bandlike gold films, more gold atoms can be deposited on the This research was supported by the National Natural Sci-
glass surface before it is covered with the oil drop. Thus ifence Foundation of Chin&Grant No. 10174063and the
the thickness of the bandlike film is great enough, the influ-Special Foundation for Young Scientists of Zhejiang Prov-
ence on the properties of the sample by the immediaténce in China(Grant No. 1997-RC96Q3

IV. CONCLUSION
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