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Structural and electrical properties of a metallic rough-thin-film system
deposited on liquid substrates
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A rough-thin-film system, deposited on silicone oil drop surfaces by a rf-magnetron sputtering method, has
been fabricated and its structure as wellla¥ characteristics have been studied. A characteristic surface
morphology at the micrometer scale is observed. The anomalous deposition rate, which strongly depends on
the nominal film thickness, can be interpreted under the assumption of the second evaporating and the pen-
etrating effects. We find.«Ry“, with «=0.52+0.06, whereR, and | are the zero power resistance and the
breakdown current, respectively. The importance of the liquid substrates is discussed.
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Metallic thin films can be produced in two different  In this paper, we report the preparation, microstructure,
forms, flat and rough film systems, which differ in both their and nonlinear dd-V characteristics of the metallic rough
structural and their electrical propertits. The nature of the thin films deposited on silicone oil surfaces. We find that,
substrates as well as the deposition method play a significamiuring the deposition process, a percolation structure appears
role in the microstructure and physical properties of the thinfirst. Then the metallic clusters on the oil surface grow
film system$® Therefore, considerable effort has recently gradually and begin to connect each other. Finally a continu-
been expended on investigating the conditions for creatingus rough thin film with a distinct surface morphology
particular microstructures and studying the anomalous physforms. In our experiment, the deposition rate strongly de-
cal phenomen&:® pends on the nominal film thickness, indicating the impor-

Metallic rough thin films, in which only the up surfaces tance of the liquid surface effect. A discussion of the nonlin-
are roughened, are usually produced by the ion bombardmerar dcl-V characteristics and the power-law behavior of the
method, nonequilibrium growth technique, and location-breakdown current is also presented.
dependent deposition rate methotf:® By using rough sub- The samples were fabricated by the rf magnetron sputter-
strates, the bilateral rough films can be fabric&tddhe ex- ing method. A small pure silicone oil drop was dripped on a
perimental results indicate that the crystallinity and surfacepiece of glass. The conductivity of the oil is less than 0
morphology of the rough films are usually much different (Q cm)~! and its vapor pressure is less than 1®a, which
from those of the flat systenis®**For rough thin films with  are good enough for our purpose. The metallic atoms were
lower resistivity, the sheet resistanéeand the current deposited on both the oil drop surfageith diameter¢$=2
satisfy mm) and the other area of the glass at the same time. Since

d, the thickness of the film deposited on the glass surface,
R=Ry+Bgl?, (1) was much bigger than that of the film on the oil surface
d>5000 A) (the explanation will be given belowthen the
ilm on the glass surface was appropriately used as elec-
trodes. The size of each sample wasx2003 mnf. The sput-
tering targets employed were metallic Aburity 99.95%
and Ag (purity 99.99% disks. The target-substrate distance
was 80 mm. The residual gas pressure before sputtering was
about 210 Pa. The films were deposited under Ar gas
pressure of 0.2 Pa and at room temperature. The incident rf
power was 50 W and the typical deposition rate of the films
<Ry “, ) on glass was_0.8 nm/sec. However, the deposition ra_te qf the
films on the oil surfaces could not be measured quantitatively
which was first found in other systerfisstill holds in the  at this stage since it was no longer a constant during the
rough system$?! However, the critical exponent of the  deposition process due to the second evaporating effect and
rough systems is significantly distinct from those of the systhe penetrating effect as welee the interpretation belgw
tems deposited on flat substratés® Therefore,« is gener-  Therefore the nominal thickness of the rough films on the oil
ally considered to be nonuniversal and in fact it cannot besurfaces was characterized by the sheet resistance.
predicted theoretically so far. An interesting observation is that, when the incident rf

where R, and B, are the zero-power resistance and the dc%
third-harmonic coefficient, respectivel§This quadratidR-|
behavior, which is similar to that of the percolation films
deposited on flat substratE'si? is generally interpreted in
terms of heating and melting processes of the hot sfmrts
links) due to the local Joule heatifgAbove the percolation
thresholdp,. , the power-law relation between the breakdown
currentl . and R,
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power P was lower than 30 W, the deposition rate on the
liquid surface is so small that the Ag film cannot be formed
(at least in our deposition time interval, i.e., 50 miAlow-
ever, in the power interval oP=20-30 W, the deposition
rate of the film on the glass substrate is no less than 0.2
nm/sec. This result indicates that the deposition rate on the
oil surface is extremely sensitive to the power We pro-
pose that, in the case of lower incident rf powiee., P<<30

W), the energy of the Ar ions is lower and the main materials
sputtered from the Ag target are independent Ag atoms.
When these atoms strike the liquid surface separately, it is
not very difficult for them to evaporate again or penetrate the
liquid surface. However, if the rf power increases, the energy
of the Ar ions would become so powerful that the percentage
of the Ag atomic clusters in the sputtering products rises. In
this case, the deposition rate would greatly increase because
(1) the second evaporation effect would not be very obvious
due to the interaction between the Ag atoms in the clusters
and(?2) it is more difficult for the atomic clusters to penetrate
the liquid surface since the mean free path of a cluster is
much smaller than that of an independent atom.

Figures 1 and 2 show the scanning electron micrograph
(SEM) photographs of the Ag sample surfaces, in which a
characteristic structure at the micrometer length scale is ob-
served. In Fig. 1, one finds that, when the incident rf power
is fixed (i.e., P=50 W), the deposition rate changes sensi-
tively with the film thickness since the film thickness is not
proportional to the deposition tinte We propose that, at the
early stage of the deposition process, the local temperature of
the oil surface would greatly increase due to the strong strike
between the liquid surface and the deposition atoms. The
high temperature as well as the interaction between the liquid
surface and the independent deposition atoms would obvi-
ously result in both the second evaporating effect and the —
penetrating effect. Thus the deposition rate is small. How- 20 um
ever, as the nominal film thickness increafes, the surface
coverage fractiop increaseg the liquid surface is gradually
covered by the Ag atoms and finally these two effects disap- F!G- 1. SEM photograph of the three Ag rough films deposited
pear. Then the deposition rate increases quickly and arj)_n the silicone oil drop surfaces. The depositing timéa)st=510
proaches the value of the deposition rate on glass surfacesec: (b) =540 sec;(c) t=570 sec.

When the nominal thickness of the film is very small, the
film exhibits the percolation structuf€ig. 1(a)]. If the film  tem and the dc resistance dependence of the current was
thickness increases, a characteristic pattern begins to gromeasured immediately by the two-probe method at room
around each atomic clustgsee Figs. (a) and Xb)]. Finally,  temperature. As shown in Fig. 4, at low currents the samples
a continuous film with a distinct surface morphology formsshow Ohmic behavior; i.eR is a constant. At higher cur-
[see Figs. (c) and 2. Since the thermal expansive coeffi- rents, however, the sheet resistaftmcreases with the cur-
cient of the oil is bigger than that of the metallic Ag film, we rentl, which can be well fitted by Eq1). In Fig. 4, one finds
propose that the anomalous morphology shown in Figs. the third-harmonic coefficienB, Ag=2.51><104 VIA® and
and 2 is related to the expansion and contraction characteB, ,=2.45x10* V/A®. The coefficienB, is very important
istics of both the Ag film and the oil substrate. The dynamicssince it is closely related to both thef IMoise spectrum and
of the metallic atoms on the liquid surface should also makehe breakdown current of the systéit3A detailed descrip-
contributions to the formation of the morphology. The Ag tion of this topic will be published separately. The quadratic
sample mentioned in Fig. 2 was examined by x-ray diffract-nonlinear response, which is similar to those of the other
ometry before the electrical measurement. The x-ray diffracpercolation film system’-*? indicates that the local Joule
tion pattern of the sample shows regular Ag pe@ee Fig. heating effect is still important in the electrical process of the
3), providing evidence that the thicker Ag film deposited onsystem. This result again provides evidence that the film with
the oil substrate still exhibits the polycrystal structure. How-a suitable thickness does exhibit the percolationlike struc-
ever, further study on the crystalline mechanism is stillture. When the current further increases and goes beyond the
needed. breakdown current, (see Fig. 4, the samples undergo a

When the samples with different values of surface coverrandom resistance change in time and finally the resistance
age were prepared, they were removed from the vacuum sybecomes infinite. In other words, as soon as the first discon-
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FIG. 2. SEM photograph of a Ag rough sample, in which a
characteristic pattern at the micrometer length scale is observed. 156 -
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tinuity in dR/dI is measured, various irreversible processes
(such as the link melting, cluster moving, amalgamating, ) 5.0 10.0 15.0 20.0 25.0
etc) take place immediately, which is significantly distinct I (ma)

from those of the other percolation systetisn the resis-

tance span of 18-1¢% Q), the scaling of ; as a function oR, o
FIG. 4. R-1 characteristics of the Ag and Al samples. The ran-

dom resistance fluctuation is observed wheyes beyond,. . Dots

are the experimental data and the solid lines represent the fit
R=Ry+Bgl% (8 1,=27.0 mA, Bga,=2.51x10" V/A3 (b)
1.=14.5 mA,Bg 5 =2.45x10" VIAS,

Ag(111)
is shown in Fig. 5. For the Ag samplelg, <R, “, a=0.52
+0.06, which is smaller than those of the systems on flat
substratedboth the experimental resufr=~1.75 and the
theoretical predictioria~0.85],**>%®indicating the impor-
tance of the liquid-surface effect. Generally, it is believed
that the electrical breakdown process should depend on the
microstructure of the system and the exponesnt is
nonuniversat® The result above supports this proposal.
Ag(200) We propose that _the random resistance flugtugtion de-
Ag(220) scribed in Fig. 4 mainly results from both the liquid sub-
\ A A strates and the microstructure of the samples since other per-
L ! ! colation films do not exhibit such behavibi** At lower
30 40 50 60 70 qurrent, the Iocal' Joule heating eﬁect is the_main contribu-
tion to the electrical process, which results in the phenom-
20 (deg) enon ofdR/dI>01% When the current increases and goes
beyondl., however, a higher current passing through the
FIG. 3. X-ray diffraction pattern of the sample described in Fig. links and clusters would bring about a large increase of the
2. The regular Ag peaks indicate that the sample still exhibits théemperature of the samples. Thus the dynamic viscosity of
polycrystal structure. the liquid substrates decreases and the links in the percola-

Intensity
(arbitrary scale)
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103 rate is strongly related to the film thickness mainly due to the
second evaporating effect and the penetrating effect. A qua-
dratic R-1 behavior is measured and, if the curréngoes
beyond the breakdown currehy, the film resistance fluctu-
Slope = - 0.52 ates randomly. Therefore, we indicate that the physical
mechanism of the electrical breakdown of our samples might
® be quite different from that of the percolation films deposited
on glass substrates. We find tHatcan be well fitted to a
power of R, with the exponentw=0.52+0.06 although in
° our experiment the liquid substrates are used.
The above result presents us with an example that liquid
° surfaces can also be used as film substrates just as the solid
substrate does. We believe that other behaviors of the
Ag samples, such as thefIoise spectrum, localization charac-
- teristics, lattice match, crystalline mechanism, etc., will ex-
hibit many physical phenomena. The results presented in this
10’ el gl NPT paper are important for two reasor{4) they will lead to a
radically different view of substrates since the nature of the
10° 10 102 10° liguid substrate is quite different from that of the solid one,
Ry (0) and (2) it is entirely possible to use the liquid substrates in
the preparations of other film systertmaultilayer films, for
instance. Recently, there has been much interest in the for-
mation and microstructure of corrugated fillis® We be-

. . . . lieve that the liquid surface is a good substrate for corrugated
tion films begin to melt. Then the unstable shift between the, growth. B(?th experiments agnd calculations aimed a% de-

gﬁ;{gﬁ g‘s?s,tgﬁczuﬁjéﬁftis(éaeﬁe;ipla; e, which results in trtlgrmining the microstructure of the films deposited on liquid
9. * substrates are now in progress.

In conclusion, we have described a method for preparing
a metallic rough-thin-film system, in which the liquid sub-  The financial support from the Chinese Natural Science
strates are used. The SEM photographs show that the filnfsoundation(Grant No. 19504003and the Zhejiang Provin-
exhibit the percolation and characteristic structures, whicltial Natural Science Foundation of Chingrant No.
depend on the nominal thickness of the films. The depositiod95021 is gratefully acknowledged.
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FIG. 5. Scaling ofl ; as a function of the Ag film resistanéy,.
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