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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 well asI -V 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 findI c}R0

2a , with a50.5260.06, whereR0 and I c are the zero power resistance and the
breakdown current, respectively. The importance of the liquid substrates is discussed.
@S0163-1829~96!03544-8#

Metallic thin films can be produced in two different
forms, flat and rough film systems, which differ in both their
structural and their electrical properties.1–7 The nature of the
substrates as well as the deposition method play a significant
role in the microstructure and physical properties of the thin-
film systems.6,8 Therefore, considerable effort has recently
been expended on investigating the conditions for creating
particular microstructures and studying the anomalous physi-
cal phenomena.4–8

Metallic rough thin films, in which only the up surfaces
are roughened, are usually produced by the ion bombardment
method, nonequilibrium growth technique, and location-
dependent deposition rate method.7,9,10By using rough sub-
strates, the bilateral rough films can be fabricated.6 The ex-
perimental results indicate that the crystallinity and surface
morphology of the rough films are usually much different
from those of the flat systems.6–8,11For rough thin films with
lower resistivity, the sheet resistanceR and the currentI
satisfy

R5R01B0I
2, ~1!

whereR0 andB0 are the zero-power resistance and the dc
third-harmonic coefficient, respectively.12 This quadraticR-I
behavior, which is similar to that of the percolation films
deposited on flat substrates,11,12 is generally interpreted in
terms of heating and melting processes of the hot spots~or
links! due to the local Joule heating.12 Above the percolation
thresholdpc , the power-law relation between the breakdown
currentI c andR0,

I c}R0
2a, ~2!

which was first found in other systems,13 still holds in the
rough systems.14 However, the critical exponenta of the
rough systems is significantly distinct from those of the sys-
tems deposited on flat substrates.13–16Therefore,a is gener-
ally considered to be nonuniversal and in fact it cannot be
predicted theoretically so far.13

In this paper, we report the preparation, microstructure,
and nonlinear dcI -V characteristics of the metallic rough
thin films deposited on silicone oil surfaces. We find that,
during the deposition process, a percolation structure appears
first. Then the metallic clusters on the oil surface grow
gradually and begin to connect each other. Finally a continu-
ous rough thin film with a distinct surface morphology
forms. In our experiment, the deposition rate strongly de-
pends on the nominal film thickness, indicating the impor-
tance of the liquid surface effect. A discussion of the nonlin-
ear dcI -V characteristics and the power-law behavior of the
breakdown current is also presented.

The samples were fabricated by the rf magnetron sputter-
ing method. A small pure silicone oil drop was dripped on a
piece of glass. The conductivity of the oil is less than 10210

~V cm!21 and its vapor pressure is less than 1026 Pa, which
are good enough for our purpose. The metallic atoms were
deposited on both the oil drop surface~with diameterf52
mm! and the other area of the glass at the same time. Since
d, the thickness of the film deposited on the glass surface,
was much bigger than that of the film on the oil surface
~d.5000 Å! ~the explanation will be given below!, then the
film on the glass surface was appropriately used as elec-
trodes. The size of each sample was 2.030.3 mm2. The sput-
tering targets employed were metallic Al~purity 99.95%!
and Ag ~purity 99.99%! disks. The target-substrate distance
was 80 mm. The residual gas pressure before sputtering was
about 231024 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
on glass was 0.8 nm/sec. However, the deposition rate of the
films on the oil surfaces could not be measured quantitatively
at this stage since it was no longer a constant during the
deposition process due to the second evaporating effect and
the penetrating effect as well~see the interpretation below!.
Therefore the nominal thickness of the rough films on the oil
surfaces was characterized by the sheet resistance.

An interesting observation is that, when the incident rf
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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 min!. How-
ever, in the power interval ofP520–30 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 powerP. We pro-
pose that, in the case of lower incident rf power~i.e.,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., P550 W!, the deposition rate changes sensi-
tively with the film thickness since the film thickness is not
proportional to the deposition timet. 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-
ever, as the nominal film thickness increases~i.e., the surface
coverage fractionp increases!, the liquid surface is gradually
covered by the Ag atoms and finally these two effects disap-
pear. Then the deposition rate increases quickly and ap-
proaches the value of the deposition rate on glass surfaces.

When the nominal thickness of the film is very small, the
film exhibits the percolation structure@Fig. 1~a!#. If the film
thickness increases, a characteristic pattern begins to grow
around each atomic cluster@see Figs. 1~a! and 1~b!#. Finally,
a continuous film with a distinct surface morphology forms
@see Figs. 1~c! and 2#. Since the thermal expansive coeffi-
cient of the oil is bigger than that of the metallic Ag film, we
propose that the anomalous morphology shown in Figs. 1
and 2 is related to the expansion and contraction character-
istics of both the Ag film and the oil substrate. The dynamics
of the metallic atoms on the liquid surface should also make
contributions to the formation of the morphology. The Ag
sample mentioned in Fig. 2 was examined by x-ray diffract-
ometry before the electrical measurement. The x-ray diffrac-
tion pattern of the sample shows regular Ag peaks~see Fig.
3!, providing evidence that the thicker Ag film deposited on
the oil substrate still exhibits the polycrystal structure. How-
ever, further study on the crystalline mechanism is still
needed.

When the samples with different values of surface cover-
age were prepared, they were removed from the vacuum sys-

tem and the dc resistance dependence of the current was
measured immediately by the two-probe method at room
temperature. As shown in Fig. 4, at low currents the samples
show Ohmic behavior; i.e.,R is a constant. At higher cur-
rents, however, the sheet resistanceR increases with the cur-
rentI , which can be well fitted by Eq.~1!. In Fig. 4, one finds
the third-harmonic coefficientB0 Ag52.513104 V/A3 and
B0 Al52.453104 V/A3. The coefficientB0 is very important
since it is closely related to both the 1/f noise spectrum and
the breakdown current of the system.11,13A detailed descrip-
tion of this topic will be published separately. The quadratic
nonlinear response, which is similar to those of the other
percolation film systems,11,12 indicates that the local Joule
heating effect is still important in the electrical process of the
system. This result again provides evidence that the film with
a suitable thickness does exhibit the percolationlike struc-
ture. When the current further increases and goes beyond the
breakdown currentI c ~see Fig. 4!, the samples undergo a
random resistance change in time and finally the resistance
becomes infinite. In other words, as soon as the first discon-

FIG. 1. SEM photograph of the three Ag rough films deposited
on the silicone oil drop surfaces. The depositing time is~a! t5510
sec;~b! t5540 sec;~c! t5570 sec.

54 14 755STRUCTURAL AND ELECTRICAL PROPERTIES OFA . . .



tinuity in dR/dI is measured, various irreversible processes
~such as the link melting, cluster moving, amalgamating,
etc.! take place immediately, which is significantly distinct
from those of the other percolation systems.13 In the resis-
tance span of 100–102 V, the scaling ofI c as a function ofR0

is shown in Fig. 5. For the Ag samples,I c}R0
2a, a50.52

60.06, which is smaller than those of the systems on flat
substrates@both the experimental result~a'1.75! and the
theoretical prediction~a'0.85!#,13,15,16indicating 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 exponenta is
nonuniversal.13 The result above supports this proposal.

We propose that the random resistance fluctuation de-
scribed in Fig. 4 mainly results from both the liquid sub-
strates and the microstructure of the samples since other per-
colation films do not exhibit such behavior.13,14 At lower
current, the local Joule heating effect is the main contribu-
tion to the electrical process, which results in the phenom-
enon ofdR/dI.0.13 When the current increases and goes
beyond I c , however, a higher current passing through the
links and clusters would bring about a large increase of the
temperature of the samples. Thus the dynamic viscosity of
the liquid substrates decreases and the links in the percola-

FIG. 2. SEM photograph of a Ag rough sample, in which a
characteristic pattern at the micrometer length scale is observed.

FIG. 3. X-ray diffraction pattern of the sample described in Fig.
2. The regular Ag peaks indicate that the sample still exhibits the
polycrystal structure.

FIG. 4. R-I characteristics of the Ag and Al samples. The ran-
dom resistance fluctuation is observed whenI goes beyondI c . Dots
are the experimental data and the solid lines represent the fit
R5R01B0I

2. ~a! I c527.0 mA, B0 Ag52.513104 V/A3; ~b!
I c514.5 mA,B0 Al52.453104 V/A3.
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tion films begin to melt. Then the unstable shift between the
clusters and the substrates takes place, which results in the
random resistance fluctuation~see Fig. 4!.

In conclusion, we have described a method for preparing
a metallic rough-thin-film system, in which the liquid sub-
strates are used. The SEM photographs show that the films
exhibit the percolation and characteristic structures, which
depend on the nominal thickness of the films. The deposition

rate is strongly related to the film thickness mainly due to the
second evaporating effect and the penetrating effect. A qua-
dratic R-I behavior is measured and, if the currentI goes
beyond the breakdown currentI c , the film resistance fluctu-
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 thatI c can be well fitted to a
power ofR0 with the exponenta50.5260.06 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
samples, such as the 1/f noise spectrum, localization charac-
teristics, lattice match, crystalline mechanism, etc., will ex-
hibit many physical phenomena. The results presented in this
paper are important for two reasons:~1! they will lead to a
radically different view of substrates since the nature of the
liquid substrate is quite different from that of the solid one,
and ~2! it is entirely possible to use the liquid substrates in
the preparations of other film systems~multilayer films, for
instance!. Recently, there has been much interest in the for-
mation and microstructure of corrugated films.17,18 We be-
lieve that the liquid surface is a good substrate for corrugated
film growth. Both experiments and calculations aimed at de-
termining the microstructure of the films deposited on liquid
substrates are now in progress.
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FIG. 5. Scaling ofI c as a function of the Ag film resistanceR0.
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