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We present a topographical study of the formation of thin films of gold on muscovite mica. The characterization
of the samples was done with scanning tunneling microscopy, atomic force microscopy as well as electric
measurements. We performed our study on two groups of samples: first group of samples, evaporated at room
temperature for thickness ranging from 1.5 up to 97 nm; second group of samples, for two different thicknesses
of 3 nm and 50 nmevaporated at different substrate temperatures, between 110 and 530 K. The goldfilms show
a Volmer–Weber growth. The complete films are obtained from samples with a nominal thickness of 8 nm
deposited. The average grain diameter is constant, with nominal thicknesses of 18.5 nm, up to 8 nm and
increases with the thickness for higher deposition. The average grain diameter is similar regardless of the
temperature of the substrate for samples of 3 nm thickness, but changes for samples of 50 nm thickness.
The resistivity is inversely dependent on nominal thickness and the mean free path is lineally dependent
on nominal thickness.

© 2013 Elsevier B.V. All rights reserved.
1. Introduction

Polycrystalline ultrathin metal films have a huge importance in
several fields of the materials science and nanotechnology [1]. In
particular, the study of properties of thin metal film deposit onto
insulated surfaces is very interesting for the development of electronic,
magnetic and optical devices [2–4]. These properties are closely related
to themicrostructural characteristics offilms such as crystalline structure,
grain size, surface topography, etc. By changing any of these features is
possible to adjust their properties, for example: electronic, magnetic
and optical properties. In order to adjust the morphology of films, it is
necessary to understand the mechanisms of formation of thin films and
how these are influenced by the deposition conditions.

From the advent of the experimental techniques to create and
characterize the surfaces the metallic thin films were explored a lot.
Specially, gold thin films have been studied from the middle of the
century [5,6], because it is easy to prepare by different deposition
techniques, such as sputtering [7–13], resistive heating [3,4,14,15] or
electron beam [6,16]. The resulting polycrystalline films are oriented,
principally, in the [111] direction, over different substrates, crystalline
[12,14,16] or amorphous [7,8]. Also, an ultra high vacuum system is
not required for these studies, in fact somemorphological characteriza-
tions are run in air [14], and also ex situ annealing can be performed in
air [15]. In the nineties due to the easy preparation of the clean surfaces,
the gold films were used to anchor organic molecules and self-
assembled monolayers [17]. Nowadays, the focus moved to ultrathin
.
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gold island films. This is duemainly to the applications of these systems
in plasmonic devices [3,4], where the preparation of the high quality
thin films, prior to the thermal induction of the nanoislands, is very
important. Also, due to its simplicity, this kind offilms gives the possibility
to study the charge transport [13,14]. The charge transport coefficients of
the films are critically dependent on their morphology and their
preparation, thereby providing information on those properties.

This paper presents a study on how themorphology of ultra thin and
thin gold films evaporated onto mica at room temperature changes in
function of their thickness (1.5 to 100 nm). Additionally, the effect of
substrate temperature (110 to 540 K) was studied for two different
thicknesses (3 and 50 nm). The morphology of the resulting films was
characterized with atomic force microscopy (AFM) and scanning
tunneling microscopy (STM). The electrical properties at 4 K were
proved to depend on the film thickness.
2. Experimental details

Gold films of high purity (99.9999%) were deposited on freshly
exfoliatedMuscovitemica by physicalmethod using a resistively heated
tungsten basket. Themica shows a surface roughness 0.3 nm over areas
of 1 × 1 μm2. A quartz balance located close to the sample monitored
the thickness of the deposited film. Depositions were performed in a
high vacuum system (10−4 Pa) and the evaporation rate used was
1.2 nm/min.While relatively low for this technique, such anevaporation
rate allows a rearrangement of the atoms forming grains on the substrate
[15]. Two series of samples were prepared. A first group consists of films
of different thicknesses up to 100 nm keeping the substrate at room
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Fig. 1. Topographic image of thin gold films deposited at RT, for different thickness:
(a) 1.5 nm, (b) 3.0 nm, (c) 6.0 nm, (d) 8.0 nm, (e) 17 nm, (f) 33 nm, (g) 50 nm
and (h) 97 nm. The (a), (b) and (c) images were acquired by AFM. The remaining
images, by STM. Area images of 250 nm × 250 nm.

Table 1
Morphological characterization of the samples for thickness 1.5, 3 and 6 nm, evaporated at
room temperature. The morphological parameters represent the diameter d and its
deviation Δ, island height h and covered area a.

t [nm] d [nm] Δ [nm] h [nm] a [%]

1.5 18.5 3.8 6.4 24
3 18.1 2.7 6.8 49
6 19.1 6.1 10.5 61
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temperature. The other group consists on films with thicknesses of 3 and
50 nm ranging the substrate temperature between 110 K and 540 K.

The substrate temperature during evaporation was adjusted by a
homemade sample holder system, which was in thermal contact with
a liquid nitrogen tank, for low temperature, and an electric oven, for
high temperature [18]. The substrate temperature was monitored
with a T-type thermocouple throughout the process.

The morphology of the gold film was characterized by scanning
probe microscopy (SPM) at room temperature (RT). The SPM1 from
Omicron operating in air was used. In the case of the non-conductive
film the AFM contact mode was used, while for the conductive films
the STM was used. The images were processed with a linear plane fit
in order to remove the tilt before the statistical analysis with WSxM
[19]. The average grain diameter was obtained by using the ImageJ
software. This software was used to outline the grain perimeter, and
then the diameter was estimated by assuming a circular surface which
subtends the same area [14,20,21]. The statistical analysis was
performed over 500 grains per sample, to ensure that such distribution
is representative of the film observed [22].

Sampleswere placed in a copper block inserted in a superconducting
magnet built by Janis Research Co. (Wilmington, MA, USA). The sample
temperature was maintained at 4.2 ± 0.1 K. Transport measurements
were performed using the 4-point method. The samples were fed a
current of 0.5 mA and 210 Hz, voltage signals were acquired using
computer controlled 830's LIA built by Stanford Research [18].

3. Results and discussion

A series of topographic images, obtained by SPM, of the gold films
deposited at RT are shown in Fig. 1, for thicknesses ranging from
1.5 nm up to 97 nm. From the morphological characterization it is
observed that the substrate is not completely coated up to 8 nm. Two
stages are identified: (i) the substrate area recovered is lower than
70% and we mainly observe nucleation of islands, Fig. 1(a–c); and (ii)
the area recovered is 100% andwemainly observe coalescence of grains,
Fig. 1(d–h).

The gold deposited in the initial stage is organized in worm-like
structures, without any preferential orientation. These structures
are conformed by grains of approximately the same size, that ones
are easily distinguished from the atomically flat mica [23]. For each
thickness the grains were measured, characterizing its diameter
and height, as well as the area coated, and the values are reported
in Table 1. The results show how the coated area increases with the
thickness deposited, while the grain size is constant. Such behavior
implies that the growth dynamic favors the formation of grains to
coat instead of the coarsening. The average height of the grain is
h = 6.4 nm at t = 1.5 nm; this value is not modified by increasing
the thickness, for example h = 6.8 nm at t = 3.0 nm. For thicker
samples this behavior changes, for example at t = 6 nm the height
is strongly increased, h = 10.5 nm, this value is consistent with the
lower increment of the covered area, only 12% respect to t = 3.0 nm.

In the second stage, from 8 nm thick, the substrate is completely
coated, Fig. 1(d). Ruffino et al. reported the same observation for a
nominal thickness of approximately 28 nm [10,11], deposited by
sputtering. We believe that this discrepancy is due to the different
deposition techniques.

From t = 8 nm up to 97 nm we can observe the evolution of the
grain size diameter, Fig. 1(d–g). This dependence is different for
amorphous substrates [8,9]. From Tables 2 and 3, a different behavior
of the mean grain diameter is observed, once gold covers complete
the substrate.

From those series of images Volmer–Weber growth mode or 3D
island formation [24] was evidenced, the diameter and height of the
nanoislandswere constantwith the thickness, and in the range of thick-
ness up to the continuous films is formed; in this stage the deposited
material is nucleated forming structures over the percolation. For the
lower coverage studied the nucleation stage is not observed, the
deposited material coalesce forming worm-like structures. Similar
structures were reported in Au onto amorphous Si3N4 [6], Pd films
onto hexagonal SiC [9], Au films onto TiO2(110) [25] and In film
onto SiO2 [26]. The formation of such structures was explained
from the interrupted coalescence model [26]. But we obtain the
dynamic scaling exponent, the graph is included in Fig. 2(a). In our
case, the best fit of the experimental data give us a value z = 2.06;
such value suggests the resistive evaporation of gold onto mica at
room temperature and is in accordance with the nonequilibrium
and nonconservative system. In the evolution of the gold grain the
lateral growth is favored over the vertical growth. The covered area



Table 2
Morphological and electrical characterizations of the samples from 8 up to 97 nm on
thickness, evaporated at room temperature. The morphological parameters represent
the diameter d, its deviation Δ, and island height h. The electrical parameters are the
resistivity ρ and the mean free path L.

t [nm] d [nm] Δ [nm] ρ (4 K) [nΩ m] L(4 K) [nm]

8 10.7 3.0 70.9 11.8
17 15.3 8.4 42.1 19.9
33 18.6 6.8 28.0 29.8
50 23.7 6.9 14.5 57.7
97 38.0 13.7 6.65 125

Fig. 2. (a) Diameter of the gold grains as a function of the film thickness in a log–log plot,
the dotted line is the fit for z = 2.08. (b) Evolution of the covered area by the films as a
function of the film thickness, the dotted line is the fit for n = 1.06.
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was analyzed and included in Fig. 2(b), and the estimated Avrami
factor was n = 1.06.

In order to determine the influence of the temperature in the
grain formation, we fabricated two series of samples at different
substrate temperatures: one for thickness that doesn't recover the
substrate (3 nm) and the other that recover completely the substrate
(50 nm). A series of topographical images, obtained by AFM contact
mode, are shown in Fig. 3. They correspond to gold thin films of 3 nm
thickness at different substrate temperatures during the evaporation:
(a) 110 K, (b) 180 K, (c) 300 K and (d) 540 K. These samples show a
uniformed coating and an agglomeration grains inworm-like structures
for temperatures over RT, Fig. 3(b–d). Note that the samples deposited
at temperatures below room temperature can be post-annealed by
performing the AFM measurements at RT showing a slightly different
topography [27]. The values of average grain diameter with their stan-
dard deviation, and the height characteristic at different temperatures
are shown in Table 3. In contrast to the expected behavior, namely
an inverse dependence of the characteristic height of the grains on the
substrate temperature, the average grain diameter is similar for all
samples.

This behavior can be understood based on a simple geometric
model. We can assume that varying the substrate temperature does
not change the volume of the grains; it might, nevertheless, change
the contact area between the grain and the substrate. By increasing
the substrate temperature a deformation occurs at the grain from ellip-
soidal at truncated ellipsoidal. If the volume is considered approximately
constant, then those would be a decrease in the height characteristic
of 25% [16], and from our experimental results it is estimated at 28%
reduction for extreme temperatures [21].

The values of the average grain diameterwith their standarddeviation
along with the height characteristic at different temperatures in the
50 nm thick samples, are shown in Table 2. As in the samples 3 nm
thick, the samples deposited at low temperatures can be annealed by
measuring at RT. However, for this thickness, a different mean grain
diameter appears in the samples deposited at temperatures below RT.
This change for different substrate temperatures has been reported
previously on goldfilms 50 nmthick onmica for substrate temperatures
between 100 and 450 K [14]. These observations confirm that the
formationof thefilmexhibits a different behavior before and after coating
the substrate completely.

In the samples where the film covers completely the substrate, the
resistivity was measured. The resistivity values appear in Table 2 and
Table 3
Morphological characterization of the samples for two different thickness t, 3.0 nm and
50 nm, evaporated at different substrate temperatures. The morphological parameters
represent the island height h, diameter d and its deviation Δ.

Substrate temperature [K] t ≈ 3 nm t ≈ 50 nm

h [nm] d [nm] Δ [nm] d [nm] Δ [nm]

100–110 8.1 17.2 3.8 12.0 4.8
180 8.0 18.1 3.7 28.5 14.1
300 6.8 18.1 2.7 23.7 6.9
530–540 5.9 17.8 3.7 108 54.0
are represented in Fig. 4(a). The line in the graph is added as eye
guideline. To understand the electrical characterization, using the
Drude's model, we obtained the mean free path L of electrons for
each sample at 4 K [28,29]. From this model, the resistivity is defined
by ρ ¼ m

nq2τ; where m, n, q and τ are the mass, density, charge and
scattering time of the electrons, respectively. The L was obtained
from L = τ vF, where vF is the Fermi velocity. The values of L(4 K)
appear in Table 2, and are represented in Fig. 4(b). The results
show a linear relation between L(4 K) and the thickness.

At 4 K, the phonons are frozen out, and then the resistivity at this
temperature is controlled by the structural defects of the samples. So,
these values allow complement of the structural characterization. Due
to the resistivity and the grain size which are linearly dependent on
thickness, we can establish a linear dependence between the resistivity
0.00

(c) (d)

Fig. 3. Topographic image of thin goldfilms 3 nm thick, for different substrate temperatures:
(a) 110 K, (b) 180 K, (c) 300 K and (d) 540 K. Area images of 1000 × 1000 μm2 at
Fn = 0.5 nN.

image of Fig.�3


Fig. 4. Thickness dependence of (a) resistivity and (b) mean free path at 4 K.
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and the grain size. From this point of viewwe infer that other scattering
mechanisms, such as defects, are not introduced on the thin films as
their thickness is increased.
4. Conclusions

The growth and formation of polycrystalline gold films onto mica
were studied and the Volmer–Weber growth was observed. Initially
the main grain diameter is constant up to 6 nm, when the substrate
is not fully covered. In a second stage, the main grain diameter is
linearly dependent on nominal thickness, at RT, from 8 nm. From
this thickness upward the substrate is fully covered and the film is
electrically continuous also. The resistivity is inversely dependent
on nominal thickness and the mean free path is linearly dependent
on nominal thickness.
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