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The electrical transport mechanism of non-percolated copper ultrathin films was studied. For this purpose,
resistance behavior was measured during sample growth, aging in vacuum and oxidation in air, and contrasted
with a model based on tunnel current and on film’s morphology. In addition, the electrical characterization of

g?cli)g:trion chromium and gold ultrathin films was performed and compared with that obtained for copper. All films were
Chromium grown on muscovite mica through thermal evaporation under high vacuum conditions. Electrical character-

Tunnel current ization throughout films’ growth, aging and oxidation was performed in situ and in real time. Finally, to address

Gold the transport mechanism of non-percolated oxidized copper films, samples were put into a cryostat in which
electrical resistance was measured changing the temperature between 35 and 300 K. It was found that the three
materials present an almost constant resistance decay during growth. This resistance decrease was studied for
copper films by fitting a tunnel transport model which considered islands’ distance as a function of film thick-
ness, indicating a resistance reduction given by coalescing islands. During aging, the resistance of copper and
gold ultrathin films increases without reaching a saturation value after 30 min, with a behavior independent of
the material or the initial resistance. The theoretical model applied to copper film resistance explains the
increment by further formation of 3D structures, mainly conducted by atom diffusion on the substrate. Finally, a
change in the resistance behavior is observed during the oxidation of copper ultrathin films, electrical transport is
mediated by two mechanisms a semi-conductor type, resembling that of oxidized chromium layers, and a tunnel
conduction type, observed in gold films. The first mechanism dominates when temperature is above 200 K, while
tunneling is the main process for temperatures below 150 K.

Introduction

The miniaturization imposed by current information technology has
brought the characteristic dimensions of electrical conductors to sizes
lower than 10 nm [1-3]. To describe the physics of transport, in these
confined conducting channels, additional mechanisms contributing to
the electrical resistance must be considered, besides those regularly
included in the description of thin films or wires [2,4-6]. These new
effects are observed in conductors close to the condition of electrical
percolation in 2D structures.

The thickness at which a film reaches electrical percolation depends
on its growth mode. In the early stages of Volmer-Weber growth (or 3D
growth) of a metallic thin film over an insulating substrate, material is
deposited forming small separated structures (similar to islands). As
more material arrives, islands grow and coalesce into larger structures.
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Once a continuous electrical path is established through the structure
the percolation is reached. From the electrical resistance viewpoint, the
range where percolation is reached is between ~10%and ~10* Q [7,8],
mainly controlled by tunnel current [3,9,10]. Even when this limit is
reached, the effect of tunnel current is still evident in the conduction’s
temperature dependence, where a metallic behavior is not yet observed,
namely the resistance of the metal does not increase linearly with
temperature [3,8,11] in this regime.

Systems in the vicinity of the percolation, also present a morphology
with a high relation area-volume. Thus, the behavior of their electrical
resistance is highly sensible to changes in their surface, which make
them good candidates for sensors applications. For example, the mea-
surement of electrical resistance of a non-percolated gold film has been
proposed as sensor of nanoclusters coverage [10]; resistance increase in
a bundle of carbon nanotubes decorated with nanoparticles are used as
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gas sensors for NOy, NHs, HoS [12], Hy, and CoHs [13]; conductivity of a
polyacrylonitrile and carbon black complex shows an high sensitivity to
the presence of NO and CO gases [14]; and the electrical response of
silica nanospring mat coated with a thin zinc oxide layer has been
proposed to detect ammonium nitrate vapor [15]. In all these systems,
the percolation of the different components strongly impacts in their
detection ability.

On the other hand, one of most used materials in the semiconductor
industry to transport electrical current, is copper [1,16,17]. This fact
increases the relevance of new experimental and theoretical data,
regarding electrical transport in nanometric scale structures. Copper
presents a 3D growth mode on most substrates [8], therefore its resis-
tance behavior regarding electrical percolation does follow the model
described above. However, there are fewer reports compared to other
materials, as gold for example, due to its high chemical reactivity in air,
which complicates finding correlations between in situ and ex situ
characterizations. Regarding the oxidation process, it is known that
copper exposed to air in ambient condition is oxidized producing mainly
cuprous oxide (CupO) during the first few hours, followed later by the
appearance of cupric oxide (CuO) [18-21]. Whereas, the former one is a
semiconductor with a bandgap of 2.0 eV, the last one presents a lower
bandgap, in the range of 1.21-1.51 eV [19]. Although the effect of the
oxidation on copper’s electrical transport has been studied and modeled
extensively [22-24], its impact on ultrathin films before percolation has
not been considered in detail.

This work is an experimental study of the evolution of the electrical
resistance of copper ultra-thin films, before percolation is achieved. The
resistance change was determined in situ and in real time during the
film’s growth, considering both aging in vacuum and oxidation in air.
For comparison purposes, these experiments were also performed on
gold and chromium films. The resistance behavior of the copper films
during growth and aging was described with a theoretical model based
on tunnel current between nanoscale structures and material distribu-
tion on the surface. To identify the conduction mechanisms of the
oxidized thin films, resistance vs temperature measurements were
performed.

Materials and methods

Copper (99.9999% purity, Alfa Aesar), gold (99.999% purity, Alfa
Aesar) and chromium (99.994% purity, MaTeck) were thermally evap-
orated from tungsten baskets in a High Vacuum System (Turbomolecular
and diaphragm pump). The substrate was muscovite mica (SPI, V-1
grade). The effective thickness “t” and deposition rate were measured
with quartz microbalances (Inficon, XTM/2), previously calibrated
through ellipsometry (homemade with Thorlabs components).

During the evaporation process, the pressure was kept at ~1x10~*
Pa. Once the sample fabrication was finished, it was kept under vacuum
conditions for 30 to 45 min. During this time, the aging process, pressure
decreased to ~5x107° Pa. Finally, the films oxidation was induced in
two steps. First air was admitted, through an inlet valve increasing the
pressure from ~1x10~* to ~1x10° Pa, in steps of one order of
magnitude every three minutes approximately. After this stage, the
valve was completely open, and the vacuum system reached ambient
pressure. These oxidation steps were labeled as “low pressure oxidation”
and “high pressure oxidation”, respectively.

Before evaporation the mica pieces were cleaved and placed into a
Sputtering System (Quorum, Q150T ES Plus), where two gold contacts
(separated by 4 mm) were deposited to perform the electrical
characterization.

All electrical characterizations were performed through the mea-
surement of the sample resistance (computer-controlled picoammeter
Keithley 6487). DC currents were applied in alternate directions for 5 s
each time in order to minimize temperature induced voltages differ-
ences. These measurements were performed in situ during films’ growth,
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aging and oxidation.

Electrical resistance as a function of temperature was measured ex
situ. For this analysis, films were removed from the evaporation system
and inserted into a cryostat (Air Products), changing the temperature
between 35 and 300 K, with thermalization times of 20 min for each
collected value. The mean resistance during the last two minutes was
reported as the value associated to that temperature. Voltages used in all
measurements, were in the range in which they did not change the
resistance value.

The morphological characterization of samples and substrate was
performed through Atomic Force Microscopy (AFM Omicron VT SPM, in
contact and/or non-contact mode). Topographic images were analyzed
with WSxM [25] and ImageJ softwares.

Raman spectroscopy measurements (Renishaw in-Via, with a 532 nm
laser) were performed to assert the presence of copper oxide, once
samples were exposed to ambient conditions.

Theoretical model

In the regime controlled by tunnel current, a good approximation of
the distance between islands dependence of the electrical resistance, can
be obtained from [10,26,27]:

d? oz OF
R(d) — R[JEeI.OZS (m @)df (ﬁ) (1)

where @ represents the average tunnel barrier height; m", the effective
mass of a tunneling electrons; SE, the activation energy; k,the Boltzmann
constant; T, the temperature; Ry, a constant; and f can be obtained by

[9]:
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To contrast experimental data with this expression, a model for the
temporal evolution of separation distance d must be constructed.

This distance was estimated from a series of experimental reports
[28,29] in which islands size and number by surface area were deter-
mined as a function of deposited material (on the substrate). Fig. 1
shows a representation of a model formed by N islands of radius a,
separated by a distance d, homogenously distributed on a substrate of
dimension LXL.

From the above considerations, the quotient ﬁ is the lateral

— L

-

L

Fig. 1. Schematic representation of islands’ radii’s a, sample size L2, and island
separations d.
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dimension occupied by a single island. Then, d can be estimated from:

d= % —2a 3)

The main ideas in this report will be discussed at the light of this
model, however, it is worth to note that it can be substantially improved
adding a series of considerations and new parameters. For example,
changing the shape of islands on the substrate, from round to elliptical
[30]; considering an inhomogeneous island distribution [9,31]; or
adding additional transport mechanisms, such as coherent tunneling
effects [32].

Film resistance was measured during the three different processes
occurring in the samples: film growth, aging and oxidation. Equation (1)
was used as model for resistance change during samples growth and
aging. For this purpose, particular approximations were considered to
calculate d in each process (as described below in Sections “Evaporation
process” and “Aging process™). Electrical conduction during oxidation
was analyzed through the temperature dependence of the resistance as
explained in Section “The temperature dependence of the resistance”.

Evaporation process

During the evaporation process, islands radius and density, they both
change as a function of nominal film thickness (h), as described by
following expressions [28]:

(a)och'/?

Eoce’Ahz'/J
where z represents the dynamic scaling exponent, the bracket labels the
mean value, and A is a constant. The expression for island density N/L?,
represents a process named partial coalescence, which consider the
variations of island number due to a coalescence and impingement
dynamic.

Replacing these relations in equation (3), the separation between the
islands as a function of film thickness is obtained as:

do | 877 /\/NG

—2agh'/?, which after redefining the constants, takes

the following form:

d=Ce"" —Cyn'l: 4

Aging process

The aging process, in high vacuum conditions, consist simply in the
rearrangement of the structure of the film. It is then expected that the
volume of deposited material remains constant while the physical di-

mensions of the structures may vary. If the islands are modelled as semi

spheres, the quantity N x % = L2h, can be considered time indepen-

dent during this process. On the other hand, while aging the number of
islands changes with time. This temporal evolution have been approxi-

—3/(3+a)
mated by [29]:N(t)x (ﬁ) , where the exponent o has informa-

tion about the atomic mechanism involved in the mass transport during
aging. Rewriting d as a function of the island density N/L? and including
its time dependence, the final expression for island separations during
aging is given by the following expression, after renormalizing the
constants,
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The temperature dependence of the resistance.

From equation (2), in the regime controlled by tunnel current, the
resistance change as a function of temperature has, at first order, two
limits behavior. If SEskT, the dominant term ise’®kT), whereas for
SE<KT, e’F/(KT) is the relevant factor. Both expressions show a behavior
analogous to a thermally activated conduction mechanism (as is the case
in semiconductors). Improvements to this model have been suggested,
by including the thermal expansion of the substrate, hence, inducing
changes in the island separation. This effect has been shown to generate
very small changes in the resistance [3,9].

Regardless of the case, the standard description of the resistance’s
temperature dependence in ultra-thin films before percolation, is per-
formed simply by plotting the film’s conductance, 1/R, as a function of
1/(kT) (or often 1000/(kT)). These plots simplify the comparison of
different behaviors, where the slope is then associated to an activation
energy JE.

Results and discussion

Copper is highly reactive in presence of air, therefore other two
materials were studied to compare the behavior of the electrical resis-
tance. The first one was gold, which has a similar growth mode to copper
and does not show oxidation under atmospheric conditions [8]. The
other one was chromium, which is fairly reactive in the presence of air,
but nonetheless, the evolution of film growth is quite different to gold
and copper [3].

Copper, gold and chromium films were evaporated onto a mica
substrate at RT. Evaporation rates were 0.9, 0.9, and 0.6 nm/min, for
copper, gold and chromium, respectively. These rate values are lower
than those that can substantially modify the morphology of the copper
and gold films [8]. Fig. 2 shows the thickness dependence of the resis-
tance for copper, gold and chromium films. As explained above, our
purpose is to describe the electronic transport in thin films, before they
form continuous conducting channels. In order to assert that percolation
has not been reached, only samples that presented resistances higher
than ~5 x 10® Q once evaporation was finished, were analyzed.

Results show two resistance trends in all samples. First, resistance
values oscillate around ~5 x 10°Q, pointing out that the real sample
resistance is higher than the upper limit sensitivity of the equipment. In
the second zone, all samples display an almost linear decrease of the
resistance as a function of thickness.

Similar resistance values have been reported for a 2.5 nm thick Cu
film deposited on glass [32], and ~5 nm thick films evaporated on
sapphire [33]. This similarity between copper films on different sub-
strates, contrasts with the poor reproducibility showed for gold samples
(see Fig. 1). Also, the thickness dependence of the resistance in these two
systems [32,33] present an almost linear behavior, similar to that of our
copper samples. Regarding the reproducibility of the resistance, copper
samples display a smaller spread in resistance as a function of thickness
when compared to gold. A reasonable way to characterize this fluctua-
tion is by quoting the thickness range for a fixed resistance value. For
copper a resistance value of ~107Q is reached when the films are within
3 and 5 nm thick.

Also, from Fig. 2, it is clear that chromium films display a completely
different behavior. The resistance of all samples decay with a single
slope and they also display a high reproducibility (the 107Q limit is
reached for films of ~0.5 nm). This performance indicates why Cr is an
efficient surfactant layer, that has been used to improve the electronic
transport in ultra-thin layers [3,34] grown on different substrates.

To get a deeper understanding of the thickness dependence of copper
films’ resistance, the parameters for the model described in Section
“Theoretical model” were adjusted. As a first approximation, the tem-
perature was considered constant during all the evaporation process,

therefore in Equation (1), the product % f <%> can be replaced by a
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Fig. 2. Thickness dependence of resistance during the evaporation of a) copper films (filled symbols), b) chromium (crosses) and gold films (hollow symbols) on mica

at RT.

single constant. Then, by introducing the thickness dependence for the
island separations “d” (Equation (4)), in the expression for the tunnel
resistance, in Equation (1):

2
3

2
R(h) _ D(Clecgh _ Czh%)ZeE(C,ecgw —Czh%) (6)

Fig. 3a shows the resistance as a function of thickness of two copper
samples (blue squares and red circles for samples S1 and S2 respec-
tively), which present different slopes for the resistance decay. Through
Equation (6), theoretical predictions for the thickness dependence of the
resistance were computed. Table 1 shows the values of the parameters
used to compute the R in Equation (6).

The values explored for Cj, C, Cs and z (structural parameters) were
determined considering the size of the structures that compose the film.
Fig. 3b shows a representative AFM image (contact mode) of a 4 nm
thick copper sample (ex situ characterization). The areas of different
island were measured and its mean value (averaged over approximately
200 measurements), was associated to a round island of radius ~27 nm.
Based on this value, structural parameters were estimated in order to
predict the average island radii in a range between ~10 nm and ~30

1011 . .
A a) ‘ = S1
f Prediction |
10 ‘ e S2
10" | Prediction |
‘. = «Prediction I
— = = Prediction Il
Capo S
~10°+ E
(14
1084 3
1074 3
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Table 1
Parameters used in the theoretical prediction computed by Equation (6) showed
in Fig. 2.

Sample/ C; Cs C;(m¥  z D E

Prediction (nm) (nm) 2 (Q/nm?) (nm™1)

s1/1 12 6 0.265 115 70x10% 18

s2/1 12 6 0.30 115 50x100 18

S2/11 12 6 0.30 1.2 8.0 x 2.5
1072

S2/111 25 9 0.15 1.2 2.6 x 10* 0.5

nm, as the thickness of the film was increased from 1.5 to 4.5 nm
(Fig. 2a).

Whereas, different values for C;, C;, and C3 chosen to form a
particular set, can produce good fits to experimental data, that freedom
is not possible in the case of z. The best predictions were always found
for z ~1.2. In previous works, this value for the dynamic scaling expo-
nent has been associated, through Kardar-Parisi-Zhang equation for

Fig. 3. a) Thickness dependence of the resistance for two copper films and their theoretical predictions generated by Equation 8. b) AFM image (contact mode) of a 4

nm thick copper sample (size 500 x 500 nm?).
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nonconservative and nonequilibrium system [35], to the growth of two-
dimensional structures. In this case, the growth process is mainly
controlled by atoms arriving to the surface and their subsequent surface
diffusion on the substrate. Also, different values for this exponent have
been reported depending on the stage of growth. Values between 3 and 4
have been informed togethers with others close to 1, as the film’s iso-
lated islands start to coalesce [36,37]. In this sense, the values found for
z (Table 1) and the AFM images are consistent with a film in which the
islands are coalescing.

On the other hand, the remaining parameters D and E (tunnel pa-
rameters) were varied as follows. Whereas D was used as a normaliza-
tion parameter, the range of values explored for E (also known as tunnel
decay constant) was between 0.5 and 4 nm’l, in accord with values
reported for similar systems: between 3 and 4 nm ™ for Au on Glass [26],
and ~2 nm ! for Ag on glass [26]. Our values for E are always closer to
those determined for silver than for gold, however in samples as S2
(higher slopes), the best predictions are always reached for E < 1.
Similar values have been determined for the electrical conduction in
saturated n-alkanes [38].

Although many considerations can be made to improve the selection
of the adjustable parameters together with the performance of this
simple theoretical model, it is remarkable the reasonably good agree-
ment of its predictions. It allows to relate the film structure, character-
ized by the island’s radii and distances, with electrical transport
mediated by tunnel current.

Once sample fabrication is completed, the aging process begins.
Fig. 4a shows the behavior of the copper film resistance for various films
during the first 30 min. All copper samples display a similar time
dependence. Resistance keeps increasing without showing a saturation
value. Fig. 4 allows the comparison of the time evolution of copper films
with those shown by gold and chromium. Whereas gold films present a
similar behavior to that of copper samples, chromium layers show a very
different trend. In the case of chromium, the resistance, for seemingly
identical films, can either increase or decrease without any relation to
the experimental preparation conditions. A resistance decrease in sys-
tem in the vicinity of percolation, has been reported for bismuth nano-
cluster film. It has been associated to an increase in the neck radius that
joins two nanoclusters. In a similar way, a process that improves the
contacts between conductive zones of chromium should produce a drop
in resistance [39]. However, to our knowledge, this behavior in
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chromium films has not been previously reported.

For further insight on what causes the resistance increment during
aging, one of the gold samples was annealed at 80 °C for 30 min after
fabrication. A dashed line was used to indicate R(t) in Fig. 4b. The
temperature increase in this case induces a larger change in the film
resistance. A similar conclusion was previously reported by Henriquez et
al [8], but in samples where the percolation was already achieved. The
resistance increase of copper and gold ultra-thin films during aging is
mainly induced by material diffusion [8,27,29]. Thus, a larger effect on
the resistance is measured when the diffusion coefficient increases, for
example by increasing temperature. The similarities between gold and
copper resistance behavior indicate that atomic diffusion is the common
mechanism that controls the films’ aging in both cases.

To compare the resistance increase due to aging between different
samples, it is reasonable to define a normalized resistance increase (R
(1800)-R(0))/R(0)). Fig. 4d shows the normalized resistance increase as
a function of R(0) for copper, gold and chromium samples. It includes
copper films with resistances below ~1 x 10° Q In the case of copper
films, there is a correlation between the resistance increase and its initial
resistance value. Also, the normalized change is similar in gold and
copper in the high resistances range. This result points out that when the
island’s distance is large (high resistance), the effect of surface diffusion
is more noticeable, allowing the atoms to rearrange into 3D structures
increasing the distance between islands, hence, increasing the film
resistance. This behavior is expected when the substrate surface energy
is lower than that of the adsorbed material. Namely the system presents
Volmer-Weber growth (VW). Precisely, chromium on mica does not
grow in this way, so, as expected, the resistance evolves differently in
this case (Fig. 3c). In this same direction (high resistance implies a larger
change) Andersson [27] reported a similar behavior to that shown in
Fig. 4d, for gold films evaporated on glass.

To get further understanding on the effect of aging in these films, a
comparison between the theoretical model and experimental data was
performed. Again, considering a constant temperature during the aging

process, in Equation (1), the product % f (%) is replaced by a single

constant. Replacing the expression for the distance (Equation (5)), in
that for the tunnel resistance (Equation (1)), the time dependence of the
resistance is obtained:

. . . 10M . S Fig. 4. Time dependence of the resistance during
101 a)‘ " b) == " -t aging for: a) copper, b) gold and ¢) chromium films.
L° -~ All samples were kept at RT during the measure-
y 104 e 1 ments, except for the gold trace with a dashed line in
a 1084 ] a , 4 Fig. 4b. In the aging of this particular film, the tem-
, o S -
& = 9] / perature was 80 °C. Dashed lines in Fig. 4a depict the
(04 /—" 14 L ’ adjusting performed with the Equation (7). d)
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For copper samples with an initial resistance, R(0), lower than
~5 x 107Q, the model shows a better fit than for films that exceed this
value, independent of other parameters. In Fig. 4a, both behaviors are
depicted with dashed lines.

Since the numbers of parameters to determine is large, some way of
narrowing the options was introduced. First, based on AFM images
(Fig. 3b), an initial separation distance dyp among islands was selected to
be between 3 and 7 nm. Then, choosing D; = 1.2 and D, = 1.0, o controls
the rate of change of the island distance d(t). Using o, D and E, as
adjustment parameters, the best fit was sought. The best adjustments
were found for 3.0 < a < 4.5 and 0.7 nm ™! < E < 1.2 nm ™, independent
of the value of D. These values of E, obtained for the aging process, are in
the same range as those used in the previous analysis (see Table 1). The
values for o are in good agreement with those obtained from a theo-
retical model describing the growth of 3D structure by diffusion [29],
which predict « = 3 for an aging process controlled by volume diffusion
of atoms, and o = 4, for one dominated by atom diffusion on the sub-
strate. Based on these considerations, our results point out that this last
mechanism should be the dominant process in the aging of the films.

As explained in the previous section, the oxidation process was
performed in two stages. The “low pressure oxidation” (below 10° Pa)
and the “high pressure oxidation” (above 10% Pa). Fig. 5 shows the
evolution of R(t) in copper, gold and chromium samples. Since the effect
of the aging is a resistance increase, the last 500 s of this process were
added in Fig. 5 to compare the resistance change between aging and the
oxidation stages.

Results show that, at the beginning of the low pressure oxidation
stage, copper samples’ resistance rises as pressure increases, similar to
chromium films. However, between the end of low pressure stage and
the beginning of high-pressure stage, there is a high instability in the
signal, followed by a resistance decay towards a new stable value. This
behavior is present in all copper samples, where the resistance at the
beginning of the oxidation process is higher than ~3 x 10”7Q. In chro-
mium films, this resistance reduction is not observed. On the other hand,
gold only shows a slight change for P > 10° Pa.

To get a better understanding of the resistance change during low
pressure oxidation, a normalized resistance change (AR/R) was defined
for each pressure step, as the difference between the final and the initial

e

-~ Cr {10
104 W r
Cr'u F10°
S l
£107 O
o 8
8
10 L1073
Low pressure
oxidation 3
1074 ; . —10°
0 1000 2000 3000
t(s)

Fig. 5. Effect of the oxidation process on the resistance for chromium, copper
and gold films. In all curves three ranges are highlighted with different color
shades, they are: the final part of the aging process, low pressure oxidation and
high pressure oxidation. Hollow symbols and the right axis represent the
pressure steps.
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resistance, divided by the initial resistance. Fig. 6 shows the pressure
dependence of AR/R, for copper and chromium films.

At the beginning of the oxidation process, the resistance change in
copper films does not present differences between the effect of aging and
the oxidation. At 10~ Pa, a steady increase in AR/R was measured. As
expected, this increment cannot be reversed by a decrease in pressure
(not shown explicitly in the data). About 10° Pa, an increase in this
change is detected, followed by the appearance of an instability in the
electrical signals, and a subsequent resistance decrease. This abrupt
change occurs between 10! and 10° Pa, depending on the sample
(negative values in Fig. 6a). A different behavior is observed for chro-
mium samples, showing changes in AR/R at pressures as low as 10™ Pa.
Also, the maximum value in AR/R is reached between 10~3 and 10~2Pa.
Regarding gold films, all resistance changes are lower than 0.01 at the
low-pressure oxidation step, being indistinguishable from the increase
due to the aging effects. Only, above 10° Pa, a slight increase in AR/R is
observed, possibly due to the adsorption of molecular species present in
air [40]. This change appears clearly displayed in Fig. 5.

To understand, the phenomenon of the resistance decay of the cop-
per samples, two characterizations were performed immediately after
the films were oxidized in ambient conditions. For some samples,
including some gold and chromium films, the temperature dependence
of the resistance was determined. For a second group, Raman spec-
trometry was performed, with the idea of detecting an oxide derived
peak.

Fig. 7a shows the characteristic temperature dependence of the
conductance as a function of 1000/(kT) for copper, chromium and gold
films. Even though, these samples present almost the same conductance
at RT (~1.4 x 1072Q™1), their behavior is very different as the tem-
perature drops. The copper sample presents two different slopes. The
first of them, for 200 K < T < 300 K, correspond to a E = 38 meV,
similar to chromium films with §E = 11 meV, in this temperature range.
The copper film has a differentSE = 1.9 meV for 30 K< T < 150 K, a
value similar to that of gold films (SE = 2.3 meV). To understand the
difference between the conduction through islands of gold and a copper
in a film, the effect of CuyO should be included in the model. Fig. 7b
shows a Raman spectrum of a copper thin film fabricated and oxidized
under the same conditions as those used in this work. The arrows mark
the peaks at 110, 150 and 220 em! corresponding to the E,;, T, and 2E,
modes of Cup0 [41,42]. On the other hand, mica (the substrate) presents
a series of strong peaks in this low frequency shifts, making less
noticeable the contribution of the cuprous oxide. However, the peak
located in 150 em ™! (highlighted with a dashed line in Fig. 7b) over-
comes the substrate signal, confirming the presence of CupO in our
copper ultra-thin films.

The two-slopes in the conductance vs temperature indicates elec-
tronic transport is mediated by two mechanisms. Fig. 7c depicts the
formation of a sample with two conduction channels. The copper film
presents tunnel conduction similar to that shown by gold islands,
however, as copper oxidizes, the Cuy0 covered islands get closer to each
other, simply because cuprous oxide has a lower density than copper,
hence, a larger volume. Once, Cuy0 islands are close enough, a second
conduction channel appears: through cuprous oxide, a semiconductor.

The electrical conduction in these oxidized copper samples, can be
represented by the effect of two mechanisms connected as two parallel
resistors with different temperature dependences and activation en-
ergies. That is:

Osampie(T) = 0cu(T) + 6ci,0(T)

where o¢,(T) represents the tunnel conduction through copper islands
and, o¢y,o0(T), the semiconductor-type conduction through cuprous
oxide. At high temperature (T > 200 K), the predominant mode is that
semiconductor-type, whereas at low temperature (T < 150 K), this
mechanism decreases its efficiency, dominating the tunnel conduction.
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Summary

The electrical transport mechanism of non-percolated copper ultra-
thin films was studied. For this purpose, resistance behavior was
measured during sample growth, aging and oxidation, and contrasted
with a model based on tunnel current and on film’s morphology. In
addition, the electrical characterization of chromium and gold ultrathin
films was performed and compared with that obtained for copper.

During the films’ growth, copper, gold and chromium, films’ resis-
tance presents an almost constant decay between 10'° and 107 Q, as
thickness increases approximately up to 4.5, 7.0 and 0.5 nm,

respectively. Electrical resistance’s linear decrease of copper films was
studied by fitting a tunnel transport model which considered islands’
distance as a function of film thickness. Either for fast or slow decay, the
dynamic scaling exponent obtained was ~1.2, which indicates a resis-
tance reduction given by coalescing islands.

During aging at high vacuum conditions, the resistance of copper and
gold ultrathin films increases without reaching a saturation value after
30 min, with a behavior independent of the material or the initial
resistance. On the other hand, chromium layers’ resistance presents a
very different trend: it can increase or decrease depending on the sam-
ples. The theoretical model applied to copper film resistance explains
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the increment by further formation of 3D structures, mainly conducted
by atom diffusion on the substrate. This result is in good agreement with
that previously reported for gold films. Since chromium films have a
different growth mode, their resistance does not present this behavior
during aging.

At the beginning of the oxidation process, under low pressure
~10-3Pa, the increment in the electrical resistance of chromium films is
higher than that observed in copper samples. However, when oxidation
pressure reaches 1 Pa, copper films’ resistance presents similar changes
to those measured in chromium layers. At pressures above ~10 Pa,
copper samples show an unstable electrical signal, followed by a
noticeable resistance reduction. In these samples, the presence of CuO
generates a second electrical transport mechanism, evidenced by the
temperature dependence of the film resistance. The electrical conduc-
tion is mediated by two contributions, a semi-conductor type resembling
that of oxidized chromium layers and a tunnel conduction type observed
for gold ultrathin films. The first mechanism dominates when temper-
ature is above 200 K, while tunneling is the main process for tempera-
tures below 150 K.
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