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A B S T R A C T

The predominant role of surface scattering, in electronic transport through nanoscale thin films, was examined
by measuring and modeling the change in resistivity induced by the adsorption of thiols on the surface. For this
purpose, gold ultrathin films on sapphire, using chromium as surfactant, were prepared through thermal eva-
poration, seeking to maximize the surface induced dispersion. A maximum resistivity increase of 13.5% was
observed, in an 8 nm Au/Cr/Sapphire sample. This is the highest reported value for such films to date. The
morphology of the samples was measured by STM and characterized through height-difference correlation
function. A fractal self-affine representation of the surface was found, and it was modified to account the thiol
effect: the scattering center due to the adsorption of a molecule was modeled as a void in the surface. This
change was related to the electrical transport of the film through two quantum models: the Palasantzas and
Barnas (PB) theory and the Sheng, Xing and Wang theory, extended by Munoz et al. (mSXW). For our samples,
the mSXW theory did not predict a resistivity change, while the PB theory provides a good description of the
experimental resistivity increase due to thiols adsorption as function of thickness.

Introduction

The trend towards miniaturization of electronic circuits has driven
the size of the structures conducting electrical current down to ∼10 nm
[1]. However, at room temperature, most metals used for this purpose
(Cu, Au, Ag) present a mean free path of about 40 nm. Therefore, the
understanding of the mechanisms that generates the resistance in such
structures and its relationship with “size effects” is a relevant issue for
further development of current device technologies [2–5].

At room temperature, there are three main mechanisms which
control the resistivity of a metallic ultrathin film: electron phonon
scattering, electron grain boundary scattering and electron-surface
scattering. Therefore, the main experimental challenge of a series of
recent reports, has been to separate the contribution of each one of
them, in order to understand their individual effect in nanoscale con-
ducting channels [6–9]. In a recent work by our group [6], the method
of thiol adsorption in Au films, was presented as a mean of identifying
the surface scattering contribution in such structures. This method
consists in tuning changes in the fabrication conditions of the samples,
seeking the highest effect on the resistivity due to the adsorption of a
thiol self-assembled monolayer (SAM). The film with the highest

resistivity increase allows the identification of the fabrication condi-
tions in which electron-surface scattering is the most relevant [6]. Two
critical conditions in the sample fabrication procedure were identified
in that report: the use of a chromium layer between the gold film and
the substrate (as metallic surfactant), and the substrate temperature
during evaporation (TS∼ 360 K).

Once the effect of electron-surface scattering is identified as a re-
levant contribution to resistivity, different electrical transport theories
can be used to understand the effects of surface phenomena on the film
conductivity. Whereas semi-classical theories have been used to explain
the changes in resistivity due to thiols adsorption [10–12], the appli-
cation of models based on quantum theories has not been sufficiently
explored (a discussion about different quantum theories on electrical
transport in metallic thin films can be found in Refs. [2;13]). In those
theories the morphological characteristics of the films have been used
to describe relevant transport properties, using the self-correlation
function or the height-correlation function of the surface as inputs for
the calculations. On the other hand, it has been experimentally de-
monstrated that one of the best descriptions of the surface, can be
achieved by means of a self-affine representation [14–17], in which the
self-correlation function or the height-correlation function can be
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adjusted through a self-affine function [14,18,19].
In this work, gold ultrathin films on sapphire were evaporated in-

troducing a chromium layer as metallic surfactant. Then, using the
method of thiol adsorption, the substrate temperature that maximizes the
electron-surface scattering was determined. Samples fabricated under
these conditions were used to study the effect of thiols adsorption on
the film resistivity through a model based on electrical transport
quantum theories and the self-affine description of the surface.

Experimental and theoretical background

Thiols adsorption and semi-classical transport theory

From the point of view of how the resistivity of a thin film is
changed, the adsorption of thiols corresponds to an interface/surface
process. That is, the molecular adsorption affects mainly the electron-
surface scattering. Essentially, most of the thiols bind with their S-head
into the gold surface, creating new scattering centers at the surface
[6,10–12,20,21]. The consequential resistivity change can then be
computed by the following expression:

=
−ρ

ρ
ρ ρ

ρ
Δ with thiols without thiols

without thiols

where ρwith thiols is the film resistivity when thiol molecules cover almost
the entire sample’s surface, and ρwithout thiols, corresponds to the film
resistivity with a “clean” (uncoated) surface.

Although a previous report has stated that the effect of molecule
adsorption on the electric transport is thickness-independent [10],
when plotting the resistivity change reported by different authors for
different molecular lengths and film thicknesses, the size effect becomes
evident as is depicted in Fig. 1.

Fig. 1 shows that the highest resistivity increase, upon molecular
adsorption, depends on film thickness (full symbols). The change in the
film’s resistivity is a reflection of a different sensitivity to electron-
surface scattering each particular film thickness. It is important to
highlight that Zhang et al. [21] have demonstrated experimentally that
the alkyl chain length does not affect the resistivity change of the film,
therefore, the phenomenon is independent of the molecule used for the
study (in Fig. 1, C10, C12, or C16).

From a theoretical approach, the standard theory of size effects is
the most employed theory to model film’s resistivity changes and it is
known as the Fuchs-Sondheimer theory (FS theory) [22,23]. Briefly, the
motion of electrons in the film is modeled through a Boltzmann

transport equation, which considers, in the sample interfaces (upper
and lower surfaces), a specularity parameter “P” that represents the
fraction of electrons specularly scattered by the interface. This theory
was extended by Lucas [24], enabling two different specularity para-
meters for each interface (film-air and film-substrate): “P” and “Q”.
Finally, Namba [25] also considered the thickness profile of the sample
through a trigonometric function = +
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mean thickness, “t'” is the amplitude of the oscillation, and “k” de-
scribes the spatial periodicity of the oscillation. The final expression to
compute film’s resistivity changes is:
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“ 0l ” is the bulk mean free path (mean free path in the absence of
surface scattering), and “ρ0” the bulk resistivity (resistivity in the ab-
sence of surface scattering).

Finally, the effect of the thiols on the resistivity can be calculated
from:
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where “PC” represents the specularity parameter of the gold surface
without thiols (clean), and “PT”, the specularity parameter of the film
surface covered by thiols.

In Fig. 1, the continuous line represents the thickness dependence
given by the semi-classical theoretical prediction, computed through
Eq. (2) with Q=0.2, PC=0.4, PT=0.2, t′=4.5 nm, 0l = 38 nm and
ρ0=22.4 nΩ·m (the first four values following Ref. [12], and the last
two values correspond to gold bulk at RT [26]).

Quantum transport theories

As stated in the introduction section, many theories have studied the
effect of electron-surface scattering on electrical transport through
quantum models [2,13], however only two of them have based their
descriptions of the surface on a self-affine representation.

In 1997, Palasantzas and Barnas [27] published a theory (PB theory)
based on a description of Fishman and Calecki [28] of electrical
transport in a thin film. Briefly, in this model the thin film is considered
as an ideal quasi-bidimensional structure, in which two parts compose
the Hamiltonian that describe the system. The first, is associated to a
free-particle motion, parallel to the film’s plane. The other, is de-
termined by a unidimensional potential that confines electrons in a
direction perpendicular to the film’s surface. This second part defines
sub-bands in the dispersion law. A Boltzmann Transport Equation
governs the Fermi Dirac distribution function of the electrons for each
sub-band, adding inter-bands transitions through the collision-term.
The roughness of the film’s upper surface is defined through a random
function h(r), where r is the in-plane position vector. This function
modifies the film thickness, and therefore, the Hamiltonian that

Fig. 1. Resistivity change Δρ/ρ due to thiols adsorption on gold thin films as a
function of sample thickness. Different symbols are used to represent different
references: square symbols depict C10 [20]; round symbols, C16 [21]; triangles,
C16 [11]; stars, C16 [10]; inverted triangles, C12 [12]; diamonds, C12 [6]. Full
symbols were used to highlight samples that show the most significant effect.
Continuous line represents the prediction of FS theory for Q=0.2, PC=0.4,
PT=0.2, and t’=4.5 nm.
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describes the system. In PB theory, h(r) is depicted by a self-affine re-
presentation.

In 1995, Sheng et al. [29] published a different model for the
electron-surface scattering in a thin film. Briefly, instead of using a
Boltzmann Transport Equation, this theory is based on determining the
Green function for the Hamiltonian described above plus a term to
account impurity-electron scattering. Then, using the Kubo formula, the
conductivity in the real space is calculated. In 2002, Munoz et al. [30],
extended this theory to a model in which the surface is represented by a
self-affine function (mSXW theory).

Materials and methods

Sample fabrication

Gold (99.999% purity, Alfa Aesar) and chromium (99.994% purity,
MaTeck) were deposited through thermal evaporation from tungsten
baskets in a high vacuum system (turbomolecular pump and diaphragm
pump; P∼ 1×10−4 Pa or lower during the evaporation). The sub-
strate was sapphire (C-axis, LED grade, Alfa Aesar), previously annealed
during 24 h at 1100 °C, for surface improvement (that is, to diminish
surface defects) in accordance with the process described by Kästle
et al. [31]. The film thickness and evaporation rate were measured with
quartz microbalances (QM). The thickness obtained by this method was
previously calibrated with values obtained from ellipsometry (custom
made ellipsometer) and atomic force microscopy (AFM, Omicron VT
SPM) measurements. The sample holder was made of copper and it
included an oven and a thermocouple to measure and assist the control
of the substrate (TS) and annealing (TA) temperatures. Also, a mask,
placed on top of the substrate, enabled the evaporation of the film with
a four-contacts shape. All contacts were fixed on one side of the film, to
avoid their immersion into the thiol solution.

The film fabrication was separated in six steps (all performed in the
vacuum system). First, the sapphire substrate was annealed at∼120 °C,
for two hours. Next, the oven was switched off, and the substrate was
held in this condition until the next day. Second, a chromium 0.8 nm
thick layer was deposited at room temperature (rate= 1.2 nm/min).
Third, sample temperature was slowly increased during approximately
three hours to achieve the desired TS. Fourth, the gold film was eva-
porated with a rate of 0.8 nm/min. Fifth, the sample was annealed after
gold evaporation by keeping the film at TS another hour after ending
deposition. Sixth, the oven was switched off, and the sample was taken
out of the vacuum system after ∼15 h, for thiol’s deposition process.

Self-assembled monolayers, SAMs, were prepared by immersing the
ultrathin film into a freshly prepared 1mM solution of dodecanethiol
(C12H25SH, 98% purity, Aldrich) in absolute ethanol (p.a. grade,
Aldrich). More details about fabrication and characterization of the
SAMs can be found in Refs. [6] and [12].

Electrical characterization

The electrical characterization was performed through the re-
sistance measurement using the four-contacts method. A current of
∼10 μA and 310 Hz fed the sample, and voltage signals were acquired
through computer controlled lock-in amplifiers (SR830, Stanford
Research).

The resistance was measured before samples were immersed in the
solution, and during the thiols adsorption process. The standard de-
viation of the resistance before thiols adsorption was always lower than
0.02%. The resistivity change due to thiols adsorption was determined
from the resistance measured 25min after immersion of the sample [6].

Morphological characterization

Sample surface was characterized through Scanning Tunneling
Microscopy (STM, Omicron VT SPM) in Ultra High Vacuum at room

temperature, before and after thiols deposition. The tips were made
from Pt/Ir wire, and checked by imaging HOPG surface with atomic
resolution.

A complete description of the surface can be obtained studying the
height-difference correlation function “g” and its dependency on the
scale of distances “R” [32]. This function, g(R), can be calculated from
the expression:

∫= − = −r r r r rg R g
S

h h d( ) (| '|) 1 ( ( ) ( ')) '
S

Â· 2
(3)

where h(r) is the height in the point r, and S denotes the sampled
surface. From STM images, g(R) was obtained (eight to ten images for
sample). The optimum size of the images to study the behavior of g(R)
was 250×250 nm2 with a resolution of 512× 512 pixels.

In 1993, Palasantzas et al. [18] proposed three functions to re-
present g(R) when the surface of metallic films is modeled as a self-
affine surface. Among them, the most used representation is:
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where δ, ξ and H are known as surface roughness, lateral correlation
length and roughness exponent, respectively.

Results and analysis

In order to enhance the electron-surface scattering, Au/Cr/Sapphire
10 nm thick films were evaporated at different temperatures: 360, 415
and 460 K. Next, thiol adsorption process was performed, and the re-
sistivity increment was measured. Fig. 2a shows the resistivity increase
due to thiols adsorption as a function of substrate temperature (TS) for
these Au/Cr/Sapphire samples (round symbols). Resistivity changes for
Au/Cr/Mica 10 nm thick samples reported in a previous work [6] are
also displayed (square symbols). Table 1 shows t (film thickness), TS

and Δρ/ρ for these Au/Cr/Sapphire samples, which are labeled as S1, S2
and S5.

Results show that the Au/Cr/Sapphire sample fabricated at ∼415 K
displays the largest resistivity change due to thiols adsorption. This
temperature is higher than that found for Au/Cr/Mica samples
(∼360 K). This difference reveals a different contribution from electron
upper surface scattering to electrical conduction, due to use of sapphire
instead of mica as substrate.

Keeping TS at 410 K, the effect of film’s thicknesses, t, on the re-
sistivity change due to thiols adsorption was studied. Three samples,
with t=8, 10 and 12 nm, were prepared and labeled as S4, S5 and S6
(Table 1). Fig. 2b depicts the resistivity increase as a function of
thickness for these three samples. Results show that by reducing films
thicknesses, the resistivity change due to thiols adsorption increases
from 7.3% to 13.6%. This increment in resistivity change, as film

Fig. 2. a) Substrate temperature dependence of resistivity increase due to thiols
adsorption on Au/Cr/Sapphire (round symbols) and on Au/Cr/Mica samples
(square symbols) [6]. b) Thickness dependence of resistivity increase due to
thiols adsorption for Au/Cr/Sapphire samples.
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thickness decreases, is indeed an expected behavior, since electron-
surface scattering becomes a more relevant dispersion mechanism
compared to other bulk related processes. The size effect is then
manifestly evident for this thickness range. Additionally, the change of
13.6% is the highest resistivity change value reported for this phe-
nomenon in gold thin films (see Fig. 1).

To study the relationship between film’s surface morphology and its
electrical response, the height-difference correlation function g(R) and
its scale length dependence were determined. Fig. 3a shows g(R) for
samples S3 y S4. Fig. 3b and c display representative STM images of
these two samples. The continuous lines in Fig. 3a represent the ad-
justment through the self-affine function (Eq. (4)). Table 1 shows the
parameters obtained from the self-affine adjustment of all samples.

In all samples, the self-affine function showed a good representation
of g(R) (similar to samples S3 and S4 in Fig. 3a), independent of t and
TS. Previous works experimentally confirmed the hypothesis which
states that the gold surface could be considered as fractal self-affine.
This was demonstrated for different fabrication conditions in samples
evaporated on mica [14,15] and on glass [16,17]. From our results, this
hypothesis can be extended to ultrathin films fabricated on a surfactant
layer.

The adjustment parameters of the traces in Fig. 3 are expected to
represent morphological characteristics of the sample surface: δ is re-
lated to root mean square (rms) roughness amplitude; ξ, to the mean
grain size; and H, to “the degree of surface irregularity” [27]. From
Table 1, comparing the parameters of samples S1, S2 and S5, all with
the same thickness, it is evident that a rise in TS generates an increase in
the grain size and in the rms roughness amplitude. This change in the
morphology is similar to other previously reported in the same

temperature range [6] for gold thin films on mica. Compared to these
changes, the variation in thickness from 8 to 12 nm (S4, S5 and S6),
produces only slight differences in δ and ξ parameters. On the other
hand, the roughness exponent value, H, is between 0.83 and 0.88, ex-
cept for S3. These values are similar to those reported for gold on mica
(0.82 < H < 0.87) [14]. Sample S3 was fabricated in a different way.
In a first step, 10 nm layer was deposited and 2min later, a new 4 nm
layer was added on top. In this film, the representation of g(R) through
a self-affine function is as good as in the other samples, but the ad-
justment rendered a lower value for H.

In samples S4, S5 and S6, the fabrication conditions enabled the
optimization of electron-surface scattering contribution to resistivity. In
these samples a relationship between the parameters of the self-affine
adjustment and the electrical transport coefficients is expected. In
contrast, to explain the drop of sensitivity to surface scattering found in
samples S1, S2 and S3, based on surface morphology is not a simple or
direct task. For example, if grain boundaries exhibit high roughness, the
contribution of electron grain boundary scattering to resistivity will
increase, independent of the mean grain diameter [2]. In the same di-
rection, the existence of not columnar grains [33] or the presence of
defects in its crystalline structure will produce a rise in film resistance
which would not correlate with the parameters describing the surface.

The next task is to apply transport electrical theories based on
electron-surface scattering to explain the resistivity increase due to
thiols adsorption in the samples in which the contribution of electron-
surface scattering is the highest: S4, S5 and S6.

As discussed in Section “Thiols adsorption and semi-classical transport
theory”, the FS theory explains the resistivity increase based on a re-
duction of the specular parameter associated to the upper film surface.
To study the prediction of this model, seven parameters must be de-
termined: Q, PC, PT, t, t’, 0l and ρ0. For our samples, 0l =38 nm and
ρ0=22.4 nΩ·m correspond to gold bulk values at room temperature; t is
the film thickness; and t′, the surface roughness (the value reported in
the fifth column of Table 1). Following the analysis presented in Section
“Thiols adsorption and semi-classical transport theory”, Q=0.2, PC=0.4
and PT were used as an adjustment parameter obtained by fitting the
resistivity increase of each sample. Results of this process are shown in
Table 2. Similar values of PT were found for samples S5 and S6 and a
slightly lower value for S4 (the thinnest sample). To compare these
values with others previously reported, the reduction in the specularity
parameter due to thiols adsorption must be calculated. In Table 2, PT
changes with respect to PC are shown, indicating a diminution between
45% and 68%, as film thickness increases. These changes are larger

Table 1
Fabrication conditions of the samples: thickness, t; substrate temperature, TS;
and resistivity increase due to thiols adsorption, Δρ/ρ. Morphological para-
meters obtained from self-affine adjustment: surface roughness, δ; lateral cor-
relation length, ξ; and roughness exponent, H.

t (nm) TS (K) Δρ/ρ (%) δ (nm) ξ (nm) H

S1 10 360 4.5 1.8 16 0.85
S2 10 463 4.0 4.5 37 0.83
S3 10+4 415 0.6 2.2 20 0.75
S4 8 415 13.6 3.4 27 0.88
S5 10 415 9.01 3.7 19 0.83
S6 12 415 7.33 3.4 28 0.83

Fig. 3. a) Scale length dependence of the height-
difference correlation function for two samples: S4
(top trace) and S3 (lower trace). Symbols depict data
and the continuous lines correspond to the adjust-
ment performed through self-affine functions.
Representative STM images (size 250× 250 nm2) of
samples S4 and S3 are shown in panels b) and c).
Both images were adjusted to the same color scale
bar.
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than those previously reported for samples with thicknesses between 30
and 40 nm (between 4% and 11%) [11,12]. The difference between
these values highlights the existence of a size effect regarding this
phenomenon.

To model the creation of a new scattering center due to the ad-
sorption of a thiol, a modification in the surface roughness was carried
out. It was implemented by removing from the film, a certain volume of
material around the position where the S-head of the thiols is located.
To calculate the effect of this process on g(R), the height matrices z(x,y)
of the STM images, were used to define the model surface. It was
generated by replacing the matrix element z(x,y) by z(x,y) – h, in a
random (x,y) position (this parameter h is labeled as the “void-depth”).
This process was repeated for N random positions in all STM images.
Fig. 4a shows a representation of one of the modified images, per-
formed through Mathematica software.

Considering that the proposed process modifies one pixel at a time,
the number N of pixels can be associated to the modified area of the
surface, or directly, to the thiols coverage: θ. For each sample (i.e., for
each set of images), a new function gN(R) was obtained, and a new self-
affine function was adjusted and associated to a covered area. Fig. 4b–d
show the typical behavior of δ, ξ and H, as function of θ, respectively.

In all samples, the behavior represented in Fig. 4b–d, is the same: as
θ rises, δ increases, and ξ and H decrease; and the largest change occurs
in the H parameter. On the other hand, the changes of the triplet (δ, ξ,
H) are more noticeable as h grows (fit not shown). The next task is to
determinate how the variation of these parameters affects the theore-
tical prediction of the resistivity increase.

As previously mentioned, PB [27] and mSXW [29,30] theories relate
the parameters of a self-affine adjustment with the film’s electrical
conductivity. Since H is the parameter that presents the largest per-
centage change, the first task was to study the dependence of the

resistivity increase on this parameter. Starting from triplet (δ, ξ,
H)= (3.4, 27.0, 0.88), obtained for S4, PB [27] and mSXW [29,30]
theories were applied to calculate the resistivity increase:

=
−ρ

ρ
H

ρ ρ
ρ

Δ
( )

(3.4, 27.0, H ) (3.4, 27.0, 0.88)
(3.4, 27.0, 0.88)F

F

where HF labels the final value of H.
Fig. 5a shows the resistivity increase as function of HF, obtained

from both theories. The dashed line represents the prediction of the PB
theory, whereas the dotted line denotes the one obtained from the
mSXW theory. Both theories display a fundamentally different beha-
vior: while mSXW theory predicts a slight increase lower than 0.1% as
HF grows (dotted line), PB theory shows a high decrease in the same
range (dashed line). On the other hand, the resistivity increase calcu-
lated by PB theory, when H is modified from 0.88 to 0.84 (expected
variation according to Fig. 4d), turns out to be close to 10%. This value
is very close to 13%, the experimentally determined value.

The discrepancy presented by the prediction based in the mSXW
theory can be explained by its formulation. This theory is based on the
fact that the main contribution of electron-surface scattering to re-
sistivity is achieved when the surface roughness reaches the scale of the

Table 2
Samples’ thickness (t) and other parameters obtained from FS and PB theories.
PT: specularity parameter of the film surface covered by thiols; (Pc − PT)/Pc:
change in the specularity parameter due to thiols adsorption; h: void-depth
parameter.

Sample t (nm) PT (Pc− PT)/Pc h (nm)

S4 8 0.13 0.68 1.1
S5 10 0.20 0.50 0.89
S6 12 0.22 0.45 0.88

Fig. 4. a) Representation of the model for thiols adsorption on the film surface. Typical coverage dependence of the parameters b) δ, c) ξ and d) H, obtained from the
self-affine representation of the surface.

Fig. 5. a) Resistivity increase Δρ/ρ as a function of HF for PB [27] (dashed line)
and mSXW [29,30] (dotted line) theories. Inset: Resistivity increase Δρ/ρ as
function of thickness for HF= 0.84. Continuous line is the FS theoretical pre-
diction as in Fig. 1. Symbols represent the highest values of Fig. 1, except the
cross that labels the value measured from sample S4. b) Resistivity increase Δρ/
ρ as a function of θ as predicted by the PB theory [27]. Different symbols label
values of h: squares, 0.25 nm; circles, 0.5 nm; diamonds, 0.75 nm; triangles,
1 nm; and inverted triangles 1.25 nm.
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Fermi wavelength [13]. In gold this value is ∼0.5 nm, therefore, in
samples where δ∼ 3 nm (our films), this theory has only a very minor
influence, regardless of the values for ξ and H. Then, the model based
on the mSXW theory is not applicable to our samples. Due to this evi-
dence, henceforth, the model studied will be that based on the PB
theory.

Inset of Fig. 5 shows the fractional resistivity change as a function of
film thickness together with a comparison between PB (dashed line)
and FS theories (continuous line). It is worth to highlight the good
agreement between experimental data and predictions, even though an
adjustment throughout the range was not performed (the change in H
from 0.88 to 0.84 was used for the model based on the PB theory).

Finally, the effect of h on the theoretical prediction for the resistivity
increase was examined. Fig. 5b shows how the resistivity increase
changes as covered area (θ) rises, for different values of h. This plot uses
the parameters determined for S4, however the behavior is similar for
S5 and S6. As h increases, the effect is higher on Δρ/ρ, showing a sa-
turation value for θ∼ 0.63. This is an expected result, since triplet (δ, ξ,
H) does not show major changes for θ > 0.63. Based on this result, the
value of h for θ∼ 0.63 was determined as a parameter that can be
adjusted to obtain the resistivity increase for each sample. The last
column of Table 2 shows the values obtained for h through this process.

Results show that the value of h is practically the same for S5 and
S6, whereas it increases for S4. From FS theory, a similar conclusion can
be obtained regarding the variations of the specularity parameters
(fourth column of Table 2). This can be understood based on the ex-
istence of other contribution to the phenomenon (not included in either
theories), which involved size effect. In this sense, aspects such as the
modification of the band structures due to thiols adsorption needs to be
considered. Different spectroscopy techniques and simulations have
been used to measure the band structure of the thiol-gold system
[34,35]. In the frame of the PB theory, due to the confinement, ∼40
sub-bands are generated in a gold film 10 nm thick [28]. The mod-
ifications induced on them by the adsorption of thiols could have a non-
negligible effect on electrical transport.

On the other hand, our model predicts a value for h∼ 1 nm. It is
larger than that expected from analyzing Thomas-Fermi screening [36]
of a sulfur atom in gold. A way to improve the model, would be to
include changes in the electronic density and self-consistent potentials
near the surface induced by the adsorption of the S-head of the thiol
molecules.

Regarding coverage, the model shows a nonlinear relation between
resistivity change and coverage, which reaches a saturation value for
θ∼ 0.63. In this direction, in 2003, Tobin [37] measured simulta-
neously the resistance change due to S adsorption and the coverage
raise, during H2S dosing of a copper 50 nm thick film. Results showed a
“highly nonlinear” relation between ρ and θ, in which, the resistivity
reached its saturation value before coverage did. To understand this
behavior the electronic density of states of S on Cu(1 0 0) was analyzed
and discussed. However, a satisfactory response was not found, stating
that the sulfur coverage dependence of copper film resistivity is “a
challenge to our understanding”. Our model indicates that the change
induced on the height difference correlation function by removing a
piece of the surface diminishes as coverage increases, thus the effect of
the adsorption of the first thiols is much less than that generated by the
last ones. This behavior produces the nonlinear relation between ρ and
θ.

On the other hand, regarding electron-surface scattering, Zheng
et al. [38] deposited Ni atoms on a copper 9 nm thick film, observing a
resistance increase between 14 and 19%. This change was explained
through the FS theory, relating the Ni adsorption to a reduction in the
specularity parameter. In our work, a similar resistance change, of
∼14%, was found for the 8 nm thick sample. These results suggest that
the limit for the resistance increase due electron surface scattering (for
one interface) in a ∼10 nm thick film is between 15 and 20%. It is clear
that this value can be explained through a specularity parameter

change, however the relation between this increment and the film
surface roughness is not completely understood. Many works (Refs.
[2;13], for example) have found correlations between these two
“measurements” based on the information provided by the surface’s
height correlation function, however, those reports do not consider the
roughness exponent H, starting from a gaussian correlation function. In
this sense, our work clearly establishes the importance of this para-
meter, and it should be not ignored in future studies about this topic.

Our model could be improved through considerations as band
structures or dielectric function, however it is not a simple task, because
they should be also incorporated into an electrical transport theory. To
the best of our knowledge, such improved model has not been devel-
oped so far. However, the promising results presented in this work,
show that this type of model can be extended to other interface phe-
nomena that affect electrical transport, such as oxidation or coating by
different materials among others.

Summary

The predominance of electron-surface scattering in thin films was
analyzed through the resistivity change due to thiols adsorption, named
method of thiol adsorption. For this purpose, gold ultrathin films on
sapphire, using chromium as surfactant, were prepared through
thermal evaporation. For 10 nm thick gold films (with 0.8 nm chro-
mium layer), the electron-surface scattering effect is maximized when
substrate temperature is held at 415 K during evaporation. This tem-
perature is 55 K higher than that previously reported for Au/Cr/mica
samples. Under these conditions, 8, 10 and 12 nm thick samples were
fabricated. The Au/Cr/Sapphire film of 8 nm showed a resistivity in-
crease of 13.5% due to thiol adsorption, the largest observed for gold
samples to the best of our knowledge.

The morphology of the samples was measured by STM and char-
acterized through height-difference correlation function. A fractal self-
affine representation of the surface was found, and therefore, g(R) was
adjusted through a self-affine function, which depends on three para-
meters: surface roughness (δ), lateral correlation length (ξ), and
roughness exponent (H).

By modeling the scattering center due to the adsorption of a thiol as
a void in the surface, a new self-affine function was obtained, and the
new triplet (δ, ξ, H) was determined. The changes in the parameters
were related to the electrical transport of the film through two quantum
models: the Palasantzas and Barnas (PB) theory and the Sheng, Xing
and Wang theory, extended by Munoz et al. (mSXW). For our samples,
the mSXW theory didn’t predict a resistivity change, whereas the PB
theory provides a good description of the experimental resistivity in-
crease due to thiols adsorption as a function of film thickness.
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