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ABSTRACT

In situ transport measurements on 10-nm-thick epitaxial Cu(001), Co(001), and Rh(001) layers exhibit a characteristic increase in the sheet
resistance DRs/Ro¼ 43%, 10%, and 4% when adding 4.0, 13.0, and 13.0 monolayers of Ti, respectively. Similarly, exposing these layers to
0.6 Torr O2 results in a 26%, 22%, and <5% increase in Rs. This suggests that adatoms on Cu and Co surfaces considerably disturb the
surface potential, leading to diffuse electron scattering and a resulting resistance increase while these effects are negligible for Rh. A similarly
small resistivity increase Dq/q < 7% is measured during air exposure of 10-nm-thick epitaxial layers of electronegative metals including Ru,
Rh, Ir, W, and Mo, while Dq/q increases to 11%–36% for more electropositive metals including Cu, Ag, Co, Ni, and Nb. The Dq for Ni, Co,
and Nb is larger than what is expected for a complete transition from specular to diffuse surface scattering, indicating a breakdown of the
semiclassical Fuchs–Sondheimer model, which needs to be replaced by a two-dimensional conductor description. The measured inverse cor-
relation between electronegativity and Dq/q suggests that the magnitude of the surface potential perturbation is the primary parameter affect-
ing electron surface scattering in thin metal layers. More specifically, the charge transfer from electropositive metal surfaces to adatoms
perturbs the surface potential and causes electron surface scattering and a resistance increase. Conversely, electronegative metals facilitate
smooth surface potentials with specular electron reflection and a minimized resistance increase. They are, therefore, promising as conductors
for highly scaled interconnect lines.
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Electron transport in the mesoscopic regime is of great interest to
the academic community and the semiconductor industry as a funda-
mental understanding of conduction in narrow wires is essential for
the continued downscaling of integrated circuits and the development
of interconnects for nanoelectronic devices and alternative computing
approaches including spintronic devices and neuromorphic memristor
crossbar arrays.1–3 The resistivity of a conductor increases when its
dimension approaches or becomes smaller than the electron-phonon
scattering mean free path k, which is, for example, 39 nm for Cu at
room temperature.4–9 A large fraction of the resistivity increase is due
to electron surface scattering and is most commonly described by the
semi-classical Fuchs-Sondheimer (FS) model,4,5 which employs a phe-
nomenological scattering specularity parameter p to differentiate
between diffuse (p¼ 0) and specular (p¼ 1) surface scattering events.
Diffuse scattering causes randomization of the electron momentum
and a corresponding resistivity increase while specular scattering con-
serves the electron momentum component parallel to the surface and
does not affect the resistivity, making the latter desirable for narrow
high conductivity interconnect lines.10

The FS framework has been applied to explain the increase in
resistivity of metallic layers due to atomic-level surface rough-
ness6,7,11,12 as well as adsorption of gaseous species13–16 or foreign ada-
toms,17–24 suggesting that adatoms cause an increase in diffuse
electron surface scattering. For example, transport measurements on
epitaxial Cu(001) layers suggest partially specular electron scattering
with p¼ 0.6 in vacuum but a transition to completely diffuse scattering
(p¼ 0) during air exposure, which is attributed to the formation of a
surface oxide that disturbs the flat surface potential.15 Similarly, Al or
Ti cap layers on Cu(001) layers decrease the surface scattering specu-
larity by providing localized surface states that electrons scatter into,
while subsequent oxidation to form AlOx and TiOx caps increases the
specularity by reducing the surface density of states (DOS) at the
Fermi level.21,22 However, our recent study on epitaxial Co(0001)
shows that the resistance increase due to TiN cap layers is four times
more pronounced than for Ti caps, despite its lower DOS, suggesting
that the LDOS arguments cannot fully explain the effect of adlayers on
the surface scattering specularity.25 This apparent discrepancy may be
related to the assumption that electron scattering occurs exactly at the
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surface, causing the Fuchs–Sondheimer model to typically underesti-
mate the resistivity increase in very thin (<10nm) layers.26–28

Similarly, the FS model incorrectly predicts a vanishing resistivity at
low temperatures (k ! 1) as it does not contain an explicit carrier
relaxation due to surface scattering.29 In contrast, quantum mechani-
cal models describe conduction in thin films as 2D transport where
electrons travel parallel to the surface and their wave function continu-
ously interacts with the surface such that any perturbation of the flat
surface potential affects the thin film resistance.6,28–35 Within this
framework, adlayers or adatoms on conductor surfaces are expected
to affect electron transport without explicit electron-surface scat-
tering events and without evoking a phenomenological specularity
parameter p.

In this Letter, we explore the effect of adlayers and adatoms on
electron surface scattering by quantifying the resistance increase in
10-nm-thick epitaxial metal layers during (a) addition of Ti capping
layers and (b) exposure to oxygen. Transport measurements on
Cu(001), Co(0001), and Rh(001) layers as a function of the Ti capping
layer thickness and O2 exposure time indicate that both Ti and O2 on
Rh surfaces cause a considerably smaller resistance increase than on
Cu and Co surfaces, suggesting a pronounced dependence on the con-
ductor metal but no qualitative difference when changing the chemical
identity of the capping layer. Measurements on epitaxial layers of
many different metals indicate a strong negative correlation between
the metal electronegativity and the relative resistance change during
air exposure, suggesting that the potential perturbation caused by
adsorbed oxygen is the primary cause for increased electron scattering.
In addition, the resistance increase for Nb, Ni, and Co layers is larger
than what can be explained by the FS model, confirming the break-
down of classical models to explain transport in metal films in the
limit of small thicknesses.

10-nm-thick epitaxial metal layers were deposited on MgO(001),
Al2O3(0001), Al2O3(1120), and Al2O3(1012) substrates in a three-
chamber ultra-high vacuum DC magnetron sputter deposition system
maintained at a base pressure of 10�9Torr. The deposition temperature
(100–900 �C) and in situ post-deposition annealing (350–1000 �C)
were optimized for each metal to maximize the crystalline quality and
minimize the surface roughness, as quantified by x-ray diffraction,
transmission electron microscopy, x-ray reflectivity, and atomic force
microscopy. This optimization and the microstructural analyses have
previously been reported in detail for Cu(001),36,37 Co(0001),38

Rh(001),39 Nb(001),40 Ag(001),41 Ni(001),42 Mo(001) and Mo(110),10

Ir(001),43 Ru(0001),44 and W(001) and W(110).45,46 After deposition,
the samples were allowed to cool to room temperature for 12h in vac-
uum, followed by in situ transfer to the analysis chamber for transport
measurements. Some samples were transferred back to the deposition
system for Ti deposition at room temperature via a ported shutter,
which enables deposition of capping layers at a small deposition rate of
0.12nm/min, yielding Ti cap layers with thicknesses dTi¼ 0.07–2.0 nm
as controlled by the Ti deposition time of 40–1080 s.21,25 The Ti coated
layers were transferred back to the analysis chamber without air-
exposure to quantify the change in the sheet resistance on addition of
Ti. In situ surface oxidation experiments were performed on a separate
set of as-deposited bare metallic layers by continuously measuring the
sheet resistance while introducing a constant flux of 90% Ar �10% O2

gas to the analysis chamber, yielding a linear pressure increase of 1.1
mTorr/s and a final pressure of 6Torr corresponding to an O2 partial

pressure of 0.6Torr after 1.6 h. Subsequently, the samples were
removed from the vacuum system via a load-lock vented with dry N2,
and the sheet resistance was measured ex situ with a similar linear
four-point probe setup to quantify the change in the sheet resistance
on air exposure.

Figure 1 shows the change in the sheet resistance DRs caused by
addition of Ti capping layers on nominally 10-nm-thick Cu(001),
Co(0001), and Rh(001) layers as a function of the thickness dTi of the
Ti capping layer. These data are obtained by measuring the sheet resis-
tance Rs from each sample before and after deposition of a Ti capping
layer, as summarized in Table I, yielding the sheet resistance difference
DRs for each sample. We plot DRs instead of the absolute Rs, because
this alleviates the effects of sample-to-sample variability and allows
direct comparison of the three metals. The sample-to-sample variabil-
ity is relatively small, as determined from uncoated layers that are
nominally identical and exhibit standard deviations in Rs of 2.5%,
2.1%, and 2.9% for Cu, Co, and Rh, respectively, indicating good
reproducibility of the deposition process and the in situ resistivity
measurements. The uncertainties of individual Rs values are listed in
Table I and are estimated from multiple resistance measurements at
different positions of the same sample. We note that the three metals
have comparable relative uncertainties but that the larger Rs of Co
results in larger absolute uncertainty values and correspondingly larger
error bars in the plotted DRs as well as larger scattering of the Co data
in Fig. 1.

The orange datapoints in Fig. 1 are from epitaxial Cu(001)/
MgO(001) layers with thickness d¼ 9.56 0.1nm, as determined by x-
ray reflectivity. The datapoint at dTi¼ 0nm corresponds to the bare
(i.e., uncoated) layer and, by definition, has no change in the sheet
resistance, thus DRs¼ 0. Adding Ti capping layers causes a monotonic
increase in DRs, which is attributed to increasingly diffuse electron sur-
face scattering associated with local surface states, atomic level

FIG. 1. Increase in the sheet resistance DRs caused by addition of Ti capping
layers on nominally 10-nm-thick epitaxial Cu(001), Co(0001), and Rh(001) layers vs
the cap thickness dTi.
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roughness, and/or perturbation of the flat surface potential at the Ti-
coated Cu surface, as discussed below. The blue datapoints are from a
series of epitaxial Co(0001)/Al2O3(0001) layers with dCo¼ 7.66 0.3nm.
Addition of Ti capping layers causes a comparable resistance increase
as for Cu. The data also suggest that, within experimental uncer-
tainty, DRs for Co is independent of dTi� 0.25 nm, indicating satura-
tion of DRs after Ti deposition of (most likely) less than a monolayer.
The green triangles in Fig. 1 are from Rh(001)/MgO(001) layers with
a measured thickness of 8.76 0.2 nm and DRs values that are all
positive, indicating a resistance increase with addition of Ti caps.
However, this increase is quite small, just slightly larger than the
experimental uncertainty and <4% of the total Rs. In addition, there
is no systematic trend in the DRs vs dTi data, suggesting saturation of
DRs at a fraction of a Ti monolayer. We note that the parallel conduc-
tion through the Ti cap layer has a negligible (<4%) effect even for
the largest dTi¼ 2 nm.

Figure 2 shows the relative change in the sheet resistance DRs/Ro
vs the time tox during exposure to a continuously increasing O2 partial
pressure. The three curves are from the same epitaxial Cu(001),
Co(0001), and Rh(001) layers used in Fig. 1 for dTi¼ 0. The oxygen is
introduced into the chamber at tox¼ 10 s, as indicated by the plotted
arrow as well as the top x-axis, which shows the increasing O2 partial
pressure. It causes an immediate resistance increase, which is most
pronounced for the Cu layer plotted as orange line showing an
increase of 7.5% followed by a drop back to DRs/Rs¼ 5% after 1.1 s of
exposure. This increase and subsequent decrease have previously been
reported for Cu(001) layers and are attributed to physisorbed oxygen
that perturbs the potential for a partially covered surface but yields a

flat surface potential for complete surface coverage, leading to diffuse
and specular electron scattering, respectively.15 Subsequently, the mea-
sured resistance for the Cu layer increases monotonously to reach
DRs/Ro¼ 26% at tox¼ 104 s. This increase is attributed to Cu surface
oxidation that roughens the flat potential of the pristine Cu(001) sur-
face. We note that the resistance is expected to continue increasing
beyond the time of the experiment as metallic Cu is consumed by a
growing oxide but reiterate that the observed resistance increase in Fig.
2 is primarily an electron surface scattering effect as it is much more
pronounced than what would be expected from the effective reduction
in the Cu thickness due to oxidation, as even the full oxidation of two
Cu monolayers would only correspond to a 3% thickness reduction
and, therefore, a 3% resistance increase. The blue curve from the
Co(0001) layer shows an initial 2.5% increase attributed to physisorbed
oxygen and a relatively steep increase between tox¼ 50 and 100 s due
to chemical surface oxidation. The latter occurs four times faster than
for Cu, consistent with the higher reactivity and lower electronegativity
for Co. The Co curve does not exhibit the characteristic drop that is
observed for Cu after 1.1 s, suggesting that chemical oxidation of the
Co surface initiates prior to formation of a complete physisorbed
monolayer. The solid green line from the Rh(001) layer shows an initial
increase in DRs/Ro¼ 0.4% and a secondary increase to 3.2% between
tox¼ 60 and 100 s. The Rh curve looks qualitatively similar to the Cu
and Co curves with characteristic features attributed to physisorption
and chemisorption. However, its total DRs/Ro at tox¼ 5714 s is only
4.7%. This is approximately five times smaller than the 25.5% and
22.0% measured for Cu and Co, respectively, and is attributed to the
larger electronegativity of Rh, as discussed below.

We note the similarity in the data presented in Figs. 1 and 2.
Both data sets show a considerably larger resistance increase for Cu
and Co than for Rh, indicating that Ti and oxygen adatoms more
strongly affect electron scattering at Cu and Co surfaces than at

TABLE I. Ti capping layer thickness, sheet resistance Rs measured in situ for
uncoated and Ti coated Cu(001), Co(0001), and Rh(001) layers with thicknesses of
9.56 0.1, 7.66 0.3, and 8.76 0.2 nm, respectively, and the corresponding change
in the sheet resistance DRs on addition of Ti capping layers.

dTi (nm)
Rs (X/�)
uncoated

Rs (X/�)
Ti coated DRs (X/�)

Cu(001)
0 3.946 0.04 � � � � � �
0.016 3.686 0.06 3.836 0.09 0.156 0.03
0.16 3.856 0.04 5.076 0.07 1.226 0.05
0.64 3.806 0.04 5.456 0.05 1.656 0.06

Co(0001)
0 13.546 0.12 � � � � � �
0.13 13.806 0.19 14.566 0.59 0.766 0.62
0.25 14.226 0.76 15.536 0.39 1.316 0.86
0.5 13.396 0.09 14.676 0.09 1.286 0.13
1.0 13.456 0.03 14.156 0.22 0.696 0.22
2.0 13.556 0.07 14.916 0.16 1.366 0.18

Rh(001)
0 10.096 0.06 � � � � � �
0.07 9.416 0.03 9.556 0.05 0.146 0.03
0.15 10.106 0.08 10.416 0.06 0.316 0.08
0.45 9.576 0.04 9.756 0.04 0.186 0.04
1.47 9.956 0.06 10.036 0.05 0.086 0.02
2.0 9.866 0.07 10.236 0.07 0.376 0.07

FIG. 2. Relative sheet resistance change DRs/Ro vs time tox of epitaxial Cu, Co,
and Rh layers during controlled oxygen exposure experiments.
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Rh surfaces. This suggests that the type of conducting metal (Cu, Co
or Rh) is more important in determining the level of specular vs dif-
fuse electron surface scattering than the type of adlayer (Ti or oxygen).
Motivated by these data, we present in the following a comparison
of the effect of air exposure on the resistance of a large number of
epitaxial metal layers.

Figure 3 shows the relative resistivity increase Dq/q during air
exposure of 10-nm-thick epitaxial metal layers plotted vs Pauling’s
electronegativity of the metal. Dq is the difference between the resistiv-
ity q measured in situ in vacuum and the resistivity measured after air
exposure. The data are extracted and compiled from our previous
studies on epitaxial Cu(001),37 Co(0001),25 Rh(001),39 Nb(001),40

Ag(001),41 Ni(001),42 Mo(001) and Mo(110),10 Ir(001),43 Ru(0001),44

and W(001) and W(110)45,46 layers. The plotted Dq/q ¼ 0.25, 0.14,
and 0.04 for Cu, Co, and Rh matches well with the in situ oxidation
DRs/Ro¼ 0.26, 0.22, and 0.05 from Fig. 2 with excellent agreement for
Cu and Rh but some deviation for Co, which is due to the different
layer thickness of 10 and 7.6 nm for the air and O2 exposure experi-
ments, respectively. We note that Dq/q varies slightly (by 0.006 and
0.010) between (110) and (001) oriented layers of Mo10 and W46 and
that we plot the average of the two orientations for these two metals.
Nb shows the largest Dq/q¼ 36%. The plotted Dq/q decreases to
25%, 18%, 14%, and 11% for Cu, Ag, Co, and Ni, respectively, and
becomes quite small, Dq/q¼ 6.2%, 4.5%, 4.5%, 3.9%, and 2.4%, for
Mo, Rh, Ir, Ru, and W, respectively. The plot suggests a strong inverse
correlation between the electronegativity and the resistivity increase
during air exposure. More specifically, a decreasing electronegativity
causes an increasing resistivity due to surface oxidation. This is attrib-
uted to the larger charge transfer from the metal surface to the chemi-
sorbed oxygen, which forms a surface oxide. As a consequence, the
electron potential at the metal surface is perturbed, causing increas-
ingly diffuse electron scattering. We note that the measured Dq/q

shows no systematic correlation with the surface roughness, which
varies considerably for the different metal layers, ranging from 0.14
and 0.16 nm for Ir and Rh to 0.30, 0.34, 0.44, 0.50, and 0.90 nm for Co,
Ru, W, Ag, and Cu, respectively. Thus, the observed correlation
between Dq/q and the electronegativity suggests that surface scattering
at air-exposed layers is more strongly affected by the electronegativity
than the roughness.

We quantify the transition from the more specular surface scatter-
ing at the pristine metal surfaces to the more diffuse scattering at the
air exposed layers by calculating the change in the surface scattering
specularity parameter p during air exposure from the measured Dq.
This is done using the approximate form of the semi-classical FS
model47 along with the qok product predicted from first-principles,40,48

assuming no change in electron scattering at the metal-substrate inter-
face. The result is shown in the inset of Fig. 3, which is a plot of the
decrease in specularity�Dp vs the bulk resistivity qo. Tungsten exhibits
the smallest decrease in specularity with �Dp¼ 0.18, followed by Mo,
Ru, Ir, Ag, Rh, and Cu with �Dp¼ 0.35, 0.39, 0.42, 0.42, 0.51, and
0.74. For more electropositive metals including Ni, Co, and Nb, this
analysis yields a �Dp of 1.90, 1.06, and 10.4. These values are larger
than 1.0 and, therefore, make no physical sense within the FS model,
because the specularity can only vary between p¼ 1 for completely
specular and p¼ 0 for completely diffuse electron surface scattering.
Similarly, applying the same analysis to the effect of Ti cap layers on
Cu(001) presented in Fig. 1 yields �Dp¼ 0.11, 0.88, and 1.18 for
dTi¼ 0.016, 0.16, and 0.64nm, respectively, indicating that electron
scattering at Cu surfaces with a 0.64-nm-thick Ti cap also cannot be
satisfactorily described by the FS model. We attribute this to a break-
down of the FS model at small length scales. The FS model assumes
that electrons are semi-classical point particles, which can travel in any
direction within a three-dimensional conductor, and the interaction
with the surface is characterized by electrons approaching and then
scattering off the surface during discrete events.26–28 In contrast, we
envision that transport in our 10-nm-thick metal layers is better
described by a two-dimensional (2D) electron transport, where the 2D-
electron travels parallel to the thin film surfaces but continuously inter-
acts with the surface potentials, which may cause electron scattering
and, therefore, relaxation and a macroscopic resistivity.6,28–35 This
description requires no phenomenological specularity parameter and
predicts no maximum resistivity contribution from surface scattering,
consistent with the large measured Dq/q for Nb, Co, and Ni as well as
Cu with addition of a Ti cap.

Correspondingly, in conclusion, we interpret the strong correla-
tion between the electronegativity and the measured DRs and Dq/q
presented in Figs. 1–3 by the magnitude of the surface potential per-
turbation that Ti and oxygen adatoms exhibit on metal surfaces. More
specifically, electron surface scattering in a semi-classical (3D) frame-
work is simultaneously affected by the nature of the native oxide,15,30

the surface coverage,13,14,18 the surface/interface rough-
ness,8,11,23,27,49–51 and the density of states at the metal-oxide inter-
face.21,22,25 In contrast, the primary parameter affecting the resistance
within a 2D transport model6,28–35 is the magnitude of the surface
potential perturbation, which is primarily determined by the unifor-
mity and the magnitude of the charge transfer from the metal to the
adatoms. This charge transfer in chemical bonds is most simply
described using the electronegativity of the involved atoms. A high
charge (electron) transfer from the surfaces of electropositive metals to

FIG. 3. Change in resistivity Dq caused by air exposure of 10-nm-thick epitaxial
metal layers, normalized by the in situ measured resistivity q and plotted as a func-
tion of Pauling’s electronegativity. The inset shows the corresponding decrease in
surface scattering specularity �Dp during air exposure vs the bulk resistivity qo.
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adatoms perturbs the surface potential and causes diffuse electron scat-
tering. In contrast, the tendency of electronegative metals to retain
their conduction electrons despite bonding with adatoms minimizes
electron density variations at the surface. Thus, the flat surface poten-
tial is preserved, minimizing the overall surface scattering. These argu-
ments are in good agreement with first-principles calculations,
indicating that the electron transmission through a Cu film is strongly
reduced by a surface oxide, and this suppressed transmission extends
0.35–0.5nm into the Cu film.30
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