
Effect of O2 adsorption on electron scattering at Cu„001… surfaces
J. S. Chawla,1 F. Zahid,2 H. Guo,2 and D. Gall1,a�

1Department of Materials Science and Engineering, Rensselaer Polytechnic Institute, New York 12180, USA
2Department of Physics, McGill University, Montreal, Quebec H3A 2T8 Canada

�Received 16 March 2010; accepted 24 August 2010; published online 27 September 2010�

The electrical resistance of epitaxial Cu�001� sequentially increases, decreases, and again increases
when exposed to 10−3–105 Pa s of O2. This is attributed to partial specular surface scattering for
smooth clean Cu�001� and for the surface with a complete adsorbed monolayer, but diffuse
scattering at partial coverage and after chemical oxidation. A model relates the surface coverage to
the specularity parameter and finds adatom and advacancy scattering cross-sections of 0.8�0.2 and
0.06�0.03 nm2, which are qualitatively validated by nonequilibrium ab initio transport
simulations. The rates for resistance change are proportional to the O2 partial pressure. © 2010
American Institute of Physics. �doi:10.1063/1.3489357�

Electron scattering at surfaces causes an increase in the
electrical resistivity of metal layers which becomes promi-
nent as their thickness d decreases to approach the mean free
path � for electron-phonon collisions. Surface scattering pro-
cesses are affected by charge density variations associated
with atomic level surface roughness1–5 and adsorption of for-
eign atoms and molecules,5–9 and have gained interest due to
their importance in understanding the conductance of metal-
lic thin films,1,3,6 nanowires,10 and carbon nanotubes,11 as
well as atomic level friction,12,13 electromigration,14 and sur-
face sensing.6,7,15,16 O2 adsorption and oxidation of Cu sur-
faces is particularly important to microelectronics and nano-
electronics, as the interconnect resistivity increases with
decreasing wire width,17 and has also implications in
catalysis,18 solar conversion,19 and may become important
for gas sensing applications. The increase in the resistivity of
a metal film due to electron surface scattering is classically
described within the framework by Fuchs20 and
Sondheimer21 �FS�, which describes electron scattering
events as either specular or diffuse quantified by the phe-
nomenological scattering parameter p. For specular scatter-
ing �p=1�, the electron momentum perpendicular to the sur-
face is reversed while the parallel component is conserved,
causing no effect on the resistivity. In contrast, diffuse scat-
tering �p=0� results in a complete randomization of the elec-
tron momentum and a corresponding increase in the resistiv-
ity. Within this framework, the resistance increase that is
reported for the adsorption of gas species6–9 or the vacuum
deposition of foreign atoms5 on sufficiently smooth thin
metal films can be described by a decrease in p, that is, by
increasingly diffuse surface scattering. Consistent with these
results, we have recently shown that single crystal Cu�001�
surfaces exhibit partially specular scattering �p=0.6� in
vacuum but that the deposition of a 0.3 nm thick Ta over-
layer results in a transition to completely diffuse �p=0� sur-
face scattering, corresponding to a 15% resistivity increase
for a 27 nm thick Cu layer.3 We have also employed ab initio
calculations to predict the effect of a partial monolayer of
foreign metal adatoms that occupy Cu lattice sites on
Cu�001�, and found that the resistivity associated with sur-
face scattering initially increases with increasing coverage
but then decreases back to zero as the coverage reaches a full

monolayer,22,23 similar to what has been reported for In
evaporation on textured In�011� at 15 K.24 These results in-
dicate that a perfect monolayer of foreign adsorbed species
may conserve the specular scattering of the clean surface.
Therefore, we envision that an appropriate adsorbed species
which forms a homogeneous coverage may promote specular
scattering and may be useful to design low-resistivity nano-
wires.

In this paper, we demonstrate that a sufficiently homo-
geneous oxygen overlayer on smooth Cu�001� yields, in fact,
specular scattering, while a partial monolayer disturbs the
surface potential and causes completely diffuse scattering.
The Cu layers were deposited by magnetron sputtering
onto MgO�001� substrates following the procedure in
Ref. 3, yielding single crystals3,25 with a surface roughness
�1.8 nm.26 They were connected to a linear four point
probe without breaking vacuum, and the resistance was mea-
sured during exposure to an Ar–O2 mixture with 10 or 0.005
at. % O2 at 0.067–1333 Pa, yielding an O2 partial pressure
PO2

=3.3�10−6–133 Pa.
Figure 1 is a typical plot of the measured sheet resistance

R versus O2 exposure �O2
, from a 26.3�0.5 nm thick

Cu�001� layer. Comparable data has been observed for 12
samples with thicknesses d=25–42 nm and exposed to a
wide range of PO2

=6.7�10−6–133 Pa. The exposure �O2
is

defined as the time-integral over PO2
. In order to investigate
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FIG. 1. Sheet resistance R and surface scattering specularity parameter p1 vs
cumulative oxygen exposure �O2

from a 26.3 nm thick epitaxial Cu�001�
layer exposed to a partial pressure of oxygen PO2

that is increased from
0.022 to 0.40 Pa at �O2

=24 Pa s. The triangular marker indicates R prior to
exposure.
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�O2
over seven orders of magnitude with an accuracy of

�10% and within a reasonable experimental timeframe of
approximately 2 days, PO2

is increased during the experi-
ment, at �O2

=24 Pa s, from 0.022 to 0.40 Pa. The resistance
prior to exposure is 0.925 � /sq, as indicated by the triangu-
lar data point plotted at an arbitrary small �O2

=0.002 Pa s,
and increases by 8% with increasing �O2

to reach a maxi-
mum of 0.999 � /sq at �O2

=0.053 Pa s. A similar 3% resis-
tance increase has previously been reported for a 49 nm thick
Cu layer exposed to 0.013 Pa s.9 Increasing �O2

further
causes R to drop back to 0.928 � /sq at �O2

=18.4 Pa s,
followed by another increase starting at approximately �O2
=100 Pa s to ultimately reach R=1.018 � /sq at the end of
the experiment at �O2

=8.2�104 Pa s. The changes in R
with O2 exposure are attributed to changes in the electron
surface scattering at the exposed Cu�001� surface, which is
quantified by the specularity parameter p1 for the top surface
using the following expression:3

�o

Rd
= 1 −

3

4	
�

1




�t−3 − t−5��1 − e−	t��2 − p1 + p1e−	t�dt ,

�1�

which assumes completely diffuse scattering at the layer-
substrate �Cu–MgO� interface, based on our earlier results.3

Here, �o=1.71 �� cm is the room temperature bulk resis-
tivity of Cu and 	=d /�. The p1 values are directly calculated
from R by numerically solving Eq. �1� and are indicated in
the right y-axis of the plot in Fig. 1. The initial p1
=0.50�0.06, comparable to our previously reported p1
=0.6�0.1 for a Cu�001� surface in vacuum.3 That means,
the as deposited Cu surface causes on average 50% specular
and 50% diffuse electron scattering, where the latter is attrib-
uted to residual surface imperfections, in particular atomic-
height steps, Cu adatoms and surface vacancies. As the sur-
face is exposed to O2, p1 decreases to 0.07�0.07 at the
resistance maximum ��O2

=0.053 Pa s� but then increases
back to 0.48�0.06. That is, the electron surface scattering
becomes nearly completely diffuse as oxygen adsorbs on
Cu�001� and perturbs the smooth potential drop of an atomi-
cally flat surface, but the partial specular scattering of the Cu
surface is regained when the surface coverage increases such
that the oxygen forms a homogeneous smooth overlayer of
adsorbed atoms or molecules. At still higher oxygen expo-
sure, the surface scattering becomes again diffuse, which we
attribute to Cu oxide formation that causes atomic-level
roughness of the conducting metal surface. In addition,
Cu “consumption” during oxidation reduces the effective
cross-section of the conducting layer, leading to an R
=1.018 � /sq at �O2

=8.2�104 Pa s that is 0.5% higher
than R=1.013 � /sq for p1=0.0, suggesting that 0.5% ��0.7
monolayers� of the 26.3 nm thick Cu layer have been oxi-
dized at the end of the experiment. The positive slope on the
right end of the semilog plot in Fig. 1 suggests that R would
continue to increase beyond the experiment, although very
slowly, until the entire Cu layer is oxidized.

Experiments with different PO2
were performed in order

to confirm that the rate of the resistance change in the low
exposure regime, that is for �O2

�1 Pa s where oxide for-
mation is negligible, is proportional to the oxygen flux im-
pinging on the surface. Figure 2 is a plot showing the time-

dependence of the sheet resistance R�t�, normalized by the
value prior to exposure Ro, for four layers exposed to differ-
ent constant oxygen pressures PO2

. All four samples exhibit
the same characteristic increase and subsequent decrease in
R. However, as PO2

decreases from 6.7�10−3 to 3.5�10−4

to 3.3�10−5 to 6.7�10−6 Pa, the response time increases
and the plotted data shifts to the right. This effect is quanti-
fied by determining from the experimental data the rates of
�i� the resistance increase R↑ /t at the start of O2 exposure
�t=0�, and �ii� the resistance decrease R↓ /t at the point
when 10% of the resistance increase has been recovered. The
results are plotted in the inset, showing that R↑ /t and
�R↓ /t� increase monotonically from 1.8�10−4 and 7.2
�10−7 � /sq /s at PO2

=6.7�10−6 Pa to 0.021 and 1.0
�10−3 � /sq /s at PO2

=6.7�10−3 Pa, respectively, follow-
ing straight lines in this log-log plot, with slopes of
0.80�0.05 and 1.08�0.03, respectively. These values are
close to unity, indicating a nearly linear response of the re-
sistance change with oxygen pressure. The strong and sys-
tematic change in R↑ /t with PO2

demonstrates that these
Cu layers could, in principle, be used for O2 gas detection,
with an average sensitivity �R /Ro of 330% per Pa s.

We attribute the resistance increase and subsequent de-
crease to a monotonically increasing oxygen surface cover-
age ��t� which can be described for �O2

�10 Pa s, consis-
tent with data in Ref. 27, with a first order rate expression

��t� = 1 − e−fPO2
t, �2�

where f is a flux constant that relates the oxygen partial
pressure to the net oxygen adsorption rate which includes the
surface site density and the sticking coefficient. A perfectly-
smooth clean Cu surface ��=0� yields specular scattering
�p1=1�. However, as � increases, the individually adsorbing
O2 molecules disturb the flat potential step at the surface,
causing increasingly diffuse scattering corresponding to a de-
creasing p1. This argument assumes, based on the reported
limited migration distance ��0.5 nm� and a low-density
c�2�2�-O phase for ��0.3,27 that a partial oxygen mono-
layer does not form dense surface islands on Cu�001�. Simi-
larly, a complete adsorbed monolayer ��=1� results in specu-

FIG. 2. �Color online� Time evolution of normalized sheet resistance R /Ro

from four Cu layers with average thickness 	d
=26�1 nm, exposed to
different O2 pressures PO2

. The solid lines are the result of a simultaneous fit
and the inset shows the rates of resistance increase and decrease vs PO2

.
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lar scattering as the potential step that the conduction
electrons experience is flat. However, vacancies in the ad-
sorbed monolayer also cause a reduction in p1. Based on
these arguments, p1 can be expressed in terms of �

p1��� = p1
o��1 − ����O + ���V� , �3�

where p1
o is the specularity parameter of the Cu surface prior

to oxygen exposure, �=15.3 nm−2 is the number of adsorp-
tion sites per unit surface area, and �O and �V are the diffuse
scattering cross-sections for an adsorbed oxygen adatom on
Cu�001� in the limit of low coverage, and for a vacancy in an
adsorbed monolayer in the limit of nearly complete cover-
age, respectively, consistent with the cross-section definition
in Ref. 28. Simultaneous curve fitting of the measured R�t�
data for all PO2

using Eqs. �1�–�3�, plotted as solid lines in
Fig. 2, yields f =1.42�0.09 Pa−1 s−1, �O=0.8�0.2 nm2,
and �V=0.06�0.03 nm2. That is, the scattering cross sec-
tion of an adsorbed oxygen species is 12� larger than the
area �0.065 nm2� of a surface adsorption site. Also, scatter-
ing at an oxygen adatom is an order of magnitude larger than
at a vacancy defect in an otherwise perfect adsorbed mono-
layer, consistent with the data in Figs. 1 and 2, showing a
relatively quick rise in R upon O2 exposure and a consider-
ably slower subsequent drop in R as vacancies in the ad-
sorbed layer are filled.

This is also illustrated in Fig. 3�a�, which is a plot of the
room temperature resistivity � versus oxygen surface cover-
age � for a Cu layer with d=27 nm, p1

o=0.50, and diffuse
scattering at the layer-substrate interface, obtained using Eqs.
�1� and �3� and the above values for �O and �V. The asym-
metry in the plotted curve, with a maximum at �=0.17, is
attributed to �O��V, that is, the perturbation due to an oxy-
gen adatom on Cu�001� is larger than that due to a vacant site
in an adsorbed monolayer. Here we note that the reported
transition from a low-density c�2�2�-O phase to a higher
density �2�2��2�R45° -O phase at ��0.3 �Ref. 27� may
also contribute to the change from an increasingly diffuse to
an increasingly specular surface scattering.

The effect of oxygen adsorption on the resistivity of a
Cu�001� layer is also investigated using nonequilibrium
Green’s function density functional calculations with a
nonequilibrium vertex correction to achieve disorder
averaging. This method is described in more detail in Refs.
23, 29, and 30. The calculations are done for a 19 monolay-
ers �d=3.43 nm� thick Cu�001� layer which is doped with a
4% Pd impurity to simulate bulk scattering, yielding �o
=3.61 �� cm which corresponds to �=18.28 nm or pho-

non scattering at T=583 K. The top and bottom Cu�001�
surfaces are unrelaxed and atomically smooth, with the top
surface being coated with an additional atomic layer at the
regular Cu lattice site positions. Each site of this coating has
a probability � to be occupied by an oxygen atom, with a
probability �1-�� to be occupied by vacuum, an arrangement
similar to what was previously reported for metallic
adlayers.23 Figure 3�b� is a plot of the calculated ���� which
is equal to �o for both �=0 and �=1, indicating perfectly
specular scattering for the clean Cu-surface as well as for the
surface covered with a complete oxygen monolayer. How-
ever, ���� is considerably higher for a partial coverage,
which is attributed to variations in the Fermi surface density
of states and the crystal potential at the Cu-adatom interface.
The curve is in good agreement with the experimental results
in Fig. 3�a�, and exhibits an asymmetry with a maximum
near �=0.3, indicating a much greater diffuse scattering
cross-section for an oxygen adatom than a vacant site in an
adsorbed monolayer, i.e., �O��V.

In conclusion, both experiment and simulation indicate
specular surface scattering at a clean Cu�001� surface as well
as at a surface completely covered with a monolayer of oxy-
gen. In contrast, partial coverage as well as Cu oxidation
leads to diffuse scattering. The rates of resistance increase
and decrease upon oxygen exposure is proportional to the
oxygen pressure, indicating a gas sensing mechanism with an
average sensitivity �R /Ro of 330% per Pa s.

This research is supported by the NYSTAR Interconnect
Focus Center at Rensselaer.

1S. M. Rossnagel and T. S. Kuan, J. Vac. Sci. Technol. B 22, 240 �2004�.
2J. M. Purswani and D. Gall, Thin Solid Films 516, 465 �2007�.
3J. S. Chawla and D. Gall, Appl. Phys. Lett. 94, 252101 �2009�.
4H. D. Liu, Y. P. Zhao, G. Ramanath, S. P. Murarka, and G. C. Wang, Thin
Solid Films 384, 151 �2001�.

5D. Schumacher, Surface Scattering Experiments with Conduction Elec-
trons �Springer, Berlin, 1993�, Vol. 128.

6M. Hein and D. Schumacher, J. Phys. D 28, 1937 �1995�.
7E. F. McCullen, C. L. Hsu, and R. G. Tobin, Surf. Sci. 481, 198 �2001�.
8R. G. Tobin, Surf. Sci. 502–503, 374 �2002�.
9E. T. Krastev, D. E. Kuhl, and R. G. Tobin, Surf. Sci. 387, L1051 �1997�.

10C. Z. Li, H. Sha, and N. J. Tao, Phys. Rev. B 58, 6775 �1998�.
11V. M. Bermudez, J. Phys. Chem. B 109, 9970 �2005�.
12B. N. J. Persson, J. Chem. Phys. 98, 1659 �1993�.
13A. I. Volokitin and B. N. J. Persson, Phys. Rev. Lett. 94, 086104 �2005�.
14M. F. G. Hedouin and P. J. Rous, Phys. Rev. B 62, 8473 �2000�.
15Z. Liu and P. C. Searson, J. Phys. Chem. B 110, 4318 �2006�.
16X. Qi and F. E. Osterloh, J. Am. Chem. Soc. 127, 7666 �2005�.
17W. Steinhögl, G. Schindler, G. Steinlesberger, M. Traving, and M. Engel-

hardt, J. Appl. Phys. 97, 023706 �2004�.
18Q. Fu and T. Wagner, Surf. Sci. Rep. 62, 431 �2007�.
19P. Raksa, S. Nilphai, A. Gardchareon, and S. Choopun, Thin Solid Films

517, 4741 �2009�.
20K. Fuchs, Proc. Cambridge Philos. Soc. 34, 100 �1938�.
21E. H. Sondheimer, Adv. Phys. 1, 1 �1952�.
22V. Timoshevskii, Y. Ke, H. Guo, and D. Gall, J. Appl. Phys. 103, 113705

�2008�.
23F. Zahid, Y. Ke, D. Gall, and H. Guo, Phys. Rev. B 81, 045406 �2010�.
24D. Schumacher and D. Stark, Thin Solid Films 116, 199 �1984�.
25J. M. Purswani, T. Spila, and D. Gall, Thin Solid Films 515, 1166 �2006�.
26J. M. Purswani and D. Gall, J. Appl. Phys. 104, 044305 �2008�.
27K. Lahtonen, M. Hirsimaki, M. Lampimaki, and M. Valden, J. Chem.

Phys. 129, 124703 �2008�.
28B. N. J. Persson, Phys. Rev. B 44, 3277 �1991�.
29Y. Ke, F. Zahid, V. Timoshevskii, K. Xia, D. Gall, and H. Guo, Phys. Rev.

B 79, 155406 �2009�.
30Y. Ke, K. Xia, and H. Guo, Phys. Rev. Lett. 100, 166805 �2008�.

FIG. 3. Electrical resistivity � for a Cu�001� layer vs surface oxygen cov-
erage �. �a� Experimental result obtained using Eqs. �1� and �3� with d
=27 nm, �o=1.71 �� cm, p1

o=0.5, �O=0.8 nm2, and �V=0.06 nm2,
and �b� calculated using parameter free ab initio simulations with unrelaxed
smooth surfaces, d=3.43 nm, and �o=3.61 �� cm.
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