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Copper Interconnects: Surface State
Engineering to Facilitate Specular Electron
Scattering

Erik Milosevic and Daniel Gall

Abstract— In situ electron transport measurements on epitaxial
10-nm-thick Cu(001) with Al and AlOx cap layers indicate that the
electron surface scattering specularity increases when the density
of electronic surface states decreases. The Cu layers were sputter
deposited on MgO(001) substrates and their resistance measured
in situ as a function of the Al cap thickness da1=0 - 1.4 nm as well
as oxygen exposure from 10! to 105 Pa-s. The resistance increases
with increasing dai, indicating a decrease in the surface scattering
specularity that is well described by an exponential decay,
attributed to the linearly increasing number of localized surface
states available for electron scattering. In contrast, exposure to
0.04 - 50 Pa O: results in a decrease in the measured resistance as
the Al cap is oxidized to form AlQOy, leading to a decreasing surface
density of states and increasing scattering specularity with
increasing x. The conductance enhancement is most pronounced
for dai= 0.4 nm, since a larger dai leads to incomplete Al oxidation
while a smaller da insufficiently suppresses copper surface
oxidation, causing a transition to diffuse surface scattering. The
overall results indicate that insulating liner layers provide a
conductance advantage for narrow interconnect lines.

Index Terms—Interconnects, Copper, BEOL, MOL, Resistivity
Scaling, Mean Free Path, Surface Scattering, Specularity

I. INTRODUCTION

LECTRON transport in metallic conductors with reduced
dimensions remains a topic of considerable interest to the
semiconductor industry because the resistivity of narrow
interconnect wires strongly affects the speed and power
consumption of integrated circuits [1]-[4]. At dimensions
roughly equivalent to, or smaller than the electron mean free
path in the bulk, electron scattering at surfaces [5]-[7], grain
boundaries [8]-[12], and surface roughness [13]-[15] cause the
resistivity to be well above the bulk value. For example, Cu
with a mean free path 1 =39 nm [16] exhibits a 400% resistivity
increase as the wire cross-sectional area is decreased to 400 nm?
[17].
Electron scattering at surfaces is typically quantified using
the classical model by Fuchs and Sondheimer (FS) [18], [19],
who describe electron-surface interactions phenomenologically
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using a specularity parameter p that adopts a value between 0
and 1. Zero specularity (p = 0) corresponds to completely
diffusive scattering where the electron momentum is
randomized upon scattering at the surface, resulting in a
resistivity increase. Conversely, specular scattering (p = 1)
corresponds to electron reflection from the surface with
conservation of the parallel momentum component and,
therefore, no effect on the resistivity. Thus, metal
surfaces/interfaces that exhibit a large electron scattering
specularity are desired for next generation interconnect
technologies. Surfaces with partially specular electron
scattering have been reported for Cu [7], Ag[20], Au[21]-[23],
and Co [24]. The most common interconnect material is Cu, for
which a specularity of p = 0.6 — 0.7 has been reported at the Cu-
vacuum interface [7], [25], [26]. However, exposure of the Cu
surface to an oxygen-containing atmosphere causes a transition
to completely diffuse electron scattering which is attributed to
oxide formation and the related atomic level surface roughness
[27]. Similarly, most studies report p = 0 for the interface
between Cu and barrier layers such as Ti [28] and TiN [29],
while there is still some disagreement regarding the industrially
most relevant Cu-Ta interface [7], [28], [30], which may be
attributed to the difficulty in deconvoluting the effects of
surface and grain boundary scattering [6], [31]. Some evidence
for non-zero (partial) specular electron scattering has been
reported for interfaces of Cu with SiO, [32], Ni/NiO [25], TiO,
[26], AlO, and TaO, [33], suggesting that oxide barriers may be
more likely to facilitate specular scattering at the Cu-barrier
interface than metallic layers. This is also consistent with the
reported decrease of Al and Ti coated Cu layers upon
atmospheric exposure [26], [33], which is attributed to a
reduction in the local surface density of states (LDOS) at the
Fermi level upon oxidation [26].

In this study, we investigate the electron scattering at the Cu-
metal vs Cu-insulator interfaces for the Cu-Al/AlO. system
using continuous in sifu transport measurements during O,
adsorption and oxidation of Al capping layers on nominally 10-
nm-thick epitaxial Cu(001) films grown on MgO(001). The use
of epitaxial films allows quantification of electron surface
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scattering without the confounding effects from scattering at
grain boundaries. The results show an exponential decay in the
scattering specularity with increasing Al capping layer
thickness da; = 0 - 1.4 nm. Conversely, Cu coated with 0.4 nm
Al shows an increase in specularity upon oxygen exposure
which is attributed to oxidation of the Al cap and protection of
the Cu underlayer from oxidation. The resulting AlO, coated
Cu has a higher conductance than oxygen-exposed bare Cu,
demonstrating the promise of this approach to design barrier
layers for narrow high conductivity interconnects.

II. PROCEDURE

The Cu(001) layers and Al capping layers were deposited in
a three-chamber ultra-high vacuum DC magnetron sputtering
system with a base pressure of 10”7 Pa [34]. Polished 10 x 10 x
0.5 mm?® MgO(001) substrates were cleaned ultrasonically in
consecutive baths of trichloroethylene, acetone, isopropyl
alcohol, and deionized water, mounted to a Mo stub with
colloidal silver paint, and inserted into the deposition system
through a load lock. Substrates were degassed in situ at 1000
°C for one hour and allowed to cool to room temperature during
approximately 12 h. 5-cm-diameter Cu (99.999%) and Al
(99.99%) targets were positioned facing the substrate at 45° at
a distance of 9 cm and were sputter-cleaned with closed shutters
for 5 min. Cu depositions were done in 0.40 + 0.03 Pa Ar
(99.999%) with a continuously rotating substrate at room
temperature (298 K). A constant magnetron power of 40 W
yielded a deposition rate of 0.25 nm/s, resulting in a nominal
thickness of 10 nm for the Cu layers deposited for 40 seconds.
The films were transferred in situ to an attached analysis
chamber for in situ resistance measurements using a linear four-
point probe operated at 1-100 mA. Subsequently, samples were
transferred back to the deposition chamber without air exposure
for deposition of Al cap layers at 298 K in 0.93 + 0.04 Pa Ar
using a magnetron power of 40 W and a ported shutter to limit
the Al deposition rate to 0.002 nm/s. The deposition time of 0,
55, 220, or 672 seconds was chosen to obtain a set of samples
with varying Al capping layer thicknesses dai =0 - 1.4 nm, as
determined from deposition rate calibrations and confirmed by
X-ray reflectivity analyses. The capped Cu layers were then
moved to the analysis chamber for additional in sifu transport
measurements, including the effect of oxygen exposure. This
was done by continuously measuring the resistivity while
introducing a constant flux of a 90%Ar — 10%0- gas mixture.
During these oxidation experiments, the valves to the vacuum
pumps were closed, leading to a chamber pressure that
increases linearly by 0.08 Pa/s, reaching a 500 Pa total pressure
corresponding to a 50 Pa O, partial pressure at the end of a ~1.6
h experiment. Finally, the samples were removed from the
system via a load lock and their ex situ sheet resistances
measured after air exposure (15-25% relative humidity) using a
second four-point probe set up.

X-ray diffraction (XRD) and X-ray reflectivity (XRR)
analyses were performed using a PANalytical X'pert PRO MPD
system with a Cu source and a parabolic mirror yielding a
parallel beam with <0.055° divergence, and a 0.27° parallel
plate collimator in front of a scintillation point detector. XRR
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data was fit using the PANalytical X Pert Reflectivity software,
which makes use of the Parratt formalism for reflectivity. For
this purpose, the densities of MgO, Cu, and Al are fixed at the
known values of 3.58, 8.92, and 2.17 g/cm?, respectively.
Similarly, the density of the copper surface oxide was assumed
to match the bulk Cu,O density of 6.0 g/cm® and the surface
AlO, density was fixed to 3 g/cm?, the reported value for the
native oxide layer on Al [35].

III. RESULTS AND DISCUSSION

All Cu layers in this study are epitaxial Cu(001)/MgO(001)
layers. The epitaxy is confirmed with XRD methods [5], [26],
[36], [37] using a combination of w-26 scans, @ rocking curves
and ¢-scans of the Cu(311) reflections. The Cu layer
microstructure including misfit dislocation density and
interface structure is similar to what we have previously
reported in [38]-[40]. Fig. 1 shows representative XRR
analyses from two nominally 10-nm-thick Cu(001) films, one
without Al coating (da1 = 0 nm) and one coated with Al for 672
s, yielding dai = 1.4 nm. The measured intensity is plotted as
solid lines in a logarithmic scale as a function of the scattering
angle 26, while the results from curve fitting are shown as
dotted lines, offset by a factor of x10? above their respective
experimental data for clarity purposes. The curve from the Cu
film with da; = 0 nm is best described by a 9.1 = 0.3 nm thick
Cu layer with a 0.5 + 0.2 nm CuO, surface oxide, consistent
with previously reported thin native Cu,O layers on epitaxial
Cu [26].
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Fig. 1. Representative XRR analyses from 9.4-nm-thick Cu(001) (blue) and
from 10.3-nm-thick Cu(001) with an Al capping layer with thickness da = 1.4
nm (green). The dotted lines are the results from curve fitting

We use these two values to determine the as-deposited in sifu
film thickness dc, = 9.4 nm from the sum of the measured 9.1
nm and the equivalent thickness of 0.3 nm of metallic Cu
contained within the measured 0.5 nm CuOy layer. The curve
fitting also provides values for the root-mean-square (RMS)
roughness of the CuO, surface of 0.25 = 0.15 nm, as well as the
interface roughnesses of 1.4 £ 0.5 and 0.6 = 0.1 nm for the
CuOy-Cu and Cu-MgO interfaces, respectively. We note that
the XRR analysis does not provide lateral information about the
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Cu surface morphology, but that we expect it to be comparable
to what we have previously reported for Cu layers deposited in
the same deposition system [39]. The Al-coated Cu layer (green
color in Fig. 1) exhibits a measured intensity which is best fit
with a Cu thickness dcy = 10.3 £ 0.1 nm, no CuOy layer, and a
partially oxidized Al cap consisting of a 1.0 £ 0.1 nm thick
metallic Al layer in direct contact with the Cu and an Al surface
oxide with thickness daiox = 0.7 £ 0.2 nm. The latter two values
yield a total in situ deposited Al thickness of 1.4 nm, determined
using the equivalent metallic Al thickness (0.4 nm) from the
surface oxide. This corresponds to a measured Al deposition
rate of 0.0021 nm/s, in good agreement with 0.0018 nm/s from
another sample and 0.0020 nm/s from deposition rate
calibrations using an 8-nm-thick Al sample deposited on SiO,.
The measured dc, = 10.3 nm corresponds to the as-deposited
Cu thickness, since the Al cap protects the underlying Cu such
that no Cu is consumed due to surface oxidation. The RMS
roughness values from the plotted XRR curve are 0.5+ 0.1, 0.7
+0.2,0.55+0.05, and 0.15 £+ 0.08 nm for the AlO, surface and
the AlO,-Al, Al-Cu, and Cu-MgO interfaces, respectively. We
note that the measured oxide thickness of 0.7 nm matches the
terminal thickness reported for Al(111) exposed to 4x10- Pa
oxygen, but is smaller than for larger O pressures [41]. The
exact reasons for this disagreement are not known, but may be
related to the particular epitaxial A1(001)/Cu in our study and
the related charge transfer, strain, and/or absence of nucleation
sites for layer-by-layer oxide formation [41]. Similar XRR
analyses are done for two additional samples, both with a
nominally identical dcy = 10 nm but with shorter Al deposition
times of 55 and 220 s, leading to nominal Al thicknesses of dai
= 0.1 and 0.4 nm, as also summarized in Table I. An Al cap
thickness of 0.1 nm corresponds to approximately half a
monolayer, such that the developing surface oxide is expected
to be a mixed Cu/Al-oxide. XRR fitting indicates that this oxide
is 1.3 0.3 nm thick and has a density of 3.5+ 0.5 g/cm?, which
lies (as expected) between the values for native AlO, (3 g/cm?)
and Cuy0 (6.0 g/cm?). XRR fitting of the sample with da = 0.4
nm yields dcy = 10.1 + 0.2 nm and an AlO, thickness of 0.7 £
0.2 nm with no metallic Al or Cu;O layers. That is, XRR
indicates that the 0.4 nm thick metallic Al cap layer is
completely oxidized in air, but that the developing AlO, at the
surface inhibits oxidation of the Cu underlayer.

TABLE I
AS-DEPOSITED AIR-EXPOSED
dcu (nm) dal (nm) Surface layer d (nm)
9.4 0 CuO, 0.5
10.0 0.1 CuO,-AlO, 1.3
10.1 0.4 AlO, 0.7
10.3 1.4 Al + AlO, 1.0 +0.7

As-deposited thickness dc, of Cu layers and da; of Al cap layers, and surface
oxide type and thickness after air-exposure, as determined by XRR
measurements from four samples.

Fig. 2 is a plot of the measured sheet resistance R vs
processing step from four samples with varying Al cap
thickness dal = 0-1.4 nm. As indicated by the x-axis labels, R
is measured in situ after Cu(001) deposition, in situ after
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subsequent Al deposition, during controlled O, exposure over
six orders of magnitude from 0.1 to 1.5x10° Pa-s, and ex situ
after air-exposure. The first four data points labeled “Bare Cu”
are the in situ measured sheet resistance from the four samples
directly after Cu deposition. Their values R =3.33 £ 0.09, 3.62
+0.11,3.34 £ 0.10 and 3.70 + 0.11 Q/o yield an average Rs =
3.50+ 0.16 Q/o. The latter stated uncertainty corresponds to the
standard deviation of 4.6 % for the resistance of these four Cu
layers which are deposited under nominally identical conditions
but may exhibit variations in crystalline quality, thickness,
interface structure, and surface roughness. The fact that the
standard deviation is relatively small is an indication of the
good experimental reproducibility of the epitaxial Cu(001)
deposition. We also determine the resistivity p from these four
Cu layers, using the measured Rs and as-deposited dc, of each
sample, and determine an average p = 3.48 + 0.26 uQcm. This
value is 2.1 times larger than the bulk Cu resistivity, which is
attributed to electron scattering at the Cu surface and the Cu-
MgO interface, and is in reasonable agreement with the
reported p = 3.82 pQcm of epitaxial Cu(001) with dc, = 9.3 nm
[26].
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Figure 2: Sheet resistance R;of Cu(001) thin films measured in situ as-deposited
(labeled “bare Cu”), after deposition of an Al cap layer with thickness da =0,
0.1, 0.4, and 1.4 nm (labeled “with Al”), during exposure to an increasing O,
partial pressure of 0.04 - 50 Pa corresponding to 0.1-1.5x10° Pa-s, and ex situ
after exposure to air.

The second set of data points labeled “With Al” are the in
situ measured R; values after deposition of Al cap layers on top
of the Cu(001). The measured resistance is Ry = 3.91 + 0.12,
4.05+0.12,and 4.79 = 0.14 /o for da1= 0.1, 0.4, and 1.4 nm,
respectively, while there is no data point for the sample labeled
“dar= 0 nm”, since this sample has no Al cap. All three capped
layers exhibit a considerably larger resistance than before the
Al deposition and, more specifically, the resistance increase is
more pronounced for larger Al cap thicknesses. This is
discussed quantitatively in the following paragraph and Fig. 3,
while we subsequently return to finish discussing the data in
Fig. 2, particularly the oxygen exposure data.

Fig. 3 is a plot of the change in resistivity Ap caused by the
deposition of an Al cap layer on nominally 10-nm-thick
Cu(001), plotted as a function of dai. The Ap is determined from
the difference in the in situ measured Rs with and without Al
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cap shown in Fig. 2, and the as-deposited dc, values from the
XRR analyses. Thus, each data point in Fig. 3 is from one
distinct sample, as indicated by the colors that correspond to
those used in Fig. 2. There is, by definition, no resistivity
change in the absence of an Al cap, as indicated by the Ap =0
data point at daj = 0. The Ap increases to 0.3, 0.7, and 1.1 pQcm
with increasing da; = 0.1, 0.4, and 1.4 nm. This is attributed to
an increasingly diffuse electron surface scattering. That is, the
addition of Al on the Cu surface causes a decrease in the
specularity p of electron surface scattering, consistent with
previous studies on Cu films coated with Pt [33], Ta [7], [33],
Ni [25], and Ti [26] overlayers. To illustrate this, the right axis
of Fig. 3 shows the change in the surface scattering specularity
Ap corresponding to the Ap on the left axis. The Ap is
determined using the approximate form of the FS model for
distinct top and bottom surfaces [6], a literature value for the
Cu bulk resistivity p, = 1.7 nQcm, a room temperature mean
free path 4 = 39 nm [42], and a mean Cu film thickness of 10
nm. The data points for dai = 0.1, 0.4, and 1.4 nm indicate
negative Ap = -0.2, -0.6, and -0.9 wvalues, respectively,
indicating that the scattering specularity decreases when an Al
cap is added. We attribute the decrease in specularity initially
to the perturbation of the smooth surface potential [27] caused
by the partial coverage of Al atoms for da; = 0.1 nm and then to
an increase in the local surface density of states (LSDOS) at the
Fermi level E; with an increasing amount of Al on the Cu
surface, similar to what has been reported for the Cu-Ti system
[26]. The argument is as follows: The process of an electron
scattering into localized surface states effectively corresponds
to a completely diffuse surface scattering event, because the
localized electron that returns back to the Cu layer exhibits a
random momentum that is unaffected by the state prior to the
initial scattering event. Since the probability for an electron to
scatter into localized surface states is proportional to the
LSDOS(E)) and therefore to da, we expect the surface
scattering specularity to follow an exponential decay: p = p,
exp(-dai/ do). Here p, is the scattering specularity of the pristine
Cu surface and d, is a characteristic length that is determined
by the cross-section for scattering into localized states and by
the LSDOS per Al unit thickness, while the experimental Ap is
related to the absolute specularity by p = po+Ap. We use these
expressions for data fitting. The result is shown as dotted line
in Fig. 3, which describes the measured data well. The fitting
procedure yields values for d, = 0.43 nm and p, = 0.95. This
latter value for the surface scattering specularity of pristine Cu
is larger than what has previously been reported for Cu(001)-
vacuum interfaces, with reported values ranging from p = 0.6 —
0.7 [7], [25], [26]. This disagreement may be caused by
differences in the Cu surface structure (such as smoothness) but
may also be attributed to the experimental uncertainty in p of
4%, causing an uncertainty in the specularity of + 0.14 such that
Po = 0.95 £ 0.14. This estimated uncertainty does not include
the possibility for interfacial roughening and/or alloying at the
Cu-Al interface, which is expected to increase the measured Ap
beyond the effect from diffuse surface scattering and would, in
turn, result in a down-correction of p,. We note that we can also
estimate p, directly from the measured Rs and dc, for the Cu-
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layer prior to Al-deposition, using the FS model and assuming
completely diffuse scattering at the Cu-MgO interface [6], [7].
This yields p,= 1.0, 0.6, 0.8, and 0.4 for the four samples, with
an average p, = 0.7 = 0.2. This is smaller than p, = 0.95 + 0.14
from the above fitting procedure but is consistent with the
preceding arguments and in agreement with previously reported
values ranging from 0.6 — 0.7 [7], [25], [26]. Nevertheless, we
note that the variation in p, determined from individual samples
is quite large, despite the good sample-to-sample
reproducibility of + 4.6% discussed above. This variability is
due to the strong effect that small variations in the measured
resistance and layer thickness have on the absolute value of p,
which may also be the reason for the large range of reported
contradicting p values for some materials systems like Ta
coated Cu [7], [28], [30].
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Figure 3: Change in resistivity Ap due to an Al capping layer with thickness d
on top of nominally 10-nm-thick Cu(001) films. The right y-axis indicates the
corresponding change in the electron surface scattering specularity Ap. The
dotted line is the result from curve fitting with an exponential decay in p. The
datapoint with the open symbol is for an air-exposed sample which has a 1.0-
nm-thick metallic Al layer between the Cu(001) layer and a native AlO, surface
oxide.

We now discuss the effect of oxygen exposure on the
measured sheet resistance. Fig. 2 shows the measured R, as a
function of O, exposure in units of Pa‘s, collected during
experiments with a linearly increasing O» partial pressure as
described in Section II. The plotted range, from 0.1 to 1.5x103
Pa‘s corresponds to an O, partial pressure of 0.04 to 50 Pa,
which are reached after 5 and 5990 s of the exposure
experiment.

The blue curve in Fig. 2 from the Cu layer without Al cap
shows an initial increase in R, from 3.33 Q/o prior to oxygen
exposure to a local maximum of Ry = 3.76 /0O at an exposure
of 1.3 Pa-s, followed by a decrease to Rs=3.45 Q/o at 170 Pa-s
and an increase to R; = 4.16 and 4.11 Q/o at the end of the
oxygen exposure experiment and after air exposure,
respectively. A similar resistance vs oxygen exposure has
previously been reported and discussed [27]. We attribute the
initial resistance peak to the adsorption of a partial oxygen
monolayer which disturbs the flat surface potential of the
original Cu(001) surface, causing increasingly diffuse electron
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scattering. The subsequent minimum is likely due to the
formation of an ordered adsorbed oxygen layer which results in
a relatively flat surface potential and a corresponding large
scattering specularity. The final resistance increase is due to
chemical oxidation of the Cu surface which causes (1) atomic-
scale roughening of the conductive Cu which promotes
diffusive electron scattering and (2) consumption of the finite
Cu metal thickness by the developing oxide layer, effectively
reducing the conductive cross-sectional area as dc, is reduced
from 9.4 to 9.1 nm, as determined by XRR. We note that the
slight difference in Rs measured at 1.5x103 Pa-s and ex situ is
within the experimental uncertainty, as these two resistance
measurements were done with different 4-point probe setups.
The resistivity change from the initial in sifu measurement to
the final ex sifu measurement corresponds to an overall change
in surface specularity of Ap = -0.5, which is comparable to
results from previous studies which report values ranging from
-0.6 to -0.7 [7], [25], [26].

The red data points in Fig. 2 are from a Cu film coated with
0.1 nm of Al, which corresponds to approximately half a
monolayer. The curve qualitatively resembles the one for the
uncoated copper and exhibits a local peak of Ry =3.96 Q/o at 2
Pas, a minimum of Rs = 3.86 Q/o at 55 Pa-s, and reaches R =
4.38 and 4.61 Q/o at 1.5x10° Pa's and after air exposure,
respectively. The curve shape can be explained with initial
oxygen adsorption and subsequent chemical surface oxidation,
similar to the bare Cu sample discussed above. However, the
dai = 0.1 nm sample has a less pronounced initial peak, which
we attribute to a compensating effect. More specifically, while
oxygen adsorption causes a disturbance of the flat surface
potential and therefore increases diffuse scattering, it also
reduces the local surface density of states at the Fermi-level
associated with the partial monolayer of Al. Thus, the oxygen
adsorption reverses some of the increase in R, between the “bare
Cu” and the “with Al” data points. The final increase in R; at
high exposure is due to chemical oxidation of the Cu surface,
confirming that a partial monolayer of Al does not provide
oxidative protection of the Cu. This is also consistent with the
XRR results which indicate a 1.3 nm thick surface oxide. The
overall change in resistivity from in situ bare Cu to the ex situ
air-exposed sample corresponds to a specularity decrease Ap =
-0.6, which is comparable to the layer without Al-cap (with Ap
=-0.5).

The magenta curve in Fig. 2 from a Cu layer with a 0.4 nm
Al cap exhibits a maximum of R, = 4.21 Q/o at 1.4 Pa's. We
note that the edge-feature at 0.1 Pa's is an artifact of the
logarithmic scale in combination with the + 3 s experimental
uncertainty in the starting time for the oxygen exposure and a
nearly instantaneous resistance change at the onset of oxygen
exposure. The peak at 1.4 Pa-s is similar to that of the previous
samples. However, the higher oxygen exposure data are
distinctly different: R, decreases monotonically with increasing
oxygen exposure to reach R = 3.69 Q/o at 1.5x10° Pa-s and Rs
=3.66 £ 0.11 Q/o after air exposure. This corresponds to a total
resistance reduction of 13% which we attribute to an increase
in the surface scattering specularity. More specifically, the
LSDOS(E)) decreases as the Al cap layer oxidizes, leading to a
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decreasing probability to scatter into localized states and,
therefore, an increased probability for specular scattering.
Similar arguments have previously been reported for Cu layers
that were coated with oxidized Ti [26]. We note that this layer
exhibits no indication of an increase in R, at high oxygen
exposure, which is in stark contrast to the samples with da =0
and 0.1 nm and suggests that the 0.4 nm Al layer protects the
underlying Cu from oxidation. This is consistent with the XRR
results presented above, which indicate a completely oxidized
Al cap but no CuO,. The resistivity of the air exposed sample is
3.70 £ 0.13 pQcm. This is 9.6% higher than the as-deposited
bare Cu layer measured in vacuum, but 9.5% lower than the
sample after Al cap deposition but prior to oxygen exposure.
Quantitative analysis of these values indicates that the surface
scattering specularity decreases by Ap = -0.6 due to the addition
of the Al cap, but that it increases again by Ap = 0.3 during Al
oxidation. This increase is very promising as it indicates the
potential to enhance the conductivity of interconnect lines with
appropriately chosen barrier layers. This is also demonstrated
by a direct comparison of the ex sifu resistance of this layer
(with da; = 0.4 nm) with the corresponding ex situ resistance of
the bare Cu layer, showing an 11% resistance decrease and
clearly demonstrating that the Al-oxide barrier facilitates
specular surface scattering and improved conduction.

The green data points in Fig. 2 from the Cu film with a 1.4
nm Al cap show overall a relatively high sheet resistance which
increases slightly from Rs = 4.79 £+ 0.14 /o prior to oxygen
exposure to R, = 5.0 Q/o at 2 Pa-s, remains relatively constant
from 2 to 103 Pa-s, and then continuously decreases to reach an
ex situ Ry = 4.73 + 0.14 Q/o. The slight increase at low
exposures qualitatively replicates the increases observed for the
other samples while the steep slope at 0.1 Pa's is, similar to the
magenta curve, a plotting artifact. We attribute the decrease at
large (> 10° Pa-s) exposure to the oxidation of the Al cap. That
is, as discussed for the previous sample, oxidation of the Al cap
causes a reduction of the LSDOS(E)) which in turn increases
the scattering specularity. However, this effect is much less
pronounced for daj = 1.4 nm than for dai= 0.4 nm. This is
because not the entire 1.4-nm-thick Al cap layer is oxidized.
More specifically, as indicated by the XRR analysis, only the
top 0.4 nm of the Al layer are oxidized while there remains a
1.0 £ 0.1 nm thick metallic Al layer between the AlO, surface
oxide and the Cu. Thus, the ex sifu measured resistivity of 4.87
+ 0.17 uQcm for the dai = 1.4 nm sample is expected to
approximately match that of a Cu layer with a 1.0 nm thick Al
cap. To explore this, we determine Ap = 1.05 pQcm between
the bare Cu and the ex situ measurements for this sample and
plot it in Fig. 3 as an open square at da;= 1.0 nm. This point lies
along the expected curve, indicating that the oxidized sample
matches the expected resistance of a Cu layer with a 1.0 nm
thick Al cap and confirming the framework presented in this
study that the surface scattering specularity is a direct function
of the LSDOS(E)). Furthermore, this last sample demonstrates
that the addition of an Al cap on top of a Cu conductor is only
advantageous if the entire cap becomes oxidized, indicating that
good process control will be essential when attempting to
realize specular surface scattering in interconnect lines.
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IV. CONCLUSIONS

In situ transport measurements on epitaxial Cu(001) layers
show an exponential decrease in the electron surface scattering
specularity p when coated with an Al cap with increasing
thickness dai. A combination of XRR analyses and transport
measurements during oxygen exposure show that the resistance
of bare Cu(001) and of Cu layers coated with a thin (da; = 0.1
nm) Al cap layer increases due to a decreasing surface
scattering specularity caused by a developing Cu surface oxide.
In contrast, thicker capping layers with da;1= 0.4 or 1.4 nm (fully
or partially oxidized, respectively) suppress oxidation of the
underlying Cu, leading to a decreasing resistance. The decrease
is due to an increase in the scattering specularity and is most
pronounced for the 0.4-nm-thick Al cap which completely
oxidizes. The overall results are explained by electron
scattering into localized surface states, which effectively results
in diffuse surface scattering and a resistance increase. That is,
an increasing Al cap thickness causes an increasing LSDOS(E))
and an increasing resistance, while Al oxidation reduces the
LSDOS(Ey) and lowers the resistance. These results suggest that
insulating liner layers promote specular surface scattering and
therefore facilitate narrow high-conductivity interconnects.
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