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Abstract We investigate the structural and electrical properties of Cu film and reveal their changes as a
function of post-annealing temperature. Thermal annealing of a Cu film on a dielectric substrate can
improve its crystallinity; however, high-temperature annealing also leads to a morphological transformation
that hinders the precise measurement of electrical properties. The enhanced crystallinity of the Cu films is
verified with X-ray diffraction as the annealing temperature increases. To examine the electrical properties
of the Cu film after the dewetting processes, which promotes the formation of voids and agglomerations,
we utilize both conventional micro four-point probe method as well as an advanced four-point probe
scanning tunneling microscopy (4P-STM) technique to measure the conductance and evolution of the
microscopic structural properties. We could eliminate a deceptive effect of voids with 4P-STM technique,
and disclosed a significantly reduced resistivity (1.88 = 0.07 puQ-cm) of Cu nanostructure after post-
annealing at 700 °C. We unveiled impact of crystallinity and imperfections of Cu nanostructure, and
discussed the critical role of the twin grain boundaries of single-crystalline Cu (111) on an Al,O; substrate.

We anticipate that understanding the evolution of the structures and the enhanced electrical properties of

the post-annealed Cu nanostructures would be important for nanoscale devices where Cu is used as an

interconnecting material and could provide a new route to control the plasmonic applications.
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The performance of electronic devices critically depends on the local electrical properties of constituent
materials. Copper has seen unrivaled use as an interconnecting material in device applications because of
its high electrical conductivity *. As the device scale reaches the nanoscale, various scattering processes
come into play in electronic conduction. Considerable research attention has been devoted to the electrical
properties of various nanowire, nano-tube, and thin metal films to reveal the impact of imperfections in
crystals 2. For example, cattering at the grain boundary plays a significant role® #. Recently, the fabrication
of high-crystallinity Cu wire and thin films have led to extremely low resistivity of 1.52 uQ-cm ® and 1.61
uQ-cm 8, respectively, which are lower than the international annealed copper standard value (IACS) of
1.7241 pQ-cm, measured at 20 °C 7. Thus, enhanced crystallinity is undoubtedly an effective route to
achieve materials with high electrical conductance, and one verified method to improve crystallinity is
thermal annealing.

However, high-temperature annealing can cause degradation of the thin Cu layer on a dielectric substrate,
which is a dewetting process. Indeed, voids and agglomerations occur in the Cu layer to minimize the
surface energies during high-temperature annealing 8, and this agglomeration can lead to nanostructures
with various shapes, such as rods and islands °. These Cu nanostructures possess high crystallinity because
of the high-temperature annealing, which could be useful for various nanoscale electronic ! or plasmonic
11 devices. For that reason, previous studies have focused on the crystalline structure of the final product
after high-temperature annealing > 3. To the best of our knowledge, scant attention has been paid to the
evolution of the structural properties of the agglomerated nanostructures as a function of the annealing
process, as well as the local electrical properties of the nanostructure.

Here, we present the evolution of the structural and electrical properties of Cu nanostructure as a function
of annealing temperature using X-ray diffraction (XRD) and complex four-point probe (4PP) techniques.
The XRD technique verified the enhanced crystallinity of the post-annealed Cu nanostructures, regardless
of the complex and irregular shape. We used both the conventional 4PP method and advanced four-point

probe scanning tunneling microscopy (4P-STM) technique to unveil the significantly reduced room-
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temperature electrical resistivity (1.88 + 0.07 uQ-cm) of the agglomerated Cu nanostructure. This is because
the electrical resistivity measurement of Cu nanostructures depends strongly on the geometry of the
nanostructure. 4P-STM can precisely measure a local conductivity of the complex or irregular shaped
nanostructures * that could induce a deceptive result with conventional 4PP technique. Quantitative
analysis of the local electrical properties of the Cu nanostructure can expedite the development of practical

nanoscale devices in electronic and plasmonic sensing applications.

Epitaxial Cu films were deposited on Al>O3 (0001) substrates at 80 °C using DC magnetron sputtering,
and subsequent thermal annealing was carried out in high-vacuum conditions (< 5.0 x 10 Torr) for 40 min
without breaking the vacuum. The surface morphology of the Cu film was examined as a function of the
post-annealing conditions using a field-emission scanning electron microscope (FESEM, SUPRAZ25,
ZEISS) and an atomic force microscope (AFM, XE-70, Park Systems). The crystalline structure of the Cu
films was analyzed using a diffractometer (Empyrean, PANalytical) with a monochromatic Cu Ko source
and a transmission electron microscope (TEM, H-7600, HITACHI). Residual Cu in the voids was inspected
with energy-dispersive X-ray spectroscopy (EDX, Vega3, TESCAN). The electrical resistivity of the Cu
films was investigated using a conventional 4PP station *5, and the local conductivity of the rod-shaped Cu
nanostructure after agglomeration was measured with 4P-STM ¢ in ultra-high vacuum conditions (UHV, <

1.0 x 10° Torr).

The FESEM images in Figure 1(a)-(d) display the surface morphology variation of the Cu film after post-
annealing. Voids began to form after thermal annealing of the Cu film at 500 °C, while the as-grown film
showed a flat surface, and the population and size of voids increased after annealing at 550 °C and 600 °C
(Fig. S1). Extended voids were merged after annealing at 650 °C, and Cu films were deformed as rod-
shaped nanostructures after annealing at 700 °C. Eventually, dome-shaped Cu islands remained and were

uniformly distributed over the entire substrate surface after annealing at 800 °C.
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The surface topography of annealed Cu films can be determined by the thermodynamic mass transfer of
Cu film at high-temperature annealing (Fig. 1(e)-(g)). Void formation after high-temperature annealing
occurs because of the surface energy difference between the Cu film and Al,O3 substrate 7. The extended
voids after annealing at 650 °C display elevated height next to the void edges, which implies the migration
of Cu atoms. Also, the height profiles in Fig. 1(h) present the line profile of the agglomerated structure after
annealing at 650 °C, 700 °C, and 800 °C, which have heights of ~150 nm, ~ 400 nm, and 400-700 nm,
respectively. Those heights are higher than that of the as-grown film (80 nm, Fig. S2). We also measured
the volume of Cu in the AFM images (15 x 15 um?) after annealing at 650 °C, 700 °C, and 800 °C (Fig.
S3). The averaged volumes of Cu nanostructures after annealing are 19.5 + 0.6 umq, 20.7 + 3.8 um?, and
18.5 + 0.9 um?, respectively (Table S1), which are similar to the volume of the as-grown Cu film in the
same field of view (18.0 um?®). Hence, there is no detectable volume change in Cu during post-annealing,
despite the dewetting process; the agglomerated Cu nanostructures are the consequence of thermodynamic
mass transfer after high-temperature annealing.

The magnified XRD normal scan (w/26) profiles in Fig. 2(a) present the evolution of the crystalline
structure of the Cu film as a function of annealing temperature. Compared with the constant Al,O3 substrate
peaks in the full range scan (Fig. S4), the evolution of the magnified Cu (111) peak displays distinct peak-
shifts as well as reduced full-width at half-maximum (FWHM) with increasing annealing temperature.

The Cu (111) peak of the as-grown film (26 = 43.36°) is right-shifted compared with the inorganic crystal
structure database (ICSD) of Cu (111) (26 = 43.32°) (ICSD #43493). The right-shifted peak demonstrates
a compressive strain in the out-of-plane direction of the Cu (111) film that is associated with a tensile strain
in the in-plane direction resulting from the lattice mismatch between Al,O3 (0001) and Cu (111) 8 The
Cu(111) peak shows the more right-shift after 500 °C annealing, which implies the larger strain effect after
annealing prior to void formation °. As increasing the void area with further annealing; however, the right-

shift of Cu(111) peak reduced. Eventually, the Cu (111) peak shifts back to pristine Cu (111) values after
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annealing at 700 °C (Fig. 2(b)). Thus, the Cu nanostructure formed after annealing at 700 °C had a fully
relaxed lattice structure.

Also, a monotonic decrease of the FWHM of Cu(111) peaks indicates the continuous increase of the
crystallinity regardless of void formation. The enhanced crystallinity of the Cu film after post-annealing
was manifested by a gradual decrease in the FWHM of Cu (111) peaks, accompanied by enlarged Cu grain
sizes and reduced grain boundaries at high temperatures. Notably, there is a rapid decrease in the FWHM
(0.07°) of the Cu nanostructure after annealing at 700 °C and 800 °C. The extensively diminished grain
boundaries ' ?°could be inferred from the void formation at the grain boundary junction points 2! and
migration of the grain boundary upon annealing?. Hence, application of highly crystalline Cu in plasmonic
devices, such as waveguides % or biosensors 24, is expected, considering the low-loss and longer-
propagation surface plasmonic resonance.

Interestingly, the XRD azimuthal scan (p-scan) along the Cu (220) peak displays six clear peaks. The six-
fold symmetry instead of the three-fold symmetry of an epitaxial Cu film indicates the formation of twin
grains in Cu (111), which is associated with two orientation variants of a Cu layer on a trigonal substrate
2526 The cross-sectional TEM image of the Cu nanostructure (Fig. 2(d)) further reveals the existence of the
twin grains. In a two-dimensional fast Fourier transformed image from the Cu area (Fig. 2(f)), diffraction
spots (yellow and red circles) indicate two individual grains with 60° rotation against each other along the
Cu (111) axis, which corresponds to crystal planes (Fig. 2(d)).

We used both conventional 4PP and 4P-STM techniques, to study the resistivity of the post-annealed Cu
film. The conventional 4PP is a powerful technique to measure electrical resistivity of thin film regardless
of contact resistance®. It used four Au tips (¢ = 1 um) with 1-mm spacing (Fig. 3(a)), so that it unavoidably
includes a scattering effect from small irregularities between the probing tips. When we measured the
resistivity of Cu films from as-grown to annealed at 650 °C using the conventional 4PP technique (Fig.
3(b)), the measured resistivity exhibits a deviation from a simple trend of crystallinity enhancement. The

resistivity of the as-grown Cu film (7.48 pQ-cm) decreases to 2.07 pQ-cm after annealing at 550 °C.
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However, the resistivity increases after high-temperature annealing (600 °C and 650 °C). This is because of
the inhomogeneous surface condition of the agglomerated Cu film according to in-situ resistivity
measurement at high temperature in dewetting process 1" ?’. The conventional 4PP technique presumed a
uniform film for measurement; however, the agglomerated Cu film possess substantial voids between
probes. Because EDX measurement disclosed a lack of Cu in the voids (Fig. 3(c)), the elevated resistivity
of the agglomerated Cu film after 600 °C annealing manifests the scattering of electrical conduction from
voids 5.

Hence, we took advantage of 4P-STM measurement to determine the accurate resistivity of Cu nano-rods

after annealing at 700 °C. The 4P-STM system consists of four independent STM probes performing direct

4PP measurement to the nanostructure, and the probes are precisely located on the nanostructure away from

irregularities using high-resolution FESEM ™. Figure 4(a) shows the schematic probe layout on a FESEM

image of a Cu nano-rod for local electric resistivity measurement with the 4P-STM. A constant current (I =
+500 pA) is applied between probe 1 and 4, and the potential drop is recorded between probes 2 and 3 as a
function of their distance (I). To compensate for possible uncertainties arising from the uneven nano-rod
width, we deduced the resistivity (p) of the Cu nano-rod from the slope of RS and I? relation based on a

wt RS

constant nano-rod thickness (t = 364.7 £ 1.7 nm) and the following relation: p = R? = RT ==

t,
where A and S are the cross-sectional area and projected area of the nano-rod at a given I, respectively (Fig.
4(a)). Figure 4(b) present the measured R-S of Cu nano-rods as a function of I> at 300 K. | and S were
acquired by analyzing the FESEM images (Fig. S5). The resultant resistivity of the Cu nano-rods from a
plot of the slope of R-S vs. 12is 1.81 £ 0.02 pQ-cm.

Figure 4(d) summarizes the evolution of the Cu film resistivity with post-annealing temperature. Contrary

to the conventional 4PP measurement, 4P-STM measurement shows the lowest resistivity of Cu nano-rods

after annealing at 700 °C, consistent with the enhanced crystallinity from the XRD data. Because both
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conventional 4PP and 4P-STM measurements can eliminate the contact resistance effect, the apparent
increase in resistivity after annealing at 600 °C and 650 °C is the most likely cause of the electrical scattering
from the voids in the conventional 4PP measurement. Also, the strain in Cu film is negligible to the
resistivity considering Cu(111) peaks in XRD data (Table S2). In other words, the electronic conductivity
of the Cu film monotonically improved with the crystallinity, despite the dewetting process.

Interestingly, the measured resistivity of the Cu nano-rod is slightly higher than that for a previously
reported Cu film (1.61 uQ-cm), despite the better crystallinity measured in the FWHM of XRD data (0.25°)
6. Considering the precise local resistance determined by 4P-STM, this result may have occurred because
of the existing twin boundary that remained in the Cu nano-rod despite the dewetting process . Different
Cu nano-rods at 300 K and 82 K present resistivity of 1.95 + 0.01 uQ-cm (Fig. S6) and 0.40 + 0.01 uQ-cm
(Fig. S7), respectively. Compare to Cu resistivity of bulk 7, nanowire, and nanotube 2 form, the temperature
dependent resistivity Cu nano-rod presents display similar slope of resistivity (dp/dT) to bulk Cu instead of
nanowire or nanotube (Fig. S8). Therefore, surface scattering affects negligible to the nano-rod resistivity.
Instead, a small offset from bulk Cu resistivity implies a significant role of the unavoidable twin boundary

in thermally assisted agglomerated Cu, increased residual resistivity from grain boundary scattering 2 %,

Notably, after annealing at 550 °C, the Cu film displays a considerably enhanced conductivity comparable

with that of the film annealed at 700 °C, so it could be the maximum annealing temperature for

interconnects to secure low resistivity (2.07 pQ-cm) without severe void formation.

In summary, we verified the enhanced crystallinity and electrical conductivity of a Cu nanostructure using
XRD and local 4PP measurement, respectively. The enhanced conductivity revealed using 4P-STM ensures
thermally assisted Cu nanostructures can be used as an interconnecting material in nanoscale devices. The
evolution of the crystallinity of Cu nanostructures studied by XRD reveals the reduced grain boundary as
well as the remaining twin boundaries after high-temperature annealing. We found that the dewetting

process after post annealing improves crystallinity of Cu film and consecutively enhance electrical
7
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conductivity. We anticipate that the thermally assisted agglomerated Cu nanostructures will be

advantageous for nanoscale electronic and plasmonic applications.
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Figure captions
Figure 1. FESEM images of (a) as-grown Cu film and (b)-(d) evolution of Cu films after thermal treatment

((b) 650 °C, (c) 700°C, and (d) 800 °C). All scale bars are 10 um. (e)-(g) AFM images (15 x 15 um?) of

the same Cu films used in (b)-(d). (h) Line profiles obtained from dotted lines in (e)-(g).

Figure 2. (a) XRD normal scan for Cu films before and after thermal annealing. Bulk Cu (111) peak position
marked as a vertical dotted line. (b) Peak position and FWHM of Cu (111) peaks in Fig. 2(a). (c) XRD
azimuthal scan measured on Cu (220) diffraction peak. (d) Cross-sectional TEM image of Cu film after
annealing at 650 °C. (Inset) Crystal planes of twin Cu grain. (¢) and (f) Two-dimensional fast Fourier

transform images from the (e) Al.Os and (f) Cu region in Fig. 2(d).

Figure 3. (a) Schematic illustration of conventional 4PP measurement and estimated Au-probe size
compared with voids in the Cu film after annealing at 600 °C. (b) Resistivity of Cu films measured by the
conventional 4PP technique. (c) EDX spectra acquired from Cu film and void. FESEM image after
annealing at 650 °C displays measured Cu and void regions. Circle (e), inverse triangle ('¥), and square

(m) symbols denote X-ray energies of O Ka , Cu La, and Al K, respectively .

Figure 4. (a) FESEM image of Cu nano-rod after annealing at 700 °C. Four STM probes, marked as 1-4,
illustrate 4P-STM measurement scheme. Color dots on the nanowire indicate the position-shift of probe 3.
Geometric dimensions of the Cu nano-rod are marked in the lower panel. (b) R-S versus I? plot for precise
resistivity measurement considering irregular rod geometry. (Inset) Acquired resistance at the position of
each colored dot in Fig. 4(a). (d) Evolution of Cu nanostructure resistivity as a function of post-annealing
temperature using both conventional 4PP (circle) and 4P-STM (square) techniques. Crystallinity of each

sample is denoted as a bluish-colored background based on the Cu (111) FWHM from XRD data.
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Figure 1.

(a) 500 °C (b) 650 °C
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Figure 2.
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