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a b s t r a c t

Copper-nanocarbon, called covetic, films made using pulsed laser deposition (PLD) from a target con-
taining nominally 4 wt% carbon in the copper matrix show uniform integration of up to 4:1±0:2 wt.% C.
We observe evidence of sp2 carbon in PLD Cu covetic films in XPS and a peak in the C K-edge in electron
energy loss spectroscopy indicative of transitions from the 1s to p� anti-bonding unoccupied state,
suggesting that the C incorporated in the film is graphitic in nature. We measure sheet resistance of 1.7
Ohm/sq and transmittance of 25% at 550 nm in a z27 nm thick PLD Cu covetic film after deposition.
These films also show much reduced oxidation by scanning probe techniques and very stable resistance
for over 120 days - significantly longer than e-beam films of the same thickness. Cu covetic films made by
PLD show good promise as transparent electrodes.

© 2017 Elsevier Ltd. All rights reserved.
1. Introduction

Copper (Cu) has been an industry standard in many electrical
and thermal applications, such as bonding wires and as in-
terconnects, but many problems persist and as such has been a
topic of considerable interest for some time [1e3]. More recently,
Cu is being used as a transparent electrode in optoelectronic de-
vices such as organic solar cells, flexible OLED displays, and in touch
screen applications [4e6]. In each of these devices the electrode
must be transparent and be able to transport electrons away from
the active layer. One primary challenge for using Cu in nano-
electronics is its tendency to oxidize in O2-rich environments; this
leads to the formation of an oxide layer comprised of CuO and Cu2O,
which can quickly diminish the conductivity of the metal [7]. In
microprocessors, Cu interconnects supply power to the various
components in integrated circuits, but are generally embedded
below the surface to prevent oxidation [8]. In optoelectronic de-
vices, Cu is attractive because it is abundant and cheaper than ITO
[9]. However, both in microprocessors and optoelectronic devices,
ba).
more flexibility could be achieved if the oxidation of copper could
be slowed, or preferably prevented.

The oxidation of Cu can be reduced through passivation [5,8,10].
One approach to Cu passivation is the incorporation of graphitic
carbon into the structure of Cu. Graphene on Cu surfaces has been
shown to be an impenetrable barrier to oxygen [11]. Graphene
[12e14] and CNTs [15e17] have also been considered in nano-
electronics because of their high electrical and thermal conduc-
tivities. Incorporating C in the Cu host lattice could improve
electrical conductivity of the combined product given the superior
performance of graphitic nanostructures, when compared to Cu.
Some reported structures are promising but require a sandwich
[18], or two-step process [4], where fabrication of the active layer
occurs in one step and then transferred to a transparent substrate.
This makes commercialization of transparent conducting elec-
trodes using these techniques challenging, so different approaches
are still being investigated.

Until recently [19], attempts to combine C with Cu have been
quite limited due to the low solubility of C in Cu [20]. In our pre-
vious work, we demonstrated transparent conducting films made
from Cu covetic, but with low C concentration (<0.1 at.%) [21]. In
order to investigate the effect of higher C content we deposited
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Table 1
Deposition conditions used for Cu cv 4% films using PLD.

Film
Conditions

Laser
Power
(W)

Substrate
Temp
(C)

Deposition
Time
(mins)

Film
Thickness
(nm)

C concentration
from XPSa

(at.%)/(wt.%)

1 1.93 150 15 10 no C
2 3.55 150 20 11 no C
3 3.2 150 60 13 seg. C
4 2.4 150 60 10 2.62/0.44
5 3.3 350 64 20 no C
6 2.6 500 60 21 5.20/1.1
7 2.0 500 120 27 19.14/4.1

a Based on carbon and copper only, oxygen excluded from calculation.
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copper covetic films using pulsed laser deposition (PLD). PLD is
known to transfer ions, molecules and larger structures in the
ablation process. As such, we sought to employ this method to
transfer graphitic structures embedded in the Cu lattice of a bulk Cu
covetic target into thin films. Using PLD wewere able to transfer Cu
and C simultaneously in a one step process onto a substrate. Films
were deposited on Si (100), and sapphire (a-Al2O3) ð1120Þ sub-
strates using a Cu covetic target with a nominal C concentration of
4 wt% (denoted Cu cv 4%). The laser power, substrate temperature
and deposition time were tuned to achieve a conducting, optically
transparent film. In this paper we present a detailed analysis of the
synthesis, characterization and properties of Cu cv 4% films made
by PLD and report that graphitic carbon is uniformly dispersed in a
polycrystalline Cu film. Furthermore, these films show reduced
oxidation and improved electrical stability over time.
2. Results and discussion

PLD of copper, under similar conditions as described here, has
been previously studied in great detail [22]. In order to produce a
transparent conducting film from the copper covetic bulk, the op-
timum photoablation parameters must be ascertained to ensure
that the carbon structures are transferred from the target to the
film. The substrate temperature and laser power also influence the
structure and properties of the film. Cu covetic is comprised of Cu
and C, where each element has a different interactionwith the laser
beam and can give rise to preferential sputtering of one element
over the other. In order to produce a homogeneous film, the
deposition parameters were altered and the resulting structure of
the films analyzed. Spectroscopy techniques such as x-ray diffrac-
tion (XRD), x-ray photoelectron spectroscopy (XPS), energy
Fig. 1. (a) X-ray diffraction of the Cu cv 4% films grown via PLD described in Table 1, (b) XPS o
in the film region, with the inset showing the C 1s peak after 240 s of sputtering. (A colou
dispersive x-ray spectroscopy (EDS) and electron energy loss
spectroscopy (EELS) as well as microscopy techniques such as
atomic force microscopy (AFM), conductive AFM (C-AFM), and
transmission electron microscopy (TEM) were used to characterize
the PLD films. 4 point-probe and UV-VIS spectroscopy were used to
investigate the electrical and optical properties, respectively.
Table 1 presents a sample of the PLD films in this study with cor-
responding photoablation parameters. All films were grown in 100
mTorr of 99.999% Argon. PLD films (1e6) were grown on Si(100)
substrates, while film (7) was simultaneously deposited on Si(111)
and Sapphire (a-Al2O3). Films of pure copper were also grown by
PLD under the same conditions for comparison.

In our previous work, we showed that a 30 nm thick Cu covetic
film made by e-beam deposition exhibited a sheet resistance of 2
Ohm/sq and 28% transmittance at 550 nm [21]. We attempted to
improve these optoelectronic properties by increasing the carbon
concentration in the deposited films using PLD. Films 1e4 in Table 1
were deposited at a constant temperature of 150 �C in order to
optimize the laser power, while films 5e7 demonstrate the effect of
temperature. XRD spectra from films (2)e(7) are shown in Fig. 1(a).
Films 1, 2, 3 and 5, produced with laser powers >3 W or <2 W are
not uniformly metallic films. At these laser powers Cu was prefer-
entially sputtered from the target, and was soon oxidized to Cu2O.
In films ¼ 3, C is sputtered first, but is segregated from the Cu layer.
Film 4, while homogeneous in composition (by XPS), was mostly
amorphous (by selected area electron diffraction in TEM) and along
with film (5), which was completely amorphous, exhibited high
electrical resistivity (20 M Ohms). In contrast, film (6) deposited on
Si (100) and film (7) deposited simultaneously on Si (111) and
sapphire were both fabricated at laser powers between 2 and 3 W
and at high temperature (500 �C). Both films show strong Bragg
peaks at 2q ¼ 44 and 52� corresponding to Cu (111) and (200) re-
flections, respectively, without evidence of any oxide phases. They
demonstrate that we were able to produce homogeneous crystal-
line films with uniform carbon content throughout the film thick-
ness and independent of the substrate material. Films 2, 4 and 5 do
not have significant Bragg peaks. However, for the polycrystalline
films we can calculate the grain size listed in Table 2 from the Cu
(111) and Cu (200) peaks using the Scherrer equation:
t ¼ kl=bcosðqÞ, where, t is the mean grain size, k is a dimensionless
shape factor with a typical value of about 0.9, l is the X-ray
wavelength, b is the FWHM of the peak and q is the Bragg angle (in
degrees).

XPS depth profile from film (7) on Si substrate, shown in
Fig. 1(b), measured an average C content of 4.1 wt% (19.14 at.%) in
f film (7) on Si(111) substrate showing an average of 4.1 wt% (19.14 at.%) C concentration
r version of this figure can be viewed online.)



Table 2
Mean grain size of polycrystalline Cu covetic films calculated using (111) and
(200) reflections.

Film Reflections

(111) (200)

(nm)

3 54 42
6 36 44
7 37 37
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the film region. Oxygen and adventitious surface hydrocarbonwere
excluded from the at.% calculation for consistency across samples.
The increase in oxygen seen before the film-substrate interface
(marked with dashed line) is due to a small amount of native oxide
(SiO2) on the surface of the substrate. The interface is not sharp due
to Cu diffusion into the Si substrate [23]. The sputtering rate of Cu,
SiO2 and Cwasmeasured to be 10.2 nm/min, 5 nm/min and 2.7 nm/
min, respectively. When Cu is calibrated to 932.6 eV, the adventi-
tious hydrocarbon on the surface sits at 284.9 eV. Upon sputtering,
the adventitious hydrocarbon is removed in the first sputter cycle
and the C 1s peak shifts to 0.5 eV lower binding energy (284.5 eV)
with an asymmetric tail to higher binding energy characteristic of
sp2 carbon as seen in the C 1s spectrum (inset to Fig. 1(b)) after
240 s of sputtering.

A Cu metal film and a Cu covetic film, were grown using the
same PLD film conditions (6) within 24 h of each other. Immedi-
ately after deposition, the grain sizes of both samples were uniform
and the roughness of both samples was z1:5 nm as determined
from AFM images (not shown). However, differences between their
morphology can be clearly seen in AFM images taken 28 and 34
days after deposition for the Cu metal and Cu covetic films
respectively (Fig. 2). From the phase contrast images it is evident
that the Cu covetic film is homogeneous, while the Cu metal film
shows regions of high contrast where the film has oxidized. No such
oxidation is evident in the covetic film over approximately the
same time period. The mechanism for oxidation is controlled by
grain boundary diffusion, where Cu is oxidized first to Cu2O and
Fig. 2. AFM images comparing the grain structure in the height image (5 mm � 5 mm, left c
(2 mm � 2 mm, right column) mapping the local electrical conductivity of Cu covetic (top ro
online.)
then to CuO [10,24,25]. In the case of the Cu covetic film, the
presence of carbon in the structure seems to have effectively
reduced the onset of oxidation. This effect can be seen in a com-
parison of high resolution XPS spectra of the two films shown in
Fig. 3. The Cu 2p3=2 peak is located at binding energy of 932.7 eV
with spin orbit splitting of 19.75 eV corresponding to Cu 2p1=2.
Oxide peaks (for Cu bonded to O) appear atz943 eV as a collection
of satellite peaks. The Cu covetic sample clearly demonstrates
reduced oxidation compared to the Cu film.

Conductive Atomic Force Microscopy (C-AFM) was used to
investigate the local electrical properties of the Cu metal and Cu
covetic films (Fig. 2). C-AFM scans were performed in contact mode
with solid Pt probes (ks � 8 N/m, Rc � 20 nm) on both pure Cu and
Cu covetic films using a similar sample bias. The Cu covetic film
displayed a much more uniform local conductivity compared to the
Cu metal, which is attributed to the enhanced stability. Alterna-
tively, the Cu metal showed local spikes of high conductivity
(higher than the covetic film at particular points), but overall dis-
played a lower local conductivity than the covetic film, likely due to
the increased oxidation.

A TEM lamella was fabricated from film (6) (Fig. 4). Thez20 nm
Cu cv 4% film deposited on a Si (100) substrate and covered with a
Pt protection layer exhibits a continuous film with RMS roughness
of z4 nm in agreement with the value measured by AFM. EELS
from the Cu cv 4% film (6) was acquired in scanning TEM mode
(STEM) using a JEOL high angle annular dark field (HAADF) detec-
tor. Fig. 5(a) shows a HAADF image consisting of the substrate with
dark and Pt with bright contrast. The region analyzed is demarcated
with the green box and includes the film, as well as thin areas of the
substrate and Pt layer. A higher resolution image of this region is
shown in the HAADF image in Fig. 5(b). The C K-edge spectrum
image acquired using a spot size of 1.5 nm, dwell time of 0.05 s and
dispersion of 0.3 eV/channel is shown in Fig. 5(c). At each pixel in
the image a spectrum is acquired. The total spectrum of the film
layer indicated in the red rectangle of Fig. 5(c) is shown in Fig. 5(d),
where the background signal has been subtracted to reveal the
intensity corresponding to the C K-edge. This signal is weak due in
part to the short dwell time used in order to minimize contami-
nation during data acquisition and also because of the low carbon
olumn) the phase contrast (5 mm � 5 mm, center column) and Conductive AFM images
w) and Cu metal (bottom row) samples. (A colour version of this figure can be viewed



Fig. 3. High Resolution XPS of Cu 2p spectrum demonstrating reduced oxidation in Cu
covetic film compared to pure Cu. (A colour version of this figure can be viewed
online.)
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content in the film. Nevertheless, it shows the presence of C in this
region that gives rise to spots in microdiffraction patterns (not
shown) with interplanar d-spacing of 0.348 nm corresponding to
(002) of graphite. Fig. 5(e) shows a map of the C K-edge from this
region clearly indicating the presence of C within the film layer,
which a line profile (Fig. 5(f)) indicates is neither present in the
substrate or Pt protection layer. Thus, carbon in the Cu covetic
target can be transferred to the film by PLD within a narrow range
of growth parameters.

We analyzed the EELS spectrum images using the multivariate
analysis method (MVA). In this approach, EELS spectra can be
described via a parametric model as composed of a finite number of
components and noise. The Hyperspy Python library provides
convenient access to the most commonly used MVA decomposition
algorithms including principal component analysis (PCA) and Blind
Fig. 4. TEM images: (a) Low resolution image of cross section lamella made using FIB, (b) H
with Pt protection layer.
Source Separation (BSS) [26]. BSS has been used to analyze the EELS
spectra taken from materials that have elements with overlapping
edges [27]. We used PCA to find the minimum number of compo-
nents that define our dataset and BSS to map the components,
elucidate the fine structure of the C K-edge in Cu covetic samples,
and to distinguish between adventitious hydrocarbon (contami-
nation) and incorporated carbon in the films. The EELS spectra of
film (6) were decomposed into three components that could be
easily identified, as shown in Fig. 6: carbon (Covetic) that is found in
the film region of the sample, the background, and C contamina-
tion. Carbon in the film region has a rise at z284 eV where the
carbon K-edge is located and shows a fairly uniform intensity
indicating uniform distribution of carbon within the film region.
The intensity in the background region is uniform throughout the
area mapped and hydrocarbon contamination can be distinguished
from C in covetic by the shape of the edge in the signal space, which
should be similar to the carbon signal but without a defined sp2 or
sp3 peak. This MVA of the EELS spectrum image not only re-
produces the result obtained from the background subtraction in
Fig. 5(d), but also gives more detailed information about the fine
structure of the C K-edge. Namely, there is some sp2 character as
evidenced by the weak edge at 285 eV, indicating transitions from
the 1s occupied state to the p� unoccupied states. However, the
dominant feature is the edge at 290 eV, indicating transitions from
1s occupied state to the s� unoccupied states, which is observed in
both sp2 and sp3 C.

In order to measure the optical properties of Cu cv 4% films, we
deposited film (7) with the same photoablation parameters as film
(6) on an insulating, transparent crystalline substrate - A-plane
sapphire ð1120Þ since sapphire has 99.4% transmittance over the
studied wavelength range of 300e1100 nm. Film (7) was z27 nm
thick and exhibited transmittance of 25% at 550 nm. This is notably
lower than a Cu cv 5% film of approximately the same thickness
made by e-beam deposition (28% at 550 nm) on sapphire (Fig. 7(a)).
4-point probe resistivity measurements were made to determine
the sheet resistance using the Van der Pauw method. After depo-
sition, the sheet resistance of film (7) was 1.7 Ohm/sq, but as ex-
pected this increased with time. We performed a longitudinal
study, measuring the sheet resistance over time, as a method to
elucidate the film's resistance to oxidation as shown in Fig. 7(b). It is
clear that over the period tested the PLD film is significantly more
stable than the Cu cv 5% film of the same thickness made by e-beam
deposition. This is likely due to the higher concentration of carbon
incorporation in the PLD film (19.14 at.%) compared to the e-beam
film (<0.1 at.%). The sheet resistance of the PLD film increased by
onlyz9 Ohm/sq over 130 days indicating that carbon increases the
resistance to oxidation of the Cu covetic films.
igher magnification image of the Cu cv 4% PLD (6) film measuring 21.16 nm on Si (100)



Fig. 5. (a) HAADF survey image from film (6) showing target region for EELS spectrum imaging in green and region for spectra sum in red, (b) Magnified HAADF image of target
region, (c) spectrum image of the target region in the energy range of the C K-edge, (d) integrated spectra from region highlighted in red after background subtraction, (e) C K-edge
distribution in scanned region, (f) Line profile across the scanned region shown by the green line in (e). (A colour version of this figure can be viewed online.)
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3. Conclusion

Cu covetic PLD films made from a nominally 4 wt% target show
uniform integration of carbon within the film for a narrow range of
deposition parameters. These films contain up to 19.14 at.%
(4:1±0:2 wt%) C measured by XPS, demonstrating that PLD can
transfer significantly more carbon to the film than was possible
using e-beam deposition, but some carbon loss still occurs. We
show evidence of sp2 carbon by XPS in PLD Cu covetic films and a
peak in the C K-edge in EELS indicative of transitions from 1s to p�

anti-bonding unoccupied state similar to that observed in bulk
samples, suggesting that the C transferred retains its graphitic na-
ture, but it is not perfect graphite. The significant increase in C
transferred by PLD, compared to e-beam deposition, causes a
reduction in oxidation as demonstrated by AFM and the sheet
resistance measured over time. This one-step process in the fabri-
cation of a Cu-C alloy thin film that improves oxidation resistance is
a step forward in understanding the role that carbon plays when
combined with metals and is a promising advancement for more
flexible use of Cu-C alloys in nanoelectronics and as transparent
conductors.

4. Methods

Cu (99.99%) was converted to Cu covetic by adding 4 or 5 wt% C
to Cu by Third Millennium Materials, LLC (e.g. 5 wt% C in Cu is
denoted Cu cv 5%). The conversion process involves melting
(> 1085 �C) the metal in an induction furnace and stirring in the
desired i.e. 5 wt% (21.78 at.%) particles of activated carbon with
diameter of� 50 mm to the liquidmetal. A high DC current,z150 A,
is applied to themixture via graphite electrodes from an arc welder,
creating a localized plasma arc [19,28]. The arc initiates a poly-
merization reaction by ionizing C to Cnþ or Cn�. These carbon ions
react with each other and with melted copper atoms forming C-C
and Cu-C bonds, in a networked structure. The material is allowed
to cool in an argon blanket to prevent oxidation. This structure of
the Cu-C alloy is preserved under cooling and further re-melting
and re-solidification [29e31]. Once solidified, Cu covetic is used
as a target for deposition of thin films.

Two deposition techniques were used to deposit copper covetic
films: e-beam deposition and pulsed laser deposition (PLD). For e-
beam deposition, bulk Cu cv 5% or pure Cu metal, 99.99% (0% C),
were used as the target from which material was transferred to Si
and glass substrates using a Denton e-beam evaporator. Si pur-
chased from University Wafer was p-type, Boron doped with
orientation ð100Þ±0:50, thickness 380 mm, and resistance of 1e10
Ohm-cm. Si (111) wafers had similar properties to Si (100), but a
lower resistivity of 0.004e0.005 Ohm-cm. The target was placed in
a Molybdenum crucible. The chamber was evacuated to a base
pressure ofz5� 10�6 Torr. The current was adjusted such that the



Fig. 6. Decomposition of the Spectrum image of film (6) using Blind Source Separation, shows three clear regions in the navigation and signal spaces: background, C contamination
and C from the covetic film region. Each component is mapped out in the top images. (A colour version of this figure can be viewed online.)

Fig. 7. (a) Optical spectroscopy comparing the transmittance of z30 nm Cu cv 5% film made by e-beam deposition and Cu cv 4% film made by PLD, (b) Sheet resistance of the same
two films measured over a period of time. (A colour version of this figure can be viewed online.)
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evaporation rate was 0.2e0.3 nm/sec.
PLD films were grown using a Blue Wave Semiconductor PLD
system, employing a Quantel Brilliant B solid-state Nd:YAG pulsed
laser (400 mJ/pulse @ 532 nm, 10 Hz) at powers ranging from 1:8�
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3:55W±0:5W [32] in an Ar (99.999%) atmosphere with� 10 ppb O2
and � 20 ppb H2O, � 100 ppb THC, � 5 ppb N. Once the base
pressure ofz1� 10�6 Torr was reached, Ar gas was flowed at a rate
of 3 sccm, to achieve a deposition pressure of 100 mTorr and the
substrate was heated to the desired temperature (150 , 350 or
500 �C). The rotating target was ablated for 1 min prior to depo-
sition after which the film was deposited on either Si or sapphire.
After the deposition the samples were cooled to room temperature
in 100 sccm Ar gas. Films of Cu metal (0% C) were deposited for
comparison. Sapphire purchased from Precision Micro-Optic was
99.996% pure, single crystal A-Plane ð1120Þ±0:20, double-sided
epi-polished, with thickness 430±25 mm and roughness of 0.2 nm.

XRD spectra were measured on a Bruker C2 Discover powder
diffractometer using CuKa radiation from a sealed tube, graphite
Gobbel mirror with 0.5 mm pinhole collimator, and Vantec500 area
detector. Six 2D frames were integrated over 10 min yielding the
diffraction spectra from 2q ¼ 100 to 900 with steps of 0:020. XPS
was obtained with a Kratos Axis 165 using monochromatic Al
(1486.7 eV) X-rays. Survey spectra were collected at a pass energy
of 160 eV. High resolution spectra were collected at pass energy of
40 eV and an electron takeoff angle of 90� with respect to the
sample surface. The area analyzed by XPS was z1 mm. Depth
profiling was done with 4 keV Ar-ions using a rastered area of
z5 mm � 7 mm. XPS detection limits are z0:1 at.%. AFM mea-
surements were made on a Dimension 3000 AFMwith Al-coated Si
probes with nominal tip radius <10 nm, natural frequency 110 kHz,
and spring constant (K) of 10 N/m. Conductive AFM tests were
performed on an Asylum Research Cypher using Rocky Mountain
Nanotechnology 25Pt400B solid Pt probes with nominal tip radius
<20 nm, and K of 8 N/m.

Lamella for TEM observation were prepared using a FEI Hellios
650 DualBeam FIB-SEM using Ga ions at 30 kV accelerating voltage
after depositing a Pt protective layer. The Ga ion voltage and current
were decreased to 5 kV and 15 pA for the final thinning to remove
any Ga implantation from previous steps and minimize damage of
the electron transparent sample. TEM observation of the copper
covetic samples was carried out in a JEOL 2100F Field Emission TEM
operated at 200 kV with a spherical aberration coefficient of
Cs ¼ 0.5 mm, point-point resolution of 0.19 nm and lattice resolu-
tion of 0.10 nm. EELS data was acquired in scanning TEM (STEM)
mode using a Gatan Tridiem spectrometer with energy resolution
of 100 meV. EELS data was analyzed using the multivariate analysis
method (MVA). There are several methods to decompose a tensor
into several factors; one of the most frequently used is PCA.
Decomposition is primarily used to reduce the noise of a dataset or
for dimensionality reduction. We assumed a Gaussian distribution
of the data and used PCA to denoise data by using a limited set of
components (principal) to make a model of the original dataset
(spectra). Removing higher order components only has the effect of
reducing the noise. Hyperspy decomposes the dataset into a signal
space and a navigation space. From these, we were able to resolve
the contribution from each component.

UV-VIS data was acquired using a HITACHI U-2910 spectro-
photometer, from 300 to 1100 nm with a resolution of 1 nm. The
sheet resistance of PLD films was measured in a Signatone S1160
probe station by the van der Pauw method on rectangle-shaped
specimens (Keithley 6221 current source and Keithley 2182A
nanovoltmeter). The resistivity values were then calculated using
film thicknesses measured by preparing cross-sections in the dual
beam FIB-SEM and measured in the TEM.
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