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Abstract

We report a novel seed layer for the formation of slab-
like transparent copper films on glass and plastic
substrates, based on a mixed molecular monolayer and

an ultra-thin (0.8 nm) aluminium layer both deposited

from the vapour phase, which substantially outperforms

the best nucleation layer for optically thin copper films reported to date. Using this
hybrid layer, the metal percolation threshold is reduced to < 4 nm nominal thickness and
the long-term stability of sub-10 nm films towards oxidation in air is comparable to that
of silver films of the same thickness fabricated using the best reported seed layer for
optically thin silver films to date. The underlying reason for the remarkable effectiveness
of this hybrid nucleation is elucidated using a combination of photoelectron
spectroscopy, small angle X-ray studies, atomic force microscopy and transmission

electron microscopy.



Introduction

Despite their current dominance, it is clear that an alternative to the transparent
conducting oxides indium tin oxide (ITO), fluorine doped tin oxide and aluminium doped
zinc oxide is required as the window electrode for flexible and low cost optoelectronic
devices including organic photovoltaics (OPVs).[%2 Metal films with a thickness of 6-10
nm deposited by vacuum evaporation are a promising contender because they are
chemically well-defined and compatible with flexible substrates, whilst also offering high
electrical conductivity and very low surface roughness.l! Additionally, vacuum
evaporation is established as a low-cost large-scale production method for the deposition
of thin metal films that is compatible with roll-to-roll processing.l®! Lithographic patterning
of thin metal films and/or using wide band gap anti-reflecting interlayers enables sufficient
far-field transparency for metal film electrodes to be competitive with ITO glass for the

same sheet resistance.l4-8!

Until now, silver (Ag) has been the favoured base metal for this purpose due to its
low optical losses and highest electrical conductivity amongst metals.®! However, Ag is a
costly metal and so its use in large area, low cost applications would necessitate recovery
and re-use of the metal.['% In recent years copper (Cu) has received growing attention as
a low cost alternative to Ag for window electrode applications because it has an electrical
conductivity comparable to Ag at ~1% of the cost.['-13] |t has also been shown that the
higher optical losses in Cu, as compared to Ag, can be mitigated by electrode and/or

device design, including using a metal oxide overlayer to increase transparency.14-16]

Due to the high surface energy of Cu and Ag these metals interact only weakly

with glass and other technologically important transparent plastic substrates, such as
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polyethylene terephthalate (PET) and polyethylene naphthalate (PEN), and so the
formation of robust and continuous films of these metals with thickness < 10 nm is
notoriously difficult to achieve using thermal evaporation.i®1”l Metal atoms condensing on
the substrate diffuse over the surface and aggregate into particles which only form a
continuous network for nominal thicknesses > 10 nm.[>1819 To enable the formation of
uniform slab-like Cu and Ag films at sub-10 nm metal thickness a variety of different
inorganic and organic nucleation layers have been proposed whose primary function is
to suppress metal atom diffusion during early stages of film growth.[6:17.20.211 For
evaporated Cu films the most successful seed layers to date are based on the use of
molecular monolayers that chemically bind both to the substrate and Cu, including 3-
mercaptopropyl(trimethoxysilane) [MPTMS] and 3-aminopropyl(trimethoxysilane)

[APTMS].[22-24

Surprisingly, despite the high potential of optically thin Ag and Cu films as
transparent electrodes for optoelectronic applications, studies of the long-term stability of
Ag or Cu window electrodes are sparse.?427] Stability towards air oxidation is a
particularly important consideration because oxidation of the surface of very thin metal
films can have a large detrimental effect on the electrode sheet resistance, as well as
forming a barrier to charge transport between the electrode and an adjacent
semiconducting layer in a device.l?®! In practice the substrate electrode is inevitably
exposed to air during transportation, or during one or more device fabrication steps, and
even with device encapsulation air gradually ingresses into the device over time; a

particular challenge for achieving useful lifetimes on plastic substrates.[?"]



Herein we report a novel organic-inorganic bilayer for seeding the formation of Cu
films which substantially outperforms the molecular monolayer approach in terms of the
percolation threshold for Cu films, and dramatically improves the long-term stability
towards oxidation in air. The hybrid layer is based on a mixed molecular monolayer (MM)
deposited from the vapour phase followed by an ultra-thin (0.8 nm) aluminium (Al) layer.
A combination of photoelectron spectroscopy, small angle X-ray studies (SAXS), atomic
force microscopy and transmission electron microscopy are used to elucidate the

underlying reasons for the effectiveness of this hybrid layer.

Results and Discussion

9nmCu

0.8 nm Al
Organic monolayer

Substrate

Figure 1. Schematic diagram depicting the structure of the hybrid nucleation layer and
Cu electrode. The expansion (left) shows the mixed molecular monolayer bound to the

substrate which can be glass (as shown) or plastic.

We have previously shown that a mixed molecular monolayer of MPTMS and APTMS co-
deposited from the vapour phase is an effective seed layer for the formation of Cu films

on both glass and plastic substrates.l?2231 APTMS catalyses the coupling reaction with



the substrate, while both APTMS and MPTMS bind strongly to the incoming Cu atoms as
they arrive at the substrate resulting in more slab-like film formation and vastly improved
film quality at < 10 nm.[32224.28] Using this approach the surface roughness of a 9 nm
evaporated Cu film on glass is reduced from 1.44 + 0.12 to 1.02 £ 0.05 nm and the initial

sheet resistance is reduced from 13.8 to 10.8 Q sq.

Due to the very low metal thickness the sheet resistance is a sensitive probe of
oxidation of optically thin Cu films in air.l'>2329 The oxidation of Cu in air is not a self-
limiting process and results in the formation of a mixture of the short-lived hydroxide
(Cu(OH)z2) and stable oxides (Cu20 and CuO), all of which have a conductivity at least six
orders of magnitude lower than the base metal.l3%-34 |t is evident from Figure 2 that using
a mixed APTMS/MPTMS seed layer reduces the rate of oxidation of a 9 nm Cu film on
glass by a factor of 4 from 0.0198 to 0.0048 Q sq* hrt. This large improvement in stability
can be rationalized in terms of the more compact slab-like structure of the Cu film
deposited onto seed layer modified glass, which impedes the diffusion of oxygen along

the grain boundaries between crystallites.[?4
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Figure 2: Evolution of the sheet resistance for representative electrodes in air for 6
electrode structures. All Al layers are 0.8 nm thick and all Cu layers 9 nm thick for
comparison. The fitted lines are to ‘guide the eye’ only. The corresponding electrode
structures are given in full in Sl Table S1. S, Figures S1 and S2 show the complete data
sets for all electrode structures. The temperature and humidity fluctuated in the range 18-

30°C and 15-50% respectively during testing.

The stability of the films towards oxidation in air is dramatically improved by a factor
of ~ 8 from 0.0198 to 0.0026 Q sq* hr! over those deposited directly on glass with the
inclusion of the 0.8 nm Al layer alone, as compared to a ~4x increase for the organic seed
layer. Crucially, the beneficial effects are additive and so by using the organic monolayer
in conjunction with the Al nucleation layer improves stability by > 37x to 0.0005 Q sq™* hr
1, This stabilizing effect is also achieved on flexible plastic substrates (Sl, Figures S3 and
S4). Remarkably the rate of oxidation of the Cu film with a buried Al layer is comparable

to that achieved using an Al or Ni deposited to the top surface of the Cu film.[243% Also



included in Figure 2 is the evolution of the sheet resistance of a 9 nm Ag film fabricated
using a polyethylenimine (PEI) adhesion layer, which serves as a benchmark against
which the stability of the Cu films can be judged, since optically-thin Ag films supported

on PEI modified plastic substrates are the best performing Ag film electrodes to date.[3l

We have previously shown that an ultra-thin (0.8 nm) Al layer deposited onto the
top-surface of a Cu film is an extremely effective means of passivating thin Cu films
towards oxidation in air because the Al diffuses to the grain boundaries where it oxidizes
to form a plug towards oxygen ingress.l?* To investigate the possibility that the improved
stability stems from a proportion of the buried Al diffusing along grain boundaries in the
Cu to the surface of the film where it could form an oxide barrier to oxidants, we have
used X-ray photoelectron spectroscopy to probe for Al at the surface before and after 400
hours air-oxidation (SI, Figure S5). Based on the inelastic electron mean-free path of
photoelectrons ejected from the Al 2s orbital (binding energy: 119.3 eV) it is estimated
that 95% of the signal is derived from the top 6 nm of the electrode (3\A).2¢! The absence
of a peak that can be assigned to Al is therefore compelling evidence that the Al remains

confined to the interface between the Cu and the mixed monolayer.
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Figure 3: The results of a Small-Angle X-ray Scattering (SAXS) study. a) The outputs of
a simplified model fitting the SAXS data of the electrodes as prepared, where the
polycrystalline structure is modelled as a monolayer of spherical particles (Sl, Figure S6).
b) The raw SAXS data for the early-stage (4 nm) Cu films. (Inset) A simplified depiction
of the difference between the Cu film structure with (black) and without (red) the 0.8 nm
Al layer, with the volume sampled by SAXS lined. The slab-like nature of these
polycrystalline films is well established on the molecular monolayer,?¥ and confirmed on

the hybrid nucleation layer reported here by TEM in Sl, Figure S7.

To gain insight into why the hybrid layer is more effective than the molecular
nucleation layer alone at seeding Cu film formation, small-angle X-ray scattering (SAXS)
was used to determine the size distribution of the Cu crystallites both for a Cu film

thickness of 9 nm and 4 nm deposited onto a glass derivatized with a molecular



monolayer, with and without an 0.8 nm Al seed layer.[37-39 |t is evident from Figure 3 (a)
that for a Cu thickness of 4 nm (i.e. in the early stage of film formation) the mean horizontal
crystallite radius is comparable with and without the 0.8 nm Al. However, the much less
pronounced hump in intensity in Figure 3 (b) indicates that the surface roughness of the
4 nm Cu film supported on hybrid layer is significantly reduced, consistent with a more
compact metal film having a smaller volume that can be sampled by SAXS (illustrated in

Figure 3 (b)).
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Figure 4: A comparison of the effect that reducing the Cu film thickness has on the sheet

resistance for a series of nucleation layers.

When the Cu thickness is increased to 9 nm there is a doubling of the size of the
Cu crystallites formed on the hybrid adhesive later, that does not occur for films on the
molecular seed layer. This large increase in crystallite size is indicative of fusing together

of the smaller Cu crystallites to form larger crystallites which is consistent with the lower



root-mean-square (RMS) surface roughness of 9 nm Cu films on the 0.8 nm Al layer (0.93
+ 0.03 nm, SI Figure S8) as compared to the mixed monolayer alone (1.02 £ 0.01 nm).
(SI, Figure S8). The onset of this process of coalescence is expected to occur for lower
metal thicknesses when the isolated particles are more densely packed crystallites. This
conclusion is corroborated by the much lower percolation threshold for electrical
conductivity for Cu films supported on the hybrid seed layer (Figure 4): It is evident from
the correlation between sheet resistance and metal thickness in Figure 4 that the hybrid
layer is remarkably effective as a nucleation layer for evaporated Cu films on glass,
reducing the percolation threshold substantially below that of either the mixed molecular
adhesive layer or Al seed layer. For example, at 5 nm Cu thickness the sheet resistance
is 39 Q sq. This reduction in the percolation threshold is also evident from the fact the
Cu films on the hybrid nucleation layer retain their red colouration for thickness below 6
nm (SI, Figures S9 and S10). Without the 0.8 nm Al layer Cu films with thickness <7 nm
have a dark coloration, which is due to excitation of localised surface plasmons
associated with a particulate film morphology. (SI, Figure S9). Notably, although PEI is
effective as a nucleation layer for optically thin Ag films it is clear from Figure 4 that it is
not a good nucleation layer for optically thin Cu films on glass because the onset of
percolation occurs at a comparable thickness to that achieved on glass without a
nucleation layer. These data collectively show that the improvement in stability towards
air-oxidation correlates with the larger mean Cu crystallite size. It is reasonable to expect
that oxygen diffuses most easily along grain boundaries between crystallites, as

compared to directly into the crystallites, and so boundaries between grains will be
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particularly susceptible to oxidation in air.[? Increasing the mean crystallite size reduces

the density of grain boundaries, and thus the susceptibility of the film to oxidation in air.
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Figure 5: The UV-vis spectra of four comparable electrodes based upon a 9 nm Cu film
(0.8 nm Al layer where stated). A glass reference was used to subtract the reflection from
the substrate/air boundary to reflect that this is greatly reduced in commercial applications

when using anti-reflective coatings.

Figure 5 shows the effect of the thin metallic seed layer on the transmittance of the
Cu-based electrode. The additional reflectance caused by the very thin aluminium seed
layer is offset by suppression of the parasitic absorption due to surface plasmonic
excitations, and so far-field transparency is not degraded as might ordinarily be expected

when using a metallic seed layer.!1"]
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Conclusion

In  summary, a monolayer of 3-mercaptopropyl(trimethoxysilane) and 3-
aminopropyl(trimethoxysilane) together with an 0.8 nm Al layer is shown to be a
remarkably effective seed layer for the formation of slab-like evaporated copper films on
glass and plastic substrates. The ultra-thin Al layer is deposited immediately prior to
copper evaporation in the same vacuum. This hybrid seed layer outperforms the best
nucleation layer for copper films reported to date in two key respects: (1) by reducing the
metal percolation threshold to < 4 nm nominal thickness without incurring additional
optical loses; (2) by dramatically improving the long term stability of sub-10 nm copper
films towards oxidation in air, such that the stability is comparable to that of silver films of
the same thickness fabricated using the best reported seed layer for optically thin silver
films to date. The remarkable effectiveness of this hybrid nucleation layer is attributed to
an increase in the Cu mean crystallite size when using this hybrid seed layer, which
reduces the density of Cu grain boundaries — that part of the film most susceptible to

oxidation.
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Experimental Section

(Customised SPECTROS system integrated with N2 glovebox, Kurt. J. Lesker)
Electrode preparation

Glass microscope slides (7525 M, J. Melvin Freed Brand) or PET substrates were ultra-
sonically agitated for 15 minutes each in diluted surfactant (Hellmanex Ill, Hellma
Analytics), deionised water and propan-2-ol (AnalaR, VWR). These substrates were then
UV/Os treated for 15 minutes immediately prior to use. Where stated, these slides were
transferred to a dessicator and held at approx. 50 mBar for 4 hours with an open vial of
mixed APTMS/MPTMS. All substrates were then transferred to the evaporator for Al, Cu
or Ag deposition using a base pressure of < 5 x10® mbar unless stated. Al was
evaporated at a rate of 0.1 As, while Cu and Ag were evaporated at 1 As™. Thicknesses
were calibrated using an Asylum Research MFP-3D AFM and monitored using quartz-
crystal microbalances. Masks were exchanged where required by a series of transfer
arms without breaking the vacuum. During metal deposition, the chamber pressure rose
to approximately 5 x 107 mbar. For the Ag electrodes, two nucleation layers were
compared (SI, Figure S1). Polyethylenimine (PEI) was spin-cast onto freshly cleaned and
UV/Os treated substrates (5000 rpm) from a 0.3% wt. aqueous solution and dried in air
(110°C, 20 mins). Separate cleaned and UV/Os treated substates were heated at 120°C

overnight in a loosely sealed container together with 4 drops of MPTMS.
Sheet resistance evolution

25 x 25 mm substrates were used to evaporate an electrode onto which silver contacts

were painted to connect a Keithley 2400 source meter. Resistances were calculated using
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the Van der Pauw method and an applied voltage of 5 mV. Electrodes were stored in
ambient laboratory air and re-measured periodically. The temperature fluctuated between

18-30°C and the humidity between 15-50%.

UV-vis spectroscopy

A PerkinElmer Lambda 1050 UV/Vis spectrophotometer was used with reflectivity
measured using an Integrating sphere where given. The effect of the 0.8 nm Al nucleation
layer on transparency, as well as the effect of altering the percolation thickness is given

in SI, Figures S9 and S10.

AFM images

An Asylum Research MFP3D instrument was used in tapping mode to map the surface
of the electrodes and calculate the root mean square (RMS) roughness. For roughness
measurements, a 10 x 10 ym area was mapped and an area free of interference selected

for a detailed scan.

X-ray photoelectron spectroscopy (XPS)

Surface compositional and chemical state analysis was carried out using X-ray
photoelectron spectroscopy (XPS) measurements conducted on a Kratos Axis Ultra DLD
spectrometer at the University of Warwick Photoemission Facility. The air-exposed
samples were mounted on to a standard sample bar using electrically conductive carbon
tape and loaded into the instrument. Samples kept under an inert atmosphere were
mounted on to Cu stubs using conductive carbon tape inside a nitrogen glovebox. The
stubs were then loaded in to a vacuum transfer unit filled with nitrogen and transported to

the XPS laboratory and loaded in such a manner that samples were under a nitrogen
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atmosphere throughout. XPS measurements were performed in the main analysis
chamber, with the sample being illuminated using a monochromated Al Ka X-ray source.
The measurements were conducted at room temperature and at a take-off angle of 90°
with respect to the surface parallel. The core level spectra were recorded using a pass
energy of 20 eV (resolution approx. 0.4 eV), from an analysis area of 300 mm x 700 mm.
The spectrometer work function and binding energy scale of the spectrometer were
calibrated using the Fermi edge and 3ds2 peak recorded from a polycrystalline Ag sample
prior to the commencement of the experiments. The data were analysed in the CasaXPS
package, using Shirley backgrounds and mixed Gaussian-Lorentzian (Voigt) lineshapes,
with asymmetry parameters employed where appropriate. For compositional analysis, the
analyser transmission function has been determined using clean metallic foils to

determine the detection efficiency across the full binding energy range.

TEM images

Images in Figure S7 were collected on a Jeol 2100 LaB6 instrument. A focused ion beam

(FIB) was used to prepare a thin section.

XRD SAXS

Grazing incidence small-angle X-ray scattering (GISAXS) measurements were made
using a Xenocs Xeuss 2.0 equipped with a micro-focus Cu Ka source collimated with
Scatterless slits. The scattering was measured using a Pilatus 300k detector with a pixel
size of 0.172 mm x 0.172 mm. The detector was translated horizontally, and multiple data
collections were combined creating a larger virtual detector. The distance between the

detector and the sample was calibrated using silver behenate (AgC22H4302), giving a
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value of 2.487(5) m. The magnitude of the scattering vector (q) is given by g = 4msin6/2,
where 26 is the angle between the incident and scattered X-rays and A is the wavelength
of the incident X-rays. This gave a q range for the detector of 0.003 A1 and 0.13 Atin the
horizontal plane. This g range allows crystallite sizes between 1 and 200 nm to be

determined.

Samples were aligned such that the surface was parallel to the beam and in the center of
the beam. To maximize the scattering signal from the Cu layer the sample was positioned
at an incidence angle (ai) of 0.35° which is just below the critical angle of 0.4° for Cu and
Cu Ka radiation. The 2d virtual detector image for the MM | Cu structure is shown in Sl,
Figure S6 (left). Scattering in the . direction (out-of-plane) is related to vertical

morphology of the sample and the gy direction (in-plane) to the horizontal morphology.

The in-plane scattering from the Cu crystallites highlighted in Sl, Figure S6 (center) was
integrated as a function of g producing a 1d intensity versus q data set as shown in Sl,
Figure S6 (center). Selecting only in-plane scattering allows the horizontal radius of the
crystallites to be determined. SAXS fitting was performed in the Irena analysis
package.*Y The scattering was fitted using spheres with a lognormal distribution of the
radius. The fit to the measured data for the MM | Cu structure is given by the red line in
Sl, Figure S6 (center). When the interaction between crystallites affected the scattering a

hard-sphere structure factor was included.[37: 42-44]
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All data supporting this study are provided as supplementary information accompanying
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