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Highly Improved Fabrication of Ag and Al Nanostructures
for UV and Nonlinear Plasmonics
Krishnan Thyagarajan, Christian Santschi,* Philippe Langlet, and Olivier J. F. Martin

Plasmonics is the study of the collective oscillations of free
electrons in metals that can be resonantly excited at optical frequencies. These oscillations exhibit unique optical properties
across the electromagnetic spectrum and have been extensively
studied for their ability to generate hot spots – regions where
the incident field is enhanced by several orders of magnitude.[1]
Optical properties of such excitations have been exploited in
the visible and the infrared parts of the electromagnetic spectrum.[2] Apart from understanding fundamental light–matter
interaction,[3] applications include lasers,[4] biochemical sensing
platforms,[5] biomedical therapeutics,[6] optical trapping,[7]
and photodetectors.[8] The high field enhancements have also
attracted an interest in the field of nonlinear plasmonics,
which requires such strong optical fields.[9] Different nonlinear optical phenomena such as second harmonic generation
(SHG),[10] chirality,[11] multiphoton luminescence,[12] third harmonic generation,[13] higher harmonic generation,[14] ultrafast
dynamics,[15] and four wave mixing[16] have been reported in
recent studies. The most common femtosecond laser source
used for nonlinear optical measurements in such experiments
is a Ti:Sapphire laser, which operates best at λ = 800 nm. This
implies for example that for SHG measurements the second
harmonic corresponds to a wavelength of λ = 400 nm and for
higher harmonics, it corresponds to even shorter wavelengths.
This restricts the metals that can be used for such studies;
especially for gold—the favorite plasmonic metal—in which
interband transitions for wavelengths shorter than λ = 500 nm
produce very significant losses.[2] With the increasing interest
in nonlinear plasmonics,[17] the nanofabrication of metals
that can work below λ = 500 nm needs to be mastered. Furthermore, UV plasmonics is another field of research which is
becoming an active topic of study.[18] The potential applications
of UV plasmonics include surface enhanced Raman spectroscopy,[19] enhanced down conversion of UV light,[20] deep UV
resonances,[21] photodetectors,[22] hyperbolic metamaterials,[23]
artificial colors,[24] and plasmonic deep UV nanolithography.[25]
Aluminum and silver fall into this category of plasmonic
materials for both nonlinear optical as well as UV plasmonic
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applications.[12,26] Unfortunately, there exists great difficulty
in nanofabrication with these metals due to their tendency to
nucleate heterogeneously at multiple sites in the early stage
of growth. This prevents not only a smooth surface but also
causes large grain sizes leading to deformed shapes and lack of
reproducibility for features (e.g., nanogaps) down to 10 nm.[27]
Different wetting layers, including Ge, Cu, and Ni have been
shown to significantly improve the nanofabrication of Ag thin
films.[28] In this Communication, we focus on the fabrication
of multiple pieces nanostructures; Scanning electron microscopy (SEM) images of fabricated silver and aluminum nanostructures of poor quality using a nonoptimized nanofabrication technique are shown in Figure 1. One can clearly see the
poor surface quality, large grain size, and other unusual effects
such as bridging between two adjacent plasmonic units. With
the improvement in electron beam lithography techniques, the
bottle neck in ultrasmall metallic nanostructure fabrication,
especially for liftoff processes, shifts more and more to the
quality of the deposited metal. Therefore improving the metal
growth for lithographically defined nanostructures is crucial.
Here, we show that the properties of the metal/oxide interface
are of great importance and can drastically impact the fabrication outcome. Particularly the interfacial free energy γ plays a
crucial role in the competition between creation of a continuous film and nucleation.[42] Poor wetting and therefore nucleation occurs when the interfacial metal to oxide free energy γm/o
exceeds the difference of the interfacial energies between oxide
γo/v and metal γm/v toward vacuum[29]

γ m/o > γ o/v − γ m/v

(1)

According to Equation (1) surface activation of the oxide
layer, resulting in a higher interfacial free energy, facilitates
wetting at an early deposition stage and, hence, can improve
the quality of the metallic deposits. Some metal oxides, such as
silver oxide are unstable when heated even to relatively low temperatures, releasing oxygen temporarily. The reaction of silver
with O2 is reversible. Consequently, at low O2 pressure, dissociation of Ag2O takes place to establish equilibrium,[30] leading
to an activated layer forming an energetically favorable surface
for incoming silver. This phenomenon, which is reminiscent
of oxygen gettering,[31,32] can be exploited during the process of
metal evaporation of silver onto the wafer.

Experimental Section
With this in mind, the nanofabrication of silver plasmonic
nanostructures started with the spin-coating of a bilayer of electron
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Figure 1. SEM images of the poor initial quality of a–c) silver and d,e) aluminum structures showing large surface roughness, large grain size, bridging
between structures and poor adhesion to the substrate.
beam resist, consisting of polymethyl methacrylate (PMMA, obtained
from Microresist Technology GmbH) with a mass of 495 kDa (thickness
120 nm) followed by a layer of 950 kDa (thickness 60 nm), onto a glass
wafer. Compared to a single layer resist, this bilayer produced a very fine
undercut, permitting lithographic features as small as 10 nm. After a
chromium layer coating of 20 nm was evaporated on the resist for the
need of a conductive layer during electron beam exposure, the required
pattern was written onto the resists using electron beam lithography
(Vistec EBPG5000 system) with a 100 keV electron beam (current
200 pA). A subsequent chromium etching followed by development in a
mixture of MiBK solution and isopropyl alcohol was undertaken. As a first
important step to assist in the surface activation, the developed wafer
was subjected to oxygen plasma for about 15 s (O2: 300 sccm, RF power:
1 kW, pressure: 0.7 Torr, Oxford PRS900 dry etcher). This, additionally,
allowed residual resist that is still in the gaps to come off and at the
same time removed any major contaminants on the surface that might
make it inert, thereby activating the surface. This step when carried out
just before e-beam evaporation of metal ensured a much more uniform
and controlled thin film deposition. For the metal evaporation step,
first a 1 nm layer of silver was evaporated onto the wafer in presence of
molecular oxygen resulting in a thin layer of silver oxide (O2: 10 sccm,
pressure: 7.2 × 10−5 mbar, Leybold Optics LAB 600H evaporator). The
chamber was then pumped out to 1 × 10−6 mbar; as mentioned above,
this caused the oxygen from the thin oxide layer to depart, leaving a
highly activated silver surface. Immediately afterward, the remaining
amount of desired silver was evaporated onto the wafer at 4 Å s−1. This
deposition of the remaining silver was done in three deposition steps,
interrupting the process twice for 550 s to let the substrate cool down.
After the evaporation, a liftoff carried out in acetone ensured that only
the silver in contact with the substrate remains on the wafer. Usually,
a thin adhesion layer of chromium or titanium is evaporated while
depositing the metal. However, in this recipe, this adhesion layer is
not necessary since the adhesion of the structures onto the wafer was
observed to be good even without this extra layer. The entire fabrication
process is shown as a schematic in Figure 2a–h. For this work, silver
heptamers were fabricated due to their interesting nonlinear optical
properties.[32] SEM images of the dramatically improved features of the
fabricated silver nanostructures and the quality of the silver surface can
be seen in Figure 2i,j. Optical scattering measurements carried out on
the structures (Olympus IX71 with 60×, 0.7 NA objective) are shown in
Figure 2k. The good match between simulation and experiment shows
the high quality of the fabricated silver nanostructures. The simulations
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were carried out using the surface integral equation formalism with the
substrate taken into consideration.[33] The optical parameters were taken
from the literature.[34] To verify the chemical composition of the metal
film constituting the structures, X-ray photoelectron spectroscopy (XPS)
measurements were carried out. The measurements as seen in Figure 2l
show that there is a very small percentage of oxygen still present in the
structure and it is evenly spread throughout. This indicates a smooth
quality of the evaporated film which thus results in good optical
properties.
For nonlinear plasmonics, it is also important to improve the
nanofabrication of aluminum nanostructures, which faces similar
difficulties in nanofabrication as can been from the SEM images in
Figure 1d,e. Unfortunately, the same technique of dissociating the
unstable oxide does not work for aluminum due to the high stability of
aluminum oxide up to much higher temperatures compared to silver
oxide. However, silver oxide is cubic in crystalline geometry and silver
and aluminum are themselves face centered cubic with very little lattice
mismatch (<1%) between them.[35] Thus, they are reasonably amicable
materials for combined growth and below it is showed that dissociated
silver oxide can also serve as an activation layer to reduce aluminum
nucleation at early growth state, as is the case for silver deposition
described above. Furthermore, the UV plasmonic characteristics of silver
and aluminum are similar, with aluminum suffering interband transition
induced losses at similar wavelengths as silver. A very thin layer (1 nm)
of silver oxide can be used to take advantage of this as was done in the
case of silver nanofabrication. However, the residual gases, especially
O2 and H2O have a strong influence on the aluminum growth process
and consequently on the morphology of the deposits.[36] Especially the
dissociative adsorption of H2O leads to the formation of an oxide–
hydroxide phase which alters the growth of the aluminum film. H2O is
present in abundance in the chamber as well as on the substrate and
is therefore one of the main constituents in the evaporation unit. Due
to strong adsorption of H2O on oxide surfaces, even its partial removal
is challenging and therefore the presence of H2O must be minimized
as far as possible for every process step. To this end, water from the
substrate was first removed by baking the substrate at 60 °C for 24 h
prior spin-coating of the resist. In the second step, water was removed
by baking the substrate plus the resist at 60 °C for about 10 h with
periodic introduction of nitrogen into the baking chamber to dry it. The
baking temperature was set to 60 °C because of the PMMA, already
spin-coated and structured, alters its mechanical properties at higher
temperatures.[37] The steps thereafter until the metal evaporation are
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Figure 2. Schematic representation of the process steps of silver heptamers representing: a) The glass substrate, b) the first coating consisting of
120 nm of PMMA 495 kDa, c) the second coating consisting of 60 nm of PMMA 950 kDa, d) e-beam lithography, e) coating of 1 nm of silver oxide,
f) cross-section of the wafer showing the dissociation of the oxide thereby providing an activated surface, g) deposition of the silver top layer (30 nm),
leading to a smooth surface and h) the liftoff step giving excellent quality of silver heptamers on the substrate, i,j) show SEM images of the heptamers
fabricated using the improved recipe, k) scattering measurements of a single silver heptamer showing the good match between simulations and
obtained experimental optical properties, l) XPS measurements to chemically characterize the metal composition.
the same as previously described for silver. However, after the initial
evaporation of 1 nm of silver oxide, the evaporation chamber was
pumped out for 9 h to ensure that oxygen and water are removed as
far as possible (typical residual pressure ≈5 × 10−7 mbar). Thereafter,
aluminum was evaporated at 0.1 Å s−1 in three deposition steps,
interrupting the process twice for 550 s to let the substrate cool down.
This yielded aluminum nanostructures with reproducible gaps down
to 10 nm. A schematic of the entire process is shown in Figure 3a–i.
To the best of our knowledge, earlier work on aluminum has always
involved single piece structures,[37] which are simpler to fabricate. The
recipe involving multiple piece nanostructures in aluminum is therefore
an important tool. SEM images of the fabricated nanostructures
are shown in Figure 3j,k. It should be noted in Figure 3j that the top
aluminum surface still exhibits some roughness, caused by the
morphological growth of the metal; however, the lateral features of this
double resonance antenna are now very well defined, compared with
Figure 1d,e. Those lateral features determine the optical response of the
antenna. The optical scattering measurements on the structures, shown
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in Figure 3l, exhibit a good match between experiment and simulation,
confirming the good optical quality of the aluminum nanostructures.
The optical constants applied for the simulations were taken from the
literature.[38] The chemical composition of the fabricated structures
was determined using XPS measurements on a film deposited by this
technique, as seen in Figure 3m and shows a very uniform distribution
of silver throughout the depth of the structure, indicating the formation
of an alloy-like material which may be attributed to diffusion due to
the small lattice mismatch of aluminum and silver.[39] The presence of
oxygen in the bulk of the structure is also seen to be lower than at the
top and bottom surfaces (note that the XPS measurements reported in
Figure 3m were performed at a higher etching rate than for Figure 2l
and eroded the substrate). The ease with which silver and aluminum
seem to interact confirms the amicability between the two metals visà-vis nanofabrication. Furthermore, the presence of silver has a minimal
impact on the optical properties of the aluminum nanostructures.
Spectroscopic ellipsometry was carried out using a SOPRA GSE
5E spectroscopic ellipsometer for 150 nm thick silver and aluminum
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Figure 3. Schematic representation of the process steps during the fabrication of aluminum double resonance antennas (DRA) representing: a) The
glass substrate before heating, b) the glass substrate after heating to remove water, c) the first coating consisting of 120 nm of PMMA 495 kDa, d) the
second coating consisting of 60 nm of PMMA 950 kDa, e) e-beam lithography process to write the DRA structures, f) coating of 1 nm of silver oxide,
g) cross-section of the wafer showing dissociation of the oxide thereby providing an activated surface, h) deposition of aluminum (30 nm) on top,
leading to a smooth surface and the liftoff step giving excellent quality of aluminum DRA structures, j,k) show SEM images of the DRA fabricated with
the improved recipe, l) scattering measurements of a single aluminum DRA showing the good match between simulations and obtained experimental
optical properties, and m) XPS measurements to chemically characterize the metal composition.
films deposited according to the processes described above. For all
measurements, the angle of the incident light was set to 75° and the
numerical data analysis was carried out using the WINELLI II software.
For the silver film, the real and imaginary parts (εr and εI, respectively) of
the dielectric function determined from the amplitude component Ψ and
the phase difference Δ are in relatively good agreement with the values
given by Johnson and Christy,[34] with however a larger imaginary part
εI. Measured and literature values for εr and εI are shown in Figure 4a.
The dielectric functions for aluminum from the measurements and the
literature,[38] are shown in Figure 4b. The discrepancy between the two
is larger than for silver. For aluminum, the measured dielectric function
can be approximated using a Drude model with additional Lorentz
oscillators mimicking the interband transitions. This approach reveals
a decrease of the plasma frequency from ωp = 2.4 × 1016 s−1, reported
in the literature,[40] to ωp = 2.1 × 1016 s−1 for the ellipsometry data.
Moreover, the interband transition at λ0 = 800 nm[41] as reported in the
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literature slightly shifted to 790 nm in the measurements. The complete
ellipsometry data for silver and aluminum are given in the Supporting
Information.
In summary, a new recipe for high yield and high quality fabrication
of lithographic nanostructures in silver and aluminum with intended
applications in plasmonics was developed and demonstrated. In order
to reduce grain sizes of the metal deposits, a thin layer of silver oxide
was first deposited. The latter dissociated under vacuum conditions
providing a seed layer which enabled enhanced nucleation of silver and
aluminum, leading to smaller grain sizes. The good agreement in the
linear optical properties of the structures between the experimental
results and simulations showed that the optical properties of the
fabricated nanostructures are very good which is, additionally, supported
by ellipsometry measurements. The clean fabrication of reproducible
features down to 10 nm makes this new recipe very attractive for diverse
applications, especially for nonlinear and UV plasmonics. Indeed, it is
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Figure 4. Dielectric functions measured by ellipsometry for a 150 nm thick film made of a) silver and b) aluminum using the recipe presented in this
Communication. The experimental data are compared to the literature data from ref. [34] for silver and from ref. [38] for aluminum.
known that for second harmonic generation, the nonlinear signal is
generated at the surface of the metal,[42] and is dramatically influenced
by surface roughness.[43] Comparing for example Figure 1a–c with
Figure 2i,j, one clearly sees that the role of the different geometrical
features (particle size, gap size, arrangement of the particles) on the
nonlinear response of the silver heptamer will be much easier to study
using well defined structures fabricated with the new recipe (Figure 2)
compared to the original, ill-defined geometries shown in Figure 1.

Supporting Information
Supporting Information is available from the Wiley Online Library or
from the author.
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