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Abstract. A spectrophotometric method is demonstrated for refractive index and thickness determination of
thin and ultrathin metallic films. The method involves a three-layer stack where the metallic layer of interest is
deposited on an opaque Si wafer coated with SiO,. This stack creates oscillations in the reflectance spectrum,
which are highly sensitive to the index of the metallic film, allowing precise determination of the index of layers
down to 1 nm. Experimental index values are given for Ag and Au over the wavelength range of 370-835 nm.
These results are correlated with Atomic force microscopy (AFM) images of the films, which reveal dramatic

changes in structure for layers of different thickness.
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1 Introduction

Precise and accurate determination of the refractive index
of thin-film layers is a crucial problem for the control and
design of optical coatings. Metallic thin-film layers present
a particular challenge in this area, due to how dramatically
their properties can change with thickness as a result of
many complex phenomena. A layer of a few tens of nanome-
ters of silver, for example, will typically have very different
optical properties to that of the bulk material [1], due to
electron scattering from crystalline grain boundaries and
the surface of the film [2, 3], as well as quantum confine-
ment effects for layers below 20-30 nm [4, 5]. Gold is
another example of a widely-used metal which exhibits sig-
nificant index variation at different thicknesses [1, 4, 6].
Beyond this, even two films of the same material and nom-
inal thickness may have significantly different properties
depending on the deposition technique (sputtering, electron
beam evaporation, etc.) and conditions (pressure and envi-
ronment, growth rate, temperature, etc.). Applications of
metallic thin-films include optical coatings such as trans-
mission filters [7, 8], antireflection coatings [9] and broad-
band absorbers [10]; plasmonic structures such as
waveguides [11] or sensors [12]; transparent electrodes
[13-15]; and structural colour coatings for security or deco-
rative purposes [16-18]. Therefore, a method to reliably and
precisely determine the refractive index of these films is
highly desirable.

* Corresponding author: riley.shurvinton@gmail . com

However, the process of index characterisation is not
straightforward, especially for absorbing layers. The proper-
ties of a thin film layer in a stack cannot be measured
directly; instead, they must be inferred indirectly, by
observing other properties such as spectral reflectance or
transmittance. Since such spectrophotometric techniques
only provide at most two values at a given wavelength,
while there are three unknowns to determine (the thickness
d and the real and imaginary parts n and k of the refractive
index), the resulting problem is underdetermined, and a
careful approach should be taken to maximise the accuracy
and precision of the index determination.

One approach for increasing the available information
from spectrophotometric measurements is via interference
enhancement, such as the classic envelope method for
dielectric thin films [19, 20]. For absorbing thin films, we
recently demonstrated that a three-layer method can be
employed, using an Si wafer coated with an SiO, layer of
several hundred nanometers thickness and a few nanome-
ters of the absorbing layer of interest [21] (see Fig. 1b, inset
for a schematic). The method produces interference fringes,
whose width, phase and amplitude all vary strongly with
the precise index of the absorbing layer. In this way, the
sensitivity of the reflectance spectrum to the index of the
layer of interest is increased, allowing for greater precision
and accuracy for index determination (40.1 repeatability
in determination of n and k for Ti films between 10 and
40 nm thick).

A unique strength of this method is its potential appli-
cation to ultrathin layers (below 10 nm thickness), which
are particularly challenging to characterise. For example,
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traditional ellipsometric techniques can only determine the
index and thickness of a film independently if the thickness
is greater than ~15 nm [22]. However, it was found that the
three-layer interference enhancement method described in
[21] gave precise results for a Ti layer of of 6.5 nm, and
could potentially be used for even thinner layers.

This paper explores the use of this interference method
for index determination of two commonly-used materials,
Ag and Au, to show that it can reliably be used to charac-
terise layers of less than 10 nm thickness with high precision
and repeatability. To provide further insight into the
changing properties of these films, the results are then com-
pared to Atomic force microscopy (AFM) images of the
same samples, which show a developing nanostructure
which correlates with the change in refractive index. The
results for Ag are presented in Section 3.1, and the results
for Au are presented in Section 3.2, both over a 370-835
nm wavelength range for several different layer thicknesses.
These refractive index values are also given in tabular form
as an Fxcel spreadsheet, which is available as a Supplemen-
tary file. In addition, these results show that the method
may be applied to various different materials, and demon-
strate that it may be used for ultrathin layers even down
to 1 nm thickness. This validates the proposed method as
a versatile and robust addition to the field of spectroscopic
optical characterisation techniques.

2 Theory

2.1 Interference enhancement method for ultrathin
layer characterisation

The most straightforward approach for spectrophotometric
thin-film characterisation, as in the envelope method, is to
deposit the layer of interest directly onto a transparent sub-
strate (see Fig. 1a). This allows for the reflectance and
transmission spectra to be measured. However, for absorb-
ing films, and particularly ultrathin films, its application is
limited. As shown in Figure la, the impact of a 1 nm gold-
like layer on a B270 glass slide is only to shift the reflectance
and transmission by a very small amount. Therefore, fitting
on this data is expected to have a low precision, and be
highly susceptible to noise and other errors.

The three-layer interference enhancement method pro-
posed here (Fig. 1b) has two major advantages over the
two-layer approach. The first advantage is that three dis-
tinct changes are seen in the reflectance spectrum when
the index and thickness of the deposited layer changes:
the width, amplitude and phase of the oscillations. As in
the envelope method for dielectric films, this provides
additional information for the fitting, which improves the
overall precision, accuracy and unicity of the index determi-
nation. Previous work [21] showed using simulations that
both the unicity of the optimisation problem, and the resis-
tance of the method to measurement noise/bias, were
greatly improved in comparison to the two-layer method.

The second advantage is that even a very thin layer
yields a significant change in the reflectance spectrum for
this approach. Figure 1b shows the effect of a 1 nm gold-like

layer on a stack with Si 4+ 800 nm SiO,. Even for such a thin
layer, a distinct change is seen in the width and amplitude of
the oscillations. This is a great improvement over the two-
layer case in Figure 1a, where the change in spectrum is very
small. Therefore, this three-layer technique is a promising
option for investigation of such “ultrathin” metallic films.

2.1.1 Impact of layer materials and thicknesses

In this approach, the choice of substrate and dielectric
materials is highly flexible. As long as there is sufficient con-
trast between the substrate, the dielectric, and the absorb-
ing layer of interest, fringes will be visible. Therefore the
method may be employed using a wide variety of materials,
to study various different absorbing layers. Hence, it repre-
sents a straightforward, precise and versatile approach for
characterisation of thin-film layers.

For the samples in this work, Si was chosen as the sub-
strate, and SiOy was chosen as the dielectric, with a thick-
ness of 800 nm. Both materials are cheap, readily available,
and widely used in optical coatings, as well as allowing for
good adhesion between the substrate and dielectric layer.
Commercial Si substrates are available for a low cost with
excellent flatness and roughness, and a coating of SiOs of
a few hundred nanometers thickness is expected to repro-
duce this surface. For our samples, AFM imaging confirmed
that both bare Si substrates and Si + SiO, stacks had very
low surface roughness. This made them well-suited for
depositing metallic thin films and studying their growth
and nanostructure. A SiO, layer thickness of 800 nm was
chosen to allow direct comparison with the samples studied
in [21]; however, the thickness of the dielectric layer does
not significantly affect the viability of the method, as long
as at least one full oscillation is visible within the wave-
length range of interest.

For the absorbing layer, the choice of material is like-
wise highly flexible, but there are some limitations on the
thickness of the layer. Figure 2 shows the reflectance spectra
of the thinnest and thickest Ag and Au layers investigated
in this work, representing the approximate lower and upper
limits for both these materials.

The lower limit for thickness of the absorbing layer
arises due to practical concerns (the minimum thickness
which can be deposited with sufficient homogeneity using
a given method), as well as theoretical concerns (the mini-
mum thickness at which a sufficiently prominent shift in
the reflectance spectrum is obtained). For both Au and
Ag, the lower limit was found to be around 1 nm for layers
deposited using electron beam evaporation.

The effective upper limit for the thickness of the absorb-
ing layer occurs when the opacity of the layer is sufficient to
destroy or significantly reduce the prominence of the inter-
ference fringes. At or above such a thickness, the signal-to-
noise ratio of the fringes is significantly reduced, and so the
performance of this technique approaches that of the two-
layer method. The thickness at which this occurs depends
on the material under study. In [21], Ti layers of up to
70 nm thickness could be successfully characterised with
this method. However, in this work we find the effective
upper limit to be 50 nm for Ag and 41 nm for Au, above
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Figure 1. (a) Simulated reflectance and transmittance of a B270 glass slide, with and without a 1 nm thick Ag-like layer. Only a very
small change in both R and T are observed. (b) Simulated reflectance of a stack with opaque Si + 800 nm SiOs,, with and without a
1 nm thick Ag-like layer. Compared to (a), a much more dramatic shift in the reflectance spectrum is seen when the Ag layer is added.
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Figure 2. Measured reflectance spectra of Si + 800 nm SiO, stacks with and without an additional absorbing layer, showing the
impact of the thinnest and thickest layers of Ag or Au studied in this work: (a) 1 nm Ag; (b) 50 nm Ag; (¢) 1 nm Au; and (d) 41 nm
Au. For the thinnest layers (a and c), the effect on the reflectance spectrum is significant but small; a thinner layer will produce an
even smaller effect, which may harm the accuracy of the fitting. For the thickest layers (b and d), the prominence of the oscillatory
fringes is reduced; for thicker layers than this, the fringes are reduced further or even eliminated, which likewise reduces the accuracy

of the fitting.
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which (under our deposition conditions) the prominence of
the fringes became significantly reduced. For study of
thicker layers, an alternative technique may be more appro-
priate (such as spectroscopic ellipsometry, as used in [1] to
obtain the optical constants of Au films between 30 and
200 nm thickness).

2.2 Refractive index models

The refractive index of a material can be modelled as a
function of the wavelength or energy of incoming light. In
this work, layers were described using a combination of
the Modified Drude (MD) model with an oscillator model,
either the Forouhi-Bloomer (FB) or Lorentz (L) model
[23, 24]. The MD model describes the behaviour of free elec-
trons within a material, and extending it using an oscillator
allows the modelling of resonances within the layer, such as
from interband transitions or electron confinement effects.
This enables a more complete description of thin film metal
layers, which typically diverge from the “ideal” case of a
bulk metal containing free electrons (as in the MD model).

2.2.1 Modified Drude model

The Drude model calculates the dielectric constant € of a
metal by modelling the electrons as free-moving solid
spheres [25]. The parameters of the model are €., the
high-energy dielectric constant; F; the plasma energy
(= how, where w, is the plasma frequency); and E,, the
relaxation energy. Later modifications to the model instead
replaced E, with an energy-dependent variable E,(FE)
[26, 27], in the so-called “modified” Drude model. This gives
the dielectric constant of the material as

B,

g(F)= 6o — ——"FL—
(B) E> +iE - E,(E)

(1)
where F = % is the energy of incoming light, and

E,(E) = E, (\Z%) B (2)

is the energy-dependent relaxation variable. Hence, the
MD model has four associated parameters in total: €.,
E4 E, and s.

2.2.2 Forouhi-Bloomer model

The Forouhi-Bloomer model [28] calculates the imaginary
component k of the refractive index by modelling interband
transitions, using three fitting parameters A, B, C, as well
as the band gap energy E;

A(E-E,)’
E*— BE+C
0 E<E,

K(E) = E>E, (3)

The real part n of the refractive index can then be obtained
via Kramers-Kronig integration, giving

n(E) = \ex + (BE + Co)/(E* = BE+ C)  (4)
with

By=(4/Q)- (~[B/2] + E,B- B2+ C)  (5)

Co=(4/Q)- ([Ej + c] B/2 - 2EgC> (6)
where

Q:%\/waZ (1)

and the high-energy dielectric constant €. is shared with
the MD model. When using the FB model in combination
with the MD model, /e, is only added once to the real
part of the refractive index. The contributions of 7 addi-
tional interband transitions give additional parameters
Aj, Bj and (). Hence, the total parameter number for
the FB model with j transitions is 35 + 1.

2.2.3 Lorentz oscillator model

The Lorentz oscillator model for refractive index describes
electron transitions through one or more Lorentz oscillator
terms. When combined with the MD model, the Lorentz
contributions are given by a sum of N oscillators [29]:

N f,-wZ

p
8
77w2)+ia)l"j )

where for the jth oscillator term, f;, w; and I'; are the oscil-
lator weight, central frequency and damping constant,
respectively. Hence, the total parameter number for the
Lorentz model with j oscillators is 3.

2.3 Choice of model

Different materials, or the same material at different thick-
nesses, are most appropriately described using different
models. In this work, the choice whether to use the MD-L
or MD-FB model for each layer was made based on how
well each model could fit to the measured data, with initial
parameters informed by other reports in the literature
where possible. During testing, we found that Ag was best
described using the combined MD-L model for thinner
layers, and the MD-FB model for thicker layers, whereas
Au was best described using the MD-FB model only. A
maximum of two Lorentz oscillator terms, or one Forouhi-
bloomer oscillator term, were used in all calculations, in
order to minimise the total number of refractive index
parameters (to 10 or 8, respectively) while still enabling
an appropriate fit to the measured data.

Finally, the layer thickness was also treated as a free
parameter during fitting, in order to find the precise thick-
ness of the deposited layer. The values of layer thickness
reported in Sections 3.1 and 3.2 are those obtained during
fitting. These values correlate closely with the estimated
thickness obtained using a quartz balance during layer
deposition.
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Figure 3. Comparison of the determined refractive indices n (left) and k (right) for Ag layers from 11 to 50 nm thickness. As the
thickness increases, behaviour in both n and k trend towards the literature values for bulk Ag (long dashed). {: bulk data taken from

Johnson and Christy [30].
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Figure 4. Comparison of the determined refractive indices n (left) and & (right) for Ag layers between 1 and 11 nm thickness. As the
thickness decreases towards 1 nm, the material appears to show more dielectric-like behaviour, with a sharp peak in both n and k

centered around 0.47 pm and 0.42 pm respectively.

3 Results
3.1 Silver (Ag)

3.1.1 Refractive index

Ag layers in thicknesses between 1 and 50 nm were depos-
ited in the three-layer configuration with Si and SiO,, and
their refractive index was determined by fitting the
measured reflectance data to a model. Refractive index
plots for the layers studied are shown in Figure 3 for layers
11-50 nm thick, and Figure 4 for “ultrathin” layers below
11 nm thick. For layers above 11 nm thickness, it was found
that the MD-L model was most suitable, and for layers
below this thickness the MD-FB model was instead used.
The results in Figure 3 reveal that the refractive index of
the layer changes dramatically as the thickness is reduced.
A layer of 30 nm or thicker yields real and imaginary com-
ponents n and k similar to that of bulk Ag (as reported in
[30]). However, as the layer thickness is reduced, k decreases
while n increases significantly, both showing a clear oscilla-
tory peak at around 500 nm for n» and 410 nm for k. This
change is thought to arise from thin-film effects, such as

electron confinement or scattering from grain boundaries.
The trends observed agree with those reported elsewhere
in the literature for Ag thin films, such as in [31].

Ultrathin layers below 11 nm, seen in Figure 4, show a
further departure from the index of bulk Ag. The emergence
of a sharp peak can be seen in both n and k, growing in
prominence as the layer thickness is reduced towards
1 nm. This suggests that the metallic behaviour of the film
(described by the Drude model) is minimised for such ultra-
thin layers, and instead the oscillator-like behaviour (here,
described by the Forouhi-Bloomer model) dominates.

In repeatability tests, it was found that samples pre-
pared to the same nominal thickness of Ag yielded the same
refractive index to within a maximum of +0.07 in both n
and k, with variations of about +0.3 nm in determined layer
thickness d. This suggests a high precision and confidence
for these results.

3.1.2 AFM imaging

To support these results and give more insight into the
physical structure of these ultrathin layers, AFM images
were acquired in tapping mode for Ag layers of several
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different thicknesses. More detail on the experimental
procedure is given in Section 4.4.

The AFM measurements of these samples reveal a
dramatic change in the layer structure and topography as
the thickness increases. Figures 5 and 6 show, respectively,
the topography and the mechanical phase of silver samples
from 1.1 to 50 nm nominal thickness, which reveal that the
film structure goes through several different stages: first the
formation of discrete nanoparticles; then the coalescence of
these particles into a uniform film; and finally the formation
of larger and larger grains as the layer thickness increases
further.

From the layer topography in Figure 5, the evolution in
the structure of the layer can be clearly seen. At a layer
thickness of 1.1 nm (Fig. 5a), discrete nanoparticles are
observed with an average diameter of 37 nm. As the layer
thickness increases up to 7 nm, the average diameter of
the silver nanoparticles also increases, up to 56 nm. Ag
nanoparticles are associated with a strong increase in n
and k within the blue/green region, and this is exactly the
behaviour seen in the refractive index of these layers (as
plotted in Fig. 4). This shows that the optical behaviour
of these ultrathin layers is closely linked to the nanostruc-
ture of the films.

As the layer thickness increases further to 11 nm
(Fig. 5e), coalescence of the Ag nanoparticles and the for-
mation of a continuous silver layer covering the substrate
is seen. Hence, a thickness of around 11 nm appears to rep-
resent a transition in the layer structure between discrete
nanoparticles, and a continuous film made up of grains.
This is reflected in the refractive index behaviour of the
film, which was found to be equally well-described by either
the MD-FB model (associated with ultrathin Ag layers) or
the MD-L model (associated with thicker Ag layers whose
index converges towards bulk silver).

Following this phase of transition, we can observe the
formation and evolution of distinct silver grains. The size
of the grains increases with the thickness of the layers, from
small grains around 100 nm across in a layer of 14 nm thick-
ness (Fig. 5f) up to grains several hundred nm across in the
thickest layer studied of 50 nm (Fig. 5i). This trend in grain
size growth agrees with that seen in the literature [32].

In Figure 6, the variation of mechanical phase is shown,
which reveals information about the visco-elastic properties
of the film. In tapping mode, the AFM cantilever is driven
with a sinusoidal force, and can simultaneously record a
topographic image and a mechanical phase image. The
mechanical phase lag depends on the material properties
of the sample, and typically regions with higher viscosity
are associated with higher phase lag values within the sam-
ple. The mechanical phase images for layers up to 11 nm
(Figs. 6a—6e) appear very similar to the topographic images
in Figure 5. However, for the thicker layers (Figs. 6{-61), the
topographic images show a dark background in between the
grains, whereas the mechanical phase images show a similar
phase lag all over the surface. This confirms that the sam-
ples show a continuous Ag film, with larger grains on top.

When assessing these AFM images, it is important to
note the impact of tip-sample convolution errors, which
occur when the region of the AFM tip interacting with

the surface is on a similar scale to the features being mea-
sured [33]. Tip-sample convolution can cause significant
artifacts in the data, such as broadening of measured fea-
tures [34], and this poses an issue when trying to extract
the “real” surface topography.

In these images (as well as the ones presented for Au),
the tip-sample convolution has not been corrected. As such,
the sizes of the nanoparticles measured here are only rela-
tive sizes, and they may not represent the true topography
of the surface. However, all of the samples presented were
measured on the same day and under the same conditions
— the same tip was used, and the tip-sample distance was
kept consistent. Therefore, although there may be artefacts
in the data causing the profiles shown here to differ from the
real topography, the relative trends seen in the evolution of
feature size (from small nanoparticles to large grains) are
still a valuable qualitative representation of the real surface

A qualitative summary of the layer thickness, structure,
and optical behaviour for the Ag samples studied is given in
Table 1.

3.1.3 Conclusion

A clear correlation is seen between the refractive index
behaviour of silver films, and the structure growth of the
films as revealed using AFM. Two main regimes of beha-
viour can be identified. For thin layers (approximately
below 11 nm), the film is made of discrete Ag nanoparticles.
The refractive index shows corresponding sharp peaks in n
and especially & within the blue-green range characteristic
of silver nanoparticles, which decrease in height and become
redshifted as the nanoparticle size increases with the film
thickness. Within this regime, the refractive index behaves
according to a combined Modified Drude & Lorentz model.

Above 11 nm, the film coalesces into a uniform layer,
and the formation of larger and larger grains can be seen
as the thickness increases. This corresponds to the refractive
index of the film rapidly approaching that of the bulk mate-
rial (which typically exhibits grains on the scale of tens or
hundreds of microns). These layers are best described with
a combined Modified Drude and Forouhi-Bloomer model.

The layer sample of 11 nm appears to occur at approx-
imately the transitional state between the two regimes
(under our chosen deposition conditions), where the
nanoparticles begin to coalesce into a continuous layer
but before the formation of large grains begins. The beha-
viour of this layer may be described with either a combined
Modified Drude and Lorentz model, or a Modified Drude
and Forouhi-Bloomer model.

The determined refractive index values for all Ag
films shown in the paper are available in spreadsheet form
as a Supplementary file.

3.2 Gold (Au)

3.2.1 Refractive index

Au layers between 1.5 nm and 41 nm thickness were pre-
pared in the three-layer configuration using Si and SiO,
and the refractive index of these layers determined by
fitting against the measured reflectance data. Plots of
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Figure 5. AFM topography of Ag samples of various thicknesses. The very thin layers show the formation of discrete nanoparticles
on the substrate. As the layer thickness increases, the nanoparticles coalesce into a uniform film, forming grains of increasingly larger
sizes. Nominal layer thickness: (a) 1.1 nm, (b) 3.4 nm, (¢) 5.7 nm, (d) 7 nm, (e) 11 nm, (f) 14.1 nm, (g) 21 nm, (h) 30 nm and (i) 50 nm.
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Table 1. Summary for thin Ag films of changing nanostructure and refractive index behaviour.

Thickness Film structure Best fit model Index behaviour Max/Min n = Max/Min k
(nm)
1.1 e Small nanoparticles, e Modified Drude e Sharp peak in both n 5.33/1.82 3.59/0.23
around 37 nm size. and Lorentz and k at around
470 nm/415 nm,
respectively.
7 e Larger nanoparticles, e Modified Drude e Smaller, broader peak  3.67/0.94 2.82/0.36
around 56 nm size. and Lorentz followed by plateau in
both n and k.
11 e Nanoparticles begin to e Modified Drude and e n plateaus around 3.11/0.73 2.57/0.8
coalesce into uniform Lorentz or Forouhi- 470 nm, k has a slight
film. Bloomer peak at 425 nm.
14 o Film shows formation e Modified Drude and e n plateaus around 2.04/0.94 2.32/1.94
of small grains. Forouhi-Bloomer. 470 nm, k almost flat.
50 e Grain size increases. e Modified Drude and e n flat, & increasing over  0.13/0.06 5.30/1.41

Forouhi-Bloomer.

wavelength range; both
within 0.1 of bulk Ag.
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Figure 7. Comparison of the determined refractive indices n (left) and % (right) for Au layers from 10 to 41 nm thickness. The 10 nm
layer has behaviour markedly different from that of bulk gold. However, as the thickness increases, the refractive index in n and k
rapidly converges towards that of the bulk material, reaching an index within 0.2 of that reported in literature for a layer of just 22 nm
thickness. *: bulk data taken from the Sopra SA database, currently available at [35].

refractive index are shown in Figure 7 for layers of 10 nm
thickness and above, and Figure 8 for layers of less than
10 nm thickness. For all gold layers studied, it was found
that a Modified Drude model with a single Forouhi-Bloomer
oscillator term (MD-FB) gave the best match to the data.

As with Ag, the behaviour of thin gold layers is seen to
be very different to that of the bulk material. However, the
index of Au converges towards that of bulk material much
more rapidly as the thickness of the layers increases in com-
parison to Ag. We found a layer of only 22 nm Au yielded a
very similar refractive index to bulk Au (as reported in
[35]). These trends broadly agree with those reported previ-
ously for the indices of gold thin films, such as [31].

The behaviour of ultrathin layers below 10 nm thickness
(Fig. 8) shows a large variation in index between layers. For
the thinnest layer of 1.5 nm, the real part n of the refractive
index is low, with a single isolated peak around 620 nm cor-
responding roughly with the edge of the absorbance band
seen in k. However, for thicker layers of 2.8 and 5.3 nm,
two distinct peaks are seen in n, and the shape of k changes

significantly, from strongly absorbing shorter wavelengths
to longer wavelengths. Finally, when the layer thickness
increases further to 10 nm, the shape of n and k changes
again, with n reduced to around half its value for the
5.3 nm layer, and the edge in k becoming smoothed out,
beginning to approach the shape seen for bulk Au. As
was observed for Ag films, the thicker layers yield optical
properties similar to that of the bulk material, suggesting
that metallic behaviour dominates; whereas the properties
of the thinner layers begin to diverge significantly, indicat-
ing the metallic behaviour is minimised in favour of other
contributions.

3.2.2 AFM imaging

AFM images were acquired in tapping mode for Au samples
of three different thicknesses: 2.8 nm, 15 nm and 41 nm.
Figure 9 shows the resulting topography (left column)
and mechanical phase images (right column) of these
samples.
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Figure 8. Comparison of the determined refractive indices n (left) and k (right) for Au layers between 1.5 and 10 nm thickness.
Strongly-varying index behaviour is seen. For the thinnest layer (1.5 nm), the refractive index n appears very low, increasing for
slightly thicker layers (2.8 nm and 5.3 nm) before decreasing again for a 10 nm thick layer. The shape of k appears to “flip”, from being
strongly absorbing at shorter wavelengths for the 1.5 nm thick layer, to strongly absorbing at longer wavelengths for the thicker layers

(in line with the behaviour of bulk Au).
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Figure 9. AFM topography (left column) and mechanical phase (right column) of Au samples of (a) 2.8 nm, (b) 15 nm and (c) 41 nm
thickness. The 2.8 nm layers show discrete gold nanoparticles on the substrate. At 15 nm, these particles coalesce into a uniform layer
showing distinct grains, and when the layer thickness further increases to 41 nm the grain size likewise increases.
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Table 2. Summary for thin Au films of changing nanostructure and refractive index behaviour.

Thickness Film structure Best fit model Index behaviour Max/Min n  Max/Min k
(nm)
2.8 e Small nanoparticles, e Modified Drude and e Oscillations in n, sharp 4.23/2.42 2.80/0.72
around 40 nm size. Forouhi-Bloomer increase in k up to 510 nm
before falling again.
15 e Nanoparticles begin e Modified Drude and e n peaks at shorter 1.61/0.75 4.17/1.58
to coalesce into Forouhi-Bloomer wavelengths before slightly
uniform film. rising from around 580 nm, k
begins to approach bulk with
slow rise from around 470
nm.
41.3 e Larger grains are e Modified Drude and e n and k both very similar to  1.60/0.16 5.66/1.85

seen within the film. Forouhi-Bloomer

bulk Au (to within 0.1 for n
apart from below 400 nm; to
within 0.2 for k).

At 2.8 nm, the layer is composed of discrete gold
nanoparticles with an average diameter of 40 nm. The
mechanical phase recorded for this layer shows a significant
phase contrast, confirming that the gold nanoparticles are
not uniformly covering the silica substrate. The 15 nm film
shows the coalescence of the nanoparticles, and the forma-
tion of gold grains within the layer, similar to the behaviour
of the silver nanoparticles. Finally, the 41 nm thick sample
shows a continuous layer, with even larger grains and a
highly uniform mechanical phase (A¢ = 0.304 rad), indicat-
ing that the layer is exhibiting similar behaviour to bulk
Au.

Table 2 shows a summary of the changing nanostruc-
ture of the thin films as the thickness increases, and the cor-
responding refractive index behaviour. As with Ag, the
nanostructure of the layer changes as the thickness
increases, from nanoparticles to small and then larger
grains. This changing structure correlates with the refrac-
tive index determined by the earlier analysis.

Notably, the scale of the grain in the Au films is much
smaller than those in the Ag films. Ag is known to exhibit
grains on the scale of hundreds of nm up to or even, whereas
the grain size in the Au films studied had a maximum
observed grain size of ~40 nm. This may indicate why
the index of the thin Au films converges much more rapidly
to that of the bulk material than thin Ag films.

3.2.3 Conclusion

The refractive index of the Au samples, combined with the
AFM images, show a clear trend in behaviour from the
thicker layers (for which the refractive index is similar to
that of bulk Au) to the thinnest layers (for which the refrac-
tive index diverges wildly). Below ~10-15 nm, the depos-
ited film forms small, discrete nanoparticles on the
surface. The corresponding refractive index of these layers
shows sharp peaks, relating to the well-known absorption
peak of gold nanoparticles. As the layer thickness increases
from 1.5 nm to 5.3 nm, redshifting occurs of the oscillations
in n, suggesting that the size of the gold nanoparticles like-
wise increases (similarly to the trend observed in Ag films).

As well as resonant absorption from Au nanoparticles,
reports from the literature suggest there may be other com-
plex physical phenomena contributing to the significant
variation in the optical properties of ultrathin gold films.
Yakubovsky et al. [1] report that the behaviour of gold films
of 20 nm and above also depends on grain-boundary scat-
tering, where the grain size varies nonlinearly with the film
thickness. Qian et al. [4] show that for ultrathin gold films
around 2.5 nm thickness, the optical behaviour diverges sig-
nificantly, which they propose as being influenced by quan-
tum well confinement effects. A full investigation of these
phenomena is outside the scope of this work; however, such
reports, alongside the variation in nanostructure revealed
by the AFM images, may indicate that the dramatic varia-
tion observed in refractive index for different thicknesses of
Au films is influenced by several complex physical factors.
This result also further emphasizes the importance of robust
techniques for characterisation of these films, as the varia-
tion in refractive index with film thickness will no doubt
also depend on the deposition technique and conditions.

Above 10-15 nm, the thin film coalesces into a uniform
layer. The refractive index behaviour is seen to converge
rapidly towards that of bulk gold as the thickness increases.
In addition, the mechanical phase AFM images show that
the layer is very homogeneous, and the local roughness scale
is much lower than was observed for Ag films, which may
both be contributing factors to the faster convergence
towards the index of bulk material.

The determined refractive index values for all Au films
shown in the paper are available in spreadsheet form as a
Supplementary file.

4 Experimental methods
4.1 Deposition of thin-film coatings

The thin film layers in this work were deposited using elec-
tron beam evaporation in a Biihler-Leybold Optics SYRU-
Spro vacuum deposition machine. Depositions were carried
out under a vacuum of around 5 x 10~ " mbars, at a rate of
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approximately 1 nm/s for SiO, layers and 0.1 nm/s for
metal layers. The substrates used were commercial Si
wafers.

4.2 Spectrophotometric measurements

The reflectance of deposited samples was measured using a
Perkin-Elmer LambdalO050 spectrophotometer, between
370 and 835 nm. Measurements were taken at 8°, as close
to normal incidence as possible.

4.3 Refractive index optimisation

Optimization of refractive index against measured data was
performed in MATLAB, using the inbuilt global optimiza-
tion algorithms from MATLAB’s global optimization tool-
box. For more information, see [36].

4.4 AFM measurements

To perform the AFM characterization of Ag and Au films,
we used a commercially available VIS-neaSCOPE in the
AFM mode. We chose to work in AFM tapping-mode,
allowing us to record the topography, the mechanical
amplitude and the mechanical phase of the studied
sample. For this study, the same tip was used to character-
ize all the samples: a NanoWorld® Arrow™ NCPt probe
with a radius of curvature around 20 nm. Scans were
made on a 1.5 x 1.5 pm?® surface, with a definition of
300 x 300 pixel® and an integration time of 7 ms per pixel.
For image processing, the software Gwyddion [37] was used
to remove sample tilt, set the minimum value to zero (for
the topography images only) and adjust the contrast of
the image. This same postprocessing approach was used
for all AFM images shown in this paper.
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