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Abstract. The use of Quantized Nanolaminates (QNL) in optical interference coatings has gained significant
attention in recent years. By using a magnetron sputtering tool from Evatec with rotating substrate table and
multiple sputtering sources operating simultaneously, we are able to deposit these metamaterials consistently at
exceptionally high rates, comparable to and sometimes even exceeding magnetron sputter rates for standard
materials. This combination of high deposition rate and precision enables us to treat QNL as a stand-alone
material, effectively replacing high-refractive index materials in complex interference filter designs. In our
experiments, we used a combination of Ta2O5-SiO2 QNL to produce filters like anti-reflective and shortpass
coatings within the UV range of 266–350 nm, which would be not possible with Ta2O5 as bulk material in
similar designs.
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1 Introduction

Quantized Nanolaminates (QNL) represent an innovative
material system for optical coatings which was first devel-
oped by the Laser Zentrum Hannover (LZH) in 2016 [1].
This system involves the alternate deposition of two optical
materials with different refractive indices as extremely thin
layers, typically 0.1–2.0 nm thick. When numerous such
layers are sequentially deposited on top of each other, they
form a system which, as a stand-alone material has new
optical properties compared to the standard bulk oxide
materials. The refractive index of the resulting material is
determined by the thickness ratio of the two constituent
layers. However, the extreme thinness of the high index
material layers in the stack, restricts the valence electron
mobility, causing a shift in the absorption edge towards
shorter wavelengths. This phenomenon has been demon-
strated multiple times, primarily using Ion Beam Sputtering
(IBS) or Atomic Layer Deposition (ALD) systems [1–3].
Unfortunately, the process of switching between the deposi-
tion of the two different coat materials, is time consuming,
limiting the practical application of QNL in complex layer
designs due to significant effort and costs. We have devel-
oped a magnetron sputtering process that allows the
production of QNL systems from Ta2O5 and SiO2 as a
continuous process [4]. This process achieves sputtering

rates of up to 0.8 nm/s and enables the deposition of up
to 2400 laminate pairs per hour without interruption during
the process. For the first time, this advancement enables the
economical use of QNL as an independent high refractive
index material for complex optical filter systems. In this
paper we demonstrate first our approach to develop QNL
single layers. Subsequently, we use two different QNL
variants as high refractive index materials to create two
complex multilayer systems. The first is a shortpass filter
below 320 nm with a reflective region after 340 nm. We
compare it with a similar shortpass made with standard
Ta2O5 layers as high refractive index material. Next, we
present a double-side coated anti-reflective filter on quartz
glass, which shows no significant absorption at 266 nm. This
highlights the great potential of Ta2O5-SiO2 QNL compared
to standard Ta2O5 based coatings when it comes to manu-
facturing filters for the UV range.

2 Material and methods

2.1 Quantized nanolaminates

At first glance the idea behind QNL appears to be a rela-
tively simple system. They consist of the periodic and alter-
nating stacking of materials with different band gap
energies. The band gap energy describes the amount of
energy that a photon must have to be absorbed by the
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valence electrons of the respective material. When a photon
passes through these QNL, it experiences a periodic
sequence of different potential energies, as shown in
Figure 1.

If the layer thickness of the “well” material is chosen to
be sufficiently thin, an effect occurs where the bandgap of
the entire system increases [1]. This can be understood as
a restriction of the valence electron mobility within the
material due to the thinness of the material layers, thereby
making the absorption of light more difficult. The effective
refractive index of the entire stack, on the other hand is
only given by the volume ratio of the two materials and
their own specific refractive indices [6].

n2
QNL ¼ f � n2

Barrier þ 1� fð Þ � n2
Well:

This means, that by structuring mixed materials into ultra-
thin layers instead of homogeneous mixtures, it is possible
to obtain different bandgaps with the same refractive
indices, since the band gap change depends only on the
thickness of the well layers, but the refractive index depends
on the mixing ratio, visualized in Figure 2.

2.1 Experimental setup

The properties of QNL have already been demonstrated
several times in different experiments and working groups,
using different coating technologies. As each individual
layer of the two different materials is extremely thin, a large
number of them are required to produce a layer with a
thickness in the range required for optical thin film designs.
This leads to a problem for many standard manufacturing
methods when it comes to producing QNL stacks economi-
cally and efficiently. One reason for this is that different
processes are required for the different materials used,
which have to be carried out alternately. Each of these must
be set, stabilized, carried out and ramped down again before
the next one can begin, which can greatly reduce the coat-
ing rate. Furthermore, it is hardly possible to monitor indi-
vidual layers, as the sensitivity of both optical monitoring
and the oscillating quartz method does not allow such high
resolution to reliably measure layers below one nanometer.
Due to possible drifts in processes, there is always a high
risk that the thickness of the material layers cannot be kept

constant in a stack of hundreds of them, which severely
limits reproducibility. We benefit from a structural advan-
tage provided by the Clusterline 200 BPM from Evatec, a
magnetron sputtering system equipped with a rotating
substrate table. To understand the benefits of this coating
tool, it is necessary to first examine its working principles,
as illustrated in Figure 3.

The white wall separating the clean room from the gray
room is visible at the front. Next to it is the control panel,
positioned beside two automatic load locks, each capable of
holding sixteen 8-inch substrates. Behind these load locks
lies the vacuum transfer chamber, equipped with a handler,
an aligner for precise substrate positioning, and a flipper.
This flipper allows substrates to be turned for backside
coating without breaking the vacuum. In the background,
the large coating chamber can be seen. It houses a rotating
substrate table with a capacity for sixteen 8-inch substrates,
as shown in the picture on the right. The sputter sources are
mounted on the chamber, with the system supporting up to
four sources, each equipped with a different target mate-
rial. The additional plasma source (PSC) in the background
is capacitively coupled and operates with various gases,
mainly for etching, increasing density, or oxidizing the sput-
tered layers. In our experiments to coat QNL, we use the
two magnetron sputter sources at the front, fitted with a
Si-target and a Ta-target. For producing pure SiO2 layers,
we use the same Si-target in combination with the PSC
source. To understand why our magnetron sputtering sys-
tem is particularly well-suited for QNL production, it is
helpful to first consider the standard process for creating
single-layer materials. The system is designed for continu-
ous table rotation during normal coating processes. Ini-
tially, the process gas is introduced, and the sputter
source is activated with the shutter closed. Once the plasma
stabilizes, the shutter opens, and the sputtering material is
evenly deposited onto all substrates as the table rotates.

Figure 1. In this figure, the bandgap of the two different
materials, building a QNL system are shown [5].

Figure 2. The graph shows the expected effect of QNL. Both
systems shown schematically have the same mixing ratio of
materials and consequently the same refractive index. However,
the thinner layer structure increases the band gap of the left
system. The figure has been modified from [2].
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Each rotation allows the layer to grow incrementally as the
substrates pass under the source. The growth rate of this
layer can be controlled either through calculations based
on known rates or via optical monitoring, here the Evatec
GSM1102 is used with both monochromatic and broadband
monitoring algorithms. For QNL production, where two
different materials are required, we operate two sources
simultaneously. This setup necessitates stabilizing the sys-
tem to prevent process drift. By doing so, we can deposit
one layer of SiO2 and one of Ta2O5 with each table rotation,
see Figure 4. The ratio between the two materials is
adjusted by modifying the power supplied to the respective
sputter sources. Additionally, the layer pair thickness can
be fine-tuned by altering the rotation speed of the table; fas-
ter rotations yield thinner layers which amplifies the impact

on the band gap. The ability to maintain a continuous pro-
cess while depositing material from both sources simultane-
ously eliminates interruptions for alternating layers. This
approach not only achieves a significantly higher deposition
rate but also ensures a stable and consistent process. As a
result, we can reliably produce uniform individual layers.
This efficiency makes the production of QNL highly cost-
effective, enabling its use as a standalone material in com-
plex coating designs.

2.3 Material properties

We tested a variety of processes with different material
ratios. All samples were coated for a duration of 900 s each,
regardless of their deposition rate. For some selected

Figure 3. Schematically drawn the tool with the sputter and plasma sources on top of it facing downwards on the table (left side).
The opened tool with the rotating substrate table and the sources folded away (right side).

Figure 4. The diagram shows the process for producing QNL schematically. Due to the continuous process, a high rate and also a
very stable behavior can be achieved.
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combinations, we kept the process settings constant and
only adjusted the table rotation speed, which is specified
in seconds per rotation. This approach keeps the mixing
ratio of the QNL within a set constant, but the thickness
of the individual layers is altered. The lower the rotation
time, the faster the table rotates, and the thinner the indi-
vidual layers become. The transmission spectra of such a
series are shown in Figure 5.

In the higher wavelength range, it can be observed that
the measured spectra overlap, indicating that they must
have the same refractive index as well as the same rate.
In the lower wavelength range, the absorption edge shifts
to shorter wavelengths for faster rotation speeds and corre-
spondingly thinner individual layer thicknesses. Some of the
layers were analyzed using HAADF STEM measurements.
One of these layers is shown in Figure 6. This specific
sample was coated with a table rotation speed of 6 s per
pass for half an hour, resulting in 300 individual laminates
and a total thickness of ~536 nm. Since we know the
number of table rotations during the coating process and
can determine via photospectrometry the thickness of the
QNL stack, we are able to easily calculate the thickness of
a single laminate pair. To calculate the thickness of each
material within a laminate pair, we use the formula men-
tioned at the beginning. By knowing the refractive indices
of the individual materials as well as from the overall block,
it is possible to determine the volume fraction factor “ f ”,
which allows us to calculate the average laminate thickness
of both SiO2 and Ta2O5. The ability to analyze these layers
using STEM HAADF image allowed us to additionally
verify this formula. The average calculated thickness for
SiO2 was found to be 1.35 nm, and for Ta2O5 it was
2.18 nm, while the STEMmeasurements showed an average
thickness of SiO2 = 1.39 nm and Ta2O5 = 2.12 nm, respec-
tively, which shows a high level of agreement. A line scan is
shown in Figure 7.

From the transmission and reflection spectra, the band
gap of the layers was calculated using a Tauc plot. By using
the software OptiChar, the refractive indices, extinction
coefficients and physical thickness can be determined across
a wide wavelength range from the transmission and reflec-
tion spectra. From the total thickness and the measured
refractive index, the individual layer thickness of the
Ta2O5 laminates can be calculated using the presented
formula for mixing refractive indices, since the number of
table rotations during the 900 s coating time is known.
The calculated band gaps are plotted against the Ta2O5
laminate thicknesses in Figure 8.

The different colors represent different process settings
and thus different mixing ratios. Points of the same color
correspond to different rotation speeds and, accordingly,
different Ta2O5 thicknesses. All samples were annealed in
ambient atmosphere at 450 �C for 1 h to reduce potential
defects. The refractive indices of the samples are also
plotted against the Ta2O5 laminate thickness in Figure 9.

3 Results

As described in the previous section, the refractive indices
and extinction coefficients were determined for all coated
samples. This made it possible to select QNL settings with
desired values for multilayer systems and create designs
using OptiLayer, an optical interference design software.
For the first filter, we chose a setting that provides a signif-
icant difference in the absorption edge compared to pure
Ta2O5, while still maintaining a relatively high refractive
index of n � 1.8 (QNL5), to design a short pass filter. We
built a design with a transmission region in the UV range
up to a transition range from 320 to 340 nm and a high
reflection part from 340 to 380 nm. The transition edge
was intentionally chosen to be close to the absorption edge

Figure 5. With the same source settings but different table rotation speed, a shift in absorption can be seen, while the refractive
index and deposition rate stays constant.
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of pure Ta2O5 to show the difference. The design was cre-
ated in two variants: a classic one using Ta2O5 as the high
refractive index material and SiO2 as the low-refractive-
index material, consisting of a total of 40 layers. The same

analogue design with 40 layers was also created using the
selected QNL setting to replace Ta2O5 as high refractive
material, with slight adjustments. This design consists of
20 layers of SiO2 and 20 layers of QNLs, arranged

Figure 6. High-angle annular dark-field scanning transmission electron microscopy (STEM HAADF) image of a QNL cross-section
which took 30 min of deposition time with rotating table at 6 s/pass. Measured at EMPA using a Titan Themis 200 G3.

Figure 7. STEM HAADF image with a line scan for intensity shows a high level of agreement with the calculated thicknesses.
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alternately. Each QNL layer consists of a multiple of lami-
nate pairs made of Ta2O5 and SiO2. The thickness of the
individual SiO2 and Ta2O5 laminates was calculated as
SiO2 = 1.36 nm and Ta2O5 = 1.00 nm, resulting in a pair
thickness of 2.36 nm. Each of the 20 QNL blocks in this
optimized design has its own thickness, ranging from
47 nm to 60 nm, which results in a total QNL thickness
of 1016 nm and thus approximately 430 laminate pairs
within the design. These two designs were then coated using
optical monitoring and subsequently measured with a
spectrophotometer.

In Figure 10, the shortpass filter using QNL as the high-
refractive-index material is shown in blue, while the one
with Ta2O5 is shown in red. The transmission spectra are
illustrated with solid lines for both, and it can be seen that
the design with QNL allows for a larger transparent range

in the UV region until absorption (dotted line) prevents
further use. This curve clearly shows that the chosen
mixture is usable for an additional 20 nm into the shorter
wavelength range. However, in the dashed reflection
spectra, it is also evident that due to the lower refractive
index, the width of the mirror region is significantly
narrower compared to the Ta2O5 based design.

As another experiment, a QNL mixture with a very low
refractive index of n � 1.6 (QNL1) was chosen. This
allowed for the creation of a very deep absorption edge.
Using this, it became possible to design an antireflection
coating with 6 layers at 266 nm. A quartz glass was coated
on both sides with the design and measured using a photo
spectrometer, as shown in Figure 11.

The spectrum is shown in blue, with the solid line once
again representing the transmission in this case. It can be

Figure 8. This figure shows the bandgap for the used sample sets compared to the thickness of the Ta2O5 laminates. Samples were
measured directly after coating and after annealing.

Figure 9. The refractive index at 550 nm compared to the thickness of the Ta2O5 laminates for the same samples as in Figure 8.
Samples were measured directly after coating and after annealing.
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seen that it reaches a value of over 99% at 266 nm. The
dashed line represents the reflection, which is 0.2% at
266 nm, and the dotted line represents the absorption.
Based on the red dashed line, which shows the absorption
of Ta2O5, it can be observed that this antireflection coating
is practically free of absorption at 266 nm, whereas Ta2O5
would already absorb 70% of the incoming light at this
wavelength, making it unusable for this application.

4 Discussion

In this work, we were able to demonstrate that we are
capable of producing QNL with high rates and very stable
properties using the Clusterline 200 BPM coating tool from
Evatec through a process we developed. We subsequently

coated, measured, and evaluated a variety of these QNLs
with different refractive indices and band gaps. TEM
measurements allowed us to confirm the structure. We then
used two different QNLs to coat two designs that we
considered suitable. In both processes the layers were termi-
nated using optical broadband monitoring. The first design
represents a short pass system consisting of 40 layers. Since
we also produced a comparable design using Ta2O5, we
were able to compare the two spectra. It is evident that,
due to the lower absorption edge of the QNL, a larger trans-
mission range exceeding 90% is achieved compared to the
Ta2O5 design. The absorption of Ta2O5 typically starts to
grow significantly at the edge around 310 nm. With the
chosen QNL mixture, this edge was successfully shifted by
20 nm into the shorter wavelength range. However, it can
also be observed that, due to the mixing behavior of the

Figure 10. The shortpass with QNL (blue) and the shortpass with Ta2O5 (red). The solid line shows the transmission, the dashed the
reflection and the dotted the loss. Both designs have a total of 40 layers.

Figure 11. A double-side anti-reflective coating. The blue solid line indicates the transmission, the dashed the reflection and the
dotted the absorption spectrum. The dotted red line shows the absorption spectrum of a Ta2O5 single layer.
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QNL and the resulting lower refractive of n = 1.8 instead of
n = 2.1, the width of the high reflection region is narrower.
The second design describes an antireflection coating that
was coated on both sides of a quartz glass. For this design,
which consists of a total of 6 layers on each side, a QNL set-
ting with a refractive index of n = 1.6 was used. This also
shifted the absorption edge by about 60 nm, resulting in a
significantly larger usable range. This allows us to signifi-
cantly expand the application range of Ta2O5 by structur-
ing it with SiO2 as laminates into a range that would
normally not be achievable with Ta2O5 as bulk material
in a system at all.
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