
 

UWS Academic Portal

Comparative study of dielectric coating materials for micro-cavity applications

Sidqi, Najwa; Clark, Caspar; Buller, Gerald S.; Thalluri, Gopala Krishna V.V.; Mitrofanov,
Jevgenij; Noblet, Yoann
Published in:
Optical Materials Express

DOI:
10.1364/OME.9.003452

Published: 24/07/2019

Document Version
Publisher's PDF, also known as Version of record

Link to publication on the UWS Academic Portal

Citation for published version (APA):
Sidqi, N., Clark, C., Buller, G. S., Thalluri, G. K. V. V., Mitrofanov, J., & Noblet, Y. (2019). Comparative study of
dielectric coating materials for micro-cavity applications. Optical Materials Express, 9(8), 3452-3468.
https://doi.org/10.1364/OME.9.003452

General rights
Copyright and moral rights for the publications made accessible in the UWS Academic Portal are retained by the authors and/or other
copyright owners and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with
these rights.

Take down policy
If you believe that this document breaches copyright please contact pure@uws.ac.uk providing details, and we will remove access to the
work immediately and investigate your claim.

Download date: 17 Sep 2019

https://doi.org/10.1364/OME.9.003452
https://uws.pure.elsevier.com/en/publications/5db6d626-5ce5-40a3-8254-7e56db090a77


Research Article Vol. 9, No. 8 / 1 August 2019 / Optical Materials Express 3452

Comparative study of dielectric coating
materials for micro-cavity applications

NAJWA SIDQI,1,2,* CASPAR CLARK,1,3 GERALD S. BULLER,2

GOPALA KRISHNA V. V. THALLURI,1 JEVGENIJ MITROFANOV,1,3 AND
YOANN NOBLET1

1Helia Photonics Limited, Rosebank Park, Livingston EH54 7EJ, United Kingdom
2Institute of Photonics and Quantum Sciences, School of Engineering and Physical Sciences, Heriot-Watt
University, Edinburgh EH14 4AS, United Kingdom
3Institute of Thin Films, Sensors and Imaging, University of West of Scotland, Paisley PA12BE, United
Kingdom
*ns49@hw.ac.uk

Abstract: We study the potential of common dielectric coating materials used for the fabrication
of high reflectance mirrors in micro-cavity devices used in the visible region. We examine
materials grown using E-beam and thermal evaporation and magnetron sputtering. The refractive
indices and the extinction coefficients of the coatings were calculated from transmission and
reflectance spectrophotometric data. The surface roughness of single layer coatings was measured
using atomic force microscopy and the scatter of the thin film coatings was approximated from
roughness measurements.

1. Introduction

Single-photon technology has been an area of intense research activity for a number of years.
While this technology allows sensitive optical measurements to be performed in a wide range of
applications such health [1], imaging [2] and biology [3–6], the growing interest in investigating
single-photon sources and emitters shown during the past four decades is mainly related to the
emergence of quantum communications applications and, in particular, quantum cryptography
[7]. Single-photon emission is the emission of one photon resulting from a fluorescence process
after a source has been electrically or optically excited by an external power source [8]. However,
this emission process suffers from many limitations that prevent it from being used for quantum
networking or quantum computing. Usually, the generated photons are emitted isotropically and
exhibit a broad energy distribution [9]. These limitations can be addressed by coupling these
photon sources to microcavities. A microcavity is an optical resonator allowing the confinement
of light in a wavelength-scale dimension in the light propagation direction. Light confinement is
achieved in Fabry-Perot microcavities [10] using two different schemes. In the first, confinement
is achieved from the internal reflections at the boundaries of two metallic surfaces or dielectric
coatings. The second scheme uses the total internal reflections of high reflectance periodic
quarter-wave dielectric Bragg reflectors on the scale of the resonant optical wavelength [11] as
presented in Fig. 1.
High index dielectric materials frequently used for high reflectance mirrors in the visible

region are tantalum pentoxide (Ta2O5) [13] and titanium dioxide (TiO2) [14]. They have been
previously developed and characterized for high finesse microcavities [13,15–17] as they have
very low optical losses [18]. Combined with silicon dioxide (SiO2) as a low index dielectric
material, these two oxides materials are widely quoted in the literature and two of the most
commonly used high index materials for the fabrication of cavities for diamond-based quantum
emitters [15]. Another high index dielectric material commonly used in high reflectance mirrors
for microcavities is niobium pentoxide(Nb2O5) [5,14,19,20] which we previously developed for
strongly coupled organic semiconductor and monolayer heterostructures microcavities. Mixing
high index pure oxide materials with a proportion of silicon dioxide has demonstrated reduced
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Fig. 1. (a) Structure of Fabry-Perot cavity mirrors. Each mirror is composed of low
index/high index dielectric materials pairs. The optical thickness of each layer is a quarter of
the emission wavelength of the single photon source. (b) Combined light reflections and
transmissions in a multilayer Fabry-Perot cavity, reproduced from [12].

absorption and scatter losses in combinations such as ZrO2-SiO2, Nb2O5-SiO2 and TiO2-SiO2
films [21,22]. While optical losses for multilayer stacks using these materials have typically
been measured as being in the range of ppm for high reflectance coatings in the visible range
[21], multilayer stacks are usually produced using Ion Beam Sputtering(IBS) allowing very
high packing densities, high refractive indices and greater adhesion properties than multilayers
produced by any other deposition methods. Despite all its advantages, IBS has the significant
disadvantage of its low deposition rate and therefore its high production cost. With a typical
layer deposition rate of a few Ångstroms per minute, growth of a quarterwave multilayer stack
for the visible region can take several days. Another major drawback of IBS is being limited to
a range of materials, typically metal oxides. In this paper, we present a comparative study of
numerous pure low and high index dielectric coatings deposited using classical evaporation and
magnetron sputtering methods. In Section 2, we present the materials selected for this study and
the deposition methods used for the fabrication of the dielectric coatings. The refractive index n
and the extinction coefficient k of the dielectrics are characterized using optical spectrometry in
Section 3. The wavelength dependency of the optical constants (n and k) for the coated samples
are extracted from the fitted transmission and reflection spectra and the results presented in
Sections 3.1–3.2. The surface roughness is measured using Atomic Force Microscopy (Section
4). Measurements of surface roughness are used to estimate optical scatter in the coating.

2. Materials and fabrication methods

Materials and fabrication methods used present the state of art of dielectric materials and
commonly used thin film fabrication processes of multilayer dielectric mirrors. There is wide
range of deposition methods available including chemical and physical deposition processes.
From an industrial and production perspective, we have retained deposition methods that are
accessible to the research community, the choice of the deposition method strongly relies on
the deposited material and the expected optical properties. The main deposition methods used
in this study are: thermal evaporation [23], electron-beam evaporation [23–25] and magnetron
sputtering [26]. The studied materials have been selected according to several parameters such
as their optical properties (refractive index n and region of transparency), the availability of the
deposition method, the toxicity of the materials, and their cost-effectiveness. Other relevant
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parameters such as the chemical and mechanical properties of the coatings (compatibilities with
other materials, stoichiometry and intrinsic stresses) have been also decisive in the choice of the
dielectric materials to be used in high reflectance coatings for Fabry-Perot cavities.
The thin film materials have been deposited on Corning 2947-75×25 plain 1mm thick

microscope slides, made from soda lime glass. For silicon dioxide coatings, 1mm thick and
25mm diameter SF11 witnesses were used instead to allow a greater refractive index contrast
during the transmission measurement. The coatings have been deposited from 99.99% purity
targets and material sources provided by Scotech Ltd.
Tables 1 and 2 summarize the deposited materials, the deposition methods and the process

parameters for each single layer coating. Our results (see Table 3) show that the thickness of
the coatings varies around a target value of 500 nm. The thickness results presented in Table 3
have an error below 1%. The thickness of the coating was determined from fitted transmittance
and reflectance spectra using the optilayer module of the optichar software. This thickness was
chosen so that the single layer coating transmittance and reflectance scans would contain enough
interference fringes for the refractive index to be estimated over the spectral region of interest.

Table 1. Source materials and process conditions for thin film low index dielectric coatings.

Table 2. Source materials and process conditions for thin film high index dielectric coatings.

In Table 1, fluoride materials were deposited using thermal evaporation at a process pressure
in the range of 10−5−10−6 mBar and a deposition rate of 1 Å/s. At higher evaporation rates,
fluorides such as cryolite and magnesium fluoride dissociate, causing a high absorption in the
coating [27–29]. For thermally evaporated fluoride coatings, substrate heating was also required
to increase the adhesion of the coating to the substrate. Silicon dioxide is deposited using Radio
Frequency(RF) magnetron sputtering and Ion Assisted E-beam Deposition (IAD). Use of high
energy processes such as sputtering and IAD increase the packing density of the coating and
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Table 3. Summary of the optical constants results for the studied dielectric coatings compared to
bulk materials [8, 43–45, 54–58].

minimize absorption in the film. RF sputtered silicon dioxide have been deposited from a silicon
target in a reactive process environment using (Ar:20 sccm/ O2: 6 sccm) gas mixture at a rate of
0.34 Å/s; the process pressure was of 8×10−3 mBar. IAD silica was evaporated from a SiO2
source with no oxygen backfill at a deposition rate of 2 Å/s at a process pressure of 10−4 mBar.
Substrate heating to 50 °C was used as it allowed to achieve a refractive index between 1.47 and
1.45 in the wavelength range 500-1000 nm.

In Table 2, zirconium dioxide, hafnium dioxide and titanium dioxide have been deposited using
IAD which increases the optical density of the coatings in comparison to E-beam evaporation.
Under low energy evaporation and in the absence of substrate heating, zirconia, hafnia and titania
thin films grow with a porous structure and a low packing density. Once the machine is vented,
the coatings are vulnerable to air humidity, potentially resulting in changes in the refractive
index of the coating. IAD deposition is used in this case to reduce the voids in the coating
microstructure which increases the coating packing density and its refractive index. IAD provides
a higher kinetic energy allowing the disruption of columnar growth of the coating. For instance,
during E-beam evaporation, some atoms hang on the surface of the substrate and trap voids in the
coating structure. With ions bombarding the surface of the substrate, the overhanging atoms are
displaced leaving the voids open to be filled by the evaporated material. IAD also allows a better
oxidation of the deposited film inducing a higher refractive index. Hafnium dioxide, niobium
pentoxide and zirconium dioxide have been deposited from metal pellets using IAD E-beam in
reactive conditions. An oxygen backfill of 50 sccm was used to establish the stoichiometry of
the desired oxides during IAD E-beam evaporation. We chose evaporation from metal sources
because the E-beam evaporation from corresponding metal oxides causes a dissociation of the
source material and an oxygen deficiency. Substochiometric compositions lead to poor optical
properties such as high absorption and low refractive index. Some index inhomogeneity can also
appear during the growth of thick layers as the material is consumed from the crucible. Titanium
dioxide single layer was also grown using IAD deposition from a titanium dioxide source. By
using this deposition method, a refractive index of 2.4-2.5 can be reached even at low substrate
temperature [30,31]. The deposition of titanium dioxide is possible from various titanium oxide
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species [31] and the coated film optical constants and microstructure vary considerably with
various forms of source material. Starting from a titanium dioxide source, the material vapour
mainly dissociates into TiO and TiO2 species. Supplying a partial oxygen pressure (backfill of
35 sccm) is therefore necessary to overcome any deficit of oxygen in the coating stoichiometry
and reduce absorption in the coating. We used a deposition rate of 1 Å/s for IAD deposited
titanium dioxide. It has been reported that low deposition rates for E-beam evaporated titania
from TiO2 source allows sufficient time for surface diffusion and reaction with oxygen backfill
pressure [32]. Tantalum pentoxide was deposited using pulsed DC(P-DC) magnetron sputtering.
This deposition method is characterized by a high energy of sputtered particles allowing to
obtain homogeneous coatings and reproducible optical and structural properties [33]. Ta2O5
single layer was deposited using (Ar:77 sccm/O2: 45 sccm) mixture. The oxygen concentration
represents nearly 60% in the Ar/O2 mixture which corresponds to the maximum discharge voltage
in the chamber for a proper oxidation of the coating [33,34]. The substrate was heated prior
to deposition to 120 °C. Increasing refractive index and coating transmittance with increasing
substrate temperature for DC magnetron sputtered tantalum pentoxide coating has been reported
in [35] due to the increase of the crystallinity of the coating. ZnS and ZnSe are deposited using
thermal evaporation in a pressure range of 10−5-10−6 mBar at a deposition rate of 1 Å/s. Use of a
low deposition rate reduced material spitting and consequent defects in the coatings structure. For
instance, ZnS was deposited from tablets that are hard to melt and the use of a low heating power
allows improved control of any spitting from the source. Zinc selenide is generally a difficult
material to evaporate, even from a pellet source and suffers from spitting, a low deposition rate is
therefore recommended. The substrate is heated at 100 °C in order to promote the adhesion of
the coating to the substrate [36].

3. Optical characterisation

The refractive index n and the extinction coefficient k of the dielectric coating represent the real
and imaginary components of the complex refractive index η deduced from Maxwell’s Equations
in an isotropic media [37,38] according to Eq. (1):

η = n + ik (1)

For each single layer, values of the refractive index n, the extinction coefficient k and the
thicknesses of the coatings have been extracted from both fitted transmittance and reflectance
data using the Optilayer module of the Optichar software, version 5.82 [39,40]. The transmission
and reflectance spectra of all thin film coatings were measured in the wavelength range of 350 nm
to 2200 nm using a Perkin Elmer Lambda 900 spectrophotometer. We provide a sample of
reflectance and transmission spectra for IAD E-beam silicon dioxide and thermally evaporated
zinc selenide in respect to the substrate reflectance and transmission in Figs. 2 and 3. A
preliminary characterization of microscope slide and SF11 substrates optical constants was also
performed based on the spectrometric data and the thickness of the substrates (1mm) (Figs. 2
and 3).

The measured data are transferred to the Optilayer module. The substrate models were used in
the fitting module to identify any coating inhomogeneities.

The refractive index n and the extinction coefficient k of the coatings are respectively fitted by
the Cauchy model or normal dispersion and the exponential model described in Eq. (2) [40,41]:

n(λ) = n∞ +
A
λ2
+

B
λ4

; k(λ) = B0 exp
(
−
B1
λ
− B2λ

)
(2)

Where n∞, A and B, B0, B1 and B2 are the fitting coefficients of the model.
The Cauchy formula is suitable for materials with a normal dispersion, meaning materials

with a monotonous decreasing refractive index for increasing wavelength values.
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Fig. 2. Measured reflectance and transmission spectra for IAD E-beam silicon dioxide
deposited on SF11 substrate using Perkin Elmer Lambda 900 spectrophotometer between
350 nm and 2200 nm.

Fig. 3. Measured reflectance and transmission spectra for thermally evaporated zinc selenide
deposited on microscope slide substrate using Perkin Elmer Lambda 900 spectrophotometer
between 350 nm and 2200 nm.

The closeness between experimental and model data is represented by the discrepancy function
DF(see Table 3) as expressed in Eq. (3):

DF(X) =
∑n

j=1

(
S(X; λj) − Ŝ(λj)

∆j

)2
(3)
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Where S is the spectral characteristic of the model, in this case transmittance and reflectance,
Ŝ is the experimentally determined spectral characteristic, λj is the wavelength grid in the
experimental spectral range, ∆j are measurement tolerances (typically 1 nm). X is the model
vector and its parameters describe the wavelength dependency of both refractive index and
extinction coefficient and the coating thickness. The fitting is repeated until the discrepancy
function is minimized [41] based on a needle optimization method [42]. For instance, a value
of DF of 1 means the deviation of model data from the experimental ones is about 1% across
the spectral region of interest. The value of DF is compared to measurement accuracy of the
spectrophotometer. Thin film inhomogeneity is checked by manually inputting small linear
gradients in film refractive index. According to Perkin Elmer Lambda 900 spectrophotometer
specification data, the photometric accuracies for transmittance and reflectance are of 0.05%. We
have therefore limited our fitting to discrepancy values above 0.1 in order to avoid overfitting
data.

3.1. Refractive index n

The wavelength dependency of the refractive indices is extracted from the fitted reflectance spectra
in the wavelength range from 500 nm to 1000 nm. Results for low and high index dielectrics are
presented in Figs. 4 and 5.

Fig. 4. Refractive index n calculated from fitted reflection data for low index dielectric
single layer coatings in the wavelength fitting range 500 nm to 1000 nm.

Thermally evaporated fluorides (lithium fluoride, magnesium fluoride and cryolite) have a low
refractive index, ideal for use in high-reflectance structures. Magnesium fluoride and cryolite
have refractive indices of 1.385 and 1.399 at 500 nm respectively which show little change over
this spectral band. Lithium fluoride refractive index varies between 1.390 at a wavelength of
500 nm and 1.382 at 1000 nm, both of which are very close to accepted reference values reported
by Palik [43]. The refractive indices of RF sputtered and IAD E-beam deposited silicon dioxides
are very close, especially in the centre of the visible region, and exhibit refractive indices varying
between 1.47 at λ= 500 nm and 1.45 at λ= 1000 nm.
Thermally evaporated zinc sulphide and zinc selenide have the highest refractive indices of

the studied materials. Their refractive indices are also close to bulk values reported in [44] and
[45]. Although zinc sulphide is subject to dissociation during evaporation, nearly stochiometric
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Fig. 5. Refractive index n calculated from fitted reflection data for high index dielectric
single layer coatings in the wavelength fitting range 500 nm to 1000 nm.

coatings are still formed as zinc and sulphur recombine near the substrate. The refractive index
of zinc sulphide also depends on the substrate temperature [46]. Zinc selenide and zinc sulphide
are often found in combination with fluorides in multilayer stacks, for example zinc sulphide and
cryolite are a commonly used combination [4748]. For lossless dielectric materials, the ratio in
the refractive indices of these high and low index materials can permit a high reflectivity, R, when
used in a stack of quarterwave pairs of high and low index materials, as described in Eq. (4) [49].

R =

(
1 − N2p

R
n2H
ns

)2
(
1 + N2p

R
n2H
ns

)2 (4)

Where NR is the index ratio of the film materials (nH/nL), p the number of high/low index
quarterwave pairs and ns is the refractive index of the substrate.
A greater refractive index ratio also widens the bandwidth of the reflectance mirrors as

expressed in the following equation [50]:

W =
4
π
arcsin

(
NR − 1
NR + 1

)
(5)

Wbeing the width of the stopband of the quarter wave mirror in wavelength expressed in fractional
terms.

IAD E-beam deposited titanium dioxide has the third highest refractive index with a refractive
index of 2.40 at 500 nm wavelength. This result is even more outstanding as the grown film
was evaporated from a titanium dioxide crucible. Titanium oxide decomposes into suboxides
and loses oxygen during E-beam evaporation which can lead to substochiometric compositions.
The refractive index distribution of pulsed-DC reactive magnetron sputtered tantalum pentoxide
is comparable to refractive index data reported in [33,51] for tantalum pentoxide layers grown
using reactive DC magnetron sputtering with similar physical thicknesses. E-beam deposited
lanthanum titanate shows a low refractive index dispersion. The coating refractive index varies
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between 2.09 at 500 nm and 2.05 at 1000 nm wavelength. IAD E-beam zirconium dioxide and
E-beam hafnium dioxide have very close refractive indices which vary between 2.02 and 2.04 at
500 nm and 2.07 and 2.08 at 1000 nm.

3.2. Extinction coefficient k

Fig. 6. Extinction coefficient k calculated from fitted transmission data of single layers of
low index dielectric materials.

The extinction coefficient k is extracted from the fitted spectral transmission data between
wavelengths of 500 nm and 1000 nm and is shown for low and high index materials in Figs. 6 and
7.

Fig. 7. Extinction coefficient k calculated from fitted transmission data of single layers of
high index dielectric materials.
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We report an extinction coefficient k below 10−5 for thermally evaporated lithium fluoride
and magnesium fluoride. The extinction coefficient k of thermally evaporated cryolite varies
between 0.007 at 500 nm to nearly 0.001 at 1000 nm. The optical properties of cryolite are highly
dependent on the process temperature and pressure, and a high absorption can be caused by the
modification of the chemical composition of the material due to the dissociation of the alumina
and the fluoride in the cryolite during the evaporation process. The extinction coefficient of RF
sputtered and IAD silicon dioxides is of 6×10−3 at 500 nm wavelength. However, the measured
absorption of magnetron sputtered silicon dioxide starts at below 750 nm wavelength instead
of 550 nm, in the case of IAD E-beam deposition. Fully oxidized silicon dioxide coatings are
transparent over the range below 250 nm to at least 3.4 µm. RF sputtered silicon dioxide high
absorption can be due to an unbalanced argon to oxygen ratio during the sputtering process.

On the other hand, oxides such as titanium dioxide, tantalum pentoxide, niobium pentoxide and
hafnium dioxide and lanthanum titanate have an extinction coefficient below 10−5 at wavelengths
between 500 nm and 1000 nm. From the same point of view, zinc selenide, zinc sulphide are also
suitable for applications beyond 600-700 nm. At 500 nm wavelength, the extinction coefficient k
of zinc selenide is equal to 10−2. At a substrate temperature equal to 100 °C, zinc selenide high
absorption is explained by the coating low crystallinity [52] which causes a shift of the absorption
to shorter wavelengths [53]; the coating absorptance edge is at 2.3 eV which corresponds to about
550 nm. This is also the case for zinc sulphide. However, its extinction coefficient is about one
order of magnitude less than zinc selenide.

Making use of the materials and the techniques described in this paper, only few options of low
index dielectrics are available, such as magnesium fluoride, lithium fluoride and IAD E-beam
evaporated silicon dioxide. This last material can be conveniently used in conjunction with the
high index E-beam evaporated refractory metal oxides presented in this study.

3.3. Optical constants summary

Selected values of the estimated optical constants for the dielectric thin film samples are presented
in Table 3. Values of the refractive index n1000 and n500 and the extinction coefficient k1000 and
k500 are given at respective wavelengths of 1000 nm and 500 nm. The physical thickness of the
coatings, d, is extracted from the fitted transmission and reflectance spectra. The thickness error
is below 1%. The refractive indices at 500 nm and 1000 nm wavelengths are compared to bulk
material constants nb500 and nb1000 from the literature as an indication, assuming stochiometric
compositions.

4. Surface roughness

The surface roughness of the deposited materials on microscope slides was evaluated using
Atomic Force Microscopy (AFM). All measurements were performed using a Veeco Dimension
3100 AFM system in tapping mode. AFM scans have been performed at a frequency of 0.25Hz,
on a scan area of 1 µm × 1 µm and a sampling matrix of 256 × 256 lines, using Bruker n-doped
silicon AFM probe.
The root mean square (RMS) roughness of the studied samples is presented in Table 4. The

RMS roughness has been calculated from raw scanning data using the statistical quantities
function of Gwyddion software, version 2.51 [59].

We present in the same table an estimation of the scatter in percent at wavelengths of 500 nm
and 1000 nm. The scatter S has been calculated from the RMS roughness using Eq. (6) [60] :

S =
(
4πr
λ

)2
(6)

Where r is the RMS roughness of the coating.
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Table 4. Summary of the Root Mean Square (RMS) roughness values of the studied dielectric
coatings and the estimated scatter at 500 nm and 1000 nm from Eq. (6).

While most of the thin film coatings deposited on microscope slide show a roughness in the
range of 1 nm to 1.5 nm, other coatings such as thermally evaporated zinc sulphide, lithium
fluoride, magnesium fluoride, Electron-beam evaporated lanthanum titanate (LaTiO3) and
hafnium dioxide exhibit a significantly greater roughness. By contrast, the estimated scatter
for titanium dioxide is about 0.04% or 400 ppm at 500 nm. A scatter value of almost 3% for
zinc sulphide is not reasonable as it does not agree with the halfwave transmittance loss with
respect to the substrate of 0.2± 0.05% (Fig. 8). This deviation between the scatter estimated from
surface roughness and the optical transmission data is most likely explained by a variation of the
rms roughness of the zinc sulphide coating across the large sample area. It is also difficult to
perform both rms roughness and transmission measurements in the same spot. Furthermore, the
roughness measurement was performed on a few µm⊃2 area whereas transmission measurement
is made on many mm⊃2 area. Other measurements, such as total integrated scattering, are a
possible route to verify the scatter values presented in Table 4.
For diamond micro-cavity applications, a targeted reflectance of 99.99% at a wavelength of

640 nm is required [61,62]. If we have zero absorption within the multilayer stack, a surface
roughness below 3 Å is required to limit the overall optical losses to 0.01%.
A selection of AFM scans for low surface roughness dielectric coatings is provided in Fig. 9.

The scans give complementary information about the growth mode and the surface heterogeneity
of the coatings. Figure 9 highlights the difference in the surface roughness of thin film single
layers for a selection of different materials and growth techniques. For example, both E-beam
niobium pentoxide and titanium dioxide (Figs. 9.c and 9.d) show a flat surface with a uniform
height while sputtered tantalum pentoxide (Fig. 9.a) shows a flat surface with growing round
shaped grains. IAD E-beam deposited zirconium dioxide (Fig. 9.b) exhibits a very dense structure
due to the use of an ion gun during the material evaporation. Zinc selenide has a dense and flat
microstructure with a grain size between 10 and 15 nm (Fig. 9.e) which is in accordance with
values reported in [52] for thermally grown zinc selenide at 100 °C. It has been also demonstrated
in [53,63] that smaller grain size induces a shift of the absorption edge to shorter wavelengths. On
the other hand, the surface of zinc sulphide appears rougher with a uniform round shape grains
ranging from 30 to 50 nm (Fig. 9.f). IAD E-beam silicon dioxide exhibits a very dense structure
with a grain size around 20 nm (Fig. 9.g). For RF sputtered silicon dioxide (Fig. 9.h), the film
grains are clearly distinguishable and have a round shape with a grain size ranging between 30 to
50 nm. E-beam lanthanum titanate has a flat but uneven surface resulting in a higher surface
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Fig. 8. Halfwaves of thermally evaporated zinc sulphide measured transmittance laying on
the substrate transmittance.

roughness (Fig. 9.i). Thermally evaporated magnesium fluoride and cryolite present a similar
surface morphology with a flatter surface for thermally evaporated cryolite resulting in a lower
surface roughness (Figs. 9.k and 9.l). The two fluorides grow as large islands in a Frank and
Vander Merwe like model [64].
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Fig. 9. Selected AFM scans of low roughness coatings deposited on microscope slides with
a thickness around 500 nm. The AFM scans have been performed in tapping mode on 1 µm
× 1 µm area at a speed of 0.25Hz using 256 sample/line.

5. Discussion and future works

From this optical characterization, we demonstrated that very low absorption is achieved from
pure E-beam evaporated, IAD oxides and thermally evaporated lithium fluoride and magnesium
fluoride. We also presented a methodology of determining the optical constants n and k for
the thin-film materials studied from spectral transmittance and reflectance data. Based on that,
the reflectance, transmittance and absorptance of the quarterwave stack can be calculated at the
application wavelength. If we use an IAD E-beam TiO2/SiO2 combination at a wavelength of
640 nm with the extinction coefficients extracted for TiO2 and SiO2 layers shown in Section 3,
a reflectance of 99.99% is attainable for an 11-pair stack ending with a titanium dioxide layer.
Other combinations such as IAD E-beam ZrO2/SiO2 will require three extra pairs in order to
achieve 99.99% reflectance at the same wavelength. However, the deposition of a full stack is
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still feasible within a single day of growth, with the given the deposition rates of the materials
and the process base pressure. With a mirror reflectance of 99.99%, we can expect a cavity
finesse of around 32 000 from Eq. (7) [11], which fulfills the requirements of most quantum
communication micro-cavity source applications.

F =
π
√
R

1 − R
(7)

A further experimental study will be made to compare the absorption losses for multilayer stacks
to the absorptance calculated from the spectral characterization. Many techniques such as the
photothermal deflection technique [65], the photothermal common path interferometry [66,67]
and lock-in detection [68] allow the accurate measurement of very small absorption losses.
High reflectivity mirrors for quantum communication applications usually require surface

roughness between 0.2 nm and 0.3 nm in order to reduce the scatter losses [60]. However, E-beam
deposited TiO2, Ta2O5, ZrO2, Nb2O5 and SiO2 were shown to have a surface roughness between
1 nm and 1.5 nm. Considering a multilayer stack of a similar surface roughness, the total estimated
scatter varies between 0.02% and 0.1% at 640 nm wavelength, which reduces the reflectance of
the multilayer stack down to 99.9%. Consequently, the finesse of the cavity using these reflective
stacks would be reduced to approximately 3200. The scatter of the coatings can be considerably
improved in this case by using superpolished substrates as previously demonstrated in [69] for
E-beam evaporated Ta2O5/SiO2 multilayer high reflectance coatings. Future experiments will
investigate the influence of substrate roughness on the coating roughness using substrates with
different polishing grades. However, estimating scatter from surface roughness alone can prove
unreliable as seen in the case of zinc sulphide as the rms value may vary on the same sample.
Scatter must be therefore measured using other means [70].
The overall optical losses in high reflectance multilayer dielectric coatings are not limited

to the absorption and scatter losses intrinsic to the single layers. The reflectance of multilayer
coatings is also limited by other parameters such as thermal noise in the multilayer and the
substrate driven by the thermal expansion coefficient and the temperature dependence of the
refractive index. Thermal noise can be reduced by the use of free standing epitaxial coatings and
suitable cavity designs as demonstrated in [71].
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