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Abstract: Metallic coatings are essential for numerous optical systems due to their high and
broadband reflectivity in the infrared spectral range. In contrast to well-established (protected)
silver and gold mirror coatings, iridium is environmentally durable, referring to ISO 9211-3
and thermally stable up to 600 °C even without protective layers, as demonstrated. Additionally,
the optical and related structural properties of atomic layer deposited (ALD) and magnetron
sputtered (MS) Ir coatings were investigated using spectrophotometry, FTIR, ellipsometry, WLI,
AFM, XRR, XRD, SEM, and electrical resistivity measurements. The properties of Ir ALD and
Ir MS coatings differ due to their topography and microstructure.

© 2022 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

Metallic functional coatings are essential for numerous optical elements in spectroscopy, sensing,
lighting, and astronomy [1–3]. The well-established mirror coatings of silver (Ag) and gold (Au)
provide a high and broadband intrinsic reflectivity in the infrared (IR) spectral range for such
applications. However, without suitable protective layers, these metallic coatings are susceptible
to environmental influences and mechanical stress, which decreases their reflectance significantly.
In contrast, the noble metal iridium (Ir) exhibits a high reflectivity comparable to Ag and Au
coatings in the mid-infrared (MIR) spectral range and high resistance to environmental influences
even without protective layers, as demonstrated in this article.

The absence of protective layers offers several advantages. For example, to protect the surface
of sensitive metal mirrors or enhance their reflectance [4], metal oxide layers (e.g., SiOx and
Al2O3 [5–7]), nitrides (e.g., SiNx [7,8]), oxynitrides (e.g., AlOxNy [9]), and laminates [10,11]
are usually applied. However, such dielectric coatings exhibit absorption bands in the IR spectral
range due to vibrational modes reducing the achievable reflectivity [12,13]. Furthermore, the
in-situ preparation of metal oxide or nitride layers in the same deposition chamber impairs the
high-purity metallic coatings. In contrast, Ir mirrors do not require protective layers due to
their high intrinsic stability [14,15]. Thus, the associated deposition steps and optimization for
protective layers are obsolete. In addition, high-quality Ir coatings can be deposited conformally
on complex shaped or nanostructured substrates using atomic layer deposition (ALD) [16].
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Iridium coatings are not applied as mirrors for the IR spectral range yet. In optics, Ir coatings
are mainly applied for the X-ray regime and ultraviolet (UV) to visible (VIS) spectral range,
such as Fresnel zone plates [17], mirrors [18–22], and metal wire grid polarizers [23]. Further
applications include sensors [24], catalysts [25–27], electrodes [28,29], protective layers [30], and
hydrogen separation membranes [31]. However, this work demonstrates the application potential
of Ir mirror coatings for the IR spectral range and compares their performance to protected Ag
and Au mirrors.

This article presents highly reflective and stable Ir coatings as mirrors for the MIR spectral
range. Therefore, unprotected Ir coatings were prepared by ALD and magnetron sputtering
(MS) and compared to commercially available protected Ag (stock number #36-043) and Au
(#43-733) mirror coatings from Edmund Optics (UK). Without protective layers, the Ir coatings
are environmentally durable and thermally stable, ensuring constant reflectance from 200 nm to
20 µm wavelength. Certainly, Ir coatings cannot replace the established mirror materials but may
serve as a reasonable alternative in particular cases and extend the usable material portfolio for
optical coatings.

The results of this article are divided into two parts. The first part presents the optical and
related structural properties of Ir coatings fabricated by ALD and MS. Spectrophotometry
(SP), Fourier-transform infrared spectroscopy (FTIR), variable-angle spectroscopic ellipsometry
(SE), white light interferometry (WLI), and atomic force microscopy (AFM), as well as X-ray
reflectometry (XRR), X-ray diffraction (XRD), scanning electron microscopy (SEM), and four-
point probe resistivity measurements were applied for this detailed material characterization.
In the second part, the functional properties, namely the environmental durability referring to
ISO 9211-3 and thermal stability up to 600 °C regarding their reflectance, were investigated and
compared to the protected Ag and Au coatings. Additionally, top-view microscopy images of the
mirror coatings were obtained.

2. Materials and methods

As substrate materials, silicon (Si) wafers with a 1 - 2 nm thick native SiO2 top layer and fused
silica (FS) were used. The Si wafers were single-crystalline, (100)-orientated, p-doped, double
side polished with an AFM (1 × 1 µm2) surface roughness of about 0.15 nm root-mean-square
(rms), and 25 × 25 × 0.675 mm3 in size. The amorphous FS substrates had an AFM surface
roughness of about 0.26 nm rms, 25 mm diameter, and 1.0 mm thickness. For cleaning, a
multi-stage, ultrasonic-assisted bath cleaning system (Elma Schmidbauer, Germany) was used
with surfactants and water (H2O) baths, concluded by a deionized (DI), ultra-pure H2O bath.

The poly-crystalline iridium coatings were fabricated by atomic layer deposition (ALD) and
magnetron sputtering (MS) on Si wafers and FS. For the ALD depositions, a commercial ALD
system SunALE R-200 Advanced (Picosun Oy, Finland) as well as iridium(III) acetylacetonate
(Ir(acac)3) and molecular oxygen (O2, purity level 4.5) as precursors were used, as previously
reported [32,33]. The MS depositions were performed with a radio frequency (RF) magnetron
sputtering machine VPA 21 (Aurion Anlagentechnik, Germany) using a pure Ir target (purity
level 3N= 99.9%) and argon (Ar, purity level 5.0) as the sputtering gas. As already known, the
structure of sputtered metallic coatings strongly depends on the sputter parameters [34]. In order
to achieve smooth and dense Ir layers, an RF sputtering power of 300 W and actively controlled
process pressure of about 0.5 Pa were used, as demonstrated in previous studies [35,36]. For
optically dense Ir coatings, an Ir layer thickness of 60 - 80 nm was targeted. Buffer layers of about
10 nm Al2O3 [32] and 50 nm Cr [19,37] for the ALD and MS deposited Ir coatings, respectively,
ensure adhesion to the substrate. After deposition and exposure to air, the Ir coatings were stored
under ambient conditions at room temperatures (RT) of (23± 5) °C and (45± 20) % relative
humidity (RH).
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Reflectance and optical constants were determined using SP, FTIR, and SE. The reflectance
was measured with a two-beam spectrophotometer Lambda 900 (PerkinElmer, MA, USA) at 6°
angle of incidence from 200 nm to 2500 nm wavelength, a two-beam spectrophotometer Cary
7000 UMS (Agilent Technologies, CA, USA) at 15°, 30°, 45°, and 60° angle of incidence in s-
and p-polarization from 400 nm to 2500 nm, and an FTIR spectrometer Frontier Optica (Perkin
Elmer) in reflection mode at 10° angle of incidence from 2400 nm to 20 µm. The measurement
uncertainties vary from about 0.25% (UV) to 0.15% (VIS to near IR) and 0.2% (MIR < 10 µm),
0.5% (< 15 µm), and 1.0% (< 20 µm). In addition, the ellipsometric parameters Ψ and ∆ were
determined with a spectroscopic ellipsometer SE850 DUV (Sentech Instruments, Germany) at
angles of incidence between 40° and 70° in 5° steps from 190 nm to 980 nm wavelength. By
combining these consistent measurements, the optical constants of Ir were evaluated using the
software package SpetraRay/4 (Sentech Instruments).

WLI and AFM were applied to characterize the topography of the Ir coatings. For the WLI
measurements, a NewView 7300 (Zygo, CT, USA) system with magnifications of 10x and 50x
was used. AFM measurements were performed using a Dimension Icon system (Bruker, MA,
USA) and single-crystalline Si probes with a nominal tip radius of 5 nm. Samples areas of
1× 1 µm2, 10 × 10 µm2, and 50 × 50 µm2 were scanned in tapping mode. For each WLI and AFM
measurement area, the power spectral density (PSD) function was calculated, characterizing the
relative strength of each roughness component in terms of spatial frequencies. These single PSD
functions were combined by geometrically averaging to the so-called Master-PSD function [38].

Additionally, structural Ir properties were analyzed using XRR, XRD, SEM, and four-point
probe resistivity measurements. For XRR and XRD, a D8 Discover (Bruker AXS, Germany)
diffractometer in Bragg-Brentano geometry with Cu Kα radiation (λ= 0.154 nm), 40 kV
acceleration voltage, and 40 mA cathode current was used. The XRR data were fitted using the
software package Leptos 7 (Bruker AXS). The Ir crystallite sizes within the Ir layer were estimated
using the Ir(111) diffraction peak and Scherrer’s equation with a shape factor of K≈ 0.94 [39]. For
SEM analysis, a Schottky field emission SEM ZEISS Sigma (Carl Zeiss Microscopy, Germany)
with 5 kV acceleration voltage, 4.9 mm working distance, and an in-lens detector providing a
resolution of about 2 nm was used. The four-point probe resistivity measurements were performed
with digital multimeters Keithley 2601 (Keithley Instruments, OH, USA) and Keithley 2000. The
contact tips with a distance of 2.54 mm were placed in the sample middle using a correction
factor of G= 4.344 [40] for calculations.

The unprotected Ir and protected Ag and Au mirror coatings were tested concerning environ-
mental durability and thermal stability. Their environmental durability was tested referring to
ISO 9211-3 and related testing standards [41]. For adhesive strength tests, a high tear-resistant,
transparent tape of polyester 3M 853 TAPE (3M, MN, USA) was used. Climate tests were
performed with a climate cabinet MKFT 240 (Binder, Germany). Thermal stability was evaluated
using a custom-made vacuum (pressure < 5.0·10−5 Pa) tempering furnace (Systec Fertigung-
stechnik, Germany). The samples were heated at 10 K/min, held at the target temperature for
24 h, and passively cooled to 60 °C maximum. After each test, the samples were inspected by the
unaided eye and optionally with a Leica DM6000 microscope (Leica Camera, Germany) with
10x magnification and Zeiss Axiocam (Carl Zeiss Microscopy, Germany).

3. Results and discussion

3.1. Optical and structural properties of iridium coatings

The reflectance of iridium coatings in the IR spectral range is comparable to currently established
mirror coatings. Figure 1(a) shows the reflectance of unprotected Ir coatings fabricated by ALD
and MS compared to commercially available protected Ag and Au mirror coatings from 200 nm
to 20 µm wavelength. For wavelengths ≳ 3 µm, the Ir reflectance becomes similar to that of the
protected Ag and Au coatings, as the inset illustrates. Indeed, Ag and Au have partially higher
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reflectance than Ir, but some absorption bands (mainly around 2.9 µm and 9.5 µm) reduce their
reflectance significantly. These absorption bands and the oscillations in the UV-VIS spectral
range originate from the protective layers (the supplier has not disclosed their composition). The
results for Ir coatings deposited on Si wafers and FS were identical within the measurement
accuracy. Unless otherwise stated, all results for Ir refer to Si wafers as substrate material.
However, Fig. 1(a) shows some reflectance differences between the ALD and MS deposited Ir
coatings.

Fig. 1. (a) Specular reflectance of unprotected iridium coatings fabricated by atomic layer
deposition (ALD, black) and magnetron sputtering (MS, red) compared to commercially
available protected Ag (blue) and Au (green) mirror coatings from 200 nm to 20 µm
wavelength. In the inset at 20 µm wavelength, the calculated Ir reflectivity (rhombus)
is plotted using electrical resistivity according to the Hagen-Rubens relation. (b) X-ray
diffraction (XRD) pattern of Ir ALD and Ir MS coatings deposited on fused silica (FS) with
reference diffraction peaks shown as blue bars indicated according to Laue [42,43].

In the IR spectral range, the Ir ALD coating is higher reflective than Ir MS. The reflectance
differences amount to 0.3 - 2.5% between 750 nm and 20 µm wavelength, as the inset of Fig. 1(a)
illustrates. In the VIS spectral range, the reflectance of both Ir coatings is equal within the
measurement accuracy. On the other hand, Ir MS is higher reflective than the Ir ALD coating in
the UV spectral range. However, the surface roughness values of 2.2 nm rms and 0.9 nm rms for
Ir ALD and Ir MS, respectively, cannot fully explain these reflectance differences. In order to
understand these differences, related structural properties of the Ir coatings were analyzed, as
listed in Table 1 and discussed in the following paragraphs.

Table 1. Layer properties of Ir coatings fabricated by ALD and MS.a

Ir Layer Properties Ir ALD Ir MS

Surface Roughness σ (nm rms) 2.2± 0.2 0.9± 0.1

Layer Thickness d (nm) 66.1± 1.0 77.8± 2.0

Layer Density ϱ (g/cm3) 22.5± 0.1 22.5± 0.1

Crystallite Size L (nm) 32± 4 22± 4

Grain Size D (nm) 18 - 45 13 - 25

Electrical Resistivity ρ (10−8 Ω·m) 9.1± 0.6 19.7± 1.2

aNote: Surface roughness in root-mean-square (rms) determined by 1 × 1 µm2 atomic force
microscopy (AFM) measurements; layer thickness and density by X-ray reflectometry (XRR);
crystallite size by XRD using the Ir(111) peak and Scherrer’s equation; grain size by scanning
electron microscopy (SEM) images.
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Smaller Ir crystallites reduce the reflectance of the Ir MS coating in the IR spectral range.
Table 1 demonstrates that Ir ALD and Ir MS exhibit similar layer thickness and layer density,
which equals bulk density with 22.562(11) g/cm3 [42]. Although their surface roughnesses differ
(see also Supplement 1), the maximum scatter-induced reflectance losses [44] with < 0.15% are
negligible in the IR spectral range. However, by using the Ir(111) XRD peak (see also Fig. 1(b))
and Scherrer’s equation, the estimated Ir crystallite sizes within the Ir layer yield about 32 nm for
Ir ALD and 22 nm for Ir MS. Top-view SEM images of the Ir grains confirm this significant size
deviation (see also Supplement 1). Thus, the significantly smaller Ir MS crystallites/grains result
in more grain boundaries, which increase the electrical resistivity (or decrease the conductivity)
of the Ir layer. According to Hagen & Rugens [45], the reflectivity of good conductors decreases
with decreasing conductivity in the far IR (FIR) spectral range. Consequently, the calculated Ir
reflectivity using electrical resistivity according to the Hagen-Rubens relation [46] matches the
measured Ir reflectance at 20 µm wavelength well, as the inset of Fig. 1(a) illustrates. At shorter
wavelengths, surface scattering becomes more dominant [44], making Ir MS higher reflective
than Ir ALD, as the Ir MS surface roughness is significantly lower in the UV-relevant spatial
frequency range.

Both Ir coatings are poly-crystalline with a preferred Ir(111) orientation, as Fig. 1(b) also
illustrates. Compared to a randomly orientated Ir powder sample [43], the Ir ALD and Ir
MS coatings exhibit a preferred orientation of the crystallographic Ir(111) plane, as already
reported [32,36,47,48]. Additionally, the Ir MS diffraction peaks are asymmetric and shifted
to smaller angles indicating compressive stress. Indeed, the whole Ir MS coating is almost
stress-compensated (with 40± 18 MPa) by the Cr adhesion layer with (reversed) tensile stress; the
Ir layer exhibits compressive stress [19]. This compensation gradient from the Cr layer towards
the Ir surface with a crystallite strain of ∆d111/d111 ≲ 0.8% could cause the asymmetric peak
shift. From the Ir(111) peak, the Ir MS lattice constant is about 0.3873 nm, which derivates about
0.9% from the reference value of a= 0.38392(6) nm [42]. Using this reference value, Ir ALD
matches the reference diffraction peaks within the measurement uncertainty. The Ir diffraction
pattern on Si wafers and FS substrates are almost identical. In Fig. 1(b), the broad peaks at 14 -
30° originate from the FS short-range crystalline order. From the Cr adhesion layer of Ir MS, a
weakly pronounced Cr(110) peak appears at about 44.5°.

The Ir MS coating is smoother than Ir ALD in all IR, VIS, and UV relevant spatial frequencies
ranges. In order to analyze the topography of the Ir coatings in detail, their surface roughness was
investigated in a broad spectrum of spatial frequencies. The results are illustrated in Fig. 2(a),
showing the Master-PSD functions of Ir ALD and Ir MS. Besides, the spatial frequency ranges
relevant for light scattering (at angles of scattering from 2 - 85°) in the IR, VIS, and UV spectral
ranges are indicated. As already shown in Table 1, the Ir MS coating exhibits a lower surface
roughness compared to Ir ALD, but also in the whole investigated spectrum of spatial frequencies.
These roughness differences of the Ir layers are clearly visible as plateaux between 0.5 µm−1 and
20 µm−1. Although identical double side polished Si wafers were used, these substrates also show
some deviations for f ≲ 0.1 µm−1. Both Si wafer sides are probably polished differently, which
does not affect the Ir layer roughness but should be considered for IR applications. Independently,
no significant reflectance differences from 200 nm to 20 µm wavelength were observed between
multiple Ir ALD or Ir MS coatings deposited on Si wafers and FS.

Both Ir ALD and Ir MS coatings follow the roughening power-law σ(d) ∼ dβ [49]. The Ir
coatings were deposited using two different vacuum deposition methods: ALD as chemical vapor
deposition (CVD) and MS as physical vapor deposition (PVD) technique. Therefore, additional
thinner Ir coatings were investigated to check whether differences in intrinsic roughening arise
during the Ir thickness growth. Figure 2(b) shows their surface roughness evolution for 1× 1 µm2

and 10 × 10 µm2 AFM measurement areas with the Ir layer thickness. For Ir MS, surface
roughening is well below the random deposition limit of β= 0.5, meaning diffusion processes

https://doi.org/10.6084/m9.figshare.17121509
https://doi.org/10.6084/m9.figshare.17121509
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Fig. 2. (a) Power spectral density (PSD) functions of Ir ALD (black) and Ir MS (red)
coatings determined by white light interferometry (WLI) and AFM measurements. The
spatial frequency ranges relevant for light scattering in the infrared (IR), visible (VIS), and
ultraviolet (UV) spectral ranges are indicated. (b) Intrinsic surface roughness evolution with
the Ir layer thickness of Ir ALD and Ir MS. Both Ir coatings follow the roughening power-law
for AFM 1 × 1 µm2 and 10 × 10 µm2 measurement areas.

along the growing surface smooth the Ir layer [50] due to the high-energy sputtered atoms [51].
In contrast, Ir ALD accumulates a significantly higher surface roughness with a scaling exponent
of β ≈ 0.59, probably because the Ir(acac)3 precursor is chemisorbed to the surface [16] and
cannot overcome the step edge barriers [50]. However, very thin Ir ALD coatings (gray symbols)
exhibit a clearly lower surface roughness σ ≲ 0.5 nm, comparable to Ir MS. Hence, this model
cannot fully describe this Ir ALD process. Premkumar et al. demonstrated that no roughening (β
≈ 0) occurs for thin Al2O3 ALD coatings at all [52]. Nevertheless, the roughness evolution of Ir
coatings, and metallic ALD coatings in general, has not been investigated yet.

The optical constants, meaning the refractive index n and extinction coefficient k, of the Ir
coatings were evaluated by multi-experiments. For this purpose, SP, FTIR, and SE measurements
were combined to cover the wavelength range from 200 nm to 20 µm. By using the software
package SpetraRay/4, a simple two-layer model was applied. The optically thick Ir layer serves as
a semi-infinite substrate using a Drude-Lorentz model with five Lorentz oscillators. The Ir surface
roughness is represented by an effective-medium-approximation (EMA) top layer, according
to the Bruggeman approach. This EMA layer consists of 50% voids and 50% Ir; the thickness
was fixed and equals the AFM (1 × 1 µm2) surface roughness. Only the (2+ 2+ 3× 5= 19)
Drude-Lorentz parameters were fitted (see also Supplement 1 [53,54]). Notably, both the
individual measurements and their combination provide consistent optical constants with mean-
squared-error (MSE) values below 0.30. The experimental and fitted data for Ir MS are presented
in Supplement 1.

In the IR spectral range, the optical constants of the Ir ALD and Ir MS coatings differ
significantly. The evaluated refractive index n and extinction coefficient k of the Ir coatings are
shown in Fig. 3, listed in Supplement 1, and publicly available under [55]. Additionally, reference
values of Yan & Woollam [56] are displayed, which were also determined for magnetron sputtered
Ir coatings. In the UV-VIS spectral range up to 750 nm wavelength, the optical constants of Ir
ALD and Ir MS fit well with each other and the reference values. The absolute and relative
deviations in optical constants are less than about 0.13 and 8.1%, respectively. Especially in
the UV spectral range, reflectance differences caused by their surface roughness are considered
in the optical constants model. However, in the IR spectral range, the optical constants of the
ALD and MS deposited Ir coatings differ significantly from each other, as already observed in
the reflectance spectra and explained by their different microstructure. From 750 nm to 20 µm

https://doi.org/10.6084/m9.figshare.17121509
https://doi.org/10.6084/m9.figshare.17121509
https://doi.org/10.6084/m9.figshare.17121509
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wavelength, the absolute and relative deviations enlarge to about 5.3 and 34% for n, and 18.9 and
32% for k, respectively. Nevertheless, the Ir MS values fit well with the reference values in the
whole spectral range.

Fig. 3. (a) Evaluated refractive index and (b) extinction coefficient of Ir coatings fabricated
by ALD (black) and MS (red) from 200 nm to 20 µm wavelength. Especially in the IR
spectral range, the optical constants differ significantly from each other. Nevertheless, the Ir
MS values fit well with the reference values (Ref.) of Yan & Woollam (dashed blue) [56],
which were also determined for magnetron sputtered Ir coatings.

The evaluated optical constants of Ir ALD and Ir MS complement the existing literature.
The best-known optical constants originate from Lynch & Hunter [57] in Palik’s Handbook
of Optical Constants of Solids [58], analyzing studies of Weaver et al. [59] and Henke et al.
[60]. However, combined with other studies by Hass et al. [61], Windt et al. [62], Kohli et
al. [48], Graessle et al. [63], and Pfiester et al. [64], the data differ significantly from each
other. Optical constants have been evaluated using different sample forms (bulk crystals or thin
films), deposition methods (evaporation or sputtering), characterization techniques (calorimetric,
reflectometry, or spectroscopic ellipsometry), measurement conditions (under vacuum or ambient
conditions), optical models, etc. In 2002, Yan & Woollam [56] provided valid optical constants
for magnetron sputtered Ir from 140 nm to 35 µm wavelength. Our study confirms the data of
Yan & Woollam and provides additional optical constants for atomic layer deposited Ir from
200 nm to 20 µm wavelength.

3.2. Stability of iridium, silver, and gold coatings

For the unprotected iridium and protected Ag and Au mirror coatings, their environmental and
thermal stability was tested. Table 2 lists the environmental durability tests referring to ISO
9211-3 and related testing standards [41], thermal stability tests up to 600 °C, and their qualitative
results. Regarding environmental durability, the tests correspond to the category of use C. This
category C refers to applications of optical coatings under normal outdoor ambient conditions
and cleaning without severe abrasion and scratching. However, the tests concerning adhesion
(step 1.2 and 10.2), abrasion (step 2.2), and water solubility (step 8.2) were intensified. Acetone
(CH3COCH3) and ethanol (C2H5OH) were used sequentially as solvents. The tests consisted
of four independent test sequences: abrasion and solvent solubility (#1), climate stability (#2),
and H2O solubility (#3) for environmental durability as well as thermal stability (#4). For each
of the four test sequences, one sample was used. The tests were performed one after the other
according to the steps in Table 2.
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Mirror coatings of Ir ALD, Ir MS, and Au provide stable reflectance after the abrasion and
solvents solubility test sequence (#1). Figure 4 shows the reflectance after abrasion with 100
strokes cheesecloth (force of 5 N), 40 strokes eraser (10 N), and immersion baths with acetone
and ethanol (5 min each). Note that abrasions after the eraser test were carefully removed from
the surface with surfactants and DI H2O. Compared to untested coatings, only Ag displays
minor reflectance changes in the IR spectral range from 750 nm to 20 µm, as the insets of Fig. 4
illustrate. At about 4.27 µm (= 2343 cm−1), the outliers originate from asymmetric O=C=O
carbon dioxide stretching vibrations [13]. The reflectance changes of the Ir ALD, Ir MS, and
Au coatings remain within the measurement uncertainties. However, visual and microscope
inspection reveals fine scratches after the abrasion tests.

Fig. 4. Specular reflectance of unprotected (a) Ir ALD and (b) Ir MS coatings, and protected
(c) Ag and (d) Au mirror coatings after abrasion and solvent solubility tests. The insets
illustrate the reflectance changes after 100 strokes with cheesecloth (CC, red), 40 strokes
with eraser (blue), and immersion baths with acetone and ethanol (green) compared to the
untested coating (black).

All mirror coatings reveal surface damages after the abrasion tests, as Fig. 5 illustrates. After
abrasion with 100 strokes cheesecloth, the protected Ag coating already shows fine scratches and
slight greenish discoloration. After 40 strokes with an eraser (samples were rotated by about 90°),
the unprotected Ir and protected Au coatings also show fine scratches on the surface. However,
these scratches are not reproduced in their reflectance spectra. Especially the fine scratches on Ir
MS and Au are barely visible by the unaided eye or under the microscope. For the Ag coating,
significant scratches are apparent. After the solvents solubility tests, only Ag shows slight reddish
to purple discoloration along the scratches. Nevertheless, all mirror coatings passed the final
adhesion tests of test sequence #1. The coatings were adhesive after a single tape test with quick
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tape removal and the following tape test with snap tape removal, with all tests performed on the
same sample area.

Fig. 5. Microscope images (top-view) of unprotected (a) Ir ALD and (b) Ir MS coatings,
and protected (c) Ag and (d) Au mirror coatings after abrasion and solvent solubility tests.
Arrows indicate scratches after abrasion with 100 strokes cheesecloth (red) and 40 strokes
eraser (blue). Ir MS and Au display only fine scratches; Ag apparent damages.

Mirror coatings of Ir ALD, Ir MS, and Au passed the test sequences regarding climate stability
(#2) and H2O solubility (#3). The climate stability tests consisted of cold (−35 °C for 16 h),
dry heat (70 °C and < 40% RH for 6 h), damp heat (55 °C and 92% RH for 16 h), and slow
temperature changes (5x from −35 °C to 63 °C for 42 h). For H2O solubility, the samples were
immersed in DI H2O at 22 °C for 6 h and boiled in DI H2O for 5 min. Before and after these
tests, adhesion tests were performed. As a result, the Ir and Au coatings show no visible physical
coating defects, meaning no delamination, layer cracks, blistering, or other damages after each
test. Hence, these coatings passed the environmental durability tests referring to ISO 9211-3 and
the category of use C.

Protected Ag mirror coatings failed the environmental durability tests. The Ag coatings
passed the climate stability and H2O solubility tests showing no visible physical coating defects.
However, the coatings failed the final adhesion tests, as Supplement 1 illustrates. Regarding
the climate stability tests, delamination of the protective layers and reddish discoloration were
visible after the second tape test with snap tape removal. Following the H2O solubility tests,
delamination and reddish-purple discoloration were already visible after the first tape test with
quick tape removal. Overall, the Ag protective layers seem to be relatively soft and partly
water-sensitive, so abrasion and H2O can damage the coating. Thus, the damaged protective
layer provides vulnerable areas for further degradation of the sensitive Ag layer reducing their
reflectance over time. Still, there is continuous research on improving the Ag layer [65] and its
protective coatings [66].

Coatings of unprotected Ir and protected Ag and Au are partially higher reflective after
annealing at 200 °C. Finally, thermal stability and subsequent adhesion tests (#4) were performed
on the Ir, Ag, and Au mirror coatings, with their qualitative results also listed in Table 2. Figure 6
shows the reflectance of the mirror coatings after sequential annealing for 24 h at 200 °C, 400 °C,
and 600 °C under vacuum compared to the untested coating. After annealing at 200 °C, all
coatings show no significant negative reflectance changes in the IR spectral range. Even on the
contrary, the Ir ALD and Ir MS coatings become 0.7 - 3.7% and 0.5 - 1.5% higher reflective,
respectively, in the UV spectral range. AFM and XRD on Ir ALD after annealing at 600 °C

https://doi.org/10.6084/m9.figshare.17121509
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indicate that a finer topography (σ= 2.2 nm rms
600 ◦C
→ 2.1 nm rms), larger Ir crystallites

(L= 32 nm
600 ◦C
→ 41 nm), and consequently, fewer grain boundaries, as well as the removal

of surface impurities, could cause this enhanced reflectance. For the protected Ag and Au
coatings, changes of the protective layers also cause a slight reflectance increase at about 2.9 µm
and 1.0 µm, respectively, and reflectance changes at the interference oscillations in the UV-VIS
spectral range. The annealing probably reduces defects and dangling bonds in the dielectric
protective layers without affecting the highly reflective metal layers [67,68].

Fig. 6. Specular reflectance of unprotected (a) Ir ALD and (b) Ir MS coatings, and protected
(c) Ag and (d) Au mirror coatings after thermal stability tests. The insets illustrate the
reflectance changes after annealing for 24 h at 200 °C (blue), 400 °C (green), and 600 °C
(red) compared to the untested coating (black).

After annealing at 400 °C, the Ir coatings exhibit no further significant reflectance changes.
However, the protected Ag and Au coatings show reflectance losses up to 1.8% and 17.9%,
respectively, in the IR spectral range. For the Ag coating, the surface appears milky and slightly
cracked due to agglomeration of the Ag layer [69,70]; yellow-greenish discolored for Au.

After annealing at 600 °C, Ir ALD deposited on Si wafers retains a high reflectance with minor
reflectance enhancements in the UV and IR spectral ranges. Nevertheless, the Ir ALD coating on
FS displays a milky surface, resulting in diffuse scattering and specular reflectance losses of 0.5 -
2.2% between 200 nm and 1.2 µm (see also Supplement 1). The Ir MS reflectance on both Si
wafers and FS decreases by 7.6% in the IR spectral range after annealing at 600 °C compared to
the unannealed coating. XRD analysis indicates an intermixing of the Ir and Cr adhesion layer.
Thus, only the Ir ALD coating deposited on Si wafers is thermally stable at 600 °C. Expectably,
the Ag reflectance decreases further to 82.8 - 94.5% in the IR spectral range, with their surface
appearing matt, clearly cracked, and reddishly discolored. Interestingly, the reflectance of the

https://doi.org/10.6084/m9.figshare.17121509
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Au coating increases again to 86.9 - 98.0% from 750 nm to 20 µm wavelength. All Ir and Au
mirror coatings passed the final adhesion tests of test sequence #4. Only the Ag protective layers
delaminated after the first tape test with quick tape removal resulting in greenish discoloration.

4. Conclusion

To conclude, the reflectance of unprotected iridium coatings in the MIR spectral range is
comparable to typical reflectances of protected Ag und Au mirror coatings. In contrast to Ag and
Au, the Ir coatings do not require protective layers, which partially diminish their reflectivity
due to absorption bands in the IR spectral range. At oblique angles of incidence, the absorbing
protective layers of Ag and Au will further reduce their reflectance. The Ir MS coating is
environmentally durable, referring to ISO 9211-3 under normal outdoor ambient conditions and
cleaning. Additionally, Ir ALD is thermally stable up to 600 °C providing a nearly constant
reflectance from 200 nm to 20 µm wavelength. These Ir coatings consisting of a substrate, one
adhesion layer, and an optically thick Ir layer without protective layers are relatively easy to
fabricate. Protected Ag and Au coatings are much more complex in structure, and their protective
layers must be adapted for individual spectral ranges. Especially these protected mirror coatings
with numerous adhesion, buffer, and protective layers are a well-kept secret of the manufacturers.
Thus, these highly reflective and stable Ir mirror coatings can be easily applied as optical elements
for the MIR and FIR spectral range. Using ALD, conformal Ir coatings are also possible on
complex shaped or nanostructured substrates. Although protected Ag mirrors offer a higher
reflectance, they are still sensitive to environmental influences. The protected Au mirrors provide
high environmental stability and, thus, are preferable to the protected Ag mirrors [11] but less
reflective than Ir ALD. Future research might also investigate the emissivity and resistance
concerning saltwater, salt mist, or irradiation with protons and electrons of Ir coatings. However,
the reflectance and, consequently, the optical constants of Ir ALD and Ir MS differ significantly
due to their slightly different topography and microstructure. These differences are also evident
in their surface roughness evolution, which was studied for Ir coatings for the first time. By using
multi-experiments, the optical constants were evaluated using a Drude-Lorentz model, taking
into account the Ir surface roughness with an EMA layer. This work publicly provides optical
constants for magnetron sputtered and additionally atomic layer deposited Ir from 200 nm to
20 µm wavelength complementing the existing literature. In combination with their PSD, this
offers a comprehensive dataset to the optical community for various applications in the infrared
spectral range.
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