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Abstract: Nonlinear optical phenomena enable novel photonic and optoelectronic applications. Es-
pecially, metallic nanoparticles and thin films with nonlinear optical properties offer the potential
for micro-optical system integration. For this purpose, new nonlinear materials need to be contin-
uously identified, investigated, and utilized for nonlinear optical applications. While noble-metal
nanoparticles, nanostructures, and thin films of silver and gold have been widely studied, iridium
(Ir) nanoparticles and ultrathin films have not been investigated for nonlinear optical applications
yet. Here, we present a combined theoretical and experimental study on the linear and nonlinear
optical properties of iridium nanoparticles deposited via atomic layer deposition (ALD). Linear
optical constants, such as the effective refractive index and extinction coefficient, were evaluated at
different growth stages of nanoparticle formation. Both linear and nonlinear optical properties of
these Ir ALD coatings were calculated theoretically using the Maxwell Garnett theory. The third-
order susceptibility of iridium nanoparticle samples was experimentally investigated using the
z-scan technique. According to the experiment, for an Ir ALD coating with 45 cycles resulting in
iridium nanoparticles, the experimentally determined nonlinear third-order susceptibility is about
χIr

(3) = (2.4 − i2.1) × 10−17 m2/V2 at the fundamental wavelength of 700 nm. The theory fitted to the
experimental results predicts a 5 × 106-fold increase around 230 nm. This strong increase is due to
the proximity to the Mie resonance of iridium nanoparticles.

Keywords: linear optical properties; nonlinear optical material; iridium nanoparticles; atomic layer
deposition; z-scan technique

1. Introduction

Materials with strong nonlinear optical properties enable novel photonic and opto-
electronic applications for optical communication and data processing [1,2], optical data
storage [3], imaging [4,5], optical limiters [6], ultrafast switches [7], photocatalysis [8], etc.
While bulk crystals [9], such as barium borate (β-BaB2O4) and lithium niobate (LiNbO3),
have been widely exploited for different nonlinear processes, nanomaterials enable the
development of complex nanostructured systems for micro-optical system integration.
For instance, metallic nanoparticles (NP) or nanostructures [10] and two-dimensional
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(2D) materials [11] exhibit significant nonlinear optical properties due to plasmonic en-
hancements and quantum-size effects. Among these, localized nanoscopic light sources in
fluorescence spectroscopy from Au-nanoring structures incorporated with LiNbO3 [12];
improved third-order nonlinearities of Au NP in a sapphire matrix [13]; quantum-size
effect-based enhancement of third-order nonlinearities in Ag NPs embedded in silica
glass [14]; or promising surface-second-harmonic generation from Au, Ag, Al, and W
metal stacks [15] are recent developments. Other promising material classes for nonlinear
applications include transparent conductive oxide films (e.g., indium tin oxide [16]) and
oxide multilayer-based metamaterials (e.g., Al2O3/ZnO [17] and Al2O3/TiO2/HfO2 [18]).

While there is significant interest in nonlinear processes in metallic nanomaterials
primarily for gold or silver, with their plasmonic resonances residing in the visible, other
metals are studied less. For instance, improved optical performance in the ultraviolet (UV)
spectral range, further enhancement of nonlinear optical properties, and new nonlinear
materials such as various metallic NPs, embedded NPs, and nanostructured metasurfaces
need to be identified and investigated. Iridium (Ir) is an exceptionally stable metallic mate-
rial with high thermal stability and oxidation resistance. In optics, metallic Ir thin films are
usually applied as X-ray mirrors [19,20] at grazing incidence due to their high density [21].
Further applications include Fresnel zone plates [22], metal wire grid polarizers in the
UV spectral range [23], protection layers [24], and stable and highly reflective Ir mirror
coatings for the infrared (IR) spectral range [25]. Iridium complexes with suitable ligands
show second-order nonlinear optical and two-photon absorption properties [26]. The linear
optical properties of thick metallic Ir films have been reported [25,27,28]; however, ultrathin
and partially transparent NP assemblies, mostly relevant for nonlinear optical applications,
have not yet been investigated.

This article discusses the linear and nonlinear optical properties of Ir nanoparticles.
Samples were prepared via atomic layer deposition (ALD) based on sequential, self-limiting
surface reactions, allowing for precise sample-thickness control [29–31]. Iridium nano-
sized islands are formed before the growth of a continuous thin film, and by controlling
the reaction cycles, NPs of different sizes and surface coverage can be generated [32].
Consequently, the linear and nonlinear optical properties of iridium depend strongly
on this stage of growth. Here, a combination of spectroscopic and microscopic tools,
including spectrophotometry (SP), spectroscopic ellipsometry (SE), and angle-resolved
scattering (ARS), were applied and supplemented with X-ray reflectometry (XRR), white
light interferometry (WLI), and scanning electron microscopy (SEM). In previous studies,
we extensively investigated the nucleation, layer formation, and morphology of Ir ALD
thin films [25,32]. The nonlinear optical properties of Ir ALD coatings were calculated using
the Maxwell Garnett theory for their third-order susceptibility [33] and compared with
experimentally obtained values using the femtosecond z-scan technique.

2. Materials and Methods

Deposition: Amorphous fused silica (FS) samples with ultra-flat surfaces were used as
substrates. The typical AFM (1 × 1 µm2) root-mean-square (rms) surface roughness was
about 0.26 nm. Their cleaning was performed with a multi-stage, ultrasonic-assisted bath
cleaning system (Elma Schmidbauer, Singen, Germany) with alternating surfactants and
water (H2O) baths followed by a deionized, ultra-pure H2O bath.

The depositions were performed with a commercial SunALE R-200 Advanced ALD
system (Picosun Oy, Masala, Finland) with iridium(III) acetylacetonate (Ir(acac)3) and
molecular oxygen (O2) as precursors [25,32,34]. A heatable wafer chuck ensured a substrate
temperature of 380 ◦C. One Ir ALD cycle consisted of 6 s of Ir(acac)3 pulse, 60 s of purge,
2 s of O2 pulse, and 6 s of purge with molecular nitrogen (N2) as the purging gas. By tuning
the growth cycles (30–400 cycles), Ir coatings with NPs and ultrathin films were grown
with an effective thickness varying between 1.6 nm and 25 nm.

Characterization: The structural properties of our Ir coatings were determined through
XRR, WLI, and SEM. For the XRR measurements, a D8 Discover diffractometer (Bruker
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AXS, Karlsruhe, Germany) with Cu Kα radiation (λ = 0.154 nm), 40 kV cathode current, and
40 mA acceleration voltage in Bragg-Brentano geometry was used. A NewView 7300 system
(Zygo, Middlefield, CT, USA) with 50× magnification was used for WLI measurements.
SEM images were obtained with a field-emission SEM Hitachi S-4800 (Hitachi, Tokyo, Japan)
using 0.7 kV acceleration voltage and 2.0–3.2 mm working distance. The open-source image
processing program ImageJ [35] was used to analyze the SEM images.

The linear optical properties were determined using SP, SE, and ARS. Reflectance R,
transmittance T, and optical losses OL = 1-R-T from 200 nm to 2200 nm were measured
with a two-beam spectrophotometer Lambda 900 (PerkinElmer, Waltham, MA, USA) at 6◦

angle of incidence. The ellipsometric parameters, including amplitude ratio Ψ and phase
shift ∆, from 190 nm to 980 nm were determined with a spectroscopic ellipsometer SE850
DUV (Sentech Instruments, Berlin, Germany) at angles of incidence between 40◦ and 70◦.
The optical constants of Ir, namely the effective refractive index n and extinction coefficient
k, were evaluated using the SpetraRay/4 (Sentech Instruments, Berlin, Germany) software
package by fitting the Ψ and ∆ data. Therefore, a three-layer model consisting of an FS
substrate, an effective Ir layer using a Drude–Lorentz model with five oscillators, and the
surface roughness as an effective-medium-approximation (EMA) top layer according to
Bruggeman were applied. As determined by XRR, the thicknesses of the effective Ir layer
and EMA layer were kept constant during the fit procedure. ARS was performed using an
ALBATROSS-TT system (Fraunhofer IOF, Jena, Germany) at normal incidence and 405 nm
wavelength with a 3 mm illumination spot in forward and backward scattering [36].

Nonlinear optical properties were investigated using the z-scan technique. A home-
built non-colinear optical parametric amplifier driven by an Ytterbium-based fiber laser
(Active Fiber Systems, Jena, Germany) with a 100 kHz repetition rate was used as the
light source. Following this, we selected the fundamental wavelength at 700 nm using a
40 nm bandpass filter resulting from a typical 100 fs pulse. An achromatic lens focused
the laser light with a focal length of 10 mm, and the beam waist at the focus position was
about 48 µm. The open aperture (OA) and closed aperture (CA) z-scan measurements
of the Ir NP layers were performed simultaneously under an average incident power of
80 mW, corresponding to a laser intensity of about 218 GW/cm2 at the focus position. Here,
the laser intensity was chosen so that the signals from the Ir NP samples could be clearly
distinguished from substrate contributions. The samples were mounted on a motorized
linear translation stage, which allowed scanning through the beam’s focus. In order to
reduce the thermal effects accumulated on the sample surfaces, a mechanical shutter was
placed in front of the sample. This shutter was switched on for 100 ms for each z-position
and then switched off while the sample was moved to the next z-position. The OA and
CA signals were detected using two biased Si photodiodes (DET10A2, Thorlabs, Newton,
NJ, USA) and then demodulated with two lock-in amplifiers (SR830, Stanford Research
Systems, Sunnyvale, CA, USA) at laser repetition rate.

Simulation: The Maxwell Garnett (MG) and Bruggeman (BG) theories [33,37] were
employed to model the optical properties of the Ir coatings, using their layer thicknesses
and surface coverages as determined using XRR and SEM, respectively. Standard MG
assumes spherical material inclusions (Ir) inside a host matrix (air) with a volume fill
fraction f in quasi-static and dipolar approximation. However, particle–particle interactions
are not considered, so that MG loses its validity with increasing fill fraction. The local field
enhancement factor η for spherical inclusions is

η =
ε1 − ε2

ε1 + 2ε2
(1)

with the permittivity of the spherical Ir inclusions ε1 and air as host material ε2. The
effective permittivity εMG in the MG theory is calculated from

εMG = ε2
1 + 2fη
1− 2fη

(2)
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and simulates the permittivity for a homogeneous material consisting of the two materials.
This strict quasi-static approximation can be lifted by considering a dipolar Mie term [38],
which is relevant for larger particle sizes.

On the other hand, the BG theory enables more complex mixtures of the constituents
by not assuming a specific shape but rather by including a polarization factor p. Moreover,
there is no distinction between the composite into a host and inclusion material. The
effective permittivity εBG is obtained from

2

∑
m=1

εm − εBG

εBG + p(εm − εBG)
= 0 (3)

with an analytical solution for two constituent materials. The corresponding complex
refractive index ñ = n + ik is obtained from ñ =

√
εEMA. In thin-film calculations based on

Fresnel coefficients, this is used to include the layer thickness of different Ir ALD coatings.
Nonlinear extensions for both MG [39,40] and BG [41,42] theories exist and were

adapted to analyze Kerr nonlinearities at the incident frequency for the ultrathin Ir NP
layers on FS in air [33]. First, the Mie resonances of Ir NPs with frequenciesω0(R) depending
on the particle size d = 2R were calculated. Second, we adjusted the third-order electron
response to a third-order nonlinear bulk susceptibility in Lorentzian form [40,43]:

χ
(3)
1 (R) =

a
D(ω, R)2 D(ω, R) D(−ω, R)

=
a

D(ω, R)2 |D(ω, R)|2
(4)

with the denominator D(ω, R) = ω2
0−ω2− iΓω [40]. The contributions of air as a host ma-

terial and FS as substrate with χ(3)2 = 1.77× 10−25 m2/V2 and χ(3)FS = 2.5 × 10−22 m2/V2,

respectively, are small compared to the χ(3)1 (ω→ 0) limit. This is consistent with experi-
mental observations comparing measurements in vacuum and air. The low-frequency limit,
known as Miller’s rule [44], allows for estimating the nonlinear coefficient in varying host
materials, which leads to χ(3)1 (ω→ 0) = 1.98× 10−19 m2/V2 for a particle size of 5 nm.
In the composite material, assuming nonlinear properties from both Ir NPs and the host
environment, the nonlinear MG expression becomes [39,40]

χ
(3)
eff = fν2|ν|2χ(3)1 + (1− f + xf)$2|$|2χ(3)2 (5)

with
ν =

εMG + 2ε2

ε1 + 2ε2
, (6)

$ =
εMG + 2ε2

3ε2
, (7)

and
x =

8
5
η2|η|2 + 6

5
η|η|2 + 2

5
η3 +

18
5

(
η2 + |η|2

)
(8)

All these factors describe different enhancement processes of the system at different
orders. With the third-order susceptibility of bulk and Ir coatings, the nonlinear refrac-
tive index n2 and absorption coefficient β are presented in Table S1 in the Supporting
Information according to the formalism established previously [44].

Finally, we computed the overall optical properties from
→
P = ε0εtot(ω, R)

→
E(ω) with

Etot(ω, R) = εMG(ω) + 3χ(3)eff (ω, R)
∣∣∣∣→E ∣∣∣∣2 + χ(3)eff (3ω, R)

→
E
→
E, (9)

including Kerr nonlinearities at the fundamental wavelength (FH). The third harmonic
term was considered separately for evaluating third-harmonic generation processes as it
gives vanishing contributions far-off its resonance. This material model, together with
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the scattering matrix theory, was used to describe a system of effectively homogeneous
layers [33].

3. Results

Linear optical properties. Figure 1 shows the measured reflectance R, transmittance
T, and calculated optical losses OL = 1-R-T spectra of Ir ALD coatings on FS substrates
with ALD cycles varying from 30 to 400 cycles. With increasing ALD growth cycles, initial
changes in the optical properties emerge in the deep ultraviolet (DUV) spectral range
for small cycle numbers. While the reflectance of the Ir coatings up to 45 cycles (light
green) is nearly identical to the bare FS substrate (red), the transmittance around 200 nm
wavelength decreases, and consequently, the optical losses increase. These coatings are in
the regime of nanoparticle growth, as confirmed through extensive SEM investigations [32].
Further information on the surface roughness of such Ir coatings by means of atomic force
microscopy (AFM) was incorporated in detail in our previous work [32]. With several
tens of cycles, the grown Ir NPs have a weak Mie scattering of localized surface plasmons,
and more intense interband transitions dominate in the DUV spectral range. About 60 Ir
ALD cycles lead to about 20% optical losses around the 230 nm wavelength with very low
scattering losses (see also Table 1).
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Figure 1. (a) Reflectance, (b) transmittance, and (c) optical losses of iridium (Ir) coatings deposited
on fused silica (FS) using different atomic layer deposition (ALD) cycles. Additionally, top-view
scanning electron microscopy (SEM) images are shown for selected coatings with 60 and 100 ALD
cycles in which Ir appears bright on the dark-appearing FS surface.

Table 1. Properties of Ir ALD coatings deposited on FS. The effective Ir layer thickness and density
were analyzed using X-ray reflectometry (XRR), white light interferometry (WLI), and XRR for
surface roughness.

Sample ID
Number of

ALD
Cycles

Ir
Thickness
XRR (nm)

Ir
Density

XRR (g/cm3)

Ir Surface Roughness (nm) Optical Losses
@ 405 nm (%)

Total Scattering
@ 405 nm (ppm)XRR WLI

1 30 1.6 ± 1.0 8.5 ± 2.0 0.4 ± 0.2 0.5 ± 0.1 3.1 ± 0.5 174 ± 17

2 45 2.0 ± 1.0 4.1 ± 2.0 0.8 ± 0.2 - 2.7 ± 0.5 40 ± 4

3 60 3.0 ± 1.0 11.8 ± 1.0 1.0 ± 0.2 0.5 ± 0.1 14.5 ± 0.5 252 ± 25

4 75 4.0 ± 1.0 18.0 ± 1.0 1.2 ± 0.2 - 24.2 ± 0.5 -

5 100 5.7 ± 1.0 20.1 ± 0.5 0.9 ± 0.2 0.6 ± 0.1 37.5 ± 0.5 711 ± 71

6 150 8.7 ± 1.0 22.5 ± 0.5 1.4 ± 0.2 0.9 ± 0.1 37.8 ± 0.5 79 ± 8

7 200 11.7 ± 1.0 22.3 ± 0.2 1.2 ± 0.2 0.9 ± 0.1 36 0 ± 0.3 236 ± 24

8 250 14.3 ± 1.0 22.3 ± 0.2 1.1 ± 0.2 0.4 ± 0.1 34.8 ± 0.3 217 ± 22

9 400 24.7 ± 1.0 22.4 ± 0.1 0.9 ± 0.2 0.4 ± 0.1 31.5 ± 0.3 87 ± 9

From about 100 Ir ALD cycles, the reflectance increases significantly in the whole
spectral range from 200–2200 nm. As an indicator for the formation of continuous metallic
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films, such an increase in reflectance was also reported in evaporated Au [45] and Ag [46]
coatings. Iridium coatings with more than 75 cycles exhibit pronounced OL of about
10%–40% in the IR spectral range. The initial Ir ALD thin-film formation follows the
Volmer–Weber growth type. Similar to physical vapor deposition processes, these small
Ir NPs continuously grow, coalesce, form a coherent network, and finally form a closed
ultrathin film (see also Supplementary Figure S1). The sizes of the isolated NPs range
from 2–20 nm [32], which results in absorption and low Mie scattering in the UV spectral
range. The total scattering (TS) of these Ir coatings, depending on their number of ALD
cycles, is given in Table 1 and Supplementary Figure S4. This total scattering is most
pronounced at 100 ALD cycles when an interconnected network has formed. However, the
total scattering with TS < 0.1% is negligible compared to the overall optical losses of up to
40%, which means that (dissipative) absorption mainly causes the optical losses. Therefore,
the exceptionally high absorption at 100 cycles could be mainly due to the light confinement
effect, particularly in the IR region. For comparison, the OL and TS of these Ir ALD coatings,
as well as their effective layer thicknesses, densities, and surface roughnesses, are listed in
Table 1.

The effective linear refractive index n and extinction coefficient k of the Ir coatings were
determined using spectroscopic ellipsometry. The accuracy of this ellipsometry analysis is
supported by variable angle spectroscopic ellipsometric measurements, as summarized in
Supplementary Figures S2 and S3. A good agreement between the measured and fitted
Ψ and ∆ parameters can be seen for angles of incidence between 40◦ and 70◦. Figure 2a,c
demonstrate the dispersion profiles of Ir coatings up to 400 ALD cycles. For thin and fully
closed Ir films, the determined optical constants reach nearly the bulk values. While the
system remains in the NP growth regime up to 45 ALD cycles, the optical constants are
relatively low. As the Ir NP system approaches the percolation threshold between 75 and
100 cycles, a significant rise in the optical constants can be observed.
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(MG) theory.
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Additionally, the effective optical constants were numerically simulated using the
Maxwell Garnett (MG) approach, wherein spherical Ir NPs are embedded in a host (air)
matrix. Figure 2b provides a rough estimation of these dispersion profiles showing an
increasing trend in the refractive index n as the Ir surface coverage increases. However, the
extinction profiles were not suitably predicted by the MG model, especially for Ir coatings
above the percolation threshold, as the MG approach is limited to a higher fill fraction of
iridium inclusion. In addition, the large extinction coefficient of metallic inclusions and the
resulting strong contrast in the refractive index to the host material lead to discrepancies in
EMA theories. The growth of iridium in the nucleation regime depends very much on the
process conditions, and slight deviations in the sizes of the particles or the surface coverages
result in significant variations in the reflectance, transmittance, and optical losses.

The third-order nonlinearity of Ir NP systems with 30, 45, and 60 ALD cycles was
then investigated experimentally using the z-scan technique. Figure 3 shows a typical
measurement for an Ir NP coating with 45 cycles. The normalized open aperture (OA)
measurement shows a weak positive peak at around Z = 0, while no OA signal can be found
from bare FS. The positive OA signal corresponds to saturable or two-photon absorption.
This result can be fitted as follows:

T(x) =
∞

∑
m=0

[
−q0

]m

(m + 1)3/2 , (10)

q0 =
βI0Leff

1 + x2 , (11)

where x = z/z0, z0 is the diffraction length of a Gaussian laser beam, β is the nonlinear
absorption coefficient, Leff =

(
1− e−

α0
L

)
/α0 is the sample’s effective length, α0 is the

sample absorption coefficient, and L is the sample thickness. The values of α0 can be
extracted from the linear measurement results. The fitted β value for the sample with 45 Ir
ALD cycles is −3.35 × 10−8 m/W.
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Figure 3. Normalized transmittance of z-scan measurements for (a) open aperture (OA) and
(b) closed aperture (CA) for an Ir coating with 45 ALD cycles.

In the CA measurement, the derivative shape curve originates from the nonlinear
Kerr effect of the material. As shown in Figure 3b, the normalized CA transmittance first
decreases for the sample at the position before the focus (Z < 0) and then increases after the
focus (Z > 0). This curve indicates a positive Kerr effect, corresponding to self-focusing in
the sample. Normalized CA transmittance can be fitted with the following formula [47]:

T(x) = 1 +
4x∆Φ

(1 + x2)(9 + x2)
+

4
(
3x2 − 5

)
∆Φ2

(1 + x2)
2
(9 + x2)(25 + x2)

+
32

(
3x2 − 11

)
x∆Φ3

(1 + x2)
3
(9 + x2)(25 + x2)(49 + x2)

, (12)
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where ∆Φ is the on-axis phase shift and ∆Φ = 2π/(λn2I0Leff), λ is the fundamental
wavelength, I0 is the on-axis intensity at the focus, and n2 is the fitting parameter for the
Kerr coefficient. Since the bare FS substrate contributes significantly to the CA signal, the
actual n2 value of the sample is obtained by subtracting the fitted n2 value of the substrate
measured separately as a reference (see Supplementary Figure S6). The n2 of the sample
can be obtained as 1.86 × 10−15 m2/W, and the one measured from the bare FS substrate is
around ~−2.11 × 10−20 m2/W. The measured n2 value of the bare FS agrees well with the
results reported [48,49], which could verify the fidelity of our measurement. The relatively
large n2 arises from the Ir NP sample. The thermal effect could affect the measured n2
value; note that our laser pulse duration is about 100 fs and thus the thermal effect arising
from the acoustic wave can be neglected [50].

The real part and imaginary part of the third-order susceptibility χ(3) of the samples
can be calculated in SI units:

χ
(3)
Re =

(
4
3

)
n0ε0c(n0n2 − k0k2) (13)

and

χ
(3)
Im =

(
4
3

)
n0ε0c(n0k2 + k0n2), (14)

where n0 and k0 = λα/4π are the linear refractive index and extinction coefficient, re-
spectively, and k2 = λβ/4π is the nonlinear extinction coefficient. The experimentally
determined n2, β, and χ(3) values of the three measured samples are given in Table 2.

Table 2. Experimental (exp) and simulated (sim; with fitted third-order susceptibility at 700 nm
wavelength) values of nonlinear refractive index n2, nonlinear absorption coefficient ß, and third-order
susceptibility χ(3) of selected Ir NP samples at the 700 nm fundamental wavelength.

Number of
ALD Cycles

n2
(10−15 m2/W)

(exp)

n2
(10−15 m2/W)

(sim)

β
(10−8 m/W)

(exp)

β
(10−8 m/W)

(sim)

Ir Susceptibility
(10−17 m2/V2) (exp)

Ir Susceptibility
(10−17 m2/V2) (sim)

Re(χ(3)) Im(χ(3)) Re(χ(3)) Im(χ(3))

30 1.77 ± 0.11 4.22 −4.01 ± 0.33 −7.44 3.24 ± 0.21 −3.17 ± 0.27 3.52 −3.41

45 1.86 ± 0.10 2.15 −3.35 ± 0.27 −3.52 2.44 ± 0.14 −2.08± 0.17 2.66 −2.24

60 1.69 ± 0.13 2.95 −2.88 ± 0.12 −3.54 6.53 ± 0.35 −3.53± 0.32 7.28 −3.80

Simulations of the third-order nonlinearity of Ir NP systems were performed in the
framework of nonlinear MG theory at wavelengths following the z-scan measurements.
Figure 4a,b compare the experimentally determined third-order effective susceptibility as a
function of the fill fraction with the prediction from Miller’s rule. Both the bulk nonlinearity
in terms of the third-order susceptibility from Equation (4) and effective susceptibility from
MG theory Equation (5) do not show substantial variation with particle size. Thus, they are
assumed to be constant at the 700 nm FH far-off the resonance and third harmonic (TH,
233.3 nm) (see Figures 4c and S5). The NP size distribution in the films should be accounted
for when particle sizes are above 10 nm or when the fundamental is particularly close to the
local surface plasmon resonance. Due to the amorphous mixing of Ir NPs with air on the FS
substrate, the effective third-order nonlinear susceptibility is strongly reduced in films with
low particle density, represented by the volume fill fraction f. Here, we consider the three
films with the lowest effective thickness according to Table 1. Increasing the fill fraction
further leads to unphysical results from this EMA, as already seen for the linear results.
Fully closed films are correctly represented by the f = 1 (bulk) limit. Larger fill fractions,
as shown in Supplementary Figure S5b, yield a stronger nonlinear response (real part of
the susceptibility, solid lines); however, the absorption (imaginary part of the susceptibility
represented by dashed lines) is also increased and added to the linear permittivity with
the third power of the local fields. At some larger NP densities, the absorption starts
to dominate. Our comparative study reveals that the theoretical calculations predict a
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15 × 105-fold increase in the bulk susceptibility at the fundamental wavelength (700 nm)
when amorphous gold films were used instead of iridium. In contrast, an enhancement for
the iridium films grown with 60 ALD cycles is predicted around the 233 nm wavelength.
Compared to the fundamental wavelength applied in these experiments, the effective
susceptibility using the DUV wavelength (≈233 nm) is about 5 × 106-fold larger than at
700 nm. These differences between the metals arise in the local field enhancement at the
FH. While gold reaches enhancement factors ~100, the enhancement factors of iridium
in Equation (5) are in the order of ~1 . . . 35 at the 700 nm wavelength. More cases are
discussed in the Supplementary Material and in our previous work [33].
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Figure 4. (a,b) Real and imaginary parts of the effective susceptibility at the 700 nm fundamental
wavelength (FH) for Ir coatings depending on the fill fraction. (a) The values with experimentally
determined χ(3) and fill fraction values. (b) Values derived from Miller’s rule. (c) Bulk Ir susceptibility;
the real (solid) and imaginary (dashed) parts are shown for data fitted to the three experimental results,
yielding three slightly different nonlinear coefficients a = bω8

p, with b = (−1.12− i0.15)× 10−15 m2/V2

blue curves), b = (−5.08 − i0.46) × 10−15 m2/V2 (red curves), b = (−2.55 − i0.2) × 10−13 m2/V2

(black curves), and the result according to Miller’s rule (green curves). (d) Shift of the localized
surface plasmon resonance (LSPR, top panel) and Ir susceptibility according to Miller’s rule (bottom
panel) affected by an ultrathin shell of water (blue) and CH2-CH-CHO (green) surrounding the Ir
nanoparticles in air. In addition, we compared single Ir NP in the classical local response approxi-
mation (LRA, black curves) and the size-induced quantum shift from the nonlocal optical response
(NOR, red curves).

We explored the influence of thin coatings around the Ir NPs using impurities such as
a water film (n = 1.33) or a shell of CH2-CH-CHO (acrylic aldehyde, n = 1.367) in Figure 4d.
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The upper panel shows the dependence of the local surface plasmon resonances of Ir NPs
in air with varying sizes. Uncoated Ir NPs (black curves) show a negligible dependence
on size, as discussed above, which is the classical Mie result within the local response
approximation (LRA). Quantum-size and confinement effects can be included through
nonlocal optical response (red curves, NOR) [51]. These effects lead to a blueshift in the
resonance position (red curves), effectively reducing third-order susceptibility. However,
the effect of a thin 0.5 nm coating on the resonance position is much stronger than the
finite-size effect. The refractive indices of pure water and the considered CH2-CH-CHO
compound are close to each other, therefore, the observed redshift from the Ir-core-shell
structures is similar (blue and green curves). Through Equation (4), this resonance shift
enters the third-order nonlinear susceptibility shown for the low-frequency limit following
Miller’s rule in the lower panel of Figure 4d. For the smallest Ir NP size, the presence of an
aqueous coating can increase the susceptibility by up to one order of magnitude, pushing
the Mie resonance of Ir NPs closer to the wavelength of the incoming laser field.

Thus, the considered coating brings the susceptibilities closer to the experimentally
observed values compared to the standard approach and hints towards the importance of
considering a thin film of water or hydrocarbon forming on the Ir NPs exposed to air.

Two central problems arise in this theoretical description. Firstly, this approach to
nonlinear optical properties of amorphous Ir thin films is instantaneous, and the shape and
duration of the excitation pulse are not accounted for. Studies on gold films [52] show that
the length of the pulse duration has a tremendous impact on the third-order nonlinear sus-
ceptibility, shifting it over orders of magnitude for longer pulses. However, our theoretical
result, being instantaneous, is at the limit of vanishing pulse duration. Several orders of
magnitude worth of differences between theoretical results and measurements are, thus,
not surprising. This could be amended by fitting the power law observed in gold [52] to
our Ir coatings by measuring their nonlinear optical response for varying pulse durations
and accounting for this effect in calculating the nonlinear susceptibility.

Second, the 233 nm wavelength is very close to the Mie resonance of nano-sized Ir
particles. Thus, the effective Ir susceptibility values are largely increased compared to the
off-resonant case at the fundamental wavelength of 700 nm, which was used here and can
become even larger than the corresponding bulk values. Additionally, the amorphous mix-
ing in the Maxwell Garnett theory at very low fill factors is dominated by the nonlinearity
of the host, which defines a lower limit. Air has a nonlinear coefficient several orders of
magnitude lower than the FS substrate; however, the influence of a substrate cannot be
accounted for within the MG theory. As the studied Ir NP layers are only a few nanometers
thick, their interactions with the substrate cannot be neglected (compare Supplementary
Figure S5 for Ir NP at the FS/air interface). A self-consistent approach for the nonlinear
optical properties of thin amorphous composite films depending on their thicknesses was
recently realized in our work [33].

Extensive studies have been conducted on different gold nanoscale systems using the
z-scan technique. For example, the nonlinear refractive index n2 of Au NP in colloid [53]
shows ≈1 to 2 × 10−17 m2/W, an Au-SiO2 composite system [54,55] indicates an n2 of
0.4 to 8.9 × 10−14 m2/W, and a periodic nanostructured film [56] of 14 nm gives rise to
n2 of 9.2 × 10−13 m2/W. An increase in n2 has been observed in Au NP aggregate film
(≈9.2 × 10−13 m2/W) due to local field enhancement compared to 8 nm Au film [57]
possessing n2 of 6.5 × 10−13 m2/W. Various studies reported on the nonlinear optical re-
sponse from a wide range of nanoscale materials, such as large n2 in an indium tin oxide
layer (6 × 10−14 m2/W) at epsilon-near-zero conditions [16], 2D WS2 [47] with an n2 of
about 8 × 10−13 m2/W, two-photon absorption coefficient of TiO2 thin films [58] at about
2–5× 10−13 m/W, 5 nm Au thin film [59] with a nonlinear absorption coefficient as large as
≈ 1.9 to 5.3× 10−5 m/W, and 2D BiOBr nanoflakes with n2≈ 10−14 m2/W and ß≈ 10−7 m2/W,
respectively [60]. Hence, compared to other nanoscale materials, the third-order nonlinear
optical response of 3–5 nm Ir coatings possesses decent strength. With the incorporation of such
ultrathin Ir NPs in various dielectric matrices, one could pave the way to signal enhancement.
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Currently, such composite materials are being investigated for both second and third-harmonic
generation at VIS/NIR wavelengths.

While the nonlinear refractive index of Ir nanoparticles at the 700 nm wavelength
(n2 ~10−15 m2/W) is slightly lower than for the materials mentioned above, a promis-
ing enhancement is predicted when using a DUV fundamental wavelength at 233 nm.
Noteworthily, such large nonlinear optical constants are obtained for the above-mentioned
materials at particular wavelengths with strong enhancement conditions. Epsilon-near-zero
conditions typically lead to these large nonlinearities, while off-resonance values are lower
by 3–4 orders of magnitude. The Mie resonance condition of Ir possibly enhances the
nonlinear optical properties at DUV wavelengths. However, the expected TH wavelength
is in the vacuum UV range, and such measurements cannot currently be carried out in
our laboratories. Further developments in high-power, ultrashort pulsed UV lasers would
open new possibilities to investigate such novel material systems. The search for new and
stable material systems is essential to address these applications.

4. Conclusions

In this work, we systematically investigated the linear and nonlinear optical properties
of Ir nanoparticle coatings grown via atomic layer deposition. Various spectroscopic and
microscopic techniques have been applied to probe the linear optical properties of these
Ir NP systems. The variation in linear optical properties (e.g., optical spectra, dispersion
profiles) is evident based on the nanoparticle density of Ir NP coatings. Further, we
implemented a combined experimental and theoretical approach to estimate the third-
order susceptibility of Ir NP coatings. A large third-order susceptibility (≈10−17 m2/V2)
was observed using the z-scan technique with 3–5 nm Ir functionalization. This work
demonstrates the potential of ultrathin Ir NPs as an alternative nonlinear optical material
at an atomic scale. This approach opens a gateway to develop new engineered materials,
for instance, based on incorporating iridium within dielectric matrices, and explore the
tunability of their material properties. Increasing interest in deep and vacuum ultraviolet
nonlinear applications might prompt the use of such materials.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/coatings13040787/s1, Figure S1. (a) Effective Ir layer thickness
(black) and layer density (red) of iridium coatings deposited on fused silica (FS) depending on the
number of atomic layer deposition (ALD) cycles. In certain regions, the film growth is linearly
fitted (black and blue lines) with corresponding growth per cycle (GPC) and nucleation delay (ND)
indicated. (b) Surface coverage (black) and layer density (red) determined using scanning electron
microscopy (SEM) images and X-ray reflectometry (XRR), respectively, with exponentially saturating
fit curves (black and red lines) depending on the Ir layer thickness. Figure S2. Experimental and
fitted ellipsometric amplitude ratio (black) and phase shift (red) of Ir coatings with (a) 30, (b) 100, and
(c) 250 ALD cycles. The ellipsometric parameters (exemplary at 70◦ angle of incidence) were fitted
using a Drude–Lorentz model with five oscillators, considering the surface roughness with an
effective-medium-approximation (EMA) layer. Figure S3. Experimental and fitted data of the
ellipsometric (a) amplitude ratio and (b) phase shift of an Ir coating with 75 ALD cycles. The
ellipsometric parameters at different angles of incidence were fitted with excellent agreement over
the whole spectral range. Figure S4. (a) Angle-resolved scattering (ARS) of selected Ir coatings
whereby the scatterometer measures the entire forward and backward hemisphere. (b) Total scattering
(TS, black), consisting of near-angle scattering (red) and far-angle scattering (blue), of Ir coatings
depending on their number of ALD cycles measured at the 405 nm wavelength. Scattering is most
pronounced at 100 cycles but overall negligible compared to the dissipative absorption. According
to ISO 13696, total scattering is determined through the ARS integration from θS = 2.0–85◦ in all
directions; near-normal ARS from 2.0–30◦; far-normal ARS from 30–85◦. Figure S5. (a) Bulk Ir
susceptibility with the real (solid) and imaginary (dashed) parts shown separately. Next to fitting
the three selected samples, we show the case based on Miller’s rule (green curves). (b) Real and
(c) imaginary parts of the effective Ir susceptibility for amorphous Ir coatings depending on particle
size, using the experimentally determined fill fraction and layer thickness at the 233 nm wavelength.

https://www.mdpi.com/article/10.3390/coatings13040787/s1
https://www.mdpi.com/article/10.3390/coatings13040787/s1
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The solid curves originate from the experimentally fitted z-scan data at different ALD cycles, and
the dashed curves are derived from Miller’s rule. Table S1. Third-order nonlinear susceptibility
calculated from the nonlinear Maxwell Garnett theory with fitting to experimentally obtained values
for different samples. Table S2. Third-order nonlinear susceptibility as calculated from nonlinear
Maxwell-Garnett theory using Miller’s rule to obtain an analytic nonlinear amplitude. Figure S6.
Normalized z-scan closed aperture (CA) transmittance of a barefused silica substrate: experimental
data (black dots) and the fitted result (solid red curve).
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