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Abstract: Ultra-thin metallic films are widely applied in optics and microelectronics. However,
their properties differ significantly from the bulk material and depend on the substrate material.
The nucleation, film growth, and layer properties of atomic layer deposited (ALD) iridium thin
films are evaluated on silicon wafers, BK7, fused silica, SiO,, TiO,, Ta,Os5, Al,O3, HfO,, Ru, Cr,
Mo, and graphite to understand the influence of various substrate materials. This comprehensive
study was carried out using scanning electron and atomic force microscopy, X-ray reflectivity and
diffraction, four-point probe resistivity and contact angle measurements, tape tests, and Auger
electron spectroscopy. Within few ALD cycles, iridium islands occur on all substrates. Nevertheless,
their size, shape, and distribution depend on the substrate. Ultra-thin (almost) closed Ir layers grow
on a TayO5 seed layer after 100 cycles corresponding to about 5 nm film thickness. In contrast, the
growth on Al,O3 and HfO; is strongly inhibited. The iridium growth on silicon wafers is overall
linear. On BK?7, fused silica, SiO,, TiO,, Ta;Os, Ru, Cr, and graphite, three different growth regimes
are distinguishable. The surface free energy of the substrates correlates with their iridium nucleation
delay. Our work, therefore, demonstrates that substrates can significantly tailor the properties of
ultra-thin films.
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1. Introduction

The noble metal iridium (Ir) is applied in various areas, such as for optics [1],
sensors [2,3], and catalysts [4,5], as electrodes [6], protective layers [7,8], or hydrogen sepa-
ration membranes [9]. Among others, iridium is essential for different high-performance
optical elements, such as metal wire grid polarizers [10], Fresnel zone plates [11], and
curved grazing incidence mirrors [12]. For the conformal coating of these structurally
complex elements, atomic layer deposition (ALD) is the method of choice. Conventional
deposition techniques, like sputtering or evaporation, reach their technological limitations
for such micro-structured or strongly curved substrates. With optical elements becoming
more and more complex, the importance of conformal ALD coatings increases. Addition-
ally, ultra-thin metallic films with a thickness of few nanometers are widely desired for
optical and electrical applications but challenging to obtain.

Atomic layer deposition is a chemical deposition technique based on sequential
and self-limiting surface reactions. Each ALD cycle consists of four sequential steps:
precursor pulse, precursor purge, co-reactant pulse, and co-reactant purge. The two
gaseous precursors react exclusively with the available functional groups on the substrate
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surface. Purging steps with inert gas prevent undesired chemical reactions between the
precursors or their by-products. This process allows the deposition of conformal and
uniform thin films with precise thickness control. [13,14] Since the ALD layer formation
is based on chemical surface reactions, other growth mechanisms can occur. Chemical
conditions on the substrate surface combined with the precursors determine whether and
how a thin film forms. This principle fundamentally differs from conventional deposition
techniques, like sputtering or evaporation, in which the material source determines the
deposited amount of material.

Over the last 20 years, numerous new ALD precursors and processes for the noble
metals Ru [15], Rh [16], Pd [17], Ag [18], Os [19], Pt [20], Au [21], and Ir were developed
due to their outstanding physical properties and wide range of applications [22]. For
iridium, five precursors Ir(acac); [23], IrFg [24], Ir(CpEt)(cod) [25], Ir(CpMe)(chd) [26], and
Ir(CpEt)(chd) [27] are applied in ALD processes. Many studies report on optimizing process
parameters for different co-reactants [28,29] or special applications [30-33]. However, the
nucleation and growth of Ir ALD thin films on various substrates have not been investigated
yet in detail. The material properties and, consequently, the performance of devices depend
strongly on the substrate material.

This article aims to better understand the nucleation and layer formation of thin
metallic Ir films in thermal ALD processes using the Ir(acac); precursor. In particular,
the influence of different substrate materials on layer formation and layer properties is
investigated. Here, the optimized process parameters for the film growth of Ir (on silicon
wafers) were kept constant. The comprehensive results provide new insights into the
growth behavior of metallic ALD coatings and their interaction with the substrate materials.

The results of this article are divided into three parts. In the first part, the nucleation of
iridium, meaning the initial layer formation, is investigated on different substrate materials.
Therefore, primarily scanning electron microscopy (SEM) images were evaluated both
qualitatively and quantitatively. The second part is dedicated to the Ir layer growth from
nucleation via the formation of a closed layer towards film thickness growth. Mainly X-ray
reflectivity (XRR) and four-point probe resistivity measurement, as well as water contact
angle measurements, were applied. The third part focuses on the properties of thick Ir
coatings depending on the substrate materials. These properties were studied by atomic
force microscopy (AFM), X-ray diffraction (XRD), four-point probe resistivity measurement,
tape tests, and Auger electron spectroscopy (AES).

2. Materials and Methods
2.1. Substrate Materials

As bare substrates, silicon (Si) wafers with a native SiO, layer, borosilicate crown
glass (BK7), and fused silica were used. The single-crystalline Si wafers were p-doped,
(100)-oriented, and double-side polished with a surface roughness (1 x 1 um?) of about
0.15 nm root-mean-square (rms). The amorphous BK7 and fused silica substrates had a
surface roughness of 1.9 nm rms and 0.26 nm rms, respectively, and a diameter of 25 mm.
These substrates were cleaned with a multi-stage, ultrasonic-assisted bath cleaning system
(Elma Schmidbauer, Singen, Germany), which consisted of alkaline, tenside, and water
baths followed by a final bath of deionized ultrapure water.

In addition, seed layers of SiO,, TiO,, Ta;Os, Al,O3, and HfO; as well as Ru, Cr, Mo,
and graphite (C) were deposited on fused silica substrates before the iridium deposition.
All seed layers had a layer thickness of about 20 nm to exclude any influence of the bare
fused silica substrate. The metal oxide layers SiO, and Ta,Os [34], TiO, [35], Al,O3 and
HfO, [36] were deposited by ALD, as previously reported. The surface roughness of
these amorphous metal oxide seed layers is in the range of 0.4-0.5 nm rms. Metallic poly-
crystalline seed layers of Ru and Mo [37] and Cr [38] were deposited by physical vapor
deposition (PVD). For the deposition of amorphous C seed layers, an MRC-903 direct
current (DC) magnetron sputtering system with a carbon target and 1000 W cathode power
under pure argon (Ar) atmosphere and 0.1 Pa working pressure was used. The surface
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roughness of the PVD deposited seed layers of Ru, Cr, Mo, and C is about 0.3, 0.5, 0.9, and
0.4 nm rms, respectively. The process parameters of the seed layers deposited by ALD and
PVD are listed in Supplementary Tables S1 and S2, respectively. In Supplementary Table
S3, the properties of the substrate materials before the iridium deposition are summarized.
The cited references provide further information about the deposition tools, precursor
materials, layer properties, etc.

2.2. Atomic Layer Deposition

The ALD depositions were performed with a commercial ALD system SunALE R-
200 Advanced (Picosun Oy, Masala, Finland). Substrates (max. diameter 200 mm, max.
height 100 mm) were transferred into the deposition chamber via a load lock using a
magnetic manipulator arm. With this hot-wall deposition chamber and a heatable wafer
chuck, substrate temperatures of up to 650 °C can be realized. A dry-running scroll pump
(iXH 600, Edwards, Burgess Hill, UK) ensures a base pressure of less than 1 hPa. Excess
chemicals and reactive by-products were neutralized using a particle trap and absorber
column (Cleansorb® Stand-Alone, CS Clean Solutions, Ismaning, Germany). The ALD
system is located in an ISO class 5 cleanroom.

As precursors for the iridium deposition, iridium(IIl) acetylacetonate (Ir(acac)s) and
molecular oxygen (O;) were used at a substrate temperature of 380 °C. The Ir(acac)s
(CAS: 15635-87-7, Heraeus, Hanau, Germany) was heated in a Picohot™ 300 source to a
temperature of 200 °C to achieve a sufficient vapor pressure. To avoid condensation of
Ir(acac); in the lines between the precursor canister and deposition chamber, they were
heated to 230 °C. Ir(acac); was pulsed in bubbling mode with a flow rate of 135 sccm of
molecular nitrogen (N;) as delivery gas into the deposition chamber. The Ir deposition
consisted of the following ALD cycle (pulse and purge times):

Ir(acac)s pulse/N, purge/O, pulse/N, purge =65/605/25/6s.

The relatively long precursor purge time was necessary to prevent the formation of
blisters in the films [39]. Nitrogen (purity level 5.0, Linde, Munich, Germany) from a liquid
N, tank was used as purging gas. The flow rate of the co-reactant O, (purity level 4.5,
Linde, Munich, Germany) was 190 sccm.

Before the Ir ALD deposition, the substrates were cleaned in-situ using Ar plasma.
This cleaning removes carbon impurities from the surface of the substrates, which are
present due to contact with the atmosphere. The plasma was ignited for 60 s with a power
of 2000 W and an Ar (purity level 5.3, Linde, Munich, Germany) flow rate of 50 sccm. As a
plasma generator, the system integrated Litmas® remote plasma source (Advanced Energy
Industries, Denver, CO, USA) was used.

The Ir ALD deposition of the substrate materials all followed a rigid procedure. First,
the bare substrates and seed layers were transferred into the ALD deposition chamber and
heated up to 380 °C. All substrates always had an identical sample position to exclude
any influence of the sample position within the deposition chamber. Then, the substrates
were cleaned in-situ with the Ar plasma, and Ir coated with a defined number of ALD
cycles. Total deposition times ranged from about 40 min for 30 Ir ALD cycles to about
16.5 h for 800 cycles. Finally, the samples were transferred into the load lock, cooled down,
and exposed to air.

2.3. Characterization Techniques

Topography and surface roughness of the iridium coatings were determined by atomic
force microscopy (AFM) and scanning electron microscopy (SEM). For the AFM measure-
ments, the Dimension 3100 (Bruker, Billerica, MA, USA) equipped with a Nanoscope
controller (Digital Instruments, Tonawanda, NY, USA) was used at ambient conditions.
The used Si-tips had a typical radius of less than 10 nm. Sample areas of 1 x 1 um? and
2 x 2 pm? were scanned in tapping mode, and their surface roughness was calculated in
root-mean-square (rms). Scanning electron microscope images were obtained with the field
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emission SEM Hitachi S-4800 (Hitachi, Tokyo, Japan). Acceleration voltage and working
distance were set to 0.7-2.0 kV and about 3 mm, respectively. The secondary electron
detector provides a resolution of approximately 1-2 nm. The open-source image processing
program Image] was used to analyze the SEM images [40].

X-ray reflectivity (XRR) and X-ray diffraction (XRD) were applied to determine the
layer thickness, layer density, and crystalline structure of the coatings. For these measure-
ments, the X-ray diffractometer D8 Discover (Bruker AXS, Karlsruhe, Germany) with Cu
Ko radiation (A = 0.154 nm) in Bragg-Brentano geometry was used. Acceleration voltage
and cathode current were set to 40 kV and 40 mA, respectively. The XXR data were fitted
with the Bruker Leptos 7 software package. The size of the Ir crystallites in the layers was
estimated using Scherrer’s equation with a shape factor of K ~ 0.94 [41].

The percolation threshold and specific electrical resistance of the Ir coatings were
determined using a four-point probe resistivity measurement. As a current source and for
voltage measurement, the digital multimeters Keithley 2601 (Keithley Instruments, Solon,
OH, USA) and Keithley 2000 were used, respectively. The contact tips had a distance of
2.54 mm and were placed in the middle of the samples. The specific electrical resistance
was calculated with a correction factor of G = 4.344 [42].

For the bare substrates and seed layers, the surface free energy was determined by
wetting analysis. Therefore, the contact angle measurement system OCA20 (DataPhysics,
Filderstadt, Germany) with the software SCA20 was used. The (most stable) equilibrium
contact angle was determined by dynamic measurements using deionized water (H,O)
as measuring liquid under ambient conditions. For the surface free energy calculation,
the solid-liquid tension was determined using the equation of state by Neumann [43].
Additionally, AFM analysis of the samples was performed to exclude an effect of the
surface roughness on the measured contact angles. In order to evaluate changes in surface
free energy due to the Ir deposition, the substrate materials were also characterized after a
pre-treatment. This pre-treatment imitates the deposition conditions and equals the Ir ALD
deposition procedure with 30 cycles but without an actual Ir deposition.

The adhesive strength of the Ir coatings to the substrate materials was evaluated by
tape tests. These tape tests were carried out according to DIN ISO 9211-4 [44] with a 3M
853 tape (3M, Saint Paul, MN, USA) and severity level 02. If the Ir coating was adhesive
after a single tape test, the test was repeated a second time at the same area with the same
severity level.

Furthermore, the elemental composition of an Ir coating on a Si wafer was determined
by an Auger electron spectroscopy (AES) depth profile. An Auger cylindrical mirror
spectrometer (Varian Vacuum Division, Palo Alto, CA, USA) with a 5 keV electron beam
under an angle of incidence of 30° was used. For the depth profile, sputtering using
krypton (Kr) at an energy of 2 keV and a current of 10 pA was applied.

3. Results
3.1. Nucleation of Iridium ALD Thin Films

In order to investigate the nucleation of iridium layers on different substrate materials,
SEM images were obtained. Figure 1 shows top-view SEM images of Ir coatings depending
on the number of ALD cycles on Si wafers, BK7, and fused silica, as well as seed layers of
SiO; ALD, Ta,Os ALD, Al,O3 ALD, and C PVD. The number of ALD cycles was varied
between 30 and 200 cycles. Due to charging effects of the SEM electron beam on isolating
substrates, the image contrast is partly weak. However, the bright appearing Ir is clearly
distinguishable from the substrates appearing dark.
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Figure 1. Scanning electron microscope (SEM) images (top-view) of iridium (Ir) coatings depending
on the number of ALD cycles (columns) on Si wafers, BK7, and fused silica as well as seed layers of
Si0,, TapOs5, Al O3, and C (rows). Iridium appears bright on the dark substrate materials. The scale
bar in the bottom right corner is valid for all images.

ALD deposited Ir proceeds in the island growth mode (Volmer-Weber growth [45]) on
all SEM investigated substrates and seed layers. As Figure 1 demonstrates, small Ir islands
form on the substrate materials of Si wafers, BK7, fused silica, SiO, ALD, Ta,Os ALD, Al,O3
ALD und C PVD. The size, shape, and distribution of the individual islands vary on the
different substrate materials. In the initial states of nucleation, the Ir islands have a diameter
of several nanometers, which then continuously increases. Depending on the substrate
material, nucleation may be delayed. Whether a thin wetting layer is present or not cannot
be concluded unambiguously from these SEM images and is currently investigated to
elucidate the growth mode within the first few ALD cycles of the deposition. Notably,
the SEM analysis provides the snapshot of the film morphology ex-situ, after cooling and
exposure to air, whereby changes due to the environment also cannot be excluded.

The nucleation and film growth of Ir on Si wafers shows the typical behavior of noble
metals on dielectric surfaces. Small islands of Ir form on the substrate surface (30 cycles)
and grow continuously. Due to liquid-like coalescence, neighboring islands touch and form
larger particles (45-60 cycles). Consequently, the particle density decreases. Gradually,
a coherent network forms (about 75-100 cycles), in which the remaining channels (after
100 cycles) and finally the holes (after 150 cycles) are filled up. On BK7 and the Ta;Os
ALD seed layers, the Ir nucleation behaves similarly. The Ir particles on BK7 are slightly
smaller, and their particle density is higher. On TayOs, the nucleation appears slightly
delayed, which is compensated by improved coverage of the surface. Finally, the Ir layers
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on Si wafers, BK7, and Ta;Os5 ALD seed layers are almost fully closed after about 150-200
ALD cycles.

The layer formation of Ir on fused silica, SiO; ALD, and C PVD is slightly inhibited
compared to the above materials. On fused silica and SiO; seed layers, tiny Ir islands are
visible at 30 cycles. Due to charging effects of the SEM electron beam, the image contrast
is very weak. However, on the C seed layer, these Ir islands are better visible. On fused
silica, S5iO,, and C, the density of Ir islands and coalesced particles is lower than on the Si
wafers, BK7, and Ta;Os seed layers. At about 100 cycles, a coherent network with relatively
broad channels and large holes is present. These channels and holes close comparatively
slowly. After 200 cycles, the Ir layers are almost closed, but channels and holes are still
visible (dark areas in SEM images).

On the AL;O3 seed layers, the delayed nucleation of Ir is most prominent. After
3045 cycles, no Ir islands are visible; after 6075 cycles, small particles are sporadic. Only
after 100 cycles, the Ir islands are significantly present, with coverage and particle density
similar to SiO, after 45 cycles. These particles grow and coalesce (about 150 cycles), but
no coherent network is achieved after 200 cycles. At this stage, the Ir layers on the other
substrate materials already have an almost closed layer.

Figure 2 shows the particle size distribution and surface coverage of Ir coatings
exemplary on Si wafers and SiO, ALD seed layers depending on the number of applied
ALD cycles. The particle size and surface coverage were obtained from the SEM images
using the image processing software Image]. Here, the distribution of the particle size
is shown in combination with a box plot. The elements of the box plot are explained in
Figure 2a. On Si wafers, the Ir islands have an average diameter of about 7.4 nm after 30
ALD cycles, as Figure 2a illustrates. The size of the particles increases continuously and
achieves about 16 nm at 150 cycles. Nevertheless, the separation and size determination of
several connected particles is hardly possible at this stage. The surface coverage on the Si
wafers with Ir increases strongly and is about 91% at 100-150 cycles.
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Figure 2. Particle size distribution and surface coverage of Ir coatings depending on the number of
ALD cycles on (a) Si wafers and (b) SiO, ALD seed layers. Particle size and surface coverage were
obtained from SEM images using the program Image]J. Elements of the box plot are explained in (a).

The particle size distribution and surface coverage of Ir coatings on SiO; ALD seed
layers depending on the number of ALD cycles is shown in Figure 2b. For 30 cycles,
the average diameter of Ir particles is about 2.7 nm, with less than 1% surface coverage.
The particle size increases continuously to about 10.7 nm at 75 cycles and about 22 nm at
150 cycles. However, the separation of connected particles and the determination of their
size is difficult at this stage. The coverage of the SiO, surface with Ir increases to about 50%
at 75 cycles and about 82% at 150 cycles. Compared to the Si wafers, the Ir particles are
about 6 nm (on average) larger at 150 cycles, but the surface coverage is about 10% lower.

To summarize, the nucleation of Ir layers on different substrate materials was investi-
gated by SEM images. ALD deposited Ir forms an island growth mode, which is typical for
noble metals on dielectric surfaces. The nucleation and layer formation of Ir on Si wafers,
BK7, and Ta;O5 ALD seed layers behave similarly. On fused silica and seed layers of SiO,
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ALD and C PVD, the layer formation is slightly inhibited. This delayed nucleation is very
pronounced on Al,O3 seed layers.

3.2. Growth of Iridium ALD Thin Films

After a detailed study of the nucleation, the growth of the iridium layers on different
substrate materials was examined by XRR measurements. Figure 3 shows XRR measure-
ments of Ir coatings with corresponding simulations with different numbers of ALD cycles
exemplary on Si wafers and TayOs seed layers. For clarity, the diffractograms are vertically
shifted. The applied layer models for fitting the data are shown graphically, not true
to scale.
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Figure 3. X-ray reflectivity (XRR) measurements (black) with corresponding simulation (red) of Ir
coatings with different numbers of ALD cycles on (a) Si wafers and (b) Ta;O5 seed layers deposited
on fused silica. Diffractograms are vertically shifted for clarity. In the upper right corner, the applied
layer models for fitting the data are shown graphically, not true to scale.

With the applied layer models, the XRR measurements are fitted with very good
agreement for the different substrate materials. For the correct fitting, the predefined
layers were extended by one to three additional layers depending on the substrate material.
For the Si wafers, a thin native SiO; layer is considered on top of Si. For BK7 and fused
silica, also a thin SiO; interlayer is assumed between the bare substrates and the Ir or
seed layers (except for SiO; ALD seed layers). This interlayer is essential for the accurate
description of the surface of the bare substrates. For the Mo PVD seed layers, oxidation of
the molybdenum surface is considered by a thin MoOj layer. On top of the Ir layers, a thin
layer of carbon residuals (density about 2.0 g/cm?) of about 1-2 nm is assumed, similar to
the study of Massahi et al. [46]. These carbon layers originate from the atmosphere and
are crucial for simulating the ultra-thin Ir coatings. The thin Ir layers are not fully closed
and consist of small metallic islands (see Figure 1). Using XRR, these metal-air mixtures
are interpreted as closed layers with correspondingly reduced layer density or enhanced
surface roughness of iridium. Figure 3 demonstrates that the XRR measurements of the Ir
coatings with thicker layers (e.g., with 800 cycles) and thinner layers (e.g., with 45 cycles),
as well as complex features (e.g., 100 cycles on TayOs seed layer), are correctly reproduced.
The Ir films, which reach bulk density as given by the XRR analysis, correspond to the
coatings with a nearly closed Ir layer in the SEM images.

In Figures 4-7, layer thicknesses and densities of the individual Ir layers on different
substrate materials are shown as determined from the XRR analysis. From the linear fit
of the film thickness in certain regions, the deposition rate as growth per cycle (GPC) and
the nucleation delay (ND) until this linear growth starts, is calculated. For electrically non-
conductive substrate materials, the region of percolation of the Ir layers was determined
by four-point probe resistivity measurements. The GPC and ND for the Ir layers are
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indicated for all substrate materials, the region of percolation for the electrically non-
conductive substrates.

(a) o e (b) ———————————
60 ;—x—x - X =X - —— - = X {100 60 FE- - - x- - - - -~ 100

- ) = = ! =
£ ] Ir ALD on Si wafer: = £ 1 Ir ALD on BK7: =
= e GPC =0.071 nm/cycle 780 5 £ e | GPC =0.079 nm/cycle 80 5
0 ND <1 cycle K 73 ND ~ 41 cycles °
g 40 - < g 40 - GPC = 0.078 nm/cycle (8
c 160 > c ND = 27 cycles 60 >,
X | = X =
L 304 2 8 304 [
= 12 40 9O < a0 2
= b 08 £ &
g : s & §
© > © % >
= 40 : 1208 3 40 2O

% 50 60 180 50 100 150

0
0

100 200 300 400 500 600 700 800
Number of ALD cycles

0
0

100 200 300 400 500 600 700 800
Number of ALD cycles

Figure 4. Layer thickness and layer density of Ir coatings depending on the number of ALD cycles
on (a) Si wafers and (b) BK7. In certain regions, the film growth is fitted linear (black and red lines).
The corresponding growth per cycle (GPC) and nucleation delay (ND) are indicated. For BK7, a gray

background highlights the region of Ir layer percolation.
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Figure 5. Layer thickness and layer density of Ir coatings depending on the number of ALD cycles
on (a) fused silica as well as seed layers of (b) SiO,, (c) TiO;, (d) Ta;Os, (e) Ru, and (f) Cr. In certain
regions, the film growth is fitted linear (black and red lines). The corresponding GPC and ND are
indicated. A gray background highlights the region of Ir layer percolation.
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Figure 6. Layer thickness and layer density of Ir coatings depending on the number of ALD cycles
on seed layers of (a) Al;O3 and (b) HfO,. The film growth is fitted linear (black lines), and the corre-
sponding GPC and ND are indicated. A gray background highlights the region of Ir layer percolation.
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Figure 7. Layer thickness and layer density of Ir coatings depending on the number of ALD cycles
on seed layers of (a) Mo and (b) C. In certain regions, the film growth is fitted linear (black and red
lines). The corresponding GPC and ND are indicated. For the Mo seed layers, a top-view SEM image
with 75 cycles of Ir is shown. A gray background highlights the region of Ir layer percolation on the
C seed layers.

The growth of Ir layers on Si wafers shows an overall linear layer thickness increase
without ND; however, the layer density correlates to the island growth mode. As Figure 4a
illustrates, the increase in layer thickness with the number of ALD cycles is linear with GPC
= 0.071 nm/cycle, and no significant ND occurs. With the defined pulse and purge times
for one Ir ALD cycle, this GPC corresponds to a deposition rate of about 0.057 nm/min or
3.44 nm/h. There are no differences identifiable for thinner or thicker Ir coatings. Within
the first 100 cycles, the layer density increases strongly and reaches 100% of the Ir bulk
density of 22.56 g/cm?® [47] after approx. 150 cycles. In order to exclude any influence of
the sample position within the deposition chamber, all substrates always had an identical
sample position in the deposition chamber within an area with a diameter of 150 mm.
The layer thickness distribution within the deposition chamber is about 1.2% and 6.8% on
areas with a diameter of 100 and 200 mm, respectively. The depositions were carried out
simultaneously on all substrate materials to avoid any variation in process conditions.

For the film growth of Ir on BK7, three different regions are distinguishable: an initial
regime, a transition regime, and a regime of thickness growth. Figure 4b shows a non-
ideal growth behavior on BK7. The initial regime corresponds to the nucleation of the
Ir layers (see Section 3.1) and extends to about 150 cycles. The film growth with GPC =
0.078 nm/cycle is approximately linear (red line), but an ND of about 27 cycles on BK7
exists. With an increasing number of ALD cycles, the layer density increases strongly.
Percolation of the Ir layers, meaning the formation of a coherent network, occurs between
75 cycles and 100 cycles. This corresponds to about 3.1-5.2 nm layer thickness or layer
density of about 58%—67% of the bulk material. When the linear film growth of the initial
regime ends, the transition regime begins. In this transition regime, the nominal deposition
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rate seems to change, whereby the layer density is very close to the bulk material. Finally,
the approximately linear regime (black line) of thickness growth starts at about 200 cycles.
This thickness growth regime exhibits a GPC = 0.079 nm/cycle and ND of about 41 cycles.
Thus, for this second linear regime, a second nucleation delay can be defined as well. The
layer density in this regime equals the density of bulk material. The deposition rates for
the two linear regimes differ only slightly but are significantly higher than expected from
the layer thickness distribution within the deposition chamber.

Figure 5 shows that the Ir film growth on the substrate materials of fused silica, SiO,
ALD, TiO; ALD, Ta;0s5 ALD, Ru PVD, and Cr PVD also exhibits three different regimes.
Depending on the substrate material, the values for GPC and ND differ in the linear initial
and thickness growth regime, but the principle behavior is identical to BK7. Percolation of
the Ir layers also occurs between 75 and 100 cycles. For the Ru and Cr seed layers, the region
of percolation was not measurable. As on BK7, the transition regime between 100 and
150 cycles on SiO, ALD seed layers is only weakly pronounced. The GPC for the regime
of thickness growth is within the layer thickness distribution of the deposition chamber.
For the Ir layers on fused silica, TiO; ALD, TaO5 ALD, and Cr PVD, the beginning of the
thickness growth regime is associated with a temporary decrease in layer density.

On Al,O3 and HfO; seed layers, the nucleation and growth of the Ir ALD layers are
significantly inhibited. As shown in Figure 6, the nucleation of Ir on the Al,O3 and HfO,
seed layers only starts between 75-100 cycles and 100-150 cycles, respectively. Conse-
quently, the Ir layer percolation is delayed and occurs between 200 and 330 cycles. With
about 330 cycles, the Ir layer exhibits bulk density, which is delayed by about 200 cycles
compared to the other substrate materials. For the film growth of Ir on Al,O3 seed layers,
no different regimes are identifiable; on the HfO; seed layers, this is uncertain and needs
further investigation. However, the increase in layer thickness with the number of ALD
cycles is approximately linear, with GPC = 0.071 nm/cycle for both materials. The ND
of Ir is most prominent on the Al,O3 and HfO; seed layers with about 93 cycles and
113 cycles, respectively.

Dewetting of the Mo PVD seed layers leads to enhanced growth of Ir during the layer
formation. The high substrate temperature of 380 °C during the Ir deposition causes the
dewetting of Mo PVD seed layers [48]. In Figure 7a, a top-view SEM image with 75 cycles of
Ir on a Mo seed layer is additionally shown. The large structures are molybdenum islands,
while the very bright appearing dots are Ir islands, which cover the dark-appearing fused
silica substrate and Mo islands. Due to the irregular and rough structure of the Mo islands,
the thickness and density of the thinner Ir layers could not be analyzed. However, for
thicker Ir coatings, the film growth is approximately linear, with GPC = 0.070 nm/cycle. In
this case, a negative ND of about-20 cycles results, so the Ir growth during layer formation
must be enhanced. This enhanced deposition rate could be caused by a higher reactivity of
the Ir(acac); precursor combined with molybdenum or the increased surface area due to
the Mo islands. The Ir layer density on Mo seed layers equals the bulk density.

The Ir film growth on C PVD seed layers also shows three different regimes with
a very pronounced transition regime. In principle, the growth behavior of Ir on C seed
layers is identical to BK7: a linear initial regime, a transition regime, and a linear regime
of thickness growth. However, the transition regime between 150 and 200 cycles is very
pronounced, with a decrease in layer density of about 20% of the bulk material. This
temporary decrease of the Ir layer density is also present on fused silica, TiO, ALD, Ta;O5
ALD, and Cr PVD, but less pronounced. Besides, the Ir layer thickness changes hardly in
this transition regime and ranges between about 9.6-9.8 nm. This phenomenon occurs on
the TiO,, Ru, and Cr seed layers between 150 and 200 cycles, too. For the Ru and Cr seed
layer, the Ir layer thickness even decreases with an increasing number of ALD cycles. In
this regime, probably the Ir nucleation is completed, and the holes and channels of the
percolated layer are closing before the linear thickness growth starts. The surface roughness
of the Ir layers also increases slightly. In order to understand the processes in this transition
regime better, supplementary investigations are necessary.
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On the metal oxide substrate surfaces, the density of the Ir layers increases strongly
between 45 and 100 cycles, except on Al,O3 ALD and HfO, ALD seed layer. Figure 8a
shows that the Ir layer density on substrate materials of Si wafers, fused silica, SiO, ALD,
TiO, ALD, and Ta,Os ALD achieves at least about 82% of the bulk material within the
first 100 cycles; on BK7, about 67%. For the Al,O3 ALD and HfO, ALD seed layer, the
Ir nucleation is delayed by about 100 cycles, and the formation of a dense Ir layer is
significantly inhibited. With 200 cycles, these Ir layers exhibit a density of about 15.0 g/cm?
or about 67% of the bulk material. At the latest, with 330 cycles, which corresponds to
17.2-17.5 nm layer thickness, a closed and dense Ir layer is build.
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Figure 8. (a) Layer density of Ir coatings depending on the number of ALD cycles on different substrate materials increases
strongly between 45 and 100 cycles, except on Al,O3 and HfO, seed layers. (b) Iridium ND of thickness growth regime
correlates with the surface free energy of the corresponding (pre-treated) substrate materials. The lower the wettability of
the substrate, the higher the ND for the Ir ALD coating. This correlation persists for both the pre-treated and untreated

substrate materials.

The ND of Ir coatings in the linear regime of thickness growth correlates with the surface
free energy of the corresponding substrate materials. As already described, the growth
behavior and ND of Ir coatings depend strongly on the substrate material. Figure 8b shows
the Ir ND of the thickness growth regime as a function of the surface free energy of the
corresponding substrates with pre-treatment (see also Supplementary Table S4). Thereby,
the pre-treatment imitates the Ir ALD deposition conditions for the bare substrates and
seed layers. The higher the surface free energy of the substrate materials, the smaller the
ND of the Ir layers and vice versa. In other words, the ND characteristic of ALD correlates
with the wettability of the substrate materials. Seed layers of HfO, ALD, Al,O3 ALD,
TiO, ALD, and Cr PVD show the lowest surface free energies and the largest ND of the Ir
coatings. The Si wafers exhibit a surface free energy of about 64.3 mJ/m? and a negligible
ND. On the Mo PVD seed layers with a surface free energy of about 55.8 mJ/m?, the Ir
growth is enhanced with a negative ND of about-20 cycles. However, the Mo seed layers
are a special case because its surface dewets due to the high substrate temperature of
380 °C (see also Figure 7a). This relationship between the Ir ND of the thickness growth
regime and surface free energy of the substrates is not strictly linear, but a correlation is
clearly visible. The correlation persists for both the pre-treated and untreated substrate
materials (see also Supplementary Figure S1). This correlation is only valid with the ND
of the thickness growth regime and not the initial regime. However, the ND of the initial
regime is implicitly included in the ND of the thickness growth regime.

For most substrate materials, the thickness of the Ir layers is precisely predictable
using GPC and ND. As shown in detail, the ALD growth of Ir films is linear in certain
regimes, so that a GPC and ND are derived for these regimes. The nominal thickness d of
the Ir layers depending on the number of ALD cycles # is given as follows:

d =GPC (n — ND). )
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For non-closed Ir layers in the initial regime, which are interpreted as closed layers
with correspondingly reduced layer density or enhanced surface roughness, this is an
effective layer thickness. By considering the substrate material, sample position within the
deposition chamber, and the condition of the ALD system, the Ir layer thickness in these
linear growth regimes is achievable and reproducible with a deviation of less than 1 nm.
However, Equation (1) is explicitly not valid for the non-linear transition regime.

The SEM images, XRR analysis, and four-point probe resistivity measurements on
nucleation and film growth of Ir coatings are consistent with each other. The SEM images
in Figure 1 matches approximately the calculated ND of the initial regime from the XRR
analysis in Figures 4-7. For instance, the ND of the initial regime on BK7 and C PVD seed
layers is about 27 and 32 cycles, respectively. In the corresponding SEM images, iridium
nucleation is initially visible at 30 cycles. On the Al,O3 ALD seed layers, an inhibited
nucleation with an ND == 93 cycles was observed. Their SEM images show that Ir islands
occur sporadically from 60-75 cycles and are clearly present after 100 cycles. By using
four-point probe measurements, percolation of the Ir coatings was determined between 75
and 100 cycles on all electrically non-conductive substrates, except for Al,O3 and HfO,.
This transition from single and coalesced islands towards a coherent network with channels
and holes is also traceable in the SEM images. The SEM images on Al,O3 also show that
no percolated Ir layer is present after 200 cycles. The Ir layer density determined by XRR
matches the SEM images in the initial regime up to 100 cycles. However, there are different
results for the transition regime or almost closed Ir layers. For example, the Ir layer density
on Si wafers achieves bulk density after about 100 cycles (see also Figure 8a). Nevertheless,
narrow channels and holes are still visible in the corresponding SEM images. In this case,
the almost closed Ir layers are interpreted effectively as closed layers with bulk density
but slightly increased surface roughness. Thus, the channels and holes are interpreted as
increased surface roughness and not as reduced layer density. However, this effect and
the resulting differences are relatively small and mainly independent of the determined
effective layer thickness. For analysis of the film formation, XRR is a convenient method
but needs complementary methods in the transition regime, such as SEM images.

To summarize, the growth of Ir layers on different substrate materials was examined
by XRR measurements. A lower Ir layer density is determined for all investigated substrate
types in the first 100-330 cycles depending on the seed layer. This lower density correlates
with the island growth type, while the complete surface coverage agrees to the formation
of layers with near bulk material density. On Si wafers, the growth is overall linear and
without nucleation delay. For the film growth on BK7 and fused silica as well as seed layers
of 5iO, ALD, TiO, ALD, Tay;Os5 ALD, Ru PVD, Cr PVD, and C PVD, three different regions
are distinguishable: a linear initial regime, a non-linear transition regime, and a linear
regime of thickness growth. On the metal oxide substrate surfaces, the Ir layer density
increases strongly between 45 and 100 cycles. In contrast, for AlO3 and HfO, seed layers,
the Ir nucleation is significantly delayed, and the formation of a dense layer is inhibited.
Dewetting of Mo PVD seed layers, caused by the high substrate temperature of 380 °C,
leads to enhanced Ir growth during the layer formation. For the linear regime of thickness
growth, the ND of Ir coatings correlates with the surface free energy of the corresponding
substrates. The thickness of Ir layers on most substrate materials is precisely predictable
using GPC and ND. The XRR analysis, four-point probe resistivity measurements, and
SEM images are consistent with each other.

3.3. Properties of Iridium ALD Thin Films

After studying the nucleation and film growth, the properties of iridium layers grown
on different substrate materials are examined. The surface roughness, size of the Ir crystal-
lites, specific electrical resistance, adhesion to the substrate, and elemental composition
were determined. Figure 9 shows AFM images of thicker Ir coatings with 800 ALD cycles,
which corresponds to a 50-60 nm layer thickness, on different substrate materials. For all
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images, the root-mean-square (rms) surface roughness of these 2 x 2 um? sample areas
is calculated.

Siwafer:0=1.01nm BK7:0=2.07nm Fusedsilica:0=1.31nm SiO,ALD:0 =1.32nm
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Figure 9. Atomic force microscope (AFM) images of Ir coatings with 800 ALD cycles (corresponding

to 50-60 nm layer thickness) on different substrate materials. For all images, the root-mean-square
(rms) surface roughness of these 2 x 2 um? sample areas is calculated. The color bar in the bottom
right corner from 0-15 nm is valid for all images, except for BK7 and HfO, ALD.

The topography of thicker Ir layers on the different substrate materials is homogeneous
and smooth with a surface roughness of about 1.0-1.7 nm rms, except for BK7, TiO, ALD,
and HfO, ALD. On the Si wafer, the surface roughness of the Ir layer is lowest with about
1.0 nm rms. Because the surface of the bare Si wafer is very smooth (surface roughness
about 0.15 nm rms), probably the surface roughness of the Ir layer is determined only by
the Ir nucleation on the Si wafer. The Ir layers on the PVD seed layers of Cr, Mo, and C
exhibits a surface roughness of about 1.1 nm rms. On the Mo seed layer, the Ir surface
roughness is in the range of the bare Mo seed layer itself. With about 1.2 nm rms, TayOs
shows the lowest Ir surface roughness of the evaluated metal oxide seed layers. The Ir
layers on fused silica and SiO, ALD, chemically both SiO,, shows a surface roughness
of about 1.3 nm rms. On the PVD deposited Ru seed layer, the Ir surface roughness is
about 1.4 nm rms. The roughness on the Al,Oj3 seed layer is about 1.7 nm rms, which is the
highest value for the coatings with a homogeneous topography.

For the Ir layer on BK7, the irregular topography is caused by the substrate material
itself. In Figure 9, the AFM image of the Ir layer on BK7 shows small trenches or valleys,
which are conformally overcoated with iridium. These valleys are already present on the
bare BK7 substrate with a surface roughness of about 1.9 nm rms. In combination with
the Ir layer, this results in a surface roughness of about 2.1 nm rms. Hence, the main
contribution to the surface roughness of the Ir coating on BK7 comes from the substrate
itself and not the coating.

Crystallization of the TiO; seed layer causes areas of lower and higher Ir surface
roughness. The Ir layer on the TiO, seed layer has an irregularly limited surface structure.
These structures are identifiable using AFM and SEM and have an elongation of about
0.4 um up to 6 um. Due to the high deposition temperature of 380 °C for iridium, the
20 nm thin TiO; seed layer crystallizes [49,50]. Probably, the irregularly limited structures
represent differently oriented crystallites of the underlying TiO, seed layer. Using XRD,
only the crystallographic TiO,(101) plane of the TiO, anatase phase is detectable (see
also Supplementary Figure S2). Unfortunately, it is unclear which orientation of the TiO,
crystallites could cause the areas of different surface roughness. In the areas of lower and
higher surface roughness, the Ir surface roughness is about 1.2 and 1.9 nm rms, respectively.
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On average, the surface roughness of the Ir layer on the TiO; seed layer is relatively low at
about 1.6 nm rms.

Crystallization of the HfO, seed layer leads to smaller and larger hillocks and high
surface roughness of the Ir coating. Hillocks are characteristic for the crystallization of
HfO, layers at higher temperatures [51]. However, due to the small thickness of the HfO,
seed layer, their crystallization is not detected by XRD. Here, the hillocks are partly over
100 nm in height and cause the high surface roughness of the Ir coating of about 4.6 nm
rms. Consequently, the main contribution to the surface roughness comes from the HfO,
seed layer and not the Ir layer.

The layer properties of Ir coatings on different substrate materials are summarized in
Table 1. For each substrate material, the AFM surface roughness (from Figure 9), estimated
crystallite size, and specific electrical resistance is obtained from thicker Ir coatings with
800 ALD cycles, which corresponds to a layer thickness of 50-60 nm. Additionally, the
specific electrical resistance for thinner coatings with 150 cycles (330 cycles on Al,O3, HfO,,
and Mo seed layers marked with an asterisk) is given. The qualitative results of tape tests,
according to DIN ISO 92211-4 [44], are obtained from Ir coatings with 330 cycles. These
material properties show no significant correlations to one another.

Table 1. Layer properties of Ir coatings on different substrate materials. The AFM surface roughness (from Figure 9),

estimated crystallite size, and specific electrical resistance are obtained from thicker Ir coatings with 800 ALD cycles.
Additionally, the specific electrical resistance for thinner coatings with 150 cycles (330 cycles on Al,O3, HfO,, and Mo
marked with an asterisk) is given. Tape tests were performed on Ir coatings with 330 cycles.

Substrat AFM Surface Crystallite Specific Electrical Resistance Tape Test *
Mu ats e:ia ale Roughness Size @ 150 cycles @ 800 cycles According to
o (nm rms) L (nm) (10-8 Q'm) (10-% O-m) DIN ISO 9211-4
Si wafer 1.01 £ 0.10 33+4 13.0+£19 92+£06 failed
BK7 207 £0.21 32+4 187 £28 92+£06 failed
Fused silica 1.31+0.13 34+ 4 21.0£3.2 89 £0.6 failed
SiO, ALD 1.32+0.13 33+4 220+34 9.4 £0.6 failed
TiO, ALD 1.58 +0.23 28 +4 132+£23 7705 failed
TapyO5 ALD 1.22 +0.12 31+4 20.0£33 10.0 = 0.7 failed
Al,O3 ALD 1.66 + 0.17 28+ 4 134+14* 9.7 +£0.7 adhesive
HfO, ALD 46=+12 27 + 4 13.8 +1.5* 9.7£0.7 failed
RuPVD 142 +0.14 31+4 169+14 109 = 0.7 <65% delaminated
Cr PVD 112 £0.11 28+ 4 40.7 £ 3.6 144+ 09 adhesive
Mo PVD 1.08 £0.11 29+ 4 250+1.8* 145+ 09 <15% delaminated
CPVD 1.09 £0.11 33+ 4 21.3 £33 9.7 £0.7 adhesive

The Ir ALD coatings exhibit an average crystallite size of about 30 nm and show a
preferred orientation of the crystallographic Ir(111) plane (see also Supplementary Figure S2).
Using Scherrer’s equation, the size of the Ir crystallites was estimated from the most intense
Ir(111) diffraction peak. The smallest Ir crystallites form on the HfO; seed layer with
about 27 nm, the largest on fused silica with about 34 nm. For a randomly oriented Ir
powder sample, the two most intense diffraction peaks, Ir(111) and Ir(200), have a ratio
of I(111)/1(200) = 2 [52]. Here, the ratio I(111)/1(200) of the Ir coatings varies between
about 6 on the HfO, seed layer and 122 on the Si wafer (see also Supplementary Table S5).
Consequently, the crystallographic Ir(111) plane is preferred, also compared to all other
phases in the Ir layers. Aaltonen et al. observed that the preferred Ir(111) orientation even
increases with increasing deposition temperature [23]. However, there is no significant
correlation between the preferred Ir(111) orientation and the size of the Ir crystallites.

The specific electrical resistance of Ir coatings with 800 cycles on different substrate
materials ranges between 7.7 x 1078 and 14.5 x 10~8 Q-m. For Ir coatings on the TiO, seed
layer, the lowest specific electrical resistance (best electrical conductivity) with about 7.7
x 1078 -m is obtained. This could be related to the irregular topography of the Ir layer
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with areas of lower and higher surface roughness. On the PVD seed layers of Cr and Mo,
the coatings exhibit the highest specific electrical resistance (worst electrical conductivity)
with about 14.4 x 1078 and 14.5 x 1078 )-m, respectively. For the metallic seed layer,
their thickness is also included in calculating the specific electrical resistance. On average,
the specific electrical resistance is about 10.3 x 1078 Q-m, which is comparable to other
studies [53] and relatively close to the value for bulk material of 4.7 x 108 Q-m [54].

The specific electrical resistance of thinner Ir coatings (150 and 330 cycles) is signif-
icantly higher compared to the thicker coatings and depends strongly on the substrate
material. For thinner Ir coatings, the lowest specific electrical resistances are obtained
on the Si wafer and TiO, ALD seed layer with about 13.0 x 1078 and 13.2 x 1078 Q-m,
respectively. The highest specific electrical resistance exhibits Ir on the Cr PVD seed layer
with about 40.0 x 10~% Q-m. Compared to the thicker Ir coatings, the values spread more
widely and, in some cases, differ strongly depending on the seed material. The deposition
of high quality ultra-thin metallic layers with a film thickness below 10 nm is critical
for numerous optical and electrical applications. The choice of a seed material must be
carefully considered since the properties of ultrathin metallic layers depend significantly
on the surface chemistry. Further analysis of the optical properties is currently in progress.

Adhesion tests show that the Ir coatings are adhesive only on the substrate materials
of Al,O3 ALD, Cr PVD, and C PVD. Even after performing the tape test twice at the same
sample position, the Ir layers were not peeled off. The Ir layers on the PVD deposited
seed layers of Ru and Mo were partially delaminated from the substrate. For all other
substrate materials (Si wafer, BK7, fused silica, SiO;, TiO,, Ta;Os, and HfO5), the Ir layers
were removed completely from the substrate using a tape test. The metal oxide seed layers
themselves are adhesive to their fused silica substrates. Thus, the Ir layers were peeled off
the metal oxide seed layers and not the underlying fused silica substrates. Nevertheless,
all Ir layers adhere to their substrate materials without mechanical influence and do not
delaminate by themselves.

The Ir layers contain less than 1% impurities of oxygen and carbon. Figure 10 shows
an AES depth profile of an Ir coating on a Si wafer, where the atomic ratios are plotted as a
function of the sputtering time. On the surface (sputtering time = 0 s), the Ir layer consists
of about 95.5% iridium, 3.5% carbon, and 1% oxygen. This relatively high percentage of
carbon on the surface originates from contact with the atmosphere. In the Ir layer, the
iridium content increases to over 99%, and the total content of impurities (oxygen and
carbon) decreases below 1%. Mattinen et al. reported comparable results for the same
ALD process. [53]. This means that the Ir ALD process runs efficiently, the acetylacetonate
ligands are reduced completely, and excess precursors and reaction products are removed
entirely from the deposition chamber. At a sputtering time of about 200 s, the interface
to the Si wafer as substrate material is reached. No other elements than iridium, carbon,
oxygen, and silicon were detectable. It is assumed that the elemental composition of the Ir
layers is identical for all substrate materials.
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Figure 10. Atomic ratios depth profile of an Ir coating on a Si wafer using Auger electron spectroscopy
(AES). The elemental composition of the layer consists of iridium, oxygen, and carbon, as well as
silicon from the substrate. Less than 1% impurities (O + C) are contained in the Ir layer.
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To conclude, the surface of thicker Ir layers is homogeneous and smooth, except for
the substrate materials of BK7, TiO, ALD, and HfO, ALD. For Ir layers on BK7, TiO,, and
HfO,, the substrate itself, respectively, crystallization of the seed layers causes an irregular
topography. The Ir layers show a preferred Ir(111) orientation with an average crystallite
size of about 30 nm. For thicker Ir coatings, the specific electrical resistance ranges between
7.7 x 1078 and 14.5 x 1078 Q-m, which is relatively close to the value for the bulk material.
For thinner coatings, these values are significantly higher and depend strongly on the
substrate material. Only the Ir coatings on Al,O3 ALD, Cr PVD, and C PVD seed layers
are adhesive to their substrates using a tape test. In the Ir layers, less than 1% impurities of
oxygen and carbon are contained.

4. Discussion

As thin-film material, the noble metal iridium is essential for numerous applications.
With ALD also complex shaped or micro-structured substrates are conformally and ho-
mogeneously coatable. However, the Ir layer properties, especially of very thin layers,
depend strongly on the substrate material. The nucleation, film growth, and properties of
Ir coatings are extensively discussed here on various substrate materials. Based on these
results, substrate materials are specifically selectable to tailor the properties of Ir coatings
for different applications.

Iridium forms an island growth mode on the SEM investigated substrate materials
of Si wafers, BK7, fused silica, SiO, ALD, Ta,Os ALD, AlLbO3; ALD, and C PVD. On
these substrate materials, the size, shape, and distribution of individual islands vary, as
Figure 1 illustrates. As an example, Figure 2 shows the particle size distribution and
surface coverage of Ir on Si wafers and SiO, ALD seed layers depending on the number of
ALD cycles. However, the fundamental growth mode is the same and typical for noble
metals on dielectric surfaces [45,55]. Mattinen et al. investigated the nucleation of Ir by
ALD using Ir(acac); and different co-reactants of air, O,, consecutive O, and hydrogen
(Hp), and consecutive ozone (O3) and Hj [29]. Although the GPC and ND changed
with the different ALD processes, the Ir coatings always exhibited island growth. Other
studies on the deposition of Ir by ALD [23,26,56,57], chemical vapor deposition [58,59],
evaporation [60,61], or a facile one-pot solvothermal method [62] show comparable results.
However, these studies were performed with relatively thick Ir layers, with SEM images
providing reliable information for several tens of ALD cycles. The atomic-level interactions
within the first cycles cannot be concluded yet and are currently investigated.

Island growth of the Ir coatings shows different characteristics depending on the
substrate material, as Figures 4-7 illustrates. This XRR analysis is consistent with the
SEM images (Figure 1) and four-point probe resistivity (Table 1) measurements. For
the nucleation and film growth on Si wafers, no differences occur for thinner or thicker
Ir coatings. With an increasing number of ALD cycles, the Ir layer thickness increases
linearly without ND; consequently, the GPC is constant. In contrast, on the substrate
materials of BK7, fused silica, SiOp, TiO,, TapOs, Ru, Cr, and C, three different regions are
distinguishable: a linear initial regime, a non-linear transition regime, and a linear regime
of thickness growth. For these substrate materials, the GPC of the initial regime differs
significantly from the GPC of the thickness growth regime. On the metal oxide substrate
surfaces of fused silica, SiO;, TiO;, and TapOs, the GPC of the initial regime is lower; on
the seed layer of Ru, Cr, and C, the GPC is higher. In the case of Mo seed layers, the Ir layer
thickness for thinner coatings was not determinable. However, for thicker Ir coatings, a
negative ND was calculated, caused by an enhanced Ir growth during the layer formation.

The model for island growth of ALD deposited coatings agrees partially with these
results for Ir coatings. Puurunen et al. proposed four classes of ALD processes based on the
GPC variation with the number of ALD cycles: a linear growth, substrate-enhanced growth,
and a substrate-inhibited growth of type 1 and type 2 [63]. Island growth is described
as substrate-inhibited growth of type 2, where the GPC first increases, passes through
a maximum, and finally settles to a constant value. According to Alam & Green, these
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three regions are designated as the initial regime, transition regime, and linear regime [64].
Notwithstanding, in this article, the third regime is called the thickness growth regime
since this regime is related to the thickness growth of the Ir layer, and the initial regime is
also considered linear. In principle, this classification agrees with the Ir growth behavior
on BK7, fused silica, SiO;,, TiO,, Ta;Os, Ru, Cr, and C. Their GPC of the thickness growth
regime is linear and constant. For the transition regime, their GPC exhibits a maximum
(or inflection point) so that the GPC of initial and thickness growth regime continuously
merge. However, in the initial regime, the GPC should increase with an increasing number
of ALD cycles. Here, the Ir layer thickness linearly increases, and therefore the GPC is
constant. Nevertheless, Alam & Green noted that film growth in the initial regime could be
linear or non-linear, depending on the pre-treatment of the substrate [64]. However, the
island growth of Ir on Si wafers seems to proceed overall linear and belongs to the class of
linear growth. In the case of Mo seed layers, the ND is negative, which indicates the class
of substrate-enhanced growth. Altogether, the substrate material (and its pre-treatment)
seems to determine the growth mode of the coating material for given process parameters.

The ND of Ir ALD coatings correlates with the surface free energy of the corresponding
substrate materials. As Figure 8b illustrates, the ND determined from the thickness growth
regime decreases with an increasing surface free energy of the substrate. This observed
relationship is not strictly linear, but the trend is clearly visible for both pre-treated and
untreated substrates. A few reports on PVD thin films relate the influence of seed layers
on film growth and morphology to the surface free energy [65]. Kitakami et al. explained
the crystallographic texture of sputtered Co films depending on their underlayer with the
difference in surface free energy between the Co film and underlayer material [66]. Chen
et al. investigated the degree of perpendicular magnetic anisotropy (PMA) of sputtered
CogoPtyp films deposited on Ru/Cu bilayers and pure Cu layers [67]. Similarly, the authors
consider the surface free energy as one main reason for the PMA degree depending on the
underlayer. Recently, Stempfhuber et al. improved the topography and optical properties
of sputtered Al films using Ti and Cu seed layers [68]. The authors explain their results,
including the difference in free surface energy between the Al film and the seed layer, but
also based on stronger bondings between Al-Ti than Al-Cu.

The ND of ALD-deposited thin films has not been associated with the surface free
energy of their substrate materials yet. According to the capillary theory of film growth,
layer-by-layer growth occurs for ys > ysp + yg with the surface free energy (y) of the
substrate (S) surface, substrate/film (SF) interface, and film (F) surface [69]. Additionally,
the surface free energy of the substrate depends on their pre-treatment and temperature
conditions [70]. Although the determination of the surface free energy with deionized water
under ambient conditions represents a coarse approximation of the deposition conditions,
a good correlation between the surface free energy and ND is observed. With increasing
surface free energy of the substrate, the wettability of this surface increases, and more Ir
is bound to the substrate surface resulting in a lower nucleation delay. The bonding of
Ir(acac)s precursor and intermediate species on the substrate surface is critical in the first
ALD cycles. The reaction between the precursor and Ir islands proceeds more efficiently,
leading to more deposited material on pre-existing Ir islands than on bare substrates or seed
layers (except on Si wafers and Mo seed layers). Consequently, a strong substrate-inhibited
growth leads to large and isolated Ir islands, as observed on Al,O3 seed layers. The reaction
sites on a substrate surface indeed vary with the substrate material. Aware that other effects,
such as surface diffusion [71] and bonding energy [72], influence the nucleation behavior,
the correlation between the surface free energy and ND is significant. However, little data
is available on these particular material-specific parameters and material combinations.
Enhanced surface diffusion of Ir adatoms or clusters could also favor the formation of
islands and a delayed percolation of the layer [65].

The substrate material determines the growth mode and growth regime boundaries
of the Ir layers. In the thickness growth regime, the linear thickness growth of the (almost)
closed Ir layer starts. The GPC is constant and corresponds to the Ir ALD growth on an Ir
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surface. For this regime, the ND correlates with the surface free energy of the (untreated
and pre-treated) substrate material, meaning the wettability of the substrate. The initial
regime is related to island formation, coalescence, and percolation of the Ir layers. With
an increasing number of ALD cycles, the effective layer thickness increases linearly, but
an ND can occur. GPC and ND of the initial regime are determined by the reactivity of
the precursors with the substrate surface compared to iridium. On Si wafers, no growth
differences appear, so the Ir growth is overall linear, and no transition regime occurs for
this substrate material. On fused silica, SiO,, TiO,, and Ta;Os, the initial growth of Ir is
inhibited. Consequently, the GPC is lower compared to the thickness growth regime in
combination with a possibly present ND. In contrast, on Ru, Cr, and C seed layers, the initial
Ir growth seems slightly enhanced on these substrate surfaces. After a few conditioning
Ir ALD cycles (ND = 24-34 cycles), the GPC is higher compared to the thickness growth
regime. The transition regime represents the transition from a percolated to an (almost)
closed Ir layer. Thereby, the GPC of the initial regime continuously converges to the GPC
of the thickness growth regime. The manifestation of the transition regime depends on the
differences in GPC and ND between the initial and thickness growth regime. For instance,
on BK7, the differences in GPC (0.078 and 0.079 nm/cycle) and ND (27 and 41 cycles) are
relatively small, so the transition regime is weakly pronounced.

Numerous publications report about the influence of process parameters on layer
properties but hardly consider the substrate material. Many studies investigate the effect of
process parameters on specific layer properties, e.g., for ALD deposited metals of Co [73],
Cu [74], and Ru, Pd, and Pt [75]. However, only a few studies also consider the influence
of substrate materials and seed layers or the nucleation and film growth of ALD deposited
layers, e.g., for Cu [76], Pd [77], W [78], Pt [79-81], StTiO5 [82], CuOx [83], and AL, O3,
HfO,, Tay0s5, and TaNj [84]. Lui et al. investigated the nucleation of Ir nano-crystals on
in-situ and ex-situ ALD-grown Al,Os layers [57]. The authors found out that nucleation
on ex-situ deposited Al,Oj3 is strongly inhibited compared to the in-situ deposition, which
is consistent with results in this study. However, the in-situ deposition of different coating
materials is not always possible. For instance, when the substrate temperatures for the
ALD-deposition are very different, or the coating materials are not available by ALD.

The targeted selection of substrate materials or their suitable pre-treatment can tailor the
properties of Ir coatings for particular applications. For instance, a seed layer material that
exhibits a low ND (e.g., TayOs seed layer) would enable ultrathin, dense conductive layers. In
contrast, a large ND (e.g., Al,Os3 seed layer) would prevent certain areas from the deposition as
in area-selective ALD processes and the formation of very small nanoparticles. By considering
the surface free energy of the substrates, the corresponding ND of Ir is readily assessable.
Furthermore, adhesive, smooth, and highly reflective Ir mirrors for the deep ultra-violet or
X-ray spectral range require Cr or C seed layers (see Table 1) [12]. In particular, Cr serves as
an adhesion layer for numerous coating materials and is available by magnetron sputtering
in high quality. On micro-structured substrates, conformal Al,O3 seed layers are necessary
for adhesive Ir coatings. Especially, Al,O3 by ALD using trimethylaluminum (TMA) and
H,0O is a common ALD material, which is conformally coatable in a broad temperature
range. Thus, temperature-sensitive materials (e.g., polymers, structured photoresist) can
be protected before the Ir ALD deposition [10] or in-vacuo mixtures of Al,O3 and Ir
are possible. However, iridium layers on Al,O3 seed layers need further optimization
because they suffer from an inhibited nucleation and increased surface roughness. For
the fabrication of very thin Ir coatings, seed layers of Ta,Os are more suitable. After 100
cycles, the Ir layers exhibit a thickness of about 5.3 nm and are almost fully closed but
not adhesive to the Ta,Os5 seed layer. The deposition of ultra-thin, high-quality Ir films
and metals, in general, is limited by island formation. The choice of proper seed materials
is critical in achieving such coatings. Furthermore, chemical wet etching of Si with Ir
nanoparticles forms a nanoporous sponge-like Si structure, as recently demonstrated [85].
Small and homogenously distributed Ir islands form on Si wafers, with particle size and
distribution controlled by the number of ALD cycles (see Figure 1), which serve as catalytic
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sites. Another possibility to influence the layer properties or growth mode is a suitable
pre-treatment of the substrate material. Lee et al. changed the growth mode of ALD
deposited TiO, films by modifying the surface free energy of Si substrates using mixed
self-assembled monolayers [86]. Additionally, a study of the influence of the metalorganic
precursor on the growth on different seed layer materials is necessary to further clarify
the relationship between wettability, chemical reactions, and surface diffusion on the Ir
metal growth.

5. Conclusions

In conclusion, iridium thin films were prepared by ALD on Si wafers, BK7, and
fused silica as well as seed layers of 5i0,, TiO,, Ta;Os5, Al,O3, HfO,, Ru, Cr, Mo, and
C. Their nucleation, film growth, and properties were investigated by SEM, XRR, XRD,
four-point probe resistivity measurements, contact angle measurements, AFM, tape tests,
and AES. Iridium forms an island growth mode on these substrate materials, which is
typical for noble metals on dielectric surfaces. However, this island growth shows different
characteristics depending on the substrate material and leads to differences in the film
properties of ultra-thin layers. For Ir on Si wafers, the growth is overall linear and without
a nucleation delay. On BK7, fused silica, SiO,, TiO,, TayOs, Ru, Cr, and C, three different
regions are distinguishable: a linear initial regime, a non-linear transition regime, and
a linear regime of thickness growth. The thickness growth regime corresponds to the
thickness growth of Ir ALD on an (almost) closed Ir surface. The initial regime represents
the initial Ir layer formation, whereby both regimes merge continuously over the transition
regime. The Ir nucleation and film formation on Al,O3 and HfO; is significantly inhibited.
Dewetting of Mo causes an enhanced Ir growth during the layer formation. For these
substrate materials, the ND of the Ir coatings could be associated with the surface free
energy of the corresponding substrates. Besides, the effective Ir layer thickness is precisely
predictable on most substrate materials using GPC and ND. The surface of thick Ir coatings
is homogeneous and smooth, except on BK7, TiOp, HfO,. For these coatings, the substrate
itself and crystallization of the seed layers cause an irregular topography. All thick Ir
coatings exhibit bulk density, a preferred orientation of the crystallographic Ir(111) plane,
and specific electrical resistance close to the bulk material value. For thinner coatings, the
specific electrical resistance is significantly higher and depends strongly on the substrate
material. In this study, the lowest film thickness of a closed Ir layer is about 5 nm obtained
with a TapOs seed layer. Unfortunately, only Ir coatings on Al,Os, Cr, and C are adhesive
to their substrates using a tape test. The Ir layers contain less than 1% impurities in total.
By targeted selection of the seed material, the properties of Ir coatings are tailorable for
particular applications.
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