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ABSTRACT: Solution-based atomic layer deposition (sALD) processes
enable the preparation of thin films on nanostructured surfaces while
controlling the film thickness down to a monolayer and preserving the
homogeneity of the film. In sALD, a similar operation principle as in gas-
phase ALD is used, however, with a broader range of accessible materials
and without requiring expensive vacuum equipment. In this work, a
sALD process was developed to prepare CuSCN on a Si substrate using
the precursors CuOAc and LiSCN. The film growth was studied by ex
situ atomic force microscopy (AFM), analyzed by a neural network
(NN) approach, ellipsometry, and a newly developed in situ infrared
(IR) spectroscopy experiment in combination with density functional
theory (DFT). In the self-limiting sALD process, CuSCN grows on top
of an initially formed two-dimensional (2D) layer as three-dimensional
spherical nanoparticles with an average size of ∼25 nm and a narrow particle size distribution. With increasing cycle number, the
particle density increases and larger particles form via Ostwald ripening and coalescence. The film grows preferentially in the β-
CuSCN phase. Additionally, a small fraction of the α-CuSCN phase and defect sites form.
KEYWORDS: solution atomic layer deposition, liquid phase, in situ IR spectroscopy, atomic force microscopy, copper thiocyanate,
neural network, density functional theory, liquid atomic layer deposition

■ INTRODUCTION
Miniaturization in semiconductor industries requires processes
that enable the preparation of uniform thin films on nano-
structured surfaces controlling precisely the film thickness and
conformality. A method that fulfills all of these requirements is
atomic layer deposition (ALD),1,2 in earlier work also called
atomic layer epitaxy (ALE) pioneered by Kol’tsov and
Suntola.3−11 An ALD process consists of the repetition of at
least two complementary self-limiting surface reactions
performed sequentially. Between the different reaction steps,
the precursor is removed by purging or pumping. This
procedure enables to grow extremely smooth layers ideally
with monolayer precision, which are conformal to the original
substrate.1,2 Conventional ALD is a gas-phase process (gALD),
which comes, however, with several disadvantages. First, the
number of available precursors in gALD is limited. The
precursors have to be highly reactive yet robust enough so
that they do not decompose thermally. Further, the majority of
ALD processes in the gas phase require vacuum conditions,
which involve costly equipment.12,13 These limitations can be
overcome by transferring the ALD approach into the liquid
phase,14−24 the so-called solution ALD (sALD) or liquid ALD
(LALD) process. The principle remains the same, namely, the

ability to have self-limited growth behavior, even though the
environment is different. The dilution of reactive species in an
inert solvent broadens hereby the field of applicable precursors
and there is no requirement for its high vapor pressure any
longer. Some types of precursors, such as ionic compounds,
cannot be processed at all by conventional ALD. Furthermore,
the handling of liquids requires less complicated and less costly
equipment and sALD processes can be operated at room
temperature and ambient pressure, and therefore, any type of
substrates can be used. Importantly, scientists can fall back on
available knowledge and processes from solution chemistry,
which opens a large toolbox of different sALD approaches, such
as, e.g., the surface sol−gel (SSG) approach,17,18,25 hydrol-
ysis,20,21 redox-layer deposition (RLD),22,23 or electrochemical
ALD (E-ALD).26 The possibility to grow a layer in a self-limiting
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process by sALD relies on a chemical reaction at the interface.
The reaction is driven by the fact that the precursor reacts on the
surface, forming an insoluble layer of the product. In contrast,
the byproduct is soluble in the chosen solvent.

In recent years, research groups demonstrated the potential of
sALD by the development of sALD processes for a variety of
different materials.27−30 It was shown that high conformity on
high aspect ratio features can also be achieved by sALD.19 To the
best of our knowledge, however, no sALD process was
developed for CuSCN so far. CuSCN is a p-type semiconductor
with a wide band gap of ≥3.5 eV and is used, e.g., in photovoltaic
applications. Note that for technical applications, CuSCN films
are post-processed after deposition to optimize the physical
properties.31 The films can reach a high hole mobility, good
thermal stability, and a work function well-aligned with some
light absorber semiconductors of interest for photovoltaic
applications.32,33 It transmits light across the entire visible and
near-infrared spectrum, making it attractive especially for
tandem cell applications.34 Certified power conversion
efficiencies of perovskite solar cells greater than 20% and long-
term stability (>95% of their initial efficiency after aging for 1000
h) have been realized using CuSCN as the hole extraction
layer.35 Moreover, solution-processed low-voltage flexible thin-
film transistors have been developed based on CuSCN.36

Among those solution processes, however, no one allows a
precision at the atomic level. Further, no gas processes are
available as thiocyanate is difficult to obtain in the vapor phase
without changing the stoichiometry.

For sALD processes in general, there is still a lack of
mechanistic understanding of the surface processes initiating the
film growth. This limits further conceptual developments and
optimization. In earlier work, mainly ex situ approaches were
applied to study the growth mechanisms, such as the atomic
force microscopy, ellipsometry, and X-ray reflectometry
(XRR).16,19,37 While in gALD, in situ methods contributed
particularly to the mechanistic understanding,12,38−42 these
methods are rarely found for sALD. In this context, Stickney and
co-workers studied in situ the growth of different nanofilms
deposited by an E-ALD process using electrochemical scanning
tunneling microscopy (EC-STM).30,43

In this work, a newly developed in situ IR approach is applied
to study a new sALD growth process for deposition of CuSCN
on SiOx/Si. This experimental setup enables us to correlate the
chemical nature during growth in solution with the structural
information obtained by ex situ atomic force microscopy
(AFM). The results demonstrate that nucleation, coalescence
and/or ripening, and the formation of defect sites take place in
the initial stages of the investigated sALD process. This finding
shows the potential of the presented approach to provide
insights into the mechanism of sALD processes.

■ EXPERIMENTAL AND THEORETICAL METHODS
Attenuated Total Reflection Infrared (ATR-IR) Experiments.

Cleaning of the Equipment. All equipment made out of glass, Teflon,
or Kalrez was stored in a solution of NOCHROMIX (Sigma-Aldrich) in
concentrated sulfuric acid (Merck, Emsure, 98%) overnight. Prior to
each measurement, the equipment was rinsed 15 times with ultrapure
water (MilliQ Synergy UV, 18.2 MΩ·cm at 298 K, TOC < 5 ppb) and
dried subsequently.

ATR-IR. All spectra were recorded using a Fourier transform infrared
(FT-IR) spectrometer (Bruker, Vertex 80v) with evacuated beam path
to obtain high sensitivity and stability. The spectrometer was equipped
with a liquid-nitrogen-cooled mercury cadmium telluride (MCT)
detector, a commercial optics for liquid cells (Bruker, A530/v), and a
home-build flow cell to measure in ATRmode (see details below and in
the Supporting Information). All spectra were recorded with 512 scans
per spectrum, a scanner velocity of 40 kHz, and a resolution of 2 cm−1

leading to an acquisition time of 3min 24 s per spectrum. The setup was
equipped with a Si hemisphere (Korth, d = 25 mm) underneath, which
serves as the ATR-IR window and as a substrate for the sALD process.
The Si hemisphere was cleaned before each measurement by a freshly
prepared piranha acid solution (H2SO4 (Merck, Emsure, 98%)/H2O2
(Merck, SAFC, 30%) in the ratio 2:1). Afterward, the window was
rinsed with ultrapure water (MilliQ synergy UV, 18.2 MΩ·cm at 25 °C,
<5 ppb TOC) thoroughly and dried in vacuum. The measurements
were performed in ATR mode. As precursors, solutions of CuOAc
(Sigma-Aldrich, 99.0%) and LiSCN (Sigma-Aldrich, 98.0−102.0% dry
basis) in CHCl3 (Sigma-Aldrich, anhydrous, >99.0%) were used. After
each precursor, the cell was purged with CHCl3 (Sigma-Aldrich,
≥99.8%). The reference transmission spectrum was recorded using
CuSCN powder (Sigma-Aldrich, 99.0%) in KBr (Sigma-Aldrich, ≥99%
trace metals basis) with 128 scans.
In Situ sALD Setup. A home-built poly(tetrafluoroethylene)

(PTFE) flow cell with an inlet and an outlet was used. The PTFE
flow cell was pressed with a ring-shaped Kalrez gasket (d = 1.0 mm)
against the Si substrate (waver or ATR window). The Kalrez gasket
defines the shape and volume of the sALD reaction chamber. The
gasket is placed with the PTFE lid on top of the flat side of a
hemispherical silicon window. This window served as the ATR window
and substrate for the growth of the atomic layer at the same time. The
same PTFE and Kalrez equipment was used on a silicon wafer to create
an ex situ cell. In this case, the wafer served as the substrate. The PTFE
cell was connected with a tubing system (PTFE lines with poly(ether
ether ketone) (PEEK) connections) (see Figure 2b). The solutions
were pumped (2× precursor, 2× solvents) by four commercial
peristaltic pumps (Masterflex C/L Analog Variable-Speed Pump).
One precursor tube was connected to one purging solution tube. The
lines were joined to one line, which ends in the reaction cell. Pumping
rates and times are summarized in Table 1.

For the in situ measurements, the reaction cell was placed with the Si
window in the sample compartment of the FT-IR spectrometer (see
above). The IR beam was reflected internally toward the detector with
an angle of incidence of 60° with respect to the surface normal. The
pumps were triggered and the recording of spectra was done separately
in an automatized data acquisition procedure.
AFM. Imaging was performed ex situ on a commercial atomic force

microscope (Keysight Technologies, Series 5500 AFM/SPM). To
minimize the vibrations, a combination of active and passive noise
damping was applied. Commercial silicon cantilevers (Opus Otespa)
were used with a spring constant of 26 N·m−1 and resonance frequency

Table 1. Chemicals and Parameters Used in the sALD Process

name description supplier concentration
flow rate
[mL·s−1]

flow time per cycle
[s]

acquisition timeb per cycle
[s]

volume per cycle
[mL]

reactant 1 CuOAca Sigma-Aldrich saturated ∼ 1 mM 31.25 160 204 5
purge 1 CHCl3 Sigma-Aldrich 150 240 36
reactant 2 LiSCNa Sigma-Aldrich saturated ∼ 1 mM 41.67 120 204 5
purge 2 CHCl3 Sigma-Aldrich 150 240 36

aIn CHCl3.
bWithout flow.
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of 300 kHz. Scanning was performed in intermittent contact mode at
scan rates of 0.1−0.5 lines per second. Images were post-processed
(data leveling, correct horizontal scars) using the Gwyddion software44

(version 2.53).
Ellipsometry. Spectroscopic ellipsometry measurements were

performed with a SENPro spectroscopic ellipsometer from SENTECH
Instruments GmbH. All measurements were performed at an angle of
70° in a spectral range from 370 to 1050 nm. Data analysis was
performed with the software SpectraRay3.
Preparation of SiWafers. Si wafers (Si(100), Si-Mat, d = 525 ± 25

μm, type/dopant: P/Bor) were cleaned in an ultrasonic bath
subsequently using the solvents acetone (VWR Chemicals, >99%,
technical), isopropanol (VWR Chemicals, >98%, technical), and
methanol (VWR Chemicals, >98.5%, technical). Afterward, the
surfaces were rinsed with the corresponding solvents and finally
dried. The samples were fixed in a home-build ex situ cell (see the
Supporting Information for details) and ALD film was deposited
following the identical procedure used in the in situ experiments.
Density Functional Theory. DFT calculations were performed

using the VASP software v 6.3.0.45−48 The PBE49 exchange-correlation
functional was used within the projector augmented-wave method
(PAW) and a plane wave basis set with an energy cutoff of 450 eV. A
Gaussian smearing of 0.005 eV was used as well as the DR-D350

correction scheme. The two different structures were optimized until
the forces were smaller than 0.001 eV Å−1. For these structures,
vibrational spectra were calculated by means of numerical gradients
displacing each atom in each cardinal direction by 0.02 Å.
Neural Network Approach. The original AFM image was

converted into a gray scale image. In the next step, the AFM image
was transformed into a vector flow representation.51 The network
characterized the objects and gave characteristic sizes as input. A
Python script calling iteratively Cellpose software in combination with
ImageJ was developed to determine the particle size distribution from
microscopy images. Each iteration optimizes for an increasing seed size
but disabling double counting, while checking for double counting and
false positives. The procedure was optimized for each sample, regarding
background noise and/or the watershed parameters in ImageJ that are
used to find the boundaries determined by cellpose and size. The
number of iterations depends on the spread of seed sizes in the sample.
Within each sample, the analysis parameters were kept constant while
analyzing different segments. The particle size distributions were fitted
with a log-normal probability distribution on the normalized histo-
grams. The macroscopic surface coverage is obtained by finding the
inflection point in area vs threshold intensity curve. The procedure was
applied twice (except for images after one cycle), removing in the
second iteration cycle typically brighter objects found in the first
iteration.

■ RESULTS AND DISCUSSION
A new sALD process was developed to deposit CuSCN on
silicon as illustrated in Figure 1a. The sample surface was
exposed in alternating manner to the precursors CuOAc
(saturated) and LiSCN (saturated) dissolved in CHCl3
(5mL). Between the different precursors, the surface was
purged with CHCl3 (36 mL). Note that the final product
CuSCN is practically insoluble in many conventional solvents
such as chloroform used in this study.52 By varying the
concentration of the precursor CuOAc, we demonstrate that
under the conditions applied, the reaction is self-limiting (see
the Supporting Information Section 7), which defines the
deposition process to be sALD. We propose that the reaction
follows an ion exchange mechanism, as illustrated (Figure S5)
and discussed in the Supporting Information. For the desired
product CuSCN, two phases are reported in the literature.53 The
most common and stable phase is the β-CuSCN wurtzite
structure (Figure 1b), with a hexagonal P63mc space group,
eight atoms (corresponding to two layers of CuSCN) in one unit

cell (lattice parameters of a = b = 3.85 Å, and c = 10.94 Å).32,54,55

Additionally, CuSCN also exists in a α-CuSCN orthorhombic
structure (Figure 1c), with a Pbca space group, 32 atoms
(corresponding to two layers of CuSCN) in one unit cell (lattice
parameters of a = 7.27 Å, b = 6.71 Å, and c = 10.94 Å).55,56 From
ellipsometry measurements, a growth rate of ∼1.7 nm per cycle
was determined, which is larger than the expected value of 0.6
nm per cycle by a factor of three. We assign the difference to
additional coalescence and ripening phenomena, which are
discussed below and are responsible for the formation of three-
dimensional structures. To study the growth process in detail, a
dedicated sALD setup (Figure 2) was developed. It enables to
characterize the films deposited on Si wafers by ex situ methods
such as ellipsometry, energy dispersive X-ray spectroscopy
(EDX), scanning electron microscopy (SEM), and AFM.
Moreover, it enables to monitor deposition directly in situ by
ATR-IR spectroscopy. For this purpose, the film was directly
deposited on a Si ATR window. The experiment consists of four
peristaltic pumps for the different precursors and solvents, a
PTFE flow cell, and a vacuum-based FT-IR spectrometer with
optics for ATR measurements (see Figure 2a). The pumps and
the recording of spectra are triggered via an interface in an
automatized data acquisition procedure. A detailed description
of the experiment is given in the section Experimental and
Theoretical Methods and Section 6 of the Supporting
Information.

For both in situ and ex situ investigations, identical
procedures were used as depicted in Figure 2b, optimized for
the in situ study. Extended pumping and purging times were
used to minimize the impact of the cell design, which has to be
compatible with in situ IR spectroscopy. Note that transfer to
applications requires upscaling, comprising reoptimization of
the applied conditions. To imitate the acquisition time of the IR
measurements in the ex situ experiments, corresponding waiting
times were implemented in the procedure. Before the measure-
ment, the whole setup was flushed with CHCl3 and subsequently
a reference spectrum (acquisition time 6min 48 s) was recorded.
Note that we provide purging times and flow rates in Table 1. A

Figure 1. Schematic representation of the sALD process investigated in
this work: (a) scheme of one sALD cycle to deposit CuSCN on a silicon
substrate; crystal structure and unit cell of (b) β-CuSCN and (c) α-
CuSCN; blue = nitrogen, yellow = sulfur, gray = carbon, and red =
copper.
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solution of CuOAc (sat.) in CHCl3 was used as the first
precursor to cover the surface with a CuI layer. After purging the
cell, the first IR spectrum in ATR mode (acquisition time 3 min
24 s) was recorded. Then, the cell was rinsed with pure CHCl3 to
clean the reaction chamber from the unreacted precursor.
Afterward, the second precursor sat. LiSCN in CHCl3 was
introduced and a second spectrum was recorded. In the last step,
the cell was rinsed with CHCl3.

In the first step, the surface topography was characterized
during the CuSCN film growth by ex situ AFM. Images of the
pristine Si wafer with a native oxide layer and the Si wafer after 1,
2, 3, 9, 23, and 50 sALD cycles were recorded. Note that separate
samples for the different number of cycles were prepared to
minimize the influence of contaminations. Images of the Si
surface as well as the initial three cycles are shown in Figure 3.
AFM images of the pristine Si surface (Figure 3a) show a flat
surface without particles. The root mean square value of the
surface roughness (Rq) is 121 pm. After the first ALD cycle
(Figure 3b), the formation of small hemispherical nanoparticles
is observed. A direct comparison with the control experiment, in
which only the solvents in the absence of the precursors were
purged (see Figure S2 for details), indicates that the particles

observed result from the sALD process. Additionally, the surface
corrugation changes even for the parts of the surface where no
nanoparticles are apparent (see magnification in the inset). In
this area, Rq increases to 158 pm, indicating growth of a two-
dimensional (2D) surface layer. With increasing cycle number
(Figure 3c,d), the particle density increases. A narrow particle
size distribution is observed, indicating that no coalescence and/
or Ostwald ripening occurs in the initial cycles, and the surface
becomes homogeneously covered by nanoparticles. Note that all
three observations are in perfect agreement with the initial
nucleation found for gas-phase ALD.57−60 In Figure 4, the
growth of the CuSCN film up to 50 cycles is displayed. After
nine cycles, the surface coverage further increases and for cycle
numbers ≥ 23, agglomeration of the particles to larger clusters is
observed, which reach heights of up to 40 and 70 nm for 23 and
50 sALD cycles, respectively. Note that the nanoparticle
substructure is still evident. It is generally accepted that many
ALD processes occur via an island growth mode forming
nanoparticles in the initial cycles.57−60 This can take place for
example when the surface tension is high between the substrate
and the grown layer, such as for sulfides or for metals on an oxide
surface, which favors to the growth of nanoparticles.61 The

Figure 2. Experimental setup: (a) schematic representation of the sALD cell for in situ and ex situ experiments and (b) schematic representation of the
experimental procedure applied. SR, reference spectrum; SM, measurement spectrum; sALD, solution atomic layer deposition; ATR-IR, attenuated
total reflection infrared; and AFM, atomic force microscopy.
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nucleation can be improved by surface pretreatment62 and/or
modifying the substrate. In the case of sALD, it was also
demonstrated that the solvent canmodify themorphology of the
deposited layer and additionally it is possible to use additives to
improve the growth behavior.

To quantify the particle size and density, the images were
analyzed by a neural network approach. In Figure 5a, the
probability is shown as a function of the particle diameter. Note
that the absolute values of the particle size in AFM images are
generally overestimated due to tip convolution effects.63 This
error is, however, systematic. In the initial cycle, the highest
fraction of particles exists with a diameter of 27 nm and a narrow
particle size distribution. In the first few cycles, the particles in
each window scale with the cycle number such that the
distribution does not change significantly while the probability
maximum stays at 27 nm. By increasing the number of cycles
from 9 to 23 and 50, the particle size distribution broadens to
smaller but more drastically larger particles. The broadening of
the particle size distribution is assigned to coalescence and
Ostwald ripening, which determine the particle size and its
distribution in the growth process. Consistently with these
findings, the density of particles (Figure 5b) increases for the
first three cycles up to 467 particles·μm−2, reaches a plateau at
nine cycles, upon which the density decreases at higher cycle
numbers to a value of 117 particles·μm−2 at 50 cycles. The
development of the particle size and size distribution is in line
with a model that involves nucleation, growth, coalescence, and/
or ripening. These results suggest that nucleation dominates in
the first few cycles. The particle density increases but their size
distribution stays nearly constant. In later cycles, the particle
density reaches a maximum and decreases thereafter, suggesting
that the growth of the particle and therefore coalescence and/or
Ostwald ripening become more significant.64 As a result, at 50
cycles, the distribution becomes very broad with finite likelihood
of very large clusters of up to 226 nm in effective diameter.

Finally, the sALD process was studied in situ by IR
spectroscopy. As a reference, initially, the transmission spectrum
of the CuSCN powder (Figure 6a) was measured and compared

to the calculated spectra of α-CuSCN and β-CuSCN. In the
transmission spectrum, a sharp peak is present at 2175 cm−1 with
a broad, red-shifted shoulder that is associated with the ν(CN)
vibrations. The DFT simulations predict that the bands of the α-
and β-phase differ by 24 cm−1 and the latter band is shifted to the
red. Consequently, the band at 2175 cm−1 (blue) is assigned to
the β-structure of CuSCN and the shoulder to the less stable α-
structure of CuSCN. This assignment is in agreement with
previous works.65−70

For the in situ measurements, the standard procedure
described before (see also Figure 2b) was used. The spectra
within one sALD cycle were averaged to improve the signal-to-
noise ratio. The resulting ATR-IR spectra in the frequency
region of the ν(CN) vibrations are shown in Figure 6b.

Figure 3. (a−d) AFM images of CuSCN on Si with increasing number
of sALD cycles. The color range in all 2 μm × 2 μm images is 15 nm.
The scale is identical for all large images and for all insets.

Figure 4. AFM images of CuSCN on Si with increasing number of
sALD cycles. The color range in 2 μm × 2 μm images is 21 nm. The
scale is identical for all large images and for all insets.
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Additionally, the spectra from 3000 to 1100 cm−1 are provided
in Figure SI1c. Starting from cycle 3, a band develops at 2177
cm−1. With increasing number of sALD cycles, the band
increases in intensity and its maximum shifts by about 2 cm-1 to
the value of 2179 cm−1 (see Figure SI3). Together with the band
at 2079 cm−1, a red-shifted shoulder at 2156 cm−1 is observed,
which also increases in intensity with increasing cycle number.
This band is very broad in comparison to the other peak. The
band at 2177 cm−1 indicates the formation of β-CuSCN on the
SiOx/Si surface, which is the most common phase in CuSCN
thin films.31 The increase in band intensity with increasing cycle
number demonstrates the film growth with each cycle. The blue
shift of the band in the initial cycles is attributed to dipole
coupling effects during the formation of small β-CuSCN
clusters.

Based on our calculated IR spectra, the shoulder at 2156 cm−1,
at least in part, is assigned to the growth of an additional α-
CuSCN phase. The band, however, is very broad, which
indicates further contributions of defect sites and small
aggregates (surface effects) to the band shape.71 In Figure 6c,
the band intensities of α-CuSCN and β-CuSCN are plotted for

the different cycle numbers. The band intensities of both phases
increase with increasing cycle number, while the band intensity
of the β-CuSCN phase becomes more dominant with increasing
cycle number. The increase of the total band intensity in the
initial cycles, however, is smaller than at later cycles. This
development is in good agreement with the structural
observation obtained from AFM. While in the initial sALD
cycles material deposition is dominated by the nucleation of
small aggregates on the two-dimensional support, materials
deposition at later ALD cycles is dominated by the growth of
large three-dimensional particles, which provide a larger surface
for the growth.

■ CONCLUSIONS
A solution atomic layer deposition process was investigated for
the first time in situ by IR spectroscopy using a newly developed
sALD flow cell. Specifically, a novel sALD process for the
controlled deposition of CuSCN on a Si substrate was studied.
The study is complemented with ex situ atomic force
microscopy and ellipsometry measurements. The experimental
data were analyzed by the help of computational methods,
namely, density functional theory and a neural network
approach. From our observations, we conclude the following.

1. Solution-based atomic layer deposition of CuSCN: CuSCN
is grown on the Si substrate by an atomic layer process
from solution using the precursors CuOAc and LiSCN
dissolved in CHCl3.

2. Ex situ and in situ methods: the developed experimental
approach allows to investigate deposition by ex situ
methods, such as AFM, as well as to monitor deposition

Figure 5. Particle statistics derived from the neural network approach:
(a) size distribution histogram of CuSCN nanoparticles as a function of
the sALD cycle number and (b) absolute number of particles identified
in 2 μm × 2 μm images as a function of cycle number.

Figure 6. In situ IR spectra recorded during the sALD process: (a)
reference DFT spectra of α-CuSCN and β-CuSCN in comparison with
the transmission spectrum of the CuSCN powder; (b) ATR-IR spectra
recorded during a sALD process comprising 23 full cycles; and (c) peak
intensity of the CuSCN bands as a function of the sALD cycle number.
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by in situ methods such as IR spectroscopy. For the in situ
measurements, the sALD film is grown directly on a Si
hemisphere, which serves as an attenuated total reflection
window.

3. Morphology of the layer growth: after the initial sALD cycle,
the roughness of the surface increases from 121 to 158
pm, which is assigned to the formation of a two-
dimensional layer. Additionally, the nucleation of the
first three-dimensional spherical nanoparticles is ob-
served. The density of particles increases within the first
three sALD cycles from 22 to 467 particles·μm−2. In the
subsequent cycles, the particle size increases drastically
and the particle density decreases. The processes indicate
the transition to a region where coalescence and/or
Ostwald ripening occur. This leads to a rougher surface
and an increased deposition per cycle.

4. Chemical nature and structure of the deposits during layer
growth: bulk CuSCN is deposited preferentially in the β-
CuSCNphase. However, a small fraction of the α-CuSCN
phase and defect sites are formed in the initial stages of
deposition. The β-CuSCN phase as well as the α-CuSCN
phase and defect sites all grow, whereas the β-CuSCN
phase becomes more dominant at larger film thickness.

The experimental and theoretical approach presented here
provides microscopic insights into the nucleation, growth, and
properties of CuSCN deposits formed by the newly developed
sALD process. In the particular case of CuSCN grown on silicon
wafers, the material is deposited mostly by nucleation of novel
particles during the first 10 cycles, after which their growth and
coalescence and also Ostwald ripening take over. In the future,
similar experimental methods in the development of sALD
processes for other materials or on other substrates will be
applied, as well. Therefore, it is crucial to understand the growth
mechanism and use it to grow materials with a specific
morphology on specific substrates.
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