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Zusammenfasung

Diese Arbeit widmet sich neuen Strategien flir mechanistische Studien zu Prozessen der
Chemischen Gasphasenabscheidung (CVD) unter Ultrahochvakuum (UHV). Das Ziel der
vorliegenden Dissertation ist das mechanistische Verstandnis der Wachstumsbedingungen von
Metallfilmen, die mit der Technik der gepulsten Sprihverdampfung bei der Chemischen
Gasphasenabscheidung (PSE-CVD) synthetisiert wurden. Die Metalle Nickel und Kobalt wurden
als Beispiel ausgewahlt, um die Verbindung zwischen den makroskopischen
Abscheidungsbedingungen und den mikroskopischen Prozessen unter Einbeziehung eines
Precursors, der Oberflaicheneigenschaften und dem Wachstum eines diinnen Filmes

aufzuzeigen.

Um die makroskopischen und mikroskopischen Ansatze zu kombinieren, wurde eine neue
Anlage konzipiert und konstruiert. Dabei wurden die Material- und Abscheidungseigenschaften
unter Wachstumsbedingungen bericksichtigt. Ein neuer, kompakter und modularer
Beschichtungsreaktor wurde erfolgreich gebaut, der es insbesondere erlaubt, die
Oberflachendiagnose quasi in situ, also wahrend des laufenden PSE-CVD, durchzufiihren.
Neben Kompaktheit, Schnelligkeit und Einfachheit erlaubt die Anlage auRerdem einen
sauberen Probentransfer zwischen dem Reaktor und UHV, der eines der wichtigsten Ziele war.
Der Reaktor mit einem Transfermechanismus wurde direkt an eine UHV-Kammer angebracht,
sodass eine zuverldssige und systematische Untersuchung in jeder Phase des Filmwachstums
moglich ist. Dies erlaubt eine detaillierte Charakterisierung der einflussnehmenden Parameter

bei der PSE-CVD durchzufihren.

Die vorliegende Arbeit behandelt wichtige Eigenschaften des Wachstumsprozesses
einschlieRlich des Einflusses verschiedener Parameter auf die CVD Wachstumskinetik, solche
wie die Beschaffenheit des Metallzentrums, die Temperaturempfindlichkeit der
Kohlenstoffverunreinigungen, die Funktion von Ethanol, sowohl als Losungsmittel als auch als
Katalysator, den Einfluss von Nickel als Keimschicht fiir verschiedene Kombinationen von
Rahmenbedingungen und die Rolle des Wassers aus der Ethanol-Lésung wahrend des PSE-CVD
von Ni und Co-Diinnschichten. Ferner wird eine detaillierte Untersuchung der Mechanismen
bei der PSE-CVD mit Acetylacetonat-Precursoren in Ethanol vorgestellt, sowie ein Vergleich
von thermischer und elektronenstrahlinduzierter Zersetzung von |I6semittelfreien Schichten

vom intaktem Ni(acac), und Co(acac),.
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Abbreviations

ALD - atomic layer deposition

CvD - chemical vapor deposition

PECVD - plasma-enhanced chemical vapor deposition
PSE - pulsed spray evaporation

EBID - electron beam-induced deposition
MO - metal-organic (precursor)

oM - organometallic (precursor)

UHV - ultrahigh vacuum

XPS - X-ray photoelectron spectroscopy
SEM - scanning electron microscope
LEED - low energy electron diffraction
acac - acetylacetone






1. Introduction

Thin metal and metal-oxide films are multifunctional key for technological progress in many
areas, including catalysis, optics and microelectronics. To date, especially vacuum-based
techniques are widely used for producing active materials for catalysis and sensors, protective
and decorative coatings, optical and magnetic elements, or electrical conductors in
microelectronic devices [1-4]. Besides physical thin film deposition techniques such as, for
example, evaporation or sputter deposition, the chemical vapor deposition (CVD) can be used
to produce monoliths, fibers, foams, and powders of pure metals or alloys with free variation
of the composition, excellent reproducibility, and conformal coverage of three-dimensional
structures [2,3,5]. Currently, a variety of the CVD techniques are consistently used in industry,
because they fit production requirements in terms of demonstrated reliability and ease of use
[4]. Generally, in the CVD processes a solid film is deposited from the gas phase of precursor
molecules by chemical reactions taking place on or in the neighborhood of a substrate surface,
which is usually preheated to thermally initiate the reaction. Therefore in industry most often
employed are thermal CVD where deposition is activated by heating, plasma-enhanced CVD
(PECVD) with plasma-initiated reaction, and, as CVD-derivative, atomic layer deposition (ALD)
which produces films in sequential, self-limiting layer-by-layer manner, using various reaction

activation methods.

The deposition process development is not standing still and new deposition techniques with
innovative approaches are proposed regularly. For instance a recently developed hydrogen-
free approach to thin film CVD is based on pulsed spray evaporation delivery (PSE-CVD) of
commercially available metal-organic (MO) precursors, in particular metal B-diketonates such
as acetylacetonates [6-9]. It is a low vacuum deposition technique that uses alcohols as both,
solvent and reducing agent, and permits deposition of metal films without employing gaseous
hydrogen for precursor reduction. Compared to standard gas phase CVD, PSE-CVD poses less
demand on the precursor in terms of volatility and thermal stability. The metal-containing
precursors can be spray-evaporated from liquid solution at room temperature and do not need
to be heated [6,10-13]. Another good example of a recently developed deposition approach is
electron beam-induced deposition (EBID) where a focused electron beam is used to produce
three-dimensional micro- and nanometer sized deposits by decomposing precursor molecules
(also the volatile metal acetylacetonate) from a feedstock gas adsorbed on the substrate

surface [14-18].



The metal-containing precursors used in CVD can be divided in three classes. The first class is
inorganic precursors represented mainly by halides [3]. Unfortunately, when these precursors
are used, the pure metallic films can be obtained only for a narrow range of metals. Very
often, halide contaminations are present or technical and security problems have to be faced,
such as a tendency towards particle formation or corrosive byproducts. As second and major
class of precursors, the organometallic (OM) precursors cover a wider range of metals. OM
precursors represent molecules with metal-carbon bonds with such ligands as
cyclopentadienyl or carbonyl, as well as methyl derivatives [3,19,20]. Metal centers in these
precursors are mostly in their elemental oxidation state, assisting the formation of a metallic
film without strong reducing agents. However, the strong metal-carbon bonds may lead to the
co-deposition of metal carbides and graphitic carbon. Furthermore, OM precursors are usually
expensive, very toxic, and highly sensitive to air, moisture, or temperature which requires
handling and deposition in dry inert gases and glove boxes [19-21]. Mentioned above MO
precursors, as a third class, are represented, e.g. by the family of B-diketones [3]. They avoid
many major disadvantages of OM precursors but also have their own. For instance, the metal
center is bound to O, N, or S in a high-valence state so that strong reducing agents, such as a
H, flow or electron irradiation (plasma), are required which, in turn, pose safety or technology
problems. Here the film contamination by carbon impurities may be observed as well.
Nevertheless, using MO precursors is generally seen as promising CVD method if reducing

agent safety and technology as well as carbon contamination problems can be solved.

Shedding light upon the CVD reaction mechanisms for the metal containing precursors in the
full scale and in detail is essential requirement for the deposition process optimization and
beneficial for the selection and synthesis of new precursors. In this respect, the boundary
conditions of the deposition parameters may play important roles as well. For thin film analysis
in order to understand the mechanisms and the resulting film properties, to characterize the
film quality and for optimizing process parameters, the surface-sensitive analytical tools in
ultrahigh vacuum (UHV) are optimally suited [22-30]. Unfortunately, only a narrow range of
CVD processes can be used for operation directly in an UHV chamber. For example, in high
temperature (500 - 950 °C) deposition of the Si, SiGe or SiC films from disilane Si,H¢, germane
GeH,, or methylsilane CH;SiH; is not only the variety of precursors, but also the choice of
deposition parameters applicable in an UHV setup that is limited and typically different from
industrially profitable [31-35]. The employment of the organic precursors in the UHV setup is
also known to cause chamber contaminations [36-38]. Therefore, in general, CVD, ALD, and
EBID with large organic precursor molecules and, moreover, PSE-CVD with precursors in liquid

solution are incompatible with UHV conditions where gaseous precursors and reaction
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residues are required that can be easily pumped. Consequently, sample transfer between a
CVD reactor and an UHV chamber for thin film analysis can usually not be avoided. But there
are no commercially available solutions for CVD reactors directly linked to UHV chambers via
gate valves that are opened only for sample transfer [39-41]. This approach is most promising
for clean, fast and effortless transfer if UHV chamber contaminations due to precursor
adsorption on the sample holder, transfer rods or gate valves can be avoided and if restrictions
due to limited space can be met. Therefore, in this work, such a homebuilt CVD reactor was
designed, successfully constructed and directly attached to a commercial UHV system used for
thin film analysis. The next chapters of this framework article will present the design of the
developed transfer system and thereby direct coupling of the CVD reactor to the UHV chamber
for mechanistic studies and deposition process optimization. Furthermore, my own
contributions to the studies of CVD processes via analytical tools under UHV conditions will be

discussed.

In general:

- basic design ideas, construction details, highlights and capabilities of the PSE-CVD Reactor,

- investigation of the growth behavior of cobalt thin films from PSE-CVD,

- systematical study of the water influence on the composition and growth kinetic of PSE-CVD
nickel and cobalt metal films,

- preparation of undecomposed Ni(acac), and Co(acac), layers via PSE, and

- comparison of thermally initiated and electron-induced precursor decomposition with CVD,

will be summarized and discussed as product of my PhD work.

Ongoing experiments are focused on systematic studies of the influence of various CVD
parameters on the growth kinetics of transition metal films and aimed at a fundamental
understanding of the reaction mechanisms of the metal deposition process. Elucidating the
CVD reaction mechanisms comprehensively and in detail is prerequisite for process
optimization and beneficial for the selection and synthesis of new precursors. In this respect,
also boundary conditions may play important roles but often they lack systematic studies. The
compact and modular reactor for quasi in situ UHV surface science studies is adaptable to
most UHV systemes, its versatility makes it a valuable and promising tool for any fundamental
studies of CVD-based techniques such as, e.g. ALD. The design for the direct coupling of the
thin film deposition process with the surface analysis and facile transfer under UHV conditions
will facilitate the systematic study of such experiments and enable a more reliable, detailed
characterization of the pertinent parameters of influence that are a prerequisite for progress

in deposition engineering.



2. Experimental Part

2.1. PSE-CVD Reactor and its place in UHV System

The CVD reactor presented in this work was designed [PI] to be directly attached to the load-
locks of any of the two Multiprobe UHV systems by Omicron Nanotechnology available in the
IAPC laboratory for thin film analysis. The UHV systems contain temperature-programmed
desorption (TPD) spectroscopy, low-energy electron diffraction (LEED), scanning tunneling
microscopy (STM), Fourier-transform infrared spectroscopy (FTIR), and x-ray photoelectron
spectroscopy (XPS) as surface science tools. For XPS, non-monochromatized Al Ka radiation
was used for photoelectron generation and a Leybold EA 10 Plus hemispherical energy
analyzer with single-channeltron detector was employed. The obtained XP spectra were
normalized and then fitted using Igor Pro (from Wave Metrics) and FITT (Seoul National
University) software. For the fit a Shirley-type background was taken into account. The
morphology of the deposited films was assessed ex situ using a Carl Zeiss Ultra Plus Field

Emission scanning electron microscope operated at 15.0 keV electron energy.

The reactor design is multifunctional — easy to use in PSE-CVD as well as in classical thermal
CVD or ALD regimes. While some parts and geometry of the reactor are based on previous
developments [6,7], the design of sample holder, deposition area, and transfer mechanism are
completely new, resulting in thin film deposition reactor setup of very compact size which is
based on many commercially available components, is relatively easy to assemble, and may be
used with widespread UHV-compatible Omicron-type sample holders. The CVD setup
accomplishes short pathways for transfer but maintains well separated individual pressure
regimes of CVD reactor and UHV chamber. After any stage of a CVD or ALD growth process in
the reactor, samples can be transferred easily, quickly and cleanly without contaminating the
sample surface or compromising UHV conditions to the UHV chamber for thin film analysis,
allowing us to perform systematic studies on the influence of various CVD parameters on the
growth kinetics. Thereby, a fundamental understanding of the reaction mechanisms of the

chemical vapor deposition process gets within reach.

A drawing to scale of the fully assembled CVD reactor is shown in Figure 1. The reactor,
connected to the load lock of the UHV chamber via a CF 38 gate valve, has a small lateral
footprint, i.e., there are no protruding parts which could complicate positioning and
connection to the Omicron Multiprobe system. The deposition area of the reactor is designed

close to previous developments [6,7] and comprises a carrier gas supply and preheating zone
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(1), and a spray injection, evaporation and delivery zone (Il) (see Figure 1). Carrier gas
preheating in zone (I) avoids spray condensation in zone (ll) where the precursor is injected by
a piezo-driven spray nozzle, operated by low-voltage direct current pulses. The tube size
(diameter 40 mm, length 250 mm) of the evaporation and delivery zone (ll) provides
homogeneous distribution of precursor spray in the carrier gas and uniformity of the precursor
mixture in case of multicomponent systems. Preheating of this zone as well as the vacuum line
(1) prevents precursor adsorption on the walls of reactor or vacuum line. Almost all
components of the deposition area are commercially available. More technical details can be

found in PI.

Pressure gauge

Larrier gas nlet
e

Load lock Vacuum line

IV Transfer rod

To UHV =

Chamber [~ 6-way (ross

Gate valve 10cm
[— |

Fig.1. Drawing to scale of the assembled CVD reactor attached to the UHV chamber. | — Carrier
gas preheating zone, Il — Spray evaporation zone, Il — Vacuum line, IV — Sample manipulation
area with parts for sample transfer and gate valve to the UHV chamber load lock.

The homebuilt sample manipulation area (IV) (see Figure 1) which is described in detail in the
Pl as well, comprises the sample holder, the transfer mechanism, and the shutter between
deposition and sample manipulation area, all placed inside the CF 38 six-way cross. The sample
is mounted on an Omicron-type sample holder which slides into a mobile platform for transfer
(shuttle) with heater and thermocouple contacts. The reactor is completed by a support

system including gas supply, pressure control, temperature control, and precursor delivery



systems [PI]. Overall, the designed reactor has a very compact size, is relatively easy to

assemble, and should be attachable to any UHV chamber after manageable adaptations.

As it was mentioned before the direct connection allows for quick and contamination-free
sample transfer without interrupting vacuum between the CVD reactor and XPS. For the

explanation of the transfer procedure the Figure 2 could be used.

UHV Chamber

=

Load-lock V0 Reactor

10 Pa ﬂ: 10 Pa -
i 4

&, ® 4
w_3 —=

Fig.2. Scheme illustrating major parts of the vacuum system. 1) Scroll pump, 2) Turbo pump, 3)
lon getter pump, 4) Gate valves, 5) Linear-rotary drives.

After finishing a deposition or any stage of the deposition process, the reactor is pumped by an
oil-free scroll pump attached to the vacuum line of the deposition area, reaching a lowest
pressure in the range 10" Pa. Then the sample is transferred from the CVD reactor to the load
lock of the UHV chamber. Being now pumped by the turbo molecular pump of the load lock,
the reactor pressure typically drops to ~10™ Pa. In the load lock, the sample is then picked up,
and the gate valve between CVD reactor and load lock is closed. After further pumping of the
load lock, the sample is transferred into UHV chamber which has a base pressure of ~10° Pa
maintained by a turbomolecular pump and an ion getter pump. During this last transfer step
the pressure in the UHV chamber typically remains below 10 Pa even without bake-out of the
load lock. The pressure conditions have been well maintained over more than hundred PSE-
CVD and transfer cycles, meanwhile, providing evidence for the cleanness of the entire

procedure.
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The UHV chamber contamination problem was solved in the way that the CVD reactor is
separated in two areas. The first is “deposition area” (Figure 3 (1)), where the precursors spray
is produced and carried by a carrier gas to the sample surface. In the second “sample
manipulation area” (Figure 3 (2)) the sample temperature is controlled and all parts for sample
transfer into the UHV load lock are located. In order to avoid MO precursor adsorption on the
reactor walls preheating of all parts is required. In fact any contamination of the sample
manipulation area can potentially reach the UHV chamber. Therefore, both deposition and
sample manipulation areas must be well isolated from each other during deposition so that
only the sample surface but not the sample holder or any part of the transfer mechanism is
exposed to the CVD precursors. Making the sample quickly and easily movable for transfer and
provide isolation of the sample surface from all transfer parts during deposition is the major
technical challenge. It was solved by a uniquely designed movable shutter (Figure 3 (3)) for

separation of the deposition area from the sample manipulation area.

N, Precursor

a) b)

Fig.3. Schematic diagram of the CVD reactor depicting (1) deposition area (carrier gas
preheating, spray evaporation, vacuum line), (2) sample manipulation area, and (3) movable
shutter during (a) sample transfer (gate valve to load lock (not shown) on the left is open) and
(b) deposition (gate valve to load lock closed, deposition and sample manipulation areas
purged independently); (c) shows a cross-sectional drawing of the shutter.

A short overview of the movable shutter function can be given at this point as well. The shutter
(Figure 3 c) consists of a stationary nozzle fixed between flanges on top of the six-ways cross
and a similarly shaped part acting as movable mask which is suspended below the nozzle. The
stationary nozzle centers and holds the mask which has an aperture in the size of the sample
surface area to be exposed to the CVD precursor. The motion of the mask is driven by magnets
from the outside. For that purpose, all shutter components are made of nonmagnetic stainless
steel except for two magnetic steel parts mounted on top of the mask. It can be lifted upwards
and rotated by 55° into a locked position (transfer regime), or rotated back and moved

11



downwards to rest on the sample holder (deposition regime). In deposition regime leaks
between sample manipulation and deposition areas are as small as possible, sample surface

directly underneath the mask’s aperture. For further details on the shutter design see in the PI.

The principle of CVD reactor operation using the movable shutter is as follows. In transfer
regime (Figure 3 a) the shutter is fixed in upper position and the gate valve to the load lock is
open. With the shutter in upper position, there is enough space available to move the sample
holder (mounted on a transport shuttle) out of the CVD position into the load lock and vice
versa. The pressure in the CVD reactor, being now additionally pumped via the load lock, is
typically as low as 10™ Pa during transfer. In deposition regime (Figure 3 b) the shutter is kept
in a lower position so that its aperture is slightly pressed to the sample surface and openings
between (1) and (2) are as small as possible. The deposition area and the sample manipulation
area (the gate valve to the UHV load lock being closed) are pressurized individually by N, in
such way that the pressure in (2) is somewhat higher than in (1) in order to prevent gas flow
from the deposition to the sample manipulation zone through rest leaks. Then the precursor
mixture passes the deposition area - where pressure is kept in the range required for CVD -
and reaches through the aperture of the shutter the sample surface which is kept at the
required deposition temperature. Residue of precursor, solvent, and reaction byproducts are
pumped off via outlets of the deposition area to a vacuum line. Overall it was found that the
shutter maintains the sample manipulation area clean and contamination of load lock or UHV
chamber during transfer is negligible. The design of the sample manipulation area combines
small size and modularity, allowing for quick repair with contamination-free operation. Details
on the design of the rector parts for sample manipulation area as well as construction of a

modified Omicron-type sample holder can be found in the PI.

The pressure conditions have been well maintained over more than hundred PSE-CVD and
transfer cycles, meanwhile, providing evidence for the cleanness of the entire procedure. It
should be noted that separation of deposition and sample manipulation areas within the CVD
reactor by means of the movable shutter, as described above, is crucial for the cleanness of
sample transfer. Without the shutter the creeping contamination such as, e.g., precursor

condensation at the gate valve or metal deposition on all insulating parts have been observed.
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2.2. Sample Preparation

The deposition experiments were performed in a home-built CVD reactor employing a pulsed-
spray evaporation unit for delivery of the precursor liquid feedstock. The experimental
deposition parameters, like deposition area pressure, carrier N, gas flow rate, spray pulse
width and frequency, substrate temperature, and total depositions duration were optimized
and discussed in the published articles [PI-PIV],[6,7,13,25]. Commercially available anhydrous
Ni(acac), and Co(acac), were dissolved in absolute ethanol at a concentration of 2.5, 5.0, and
7.5 mM. The solution was ultrasonically shaken to achieve complete dissolution. All feedstock
solutions were freshly prepared directly before PSE deposition. The purity of the absolute
ethanol (>99.9 vol%) was confirmed by an analytical hydrometer. For a systematic study of the
water influence on the PSE-CVD process [Pll], distilled water was added to the precursor
solution to adjust the H,0 concentration from 0.0 to 15.0 vol% (where 1.0 vol% corresponds to

0.555 mol/l).

A 1.5 x 0.5 cm piece of a Si(100) wafer was cut as substrate, cleaned with isopropanol in an
ultrasonic bath, and dried in air, so that Ni or Co films were deposited on top of the native or
thermal silicon oxide layer. For Co deposition [PIIl] also Si substrates with Ni interlayer were
used. In case of the Ni and Co precursor adsorption experiments [PIV], the silicon substrates
annealed under UHV conditions at 700 °C and transferred in vacuo into CVD reactor. In general
the photoelectron spectroscopy analysis showed that the mild cleaning procedure left very
reproducibly, a level of 9 atom% (~5 atom% after in vacuo thermal treatments) residual carbon
contaminations on the substrate surface. The thickness of the films obtained by PSE-CVD was
varied from few nm to several hundred nm by varying deposition time and precursor
concentration in the liquid feedstock. The thermal and electron-induced decomposition
experiments [PIV] of the PSE deposited, undecomposed, thin precursor films were performed
in the UHV chamber. For electron-induced precursor decomposition experiments the electron

gun of a conventional electron diffraction system was used.

For some further details concerning sample preparation and deposition system handling, as

well as sample analysis see the attached publication [PI-PIV].
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2.3. Benefit of the direct sample transfer

The importance of sample transfer from the CVD reactor to surface analysis tools without
interrupting vacuum, in order to obtain reliable results on the CVD process can be
demonstrated with the following example. A thin Ni film was freshly prepared by PSE-CVD on
the Si substrate and transferred into the UHV chamber for XPS analysis under high vacuum
conditions directly afterwards. The obtained XP spectrum within the region of Ni 2p emissions

is shown in the upper panel of Figure 4.
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Fig.4. Ni 2p XPS signal of a thin Ni film deposited on SiO,/Si(100) substrate. Upper panel: freshly
prepared film directly transferred into UHV; Bottom panel: after resting in ambient conditions
(in air) for 1 hour.

The red and green curves in Figure 4 represent emissions from reduced Ni (Ni°) with binding
energies 852.0 and 859.2 eV. The blue and purple curves represent emission from oxidized Ni
(Ni*) (binding energies 855.6 and 861.0 eV). Obviously, the freshly prepared Ni film was
almost completely reduced as it comprises more than 95 % metallic Ni. Thereafter the sample
was transferred out of the UHV chamber, let rest in the air atmosphere for one hour, and
transferred back into UHV. A subsequent XP spectrum (bottom panel in Figure 4) revealed that
only 60 % of the surface Ni had remained metallic after this treatment. It can be concluded
that even short sample transfers within minutes through air would significantly deteriorate the
CVD-grown Ni film surface and that contamination-free transfer is a prerequisite for reliably

estimating the influence of deposition parameters in the CVD reactor.
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3. Summary of the results

Recent works [13,25,26,42] have demonstrated the new approach to deposition of some
metals (Ru, Pt, Ag, Cu, Ni, Co) and their alloys using ethanol as unique reducing agent. This CVD
technique is characterized by the liquid delivery of commercial MO precursors into the CVD
reactor via a pulsed-spray evaporation system. Bahlawane et al. [13,26] studied the reaction
mechanisms involved in the PSE-CVD of nickel and copper thin films from an ethanol solution
of Cu(acac), and Ni(acac),. The catalytic chemical reduction of the acetylacetonate precursor
by ethanol, as shown in Equation 1, was identified as the summarized reaction pathway that

enables the deposition of high quality films of transition metals:
2 M(acac), + n C;HsOH — 2 M + 2n Hacac + n CH;CHO (1)

Where the first step, the metal acetylacetonate precursor adsorption on silica substrates can

be suggested to proceed via ligand exchange reactions:
M(acac), + OH-silica — (acac)-M-O-silica + Hacac (2)
While the metal (Ni or Co) catalyzed dehydrogenation of ethanol to acetaldehyde, i.e.
C,HsOH — C,HsO + % H, (3)

can be proposed as promoter for the decomposition of the adsorbed precursor and reduction

of metal:
(acac)-M-O-silica + H, — M + OH-silica + Hacac (4)

There it has been reported several studies on the interaction of water vapor with Ni surfaces
[43-47]. Oxidation of the Ni surface in presence of water vapor was observed at temperatures
as low as 300 °C and even in UHV environment with the oxidation rate increasing as the
temperature or the H,O dose are increased [43,48]. Therefore, as the most probable
explanation for the metal oxidation at water presence can be suggested as the second
decomposition channel of the precursor (where water serves as an oxygen source) [49],

initiated by excessive amounts of water:

(acac)-M-O-silica + H,O — MO + OH-silica + Hacac (5)
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This pathway leads to the formation of metal oxide and will compete with the precursor
decomposition by hydrogen which, as previously shown [13,50], is produced by

dehydrogenation of ethanol to acetaldehyde and leads to reduction of metal.

In order to obtain more information on precursor decomposition on the substrate surface and
stimulated by the current interest in the electron-beam induced deposition processes, the
preparation of solvent-free layers of intact Co(acac), and Ni(acac), can be achieved by PSE of
the precursor onto SiO,/Si substrates at 115 °C. In UHV, these films were than heated to the
typical temperature for PSE-CVD or irradiated by electrons in order to induce precursor

decomposition.

3.1. CVD process optimization (Paper I)

Successful deposition of thin metal films by CVD needs control over a number of physical and
chemical parameters, such as precursor and substrate selection, delivery, flow, pressure and
temperature conditions. Using the unique UHV-compatible CVD reactor directly attached to an
XPS containing UHV chamber gives us opportunity to identify an optimal deposition
temperature and hoped to thereby better understand the influence of temperature on the
deposition process [Pl]. Previous work with B-diketonates [6,7,13] found 230 - 310 °C as
deposition temperature range for growing Ni metal films of good quality, i.e., with metallic

conductivity and a low degree of contaminations.

In the present study the Ni films were deposited on SiO,/Si(100) substrate samples as
described before at various sample temperatures in the range 230 to 310 °C (at steps of 20 °)
and transferred under high vacuum conditions into the UHV chamber for XPS analysis. The
Ni**/Ni®intensities ratio determined from the integral Ni 2p peak intensities is shown in the left

panel of Figure 5 as a function of the sample temperature during deposition.

Obviously, the highest concentration of Ni** is observed at the lowest deposition temperature.
With increasing deposition temperature, the content of reduced Ni° increases, until at 270 °C
and above the film contains almost only metallic Ni. The right panel of Figure 5 provides
information on the amount of carbon contamination at the surface and in the film. It shows
the ratio of the integral C 1s and Ni 2p peak intensities (Csumm/Nisumm ). While Csymm/Nisumm
varies only in the range ~1.0 - 1.3 within the deposition temperature range 230 - 310 °C, the

XPS analysis indicates the lowest carbon concentration for 270 °C.
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Fig.5. Changing the intensities ratio of the Ni 2p XPS signals for Ni**/Ni° (left) and Csumm/Nisusm
(right) at various deposition temperatures.

These results can be interpreted as follows: Below 270 °C, precursor decomposition is probably
incomplete, i.e., undecomposed precursor remains at the surface and contributes to the
detected amount of carbon contamination and oxidized Ni. The increase of the carbon signal
at sample temperatures above 270 °C during deposition may indicate that the precursor is
already overheated, i.e., the residues from its decomposition do not completely desorb but are
fragmented, producing carbon black in the film. Overall, within the range 230 to 310 °C
proposed before [6,7] the 270 °C was identified as optimal temperature for PSE-CVD with

Ni(acac), precursor on SiO,/Si(100) surfaces.

230°C 270°C 310°C

Fig.6. SEM of Si0,/Si(100) substrate coated with Ni films at 230, 270, and 310 °C. Upper row:
plane view on the Ni-covered substrate surface (scale bar 1 um); bottom row: enlarged view
(scale bar 200 nm, viewing angle ~60° with respect to surface normal) of cleaved sample edge
showing substrate (bottom) and Ni deposits on top.
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The morphology of the deposited films was assessed as well. The samples prepared at 230,
270, and 310 °C were selected for SEM analysis, the results are shown in Figure 6. The nickel
films deposited at 230 or 270 °C appear to be closed and composed of grains with diameters
on the order of some ten nanometers (The surface of the film deposited at 270 °C appears to
be somewhat smoother than of that deposited at 230 °C). Films obtained at 310 °C present a
coarser morphology with smaller, more heterogeneously sized grains. Furthermore, SEM of
the film deposited at 310 °C reveals pronounced defects (see upper panel of Figure 6) which

may represent gaps in the metal film.

3.2. Cobalt films growth on SiO, and Ni/SiO, (Paper Il, Own contribution)

In contrast to Cu and Ni acetylacetonates, the PSE-CVD of cobalt films from Co(acac), was
found to be highly sensitive to the nature of the underlying substrate and the deposition
temperature. For example, a transition from cobalt carbide to metallic cobalt was observed
upon increasing the substrate temperature from 240 to 280 °C, while an improvement of the
growth rate and a decrease of the required deposition temperature were observed when
coating a 5 nm thick nickel interlayer on bare glass [25]. Despite these observations, the role of

the nickel sub layer during the film growth is not well understood.

In the presented work [Pll], to monitor the effect of the nickel interlayer on the resulting films,
both SiO,/Si(100) and Ni-deposited substrates, with a nickel film thickness of ~5 nm, were used
for ultrathin Co° films (of thickness 2 - 6 nm, representing an early stage of the nucleation)
deposition in the UHV-compatible PSE-CVD reactor directly attached to an UHV system.
Therefore any post-deposition contamination or metal oxidation during sample transfer from
the reactor to XPS can be neglected. The Co films deposited on SiO,/Si(100) substrate at
various temperatures in the range 250 - 370 °C and characterized by XPS are shown in Figure 7
(left). Where at sample temperatures up to 270 °C during deposition, the film surface is
composed of carbon, oxygen and oxidized Co*, represented, probably, by Co oxide or Co(OH),.
For deposition temperatures of 310 °C and higher, metallic Co® was also found, where the ratio
of metallic and oxidised Co increased with temperature. Only at the highest deposition
temperature of 370 °C, the Co signal was found to be entirely metallic. At this deposition
temperature, however, carbon contamination, which increased with deposition temperature,
has a highest level. Probably due to fragments of decomposed precursor or alcohol, which

result from pyrolysis of the precursor solution at the hot sample surface. Below 270 °C
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deposition temperature, presence of carbon may be attributed to undecomposed precursor at
the surface. Compared to the XPS data obtained from 250 nm-thick films deposited from
Co(acac), precursor at 250 °C, where only metallic Co and some Co carbide were detected,
these findings indicate that the growth mode changes as more and more Co is deposited.
Probably, the initially deposited cobalt oxide acts as a seed layer and promotes the catalytic

decomposition of the precursor at later stages of film growth.
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Fig.7. Co 2p XPS signal of a thin PSE-CVD cobalt films deposited at various temperatures on SiO,
(left) and Ni/SiO, (right) substrates using ethanol solution of Co(acac)..

When a nickel interlayer was deposited on the SiO,/Si(100) substrates before depositing Co in
the UHV-compatible PSE-CVD reactor, the XPS revealed (Figure 7 (right)) that thin films were
composed of entirely metallic cobalt even at temperatures as low as 270 °C. It seems that,
nickel, as more efficient catalyst for dehydrogenation of ethanol to acetaldehyde and thus, via
hydrogen, the decomposition of the adsorbed precursor, promotes the reduction of Co(acac),

during the initial stage of deposition.

In general using the nickel interlayer for Co(acac), precursor decreases the deposition
temperature window and improves the growth rate until a critical temperature of 360 °C.
Enhancement of the growth when using a nickel seed layer can be ascribed to the improved
dehydrogenation of ethanol to acetaldehyde, a process that enables the reduction of the
acetylacetonate precursor. However, this effect was limited to temperatures below 360 °C,
above which the thermal decomposition of the precursor is predominant. With and without Ni
interlayer, carbon contamination at the film surface appears to be inherently connected to the
formation of metallic Co and increases with deposition temperature as a consequence of the

thermal decomposition of the precursor.

19



3.3. Influence of Water on deposition process (Paper Ill)

One of the big problems with solid organic precursors in metal CVD is their sensitivity to air
and moisture [19-21]. Commonly, the hygroscopic nature of many OM and MO precursors
promotes the formation of hydrates which leads to significant configuration changes within
the precursor depending on the water content [19,51-53]. These changes may induce strong
dependencies of the precursor volatility and thermal stability on the water concentration
[19,49,53]. Additionally, water may influence the precursor adsorption selectivity by formation
of OH groups on the substrate surface and affect reaction mechanisms thereon [3,52,54-56].
Overall, the sensitivity of the precursor to moisture may render the control of parameters such
as nucleation rate, growth rate, or precursor fragmentation difficult and thus affect quality
(morphology) and purity (carbon incorporation) of the CV deposits. However, water may even
have beneficial effects on the composition or growth rate of the deposit [57-63]. In practice,
controlling water contamination in the entire CVD process is harder than just to care for pure
precursor feedstock. As pointed out by Pierson [2], a pure reactant can become contaminated
in the distribution system to the reactor by, amongst others, moisture even if gas-tight metal
lines are used. Therefore, in order to limit costs it is essential to know what grades of purity of
precursors, feed gases and reactor lines have to be maintained for good results. Consequently,
in order to make use of these effects purposefully and reach optimal growth conditions with
reasonable efforts, systematic studies on the influence of water on CVD processes are, as also

noted by others [64], a prerequisite.

In the current work [PIlIl] a comprehensive study of the influence of water on metal film
formation exemplarily in a special field of CVD - the pulsed-spray evaporation CVD will be
presented [PI],[6]. By varying systematically and in a broad range the water content in Ni and
Co acetylacetonate precursors for PSE-CVD of Ni and Co, it was found both, beneficial and
detrimental effects of water on the metal film growth, strongly depending on the
concentration of water and the B-diketonate in the precursor solution. The first part of this
section will discuss a full account of the observed effects of water concentration variation in
the precursor solution on composition and morphology of the deposited Ni films. The second
part of this section will demonstrate the influence of water on films deposited from 7.5 mM
Co(acac), precursor solution. In contrast to PSE-CVD of Cu or Ni, finding parameters for
deposition of pure metal Co films from Co(acac), has been reported as difficult because cobalt

precipitates mainly unreduced as carbide or oxide [42]. Moisture may play a key role here.
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Figure 7 provides selected SEM data of films deposited from 2.5 mM Ni(acac), with 0.0, 0.5,
5.0, and 10.0 vol% water in the precursor feedstock, respectively. Within the SEM resolution,
all films appear to be continuous or percolated but composed of grains with diameters on the
order of some nanometers in the case of 0.0 and 0.5 vol%. Films obtained from precursor
solution with 5.0 vol% water show somewhat bigger grains and those deposited from Ni(acac),
solution with 10.0 vol% water show an even coarser morphology with more heterogeneously
sized grains in the diameter range of some 10 nanometers. The measured thickness values of
the deposited films are 30, 40, 40, and 50 nm (+ 5 nm), for films deposited from solutions with

0.0, 0.5, 5.0, and 10.0 vol% water, respectively.

0.0 vol% H,0 0.5 vol% H,0 5.0 vol% H,0 10.0 vol% H,0

Fig.7. SEM of films deposited on a SiO,/Si(100) substrate from 2.5 mM Ni(acac), in ethanol with
0.0, 0.5, 5.0, and 10.0 vol% water, respectively. First row: plane view on the substrate surface
(scale bar 1 um); second row: enlarged plane view on substrate surface (scale bar 200 nm);
third row: enlarged view (scale bar 200 nm) at a viewing angle of ~60° with respect to surface
normal, showing a cleaved sample edge with the substrate (bottom) and deposits on top. Film
thicknesses estimated by SEM.: 30, 40, 40, and 50 nm for films obtained from solutions with 0.0,
0.5, 5.0, and 10.0 vol% of water, respectively.

Figure 8 shows a comprehensive overview of the XPS data in the binding energy regions of a)
Ni 2p, b) O 1s, and c) C 1s obtained for films deposited from 2.5 mM Ni(acac), for various water
concentrations in the liquid precursor feedstock mixture. Results of a quantitative analysis of
these spectra based on the standard fitting routine are compiled in panels d), e), and f). They
are show the intensities of major signal contributions depending on the water concentration

and allow us to pinpoint trends for the composition of the deposited films.
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Fig.8. Top panels: XPS spectra in the binding energy range of a) Ni 2p, b) O 1s, and c) C 1s
emissions obtained from the SiO,/Si(100) substrate (dotted curves) and from Ni/NiO, films
(thickness 30-50 nm) grown ontop by PSE-CVD from 2.5 mM precursor solution with various
water concentrations (from 0.0 to 10.0 vol%) at a substrate temperature of 270 °C (solid lines).
Bottom panels: Integral peak intensities determined from fits to the XPS data.

For water concentrations in the range 0.0 - 1.0 vol% the following trends were observed: water
in the liquid precursor feedstock promotes the growth of metallic Ni and reduces carbon
contamination of the deposited films. Ni oxide starts to grow only at water concentrations
above 0.5 vol%, so that 0.5 vol% water is optimal for the deposition of fully reduced Ni films,
i.e., water at that concentration has a positive influence on PSE-CVD of Ni films from 2.5 mM
Ni(acac), precursor dissolved in ethanol. While more than 1.0 vol% water in the liquid 2.5 mM
Ni(acac),/ethanol feedstock is detrimental for the deposition of Ni films, as it leads to oxidation
of the deposited metal, small amounts of water (between 0.0 and 1.0 vol%) have positive
effects, such as a lower level of carbon contamination and, apparently, an denser and
smoother morphology. An improved growth rate may be linked to a promotion of precursor
adsorption on the substrate surface by OH-groups forming at the surface upon adsorption of
water, as previously reported for various precursors deposited on alumina, soda-lime glass,
and SiO, substrates [52,54,56,65]. On SiO,, surface hydroxyl groups have been demonstrated
to be stable up to 800 °C and above [54,66-68]. At the first nucleation steps of the deposited Ni
film, OH-groups on the substrate surface may serve as preferable bonding sites for the
precursor [54-56]. Enhancing the initial precursor adsorption rate may be very important in the

case of relatively low (2.5 mM) precursor concentrations in the liquid feedstock.
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Several studies on the interaction of water vapor with Ni surfaces have been reported [43-47].
Oxidation of the Ni surface in presence of water vapor was observed at temperatures as low as
300 °C, and even in UHV environment, with the oxidation rate increasing as the temperature
or the H,0 dose are increased [43,48]. Therefore, as the most probable explanation for the
onset of Ni oxidation at water concentrations of 1.0 vol% and above, can be suggested the
second decomposition channel of the precursor (where water serves as an oxygen source)
[49], initiated by excessive amounts of water (>3 mol% H,0 in ~97 mol% C,HsOH with only 0.01
mol% Ni(acac), present). This pathway (Equation 5) leads to the formation of Ni oxide and will
compete with the precursor decomposition by hydrogen which, as previously shown [13,50], is
produced by dehydrogenation of ethanol to acetaldehyde (Equation 3) and leads to metallic Ni
(Equation 4). In summary, there are no positive effects of water on the growth rate or carbon
impurity levels of metallic Ni films for 5.0 and 7.5 mM Ni(acac), feedstock, in contrast to
deposition from 2.5 mM precursor solutions that were observed. Very likely that any
promotional effect of surface OH-groups for the precursor adsorption should be most efficient
at the lowest precursor concentrations whereas at for 5.0 and 7.5 mM precursor concentration
in the deposited gas phase (spray) the precursor molecule density on the surface may be so

high that there is no need to promote adsorption.

Overall, the results show that by tuning the concentrations of Ni(acac), and water in the
precursor solution, the fraction of Ni metal and Ni oxide in the film or the film morphology can
be adjusted. At low (2.5 mM) precursor concentration in the feedstock smoothest
morphologies (with grains from 5 to 10 nm) are obtained and the fraction of Ni oxide in the
deposit is adjustable from 0 to 100 % by varying the water concentration. At high Ni(acac),
concentrations (5.0 and 7.5 mM) excessive amounts of water strongly affect the film
morphology and grain sizes can be varied from 10 to 150 nm. The carbon contamination in
deposited films can be minimized to less than 10 % when the precursor solution is adjusted to

2.5 mM Ni(acac), concentration and 0.5 % - 1.0 vol% water content.

In contrast to nickel, the deposits from Co(acac), contained mainly CoO,, even when waterless
precursor solutions were used. With increasing precursor concentration from 2.5 mM (data
not shown) to 7.5 mM the Co metal fraction significantly increased, but accounted for only 42
% of the Co 2p signal (Figure 9 d). Thus, in contrast to PSE-CVD from Ni(acac), even small
amounts (1.0 vol%) of water in the 7.5 mM CO(acac), precursor feedstock lead to complete

oxidation of the deposited Co. A significant fraction of metallic Co® can be detected in the Co
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2p signal only in deposits obtained without water. As well known from recent reports, cobalt is
not as good catalyst for ethanol dehydrogenation as nickel is [25,50]. Therefore, even small
amounts of water in the feedstock probably lead to a high water/hydrogen ratio at the
substrate surface, rendering the precursor decomposition and CoO, formation according to
Equation 5 as dominant pathway [49] because Co reduction by hydrogen is expected to be
much slower. In accordance with observations made for Ni deposition, it was found the water-
induced oxidation of carbon impurities when the reaction mechanism changed from M to MO,
formation. A significant metallic fraction of deposited Co is observed only for the waterless

precursor solution, the observed maximum ratio of Co:CoO, is ~40:60.

a) b) 0

XPS Co 2p XPSO1s XPSC1s

Intensity (arb. units)
Intensity (arb. units)
Intensity (arb. units)

T T T T T - T T T T T T T T
800 795 790 785 780 775 538 536 534 532 530 528 290 288 286 284 282

Binding energy (eV) Binding energy (eV) Binding energy (eV)
d)g €, N &
w7 + =7 T ) 0 COx
56 + 6 53 + + CC
=
£
A g 5 €
> O Co <4 =2
2 ® Coox | 2 Z Q
531 ¢ 23 + 5 *
Eyl 0 2 E
2 E2 O cowsiox | o118 F
=i " E1 ® CoOx = *
0 P 0 0
0 1 2 3 ‘4 5 6 V] 1 2 3 4 5 6 0 1 2 3 4 5 6
Water concentration (%) Water concentration (%) Water concentration (%)

Fig.9. Top panels: XPS spectra in the binding energy range of a) Co 2p, b) O 1s, and c) C 1s
emissions obtained from the SiO,/Si(100) substrate (dotted curves) and from Co/CoO, films
(thickness 100 - 150 nm) grown ontop by PSE-CVD from 7.5 mM precursor solution with various
water concentrations (from 0.0 to 6.0 vol%) at a substrate temperature of 310 °C (solid lines).
Bottom panels: Integral peak intensities determined from fits to the XPS data.

Because previous studies demonstrated that a Ni interlayer on the SiO,/Si substrate may
drastically improve the quality of films deposited from Co(acac), on top (almost completely
metallic Co, only small amount of CoO,) [25,50], the PSE-CVD from 7.5 mM Co(acac), on a 40
nm thick Ni layer on SiO,/Si(100) was also included in actual study. It was suggested [25,50]
that the benefit of a Ni seed layer is catalysis of ethanol dehydrogenation for the formation of
hydrogen as reducing agent. Co and in particular CoO, are worse catalysts in this respect.
Consequently, while a Ni layer helps to catalyse the formation of an initial metallic Co layer

which then may sustain the Co° formation on top by catalyzing ethanol dehydrogenation, the
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balance quickly shifts to the precursor decomposition pathway depicted in Equation 5 as soon
as water is present because water oxidizes deposited Co which, in turn, is not available to

catalyze ethanol dehydrogenation.

In summary, both, beneficial and detrimental effects of water on the growth of metallic films,
strongly depending on the concentration of water and the B-diketonate in the precursor
solution, were observed. The smoothest morphologies (with grains from 5 to 10 nm) were
obtained for metallic Ni films grown from 2.5 mM Ni(acac), precursor solution. The film growth
could be optimized and the carbon contamination of the deposited Ni films minimized to less
than 10 % when the water concentration in the precursor solution was adjusted to 0.5 vol%.
Only at concentrations of 1.0 vol% and higher water induced significant oxidation of the Ni
deposit. From precursor solutions with higher Ni(acac), concentrations (5.0 and 7.5 mM),
purely metallic films were only obtained when any water in the feedstock was eliminated.
Here, the film morphology strongly depended on the water concentration, indicating inhibition
of nucleation on the Si/SiO, substrate by excessive amounts of water which lead to the growth
of relatively large grains and a coarse film morphology. Overall, the gathered detailed overview
over water-induced effects on the PSE-CVD with Ni acetylacetonate precursors dissolved in
ethanol shows that by carefully tuning the precursor and water concentration in the feedstock,
e.g., the degree of Ni oxidation can be adjusted from 0 to 100 % or the size of the films grains

can be varied from less than 10 to 150 nm.

Compared to Ni(acac),, an even higher sensitivity for water in the feedstock was observed in
the case of Co(acac), as precursor. Significant metallic Co fractions within the deposited films
on Si0,/Si(100) as well as on Ni/SiO,/Si(100) were obtained only from waterless solutions. The
relative sensitivities of Ni- and Co-based precursor solutions on water indicate a strong
competition between two precursor decomposition pathways, one probably involving the Ni-
or Co-catalyzed dehydrogenation of ethanol and H,-induced reduction of the precursor metal
center, the other involving H,0-induced Ni or Co(acac), decomposition which leads to Ni or Co

oxidation.
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3.4. Comparison of thermal and electron-induced decomposition of

metal acetylacetonate thin films (Paper V)

Having available PSE-CVD reactor directly connected to UHV system with surface science tools
such as XPS and LEED, the solvent-free layers of undecomposed Ni or Co(acac), precursor were
generated for fundamental surface science studies of the EBID process in UHV. The precursor
layers obtained by this approach were used for a qualitative comparison of thermally initiated
and electron-induced precursor decomposition and metal reduction, based on XPS data.
Thermal treatments in connection with EBID are particularly interesting because they have
demonstrated the ability to improve the EBID purity [69,70]. The focus on Ni and Co precursors
was concentrated, taking into account wide applicability and permanent industrial interest in
deposits of Ni, Co and their alloys [3,71-74], as well as previous experience with PSE-CVD of Ni
and Co [PI-PllI].

To obtain a solvent-free layer of undecomposed Ni or Co acetylacetonate precursor molecules
via PSE of the liquid feedstock, the substrate temperature should be kept higher than the
ethanol desorption temperature from silica surfaces (peak at ~90 °C) [75] and below the
desorption temperature of M(acac), (thermogravimetric studies[49] indicated that M(acac),
precursors volatilized completely between 150 and 200 °C). To test that concept, the first pure
solvent was spray-evaporated on the surface at three different temperatures (Figure 10): at 30
°C for reference, at 115 °C, i.e., somewhat above the reported desorption temperature of

ethanol, and at 270 °C, i.e., at that temperature at which the CVD process is initiated.

Figure 10 a) reveals reduction of the level of carbon contamination as the benefit of annealing
the freshly prepared SiO,/Si substrate to 700 °C in vacuum. While clear indication of ethanol
adsorption was observed only at 30 °C. Overall, any residues from ethanol at 115 and 270 °C
substrate temperature are negligibly small, i.e., a deposition temperature of 115 °C is high
enough to safely get rid of the solvent. When Ni(acac), precursor solution is injected at 270 °C
sample temperature (Figure 10 b), the acetylacetonate decomposes and a film containing only
metallic Ni (100 % Ni° and some carbon inclusions are formed (CVD process [PIl],[6]). In
contrast, during injection of Ni(acac), precursor solution at 115 °C substrate temperature
adsorption of intact Ni(acac), molecules predominates. There is only Ni** present on the
sample surface, similar to deposition at 30 °C. Overall, it could be concluded that a solvent-free
layer of intact Ni(acac), precursor molecules forms during deposition at 115 °C. After injection
of Ni(acac), precursor solution at 30 °C, the joint adsorption of ethanol and Ni(acac), was

found.

26



QO
~—
-
o

= 3.0
e --- SiOX/Si(100) /”5' 2p Cils
0 --- Annealed at 700° C . o 25
% 8- EtOH at: . >
= | —30°C =
E I — 115°C 3
g 69 m—-z270°C £
L. L
2 =
T 47 G
| - e
2 2
[ =
£, £
0 T T T T T T T d T T v T Foe ol
106 104 102 100 98 290 288 286 284 282
Binding energy (eV) Binding energy (eV)
b)
18 Ni 2 20 C1
Ni(acac),/EtOH at: ep &
1491 —30°C .
— . 1l -~ 25
8 4ol — 1150 Cc e
= I — 270°C S 204 |
g g
& & 154 I
= =
£ 2 10
] @ =
E =
0.5
0.0 T T T T T T 0.0+ T T T T T T T =1
880 870 860 850 290 288 286 284 282
) Binding energy (eV) Binding energy (eV)
1.0 3.0
Co(acac),/EtOH at: Co2p | Cis
I —30°C 254
S0 i g2
5 5 20
g 0.6 g
& & 151
= =
R
5 s 107 I
£ 0.2 £
059 m
oo - e | oo —F—— =
810 800 790 780 290 288 286 284 282
Binding energy (eV) Binding energy (eV)

Fig.10. XP spectra obtained from the SiO,/Si(100) substrate before and after precursors
deposition by PSE.

a) (top row): XP spectra in the binding energy range of Si 2p (left) and C 1s (right) emissions
obtained from the native SiO,/Si(100) substrate (®), annealed at ~700 °C (o), and after ethanol
deposition on the substrate at 30 (1), 115 (Il), and 270 (lll). b) (center row): XP spectra in the
binding energy range of Ni 2p (left) and C 1s (right) emissions obtained after deposition of
Ni(acac),/ethanol by PSE on annealed SiO,/Si(100) substrate from 5.0 mM precursor at a
substrate temperature of 30 (1), 115 (ll), and 270 °C (lll). c) (bottom row): XP spectra in the
binding energy range of Co 2p (left) and C 1s (right) emissions obtained after deposition of
Co(acac),/ethanol by PSE on annealed SiO,/Si(100) substrate from 5.0 mM precursor at a
substrate temperatures of 30 (1), 115 (I1), and 310 °C ().

Similar to nickel, injection of Co(acac), precursor solution at 30 °C leads to joint adsorption of

ethanol and Co(acac),, while at 310 °C substrate temperature the Co precursor decomposes on
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the surface and forms a deposit of Co oxide and metallic Co, with some carbon inclusions (CVD
process [Pll]). Notably, in contrast to CVD from Ni(acac),, the acetylacetonate ligands are not
fragmented during precursor decomposition. Also the smaller amount of carbon impurities as
compared to the Ni PSE-CVD indicates that, during Co-PSE CVD, the Co precursor decomposes
more easily into the metal center and volatile acetylacetone, which is in accordance with the
observation that Co(acac), is less stable than Ni(acac), [76-78]. After injection of Co(acac),
dissolved in ethanol at 115 °C substrate temperature the XPS data indicate that, similar to
Ni(acac), injection at that temperature, adsorption of intact Co(acac), precursor molecules are
predominated. Thus the selected substrate temperature of 115 °C during PSE of metal
acetylacetonate precursors is well suited for the preparation of solvent-free layers of

undecomposed M(acac), precursor.

Precursor layers produced by PSE onto an annealed SiO,/Si substrate at 115 °C and then either
irradiated by electrons at room temperature or heated up to 270 or 310 °C. The data obtained
after electron irradiation of Ni(acac), layers are shown that irradiation in the low-energy
electron exposure regime (at Eq=25 eV) for 15 min and 375 min did not lead to any significant
changes. Only after switching to the high-energy electron exposure regime (at E,=500 eV)
electron induced reduction of the metal from Ni** to Ni° can be observed after 15 min. After 90
min irradiation the final film contained 59 % of Ni° (Table 1) with some carbon inclusions
shown in Table 2. Table 1 also shows that after a Ni precursor layer was heated up to 270 °C
for 1 min, the 86 % of the metal ions reduced to Ni°. The level of residual carbon

contamination (Table 2) was even ~30 % lower than after ethanol-assisted CVD.

Tab. 1. Percentage amount of metallic Ni or Co (of all deposited Ni or Co) in treated films.
The Data were obtained by PSE-CVD or by thermal treatment or electron irradiation of Ni and
Co acetylacetonate precursor layers.

Ni precursor Co precursor

Ethanol assisted CVD 100 25
Thermal decomposition 86 41
Electron beam-induced decomposition 59 21

Similar to the Ni(acac),, also Co(acac), layers did not show significant changes in XPS after
electron irradiation at room temperature in the low-energy electron exposure regime (E,=25
eV) for 15 min and 375 min. Unlike Ni(acac),, however, even the high-energy electron
exposure regime (E,=500 eV) for 15 min, 90 min, and 210 min did only reduce minor amounts

of Co®* precursor ions to Co’. Only 21 % of Co was metallic after irradiation (Table 1). Also
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heating a Co(acac), film to 310 °C leads to precursor decomposition and fragmentation.
Compared to electron irradiation and, in particular, the ethanol assisted CVD at 310 °C, after
heating it was found an unexpectedly high fraction of metallic Co° (41 % of the entire Co) and

preferably CoO, (Table 1) with some carbon inclusions (Table 2).

Tab. 2. Atomic ratio C to M in the films.
The Data were obtained by various ways from Ni and Co acetylacetonate precursors.

Ni precursor Co precursor

Ethanol assisted CVD 0.19 0.07
Thermal decomposition 0.13 0.11
Electron beam-induced decomposition 0.13 0.08

In the presented work, the level of carbon impurities (Table 2) compared to reports for
continuous EBID processes is relatively low (for some MO precursors it may reach even 80 - 90
atom%) [14,18,27]. The relatively low level of carbon impurities may be explained as follows:
In discussed experiments, post-deposition electron beam-induced decomposition of the
precursor is performed in good vacuum conditions while usually in EBID electron irradiation is
performed during exposure of the substrate to the precursor gas. Therefore, any accumulation
of carbonaceous species from electron beam-induced decomposition of precursor in the gas
phase and adsorption of the produced fragments is avoided, in contrast to “real” EBID. The
temperature range of EBID is often so low that dissociation fragments remain adsorbed and
immobile on the substrate [14] while classical CVD operates at temperatures above the
precursor decomposition temperature in order to increase the probability of rapid desorption

of ligands or other undesired precursor fragments.

The temperature difference results in different ways in which adsorbed metal-ligand species
are processed by either electrons or thermal reactions. Under EBID deposition conditions,
experimental evidence suggests that ligand decomposition rather than desorption dominates.
In the CVD reaction pathway thermal reactions are often characterized by ligand desorption as
opposed to ligand decomposition [17]. A comparison of the metal contents in the PSE-CVD
films of Ni or Co(acac), is achieved by thermal or electron-induced post-deposition
decomposition of solvent-free Ni or Co(acac), layers that is summarized in Table 1. As pointed
out before, ethanol-assisted CVD of Co(acac), leads to a lower amount of metallic Co in the
deposit than plain thermal treatment of a Co(acac), layer at the same temperature. Possibly,

the high sensitivity of cobalt to oxidizing agents plays a major role here. Ethanol is added for
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the CVD process because hydrogen is formed upon the decomposition of ethanol (Equation 3)
and acts as a reducing agent. However, also water is a product of EtOH decomposition (and
may be also be present as contamination in the precursor solution) and acts as oxidizing agent
[P1I],[49,52]. The observation that thermal decomposition of the ethanol-free precursor layer
produces higher metal contents than obtained during CVD indicates that oxidation reactions
by the presence of water (Equation 5) dominate over the reduction of Co*" by protons
(Equation 4) delivered by catalytic ethanol decomposition at Co (Equation 3) [PIIl]. On SiO,,
reaction between surface OH-groups could lead to the formation of siloxane bonds and

molecular water [79]:
H,0 + silica — HOH-silica (6)

However, according to the study of L.T. Zhuravlev [79] there is neither physisorbed nor
chemisorbed H,0 on top of SiO, in vacuum at temperatures above 190 °C and only a low
density of free single or geminal OH-groups is stable at and above 400 °C. Therefore, it could
be assumed that in presented experiments at the temperature regime of precursor layer
deposition (115 °C) and in particular when the substrate is heated to 310 °C in UHV for the
thermal decomposition of the precursor film, the amount of water on the substrate surface is

reduced to such low levels that oxidation of precursor metal centers is negligible.

In summary, the injection of liquid precursors using pulsed spray was successfully applied for
preparation of solvent-free layers of undecomposed M(acac), precursor. This method opens
up acetylacetonates layers to qualitative and quantitative analysis by a variety of UHV-based
surface science tools. A qualitative comparison of thermally initiated and electron beam-
induced precursor decomposition and metal center reduction was carried out and shows that
the level of carbon impurities in experiments of post-deposition electron-induced precursor
decomposition was notably low compared to reports for continuous EBID processes.
Therefore, it could be suggested that at least in the laboratory the metal acetylacetonate
deposition followed by post-deposition irradiation with a focused electron beam and
subsequent removal of intact precursor by dissolution in ethanol or by heating may constitute
an interesting electron beam lithography technique for the production of the metal

nanostructures.
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Concluding remarks

This PhD thesis based on the joint project between Universities Bremen and Bielefeld was
aimed at contributing to the mechanistic understanding of the growth conditions of metallic
films synthesized by the previously established technique of pulsed spray evaporation
chemical vapor deposition (PSE-CVD). Nickel and cobalt were selected as an example to study
links between the macroscopic deposition conditions and the microscopic processes involving

the precursor, surface properties and the growing thin film.

To combine macroscopic and microscopic approaches, here it was a need to design and build
up new apparatus, as a consequence of the joint studies, combining deposition and material
characterization under growth conditions. In particular, novel, compact and modular
deposition reactor was successfully constructed that permitted in situ surface diagnostics
while performing PSE-CVD. This reactor was directly attached to a UHV chamber with a
transfer mechanism that allowed to systematic study of the film growth at any stage of the
deposition process without contamination, and enabled more reliable, detailed
characterization of the pertinent parameters of influence. With this novel reactor established
in Bremen, systematic investigations using surface analysis were conducted under growth
conditions that had been identified in Bielefeld. Therefore | am particularly grateful to all

collaborators providing this project.

The present work addressed important features of the growth process including the influence
of various CVD parameters on the growth kinetics, such as the nature of the metal centre, the
temperature sensitivity of carbon contamination, the function of ethanol, both as a solvent as
well as a catalytic agent, influence of nickel as a seed layer for different combinations of
boundary conditions, the role of water on CVD of Ni and Co thin films from ethanol solutions.
Furthermore, investigation of the mechanisms of PSE-CVD from acetylacetonate metal
precursors in ethanol, as well as thermal and electron beam-induced decomposition of

solvent-free layers of intact Co(acac), and Ni(acac), was performed.
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Abstract

Optimizing thin film deposition techniques requires contamination-free transfer from the reactor into
an ultrahigh vacuum (UHV) chamber for surface science analysis. A very compact, multifunctional
Chemical Vapor deposition (CVD) reactor for direct attachment to any typical UHV system for thin film
analysis was designed and built. Besides compactness, fast, easy, and at the same time ultimately clean
sample transfer between reactor and UHV was a major goal. It was achieved by a combination of
sample manipulation parts, sample heater, and a shutter mechanism designed to fit all into a NW38
Conflat six-ways cross. The present reactor design is versatile to be employed for all commonly
employed variants of CVD, including Atomic Layer Deposition (ALD). A demonstration of the
functionality of the system is provided. First results of the setup (attached to an Omicron Multiprobe
XPS system) on the temperature dependence of Pulsed Spray Evaporation (PSE)-CVD deposition of Ni
films from Ni acetylacetonate as the precursor demonstrate the reactor performance and illustrate the
importance of clean sample transfer without breaking vacuum in order to obtain unambiguous results
on the quality of CVD-grown thin Ni films. The widely applicable design holds promise for future
systematic studies of the fundamental processes during chemical vapor deposition or atomic layer
deposition.

Keywords: Chemical vapor deposition (CVD), Ultrahigh vacuum (UHV), Sample transfer, Pulsed spray
evaporation (PSE), Metal acetylacetonates, Metal thin film, Nickel, XPS
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. INTRODUCTION

Functional thin films are key for technological advances in many fields, including catalysis and
microelectronics. For example, chemical vapor deposition (CVD) of thin metal films is widely used for
producing protective and decorative coatings, active materials for sensors and catalysis, optical and
magnetic elements, or electrical conductors in microelectronic devices."® Unlike other thin film
deposition techniques such as, for example, evaporation or sputter deposition, metal CVD can be used
to produce fibers, monoliths, foams, or powders of pure metals or alloys with free variation of the
composition.s Using this method, coverage of three-dimensional structures with a conformal layer of
metal and excellent reproducibility can be achieved as well.” ® Furthermore, the metal CVD technique
fits industry requirements of reliability and ease of use.” Nowadays, a variety of CVD methods are
routinely used in industry. Most often employed are thermal CVD where precursor reaction or
decomposition for metal deposition is activated by heating, plasma CVD with plasma-initiated reaction,
and, as CVD-derivative, atomic layer deposition (ALD) which produces films in sequential, self-limiting
layer-by-layer manner, using various reaction activation techniques.

The metal CVD precursors used in production can be divided in three classes. The first is
inorganic precursors represented mainly by halides.” Unfortunately, metal films can be obtained only
for a narrow range of metals from inorganic precursors. Often, halide contaminations are observed or
technical and security problems have to be faced, such as corrosive byproducts or a tendency towards
particle formation. Organometallic precursors (OM), as second and major class of precursors, cover a
wider range of metals. OM precursors represent molecules with metal-carbon bonds with such ligands
as carbonyl or cyclopentadienyl as well as methyl derivatives.” ' ' Metal centers in these precursors
are mostly in their elemental oxidation state, facilitating the formation of a metallic film without strong
reducing agents. However, the strength of the metal-carbon bonds may lead to the (co)deposition of
metal carbides and graphitic carbon. Moreover, OM precursors are usually expensive, highly sensitive
to air, moisture, or temperature and they are very toxic which requires handling and deposition in dry
inert gases and glove boxes. Metal-organic precursors (MO) as a third class, mainly taken from the
family of B-diketones’, avoid many of the disadvantages of OM precursors but also present their own.
For example, the metal center is bound to O, N, or S in a high-valence state so that strong reducing
agents such as a H; stream or electron irradiation (plasma) are required which, in turn, pose safety or
technology problems. Film contamination by carbon may be observed as well. Nevertheless, using MO
precursors is generally seen as promising metallization CVD method if reducing agent safety and
technology as well as carbon contamination problems can be solved.

A recently developed hydrogen-free approach to metal-CVD is based on pulsed spray
evaporation delivery (PSE-CVD) of commercially available MO precursors, in particular
acetylacetonates.'>™® Alcohols are used as both, solvent and reducing agent, and permit deposition of
metal films without employing gaseous hydrogen for precursor reduction. Compared to standard gas
phase CVD, PSE-CVD poses less demand on the precursor in terms of volatility and stability because it
can be spray-evaporated from liquid solution at room temperature and does not need to be heated for
thermal evaporation. Any required stoichiometry can be adjusted easily in the solution if, for example,

two different metal precursors need to be inserted for bimetallic depositions.*? 2619

2
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Surface science tools in ultrahigh vacuum (UHV) are indispensable for thin film analysis in
research and laboratory in order to understand the deposition process and the resulting film

properties, to characterize the film quality and for optimizing process parameters.m24

Ample
publications on CVD-grown films, subsequently analyzed in UHV, show that the possibility of
contamination-free sample transfer from the CVD reactor, typically at low vacuum, into a UHV
chamber is an urgent need for unambiguous understanding of growth mechanisms and better control
of film deposition. Only a narrow range of CVD processes, such as Si, SiGe or SiC film deposition at
fairly high temperatures (500-950° C) from disilane Si.He, germane GeH,; or methylsilane CH3SiH; or
GaAs precipitation from trimethylgallium, is suitable for operation directly in an UHV chamber. Not
only the range of precursors but also the range of deposition parameters applicable in an UHV setup is

limited and typically different from industrially profitable.?*°
30-32

Furthermore, organic precursors are
prone to causing UHV chamber carbon contaminations. Therefore, in general, CVD with large MO
or OM precursor molecules and, moreover, PSE-CVD with precursors in liquid solution are
incompatible with UHV conditions where gaseous precursors and reaction residues are required that
can be easily pumped. Consequently, sample transfer between a CVD reactor and an UHV chamber for

thin film analysis can usually not be avoided.

There are several approaches to avoid or alleviate the general problem of sample contamination
during the transfer procedure. Capping of CVD-grown films for transfer by, for example, amorphous
layers of As or As/P that can be removed by thermal treatment after transfer has been reported.”® **
However, contamination by diffusion of the capping material into the film as well as capping layer-
induced surface modification cannot be excluded. In the case of As/P capping of InP(100) and GaP(100)
surfaces it was observed that the surface reconstruction of the CVD-grown films is altered by
capping.***
for transfer between CVD reactor and UHV chamber.*® There are no commercially available solutions

An obvious way to minimize sample contamination is using an interim vacuum chamber

so that a mobile UHV-compatible transport chamber with a pump and, typically, a battery for
autonomous power supply as well as the gates and load locks of CVD reactor and UHV chamber have
to be constructed individually. While it is a substantial advantage that CVD and UHV system may be
completely separate units, transfer procedures via interim chambers tend to be time-consuming and
elaborate for truly contamination-free operation. As an alternative approach, CVD reactors have been

directly linked to UHV chambers via gate valves that are opened only for sample transfer.’”>?

Again,
there are no commercial solutions available but this approach is most promising for clean, fast and
effortless transfer if UHV chamber contaminations due to precursor adsorption on the sample holder,

transfer rods or gate valves can be avoided and if restrictions due to limited space can be met.

In the following, we present the design of a transfer system that permits direct coupling of the
deposition process to the UHV analysis, thus avoiding undesired post-process reactions. Such direct
coupling is a prerequisite for mechanistic studies and potential process optimization. In a
demonstration example we have coupled a homebuilt PSE-CVD reactor for direct attachment to a
commercial UHV system used for thin film analysis. While parts and geometry of the deposition area of

12, 13

the reactor are based on previous developments, the design of sample holder and transfer

mechanism is completely new, resulting in a thin film deposition reactor setup of very compact size

3
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which is based on many commercially available components, is relatively easy to assemble, and may be
used with widespread UHV-compatible Omicron-type sample holders. The CVD setup accomplishes
short pathways for transfer but maintains the individual pressure regimes of CVD reactor and UHV
chamber well separated so that samples can be easily and quickly transferred without contaminating
the sample surface or compromising UHV conditions. Furthermore, the reactor design is
multifunctional — easy to use in PSE-CVD as well as in classical thermal CVD or ALD regimes. After any
stage of a CVD or ALD growth process in the reactor, samples can be transferred quickly and cleanly to
the UHV chamber for thin film analysis, allowing us to perform systematic studies on the influence of
various CVD parameters on the growth kinetics. Thereby, a fundamental understanding of the reaction
mechanisms of the chemical vapor deposition process gets within reach. In this article we focus on the
general design ideas, construction details, highlights, and sketches of the reactor. The device
capabilities are demonstrated by presenting experimental results on Ni films grown by PSE-CVD from
Ni(acac), precursor dissolved in ethanol.

1. INSTRUMENTATION

The PSE-CVD reactor presented here was designed to be attached to the load-locks of two Multiprobe
UHV systems by Omicron Nanotechnology available in our laboratory for thin film analysis which, in
our case, comprise x-ray photoelectron spectroscopy (XPS), low-energy electron diffraction, scanning
tunneling microscopy, Fourier-transform infrared spectroscopy, and temperature-programmed
desorption spectroscopy as surface science tools. The design is not restricted to fit the Omicron
instrumentation and permits facile adaptation to many other commercially available or homebuilt UHV
systems. The following main design tasks were addressed and resolved in this project: The setup had
to keep sample and UHV chamber clean and provide fast and effortless sample transfer between CVD
and UHV environments. Compactness - sample holder and transfer to the load-lock had to fit into a
Conflat (CF) 38 mm clear bore (NW 38 CF) six-way cross - was a critical parameter in view of restricted
available space. Thereby, however, we did not allow for any compromise on the requirements of CVD
and UHV pressure regimes, respectively.

1. Solving the contamination problem

In order to solve the contamination problem, we separated two areas within the CVD reactor: In the
deposition area (Fig.1 (1)) the precursor spray is produced and carried by a carrier gas (typically N») to
the sample surface. Preheating of all parts in this area avoids precursor adsorption on their walls. In
the sample manipulation area (Fig.1 (2)) the sample temperature is controlled and all parts for sample
transfer into the UHV load lock are located. Any contamination of the sample manipulation area can
potentially reach the UHV chamber. Therefore, both areas must be well isolated from each other
during deposition so that only the sample surface but not the sample holder or any part of the transfer
mechanism is exposed to the CVD precursors. Rendering the sample quickly and easily movable for
transfer despite isolation of the sample surface from all transfer parts during deposition is the major
technical challenge. It was solved by a uniquely designed movable shutter (Fig.1 (3)) for separation of
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the deposition area from the sample manipulation area. First, an overview of its function is presented
here.
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Fig.1. Schematic diagram of the CVD reactor depicting (1) deposition area (carrier gas preheating, spray evaporation,
vacuum line), (2) sample manipulation area, and (3) movable shutter during (a) sample transfer (gate valve to load lock (not
shown) on the left is open) and (b) deposition (gate valve to load lock closed, deposition and sample manipulation areas
purged independently); (c) shows a cross-sectional drawing of the shutter (see also further details below and in the
Supplement‘m).

The principle of CVD reactor operation using the movable shutter is as follows: For sample
transfer (Fig. 1 (a)) the shutter is fixed in an upper position and the gate valve to the load lock (gate
valve on the left side in Fig. 1(a), load lock is not shown) is open. With the shutter in upper position,
there is enough space available to move the sample holder (mounted on a transport shuttle) out of the
CVD position into the load lock and vice versa. The pressure in the CVD reactor, being now additionally
pumped via the load lock, is typically as low as 10™ Pa during transfer. During deposition (Fig. 1 (b)) the
shutter is kept in a lower position so that its aperture is slightly pressed to the sample surface and
openings between (1) and (2) are as small as possible. The deposition area and the sample
manipulation area (the gate valve to the UHV load lock being closed) are pressurized individually by N;
(or another carrier gas) in such way that the pressure in (2) is somewhat higher than in (1) in order to
prevent gas flow from the deposition to the sample manipulation zone through rest leaks. The
precursor mixture then passes the deposition area - where pressure is kept in the range required for
CVD - and reaches through the aperture of the shutter the sample surface which is kept at the required
deposition temperature. Unreacted precursor, solvent, and reaction byproducts are pumped off via
outlets of the deposition area to a vacuum line. Details on the shutter construction as well as the
transfer procedure from CVD to UHV will be given later. Overall we find that the shutter maintains the
sample manipulation area clean and contamination of load lock or UHV chamber during transfer is
negligible.

2. General arrangement
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A drawing to scale of the fully assembled CVD reactor is shown in Fig. 2. The reactor, connected to the
load lock of the UHV chamber via a CF 38 gate valve, has a small lateral footprint, i.e., there are no
protruding parts which could complicate positioning and connection to the Omicron Multiprobe

system.
Pressure gauge
Larrier gas inlef
—_—> —
Spray nozzle
Load lack Vacuum {ine
Transfer rod
To UHV
Chamber 6-way (ross
Gafe valve T -
C T
Fig.2 Drawing to scale of the assembled CVD reactor attached to the UHV chamber. | — Carrier gas preheating zone, Il —
Spray evaporation zone, Ill — Vacuum line, IV — Sample manipulation area with parts for sample transfer and gate valve to

the UHV chamber load lock.

The deposition area of the reactor is designed close to previous developments'>

and comprises
a carrier gas supply and preheating zone (l), and a spray injection, evaporation and delivery zone (Il).
(see Fig.2). Carrier gas preheating in zone (I) avoids spray condensation in zone (Il) where the precursor
is injected by a piezo-driven spray nozzle, operated by low-voltage direct current pulses. The tube size
(diameter 40 mm, length 250 mm) of the evaporation and delivery zone (Il) provides homogeneous
distribution of precursor spray in the carrier gas and uniformity of the precursor mixture in case of
multicomponent systems. Preheating of this zone as well as the vacuum line (lll) prevents precursor
adsorption on the walls of reactor or vacuum line. Almost all components of the deposition area are
commercially available. More technical details can be found in section A of the supplementary

material.*

The homebuilt sample manipulation area (IV) (see Fig.2) which will be described in detail in the
following sections, comprises the sample holder, the transfer mechanism, and the shutter between
deposition and sample manipulation area, all placed inside the CF 38 six-way cross. The sample is
mounted on an Omicron-type sample holder which slides into a mobile platform for transfer (shuttle)
with heater and thermocouple contacts. The reactor is completed by a support system including gas
supply, pressure control, temperature control, and precursor delivery systems which will be detailed in
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the section B of the supplementary material.*’ Overall, the designed reactor has a very compact size, is
relatively easy to assemble, and should be attachable to any UHV chamber after manageable
adaptations.

3. Design of the sample manipulation area including shutter and transfer mechanism

As mentioned before, the entire sample manipulation area including the shuttle and all parts for
transfer should be shielded from the sample surface as much as possible during the CVD process to
avoid contamination with the precursor whereas, during sample transfer, the shield has to provide
enough clear space for sample motion. Furthermore, sample holder and shuttle must provide sample
heating and temperature measurement for sample temperature control during CVD. At the same time
all components of this area have to fit into a CF 38 six-ways cross so that the reactor can be attached
to the Omicron Multiprobe load-lock.

All these requirements have been implemented in the design of the parts for sample
manipulation shown as perspective views in Fig. 3. Shown are the sample holder (1) the shuttle (2), a
docking station for the shuttle (3), the homebuilt head of a mini linear-rotary drive for motion of the
shuttle (4), electrical contacts for power supply to a ceramic heater (5), and the shutter separating the
sample manipulation area from the deposition area (6). The functionality of these parts is indicated in
Fig. 3 a) while Fig. 3 b) depicts their full assembly in a CF 38 six-ways cross.

0% Pa

a)

Load-lock
10+ Pa

(V0 Reactor
10 Pa

Fig.3. Perspective views of the sample manipulation parts, (a) indicating their functionality, (b) showing full assembly in a CF
38 six-ways cross. 1) sample holder, 2) mobile platform (shuttle), 3) docking station for shuttle with the contacts for the
thermocouple, 4) head of a mini linear-rotary drive for motion of the shuttle, 5) electrical contacts for heater, 6) shutter
between deposition and sample manipulation area.

The sample holder (1) is a modified Omicron-type sample holder. Details on the modifications
will be given later. In the load lock, the sample holder can slide in and out of the shuttle (2) before
release or after pickup by a linear-rotary motion drive (not shown in Fig. 3) which is used for
transferring the sample holder into the UHV chamber. The shuttle has a homebuilt bayonet-type
connector which enables its pickup by the mini linear-rotary drive (4) for transporting the shuttle from
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the load lock to the docking station (3) and vice versa. In the docking station, the shuttle provides
sample heating and electrical contacts for a K type sample holder thermocouple. For that purpose a
ceramic chip heater and 2-pin socket type connectors and conductors (Ni, NiCr, and 2 lines for the
heater) are integrated in the shuttle. The docking station serves for automatic centering of the position
of the shuttle with respect to the three spatial coordinates, provides contacts for the thermocouple,
and has vents for pressurizing the sample manipulation area with N, gas. Electrical power for the
heating element is supplied to the shuttle via two clamping ball contacts mounted on a glass-ceramic
(Marcor) plate for electrical insulation from the reactor body (5). These clamping ball contacts are also
used to fix the shuttle in position for CVD within the docking station. As remuneration of the elaborate
design of such a relatively large number of reliable electrical contacts within the restricted space there
is no need to connect the shuttle with flexible electrical wires. These would need more space and be
prone to tangling problems during the transfer procedure.

The shutter (6) consists of a stationary nozzle fixed between flanges on top of the six-ways cross
and a similarly shaped part acting as movable mask which is suspended below the nozzle. The
stationary nozzle centers and holds the mask which has an aperture in the size of the sample surface
area to be exposed to the CVD precursor. The motion of the mask is driven by magnets (two NdFeB
N45 disc magnets) from the outside. For that purpose, all shutter components are made of
nonmagnetic stainless steel except for two magnetic steel parts mounted on top of the mask. It can be
lifted upwards and rotated by 55 degree into a locked position (transfer regime), or rotated back and
moved downwards to rest on the sample holder (deposition regime - leaks between sample
manipulation and deposition areas as small as possible, sample surface directly underneath the mask’s
aperture). For further details on the shutter design see in the section C of the supplementary
material.*’

UHV Chamber

Load-leck (V0 Reactor
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Fig.4. Scheme illustrating major parts of the vacuum system. 1) Scroll pump, 2) Turbo pump, 3) lon getter pump, 4) Gate
valves, 5) Linear-rotary drives.
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Overall, we employ the following transfer procedure (c.f. Fig. 4): After finishing a deposition
process, the reactor is pumped by a scroll pump (oil-free) attached to the vacuum line of the
deposition area, reaching a lowest pressure in the range 10 Pa. Then the shuttle including the sample
holder is transferred from the CVD reactor to the load lock of the UHV chamber (Operation of the
shutter during this transfer has been described before, see section 1.). Being now pumped by the turbo
molecular pump of the load lock, the reactor pressure typically drops to ~10™ Pa. In the load lock, the
sample is then picked up from the shuttle, the shuttle is moved back to the docking station, and the
gate valve between CVD reactor and load lock is closed. After further pumping and, optionally, bake-
out of the load lock, the sample is transferred into UHV chamber which has a base pressure of ~10° Pa
maintained by a turbomolecular pump and an ion getter pump. During this last transfer step the
pressure in the UHV chamber typically remains below 10°® Pa even without bake-out of the load lock.

The pressure conditions have been well maintained over more than hundred PSE-CVD and
transfer cycles, meanwhile, providing evidence for the cleanness of the entire procedure. We have
found neither any impurity traces in the load-lock and the UHV chamber, nor any traces of metal
deposition or condensed precursor on parts of the sample manipulation area (gate valve, linear rotary
drive, docking station, shuttle, clamping ball contacts) of the reactor. The design of the sample
manipulation area combines small size and modularity, allowing for quick repair with contamination-
free operation. It should be noted that separation of deposition and sample manipulation areas within
the CVD reactor by means of the movable shutter, as described above, is crucial for the cleanness of
sample transfer. Without the shutter, we have observed creeping contamination such as, e.g.,
precursor condensation at the gate valve or metal deposition on all insulating parts.

5. Sample heating

There are various approaches to sample heating typically used in CVD reactors or in UHV
environments. Some tools like infrared radiators, ceramic heaters, or plasma sources typically require
significant amount of space and may heat up not only the sample but significant portions of
surrounding parts. In view of application in the designed PSE-CVD reactor, unwanted metal film
deposition on surrounding parts such as the shutter or the reactor walls may be the consequence. A
hot filament for radiative or electron-beam heating can generate heat in a more localized fashion.

Being limited with space, we first tested radiative heating by a tungsten filament as frequently
used in UHV setups. Aiming at a temperature range of ~150-350° C, however, we obtained only poor
control of the heating rate and had difficulties maintaining and not overshooting a predetermined
temperature. Obviously, the employed PID controller (Eurotherm 3504) lagged because of the large
temperature gradient between the hot filament and the sample surface. Our requirements concerning
compactness, cleanness, and good temperature control in the desired range were finally met by a
ceramic chip heater (Model BACH-RC Chip heater, 24 V, 50 W). Critical for its use is good mechanical
contact between heater surface and sample for heat transfer. For that purpose we maodified the
Omicron-type sample holder with several newly designed components. (c.f. Fig. 5): Through a center
hole in the sample holder base plate a molybdenum plate carrying the sample is pushed downwards by
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four tiny springs in order to let the molybdenum carrier plate protrude below the base plate. At the
same time, the springs are also used to press the sample via two Mo clamps onto the carrier plate.

=

G) NiCr/Ni thermocouple b) - = .=
-

i
Sample
c) | I
Clampin Thermocouple
Omicron fype ¥ e contacts

sprin
Sample holder g

Molybdenum
plate

Fig.5. Drawings of the modified Omicron-type sample holder: (a) fully assembled, (b) exploded view, (c) sectional views and
details showing the spring-suspended molybdenum sample carrier plate (I) protruding below the base plate and (Il) being
pressed against the heater surface when the sample holder is in the shuttle.

When the sample holder slides into the shuttle with the integrated ceramic heater, the
molybdenum carrier plate is pushed upwards, further compressing the springs (see Fig. 5 c) which now
provide the required direct mechanical contact between ceramic heater and sample. The sample
holder does include 2-pin contacts for attaching a thermocouple Type K to the sample surface. Optimal
sample geometry is 7 mm x 14 mm surface area and a thickness in the range of 0.3-1.5 mm. Despite
the modifications, the total height of the sample holder is only 5 mm (maximum length of the springs 2
mm) which is fully compatible with our Omicron Multiprobe UHV systems. Thereby, the spring system
allows fast and easy sample mounting and, in combination with the small and powerful ceramic chip
heater, provides homogeneous sample heating and fast thermoregulation response.

Sample temperatures of up to 500° C can be achieved with the chip heater. If higher
temperatures are required, a hot filament may be employed for sample heating in our setup. To
ensure stability of the glass ceramic insulation of the shuttle, the sample temperature should then not
continuously exceed 800°C. To complete information on the temperature range at which our CVD
setup can be operated, it should be also noted that the parts of the spray evaporation zone will
withstand temperatures up to 450° C. We tested the spray nozzle for PSE-CVD up to 250°C and found it
fully operable. The periphery of the reactor’s sample manipulation area such as the gate valve and the
linear rotary drive should be kept below 150°C and 200°C, respectively.

11l. EXPERIMENTAL TESTS
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In order to evaluate the performance of the CVD reactor and the cleanness of its operation, we
deposited Ni on SiOx/Si(100) using pulsed spray evaporation of Ni(acac), in ethanol as precursor. We

chose this reaction as model reaction because first experiences with this CVD process have already

been published 12,13 5 that information on the approximate range of optimal deposition parameters
13,19

and the film quality to be expected is available and can be used as benchmark for our tests.

1. Experimental details for PSE-CVD of Ni films

All depositions were implemented in the PSE-CVD setup described above. Zones | and Il of the reactor
(c.f. Fig. 2) were heated up to 225° C to ensure fast and uniform heating of the carrier gas while zones
Ill and IV were heated to 170° C which is the minimum temperature needed to avoid undesirable
condensation of Ni(acac), on the reactor walls. Decomposition of this precursor starts at much higher

L1241 Al other experimental depositions parameters (see Table 1) were chosen on the

12,13,19

temperature.
basis of previous publications.

Table 1. PSE-CVD reactor parameters for Ni metal film depositiom

Precursor: Ni(acac),
Solvent: Ethanol
Concentration of the precursor [mmol/I] 2.5
Spray pulse frequency [Hz] 2

Spray pulse width [ms] 15
Deposition area pressure [Pa] 5.10°
Carrier gas flow rate [sml/min] 500
Substrate temperature [° C] 270
Total duration of deposition [min] 30

For all depositions discussed in the following, 2.5 mM solution of the commercially available 95%
Ni(acac), (Sigma-Aldrich) in absolute ethanol (VWR Chemicals) was used. For precursor delivery via the
spray nozzle a solenoid valve pulse frequency of 2 Hz and a spray injection phase of 15 ms were used,
meaning that the solenoid valve opened two times per second for 15 ms, i.e., at a total deposition time
of 30 min the net injection time was 54 s. The pressure in the deposition area was kept at the required
level by controlling the pump capacity via a motorized butterfly valve in front of the pump. The sample
surface temperature was adjusted and stabilized by an electronic controller as well.

Film deposition was carried out as follows: 160.6 mg of the Ni precursor was weighed and
dissolved in 250 ml alcohol to provide the required 2.5 mM feedstock concentration. The solution was
ultrasonically shaken to achieve complete dissolution. A piece from a Si(100) wafer was cut as
substrate, cleaned with isopropanol in an ultrasonic bath, and dried in air. The CVD reactor was
evacuated and the sample was transferred via the load-lock into the reactor. Then the reactor and the
substrate were heated up to the desired temperatures and N; was let into the deposition area and the
sample manipulation area as carrier and purging gas, respectively, using a calibrated mass flow
controller. The required pressure was adjusted (see supplementary material (section B)* for details)
and then deposition was started. After the deposition process was finished, the carrier gas flow was
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switched off so that pressure dropped. After it reached the 10" Pa regime, sample transfer to the load-
lock and into UHV for XPS analysis was performed.

2. Benefit of direct transfer between CVD reactor and UHV chamber

The following set of experiments demonstrates the importance of sample transfer from the CVD
reactor to surface analysis tools without interrupting vacuum, in order to obtain reliable results on the
CVD process. A thin Ni film was freshly prepared by PSE-CVD on the Si wafer substrate (a native or
thermal silicon oxide layer on Si(100)) and transferred into the UHV chamber for XPS analysis under
high vacuum conditions directly afterwards. The obtained XP spectrum within the region of Ni2p
emissions (shown in the upper panel of Fig. 6) was normalized and then fitted using the FITT software
(Seoul National University). For the fit a Shirley-type background was taken into account. The red and
green curves in Fig. 6 denote emissions from reduced Ni (Ni°) with binding energies 852.0 and 859.2
eV. The blue and purple curves represent emission from oxidized Ni (Ni**) {binding energies 855.6 and
861.0 eV). Obviously, the freshly prepared Ni film was almost completely reduced as it comprises more
than 95% metallic Ni. Thereafter the sample was transferred out of the UHV chamber, let rest in the air
atmosphere for one hour, and transferred back into UHV. A subsequent XP spectrum (bottom panel in
Fig. 6) revealed that only 60% of the surface Ni had remained metallic after this treatment. It can be
concluded that even short sample transfers within minutes through air would significantly deteriorate
the CVD-grown Ni film and that contamination-free transfer is a prerequisite for reliably estimating the
influence of deposition parameters in the CVD reactor.
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Fig.6. Ni2p XPS signal of a thin Ni film deposited on SiOx/Si(100). Upper panel: freshly prepared film directly transferred into
UHV; bottom panel: after resting in ambient conditions (in air) for 1 hour.

In order to estimate the thickness of the deposited Ni film and determine a growth rate for our
reactor, the attenuation of the Si 2p XPS signal from the Si substrate after Ni metal film deposition was
determined. Based on the assumption that the metal film is homogeneously thick with bulk-like
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density and that it completely covers the Si substrate, the attenuated integral intensity I of the Si 2p
peaks should correspond to
—t
I = 1exp (—)

A-cosa
where [0 is the Si 2p peak intensity of the clean substrate, A is the inelastic mean free path of the

photoelectrons in Ni (4 = 1.865 nm 42), a = 0° is the angle of electron detection with respect to the
surface normal, and t is the film thickness. I? and I,were determined from the fitting routine which
yielded I;/I9 as ~1/87. The calculated film thickness of 8.3+0.2 nm corresponds to a growth rate of ~9
nm/min. As deposition time we take here the net spray injection time, i.e., without purging phases in
between. This value for the growth rate is in good agreement with previous results (~7-10 nm/min)
obtained with a stand-alone PSE-CVD reactor of similar design.™

3. Effect of deposition temperature on growth process

Previous work > **° found 230-310° C as deposition temperature range for growing Ni metal films of
good quality, i.e., with metallic conductivity and a low degree of contaminations. Using our setup we
aimed at identifying an optimal deposition temperature within that range and hoped to thereby better
understand the influence of temperature on the deposition process.

Ni was deposited on SiOx/Si(100) substrate samples as described before at various sample
temperatures in the range 230 to 310° C (at steps of 20°) and transferred under high vacuum
conditions into the UHV chamber for XPS analysis. The Ni**/Ni° intensities ratio determined from the
integral Ni 2p peak intensities is shown in the left panel of Fig. 7 as a function of the sample
temperature during deposition. Clearly, the highest concentration of Ni** is observed at the lowest
deposition temperature. With increasing deposition temperature, the content of reduced Ni°
increases, until at 270° C and above the film contains almost only metallic Ni. The right panel of Fig. 7
provides information on the amount of carbon contamination at the surface and in the film. It shows
the ratio of the integral C 1s and Ni 2p peak intensities (Csymm/Nisumm ). While Csupmm/Nisumm varies only
in the range ~1.0-1.3 within the deposition temperature range 230-310° C, the XPS analysis indicates
the lowest carbon concentration for 270° C.
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Fig.7. Changing the intensities ratio of the Ni2p XPS signals for NiZ'/Ni° (left) and Csymm/Nisymm (right) at various deposition
temperatures.
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Tentatively, at this stage, we interpret the results as follows: Below 270° C, precursor
decomposition is probably incomplete, i.e., undecomposed precursor remains at the surface and
contributes to the detected amount of carbon contamination and oxidized Ni. The increase of the
carbon signal at sample temperatures above 270° C during deposition may indicate that the precursor
is already overheated, i.e., the residues from its decomposition do not completely desorb but are
fragmented, producing carbon black in the film. Overall, within the range 230 to 310° C proposed
before' ** we identify 270° C as optimal temperature for PSE-CVD with Ni(acac), precursor on
SiOx/Si(100) surfaces.

The morphology of the deposited films was assessed using a Carl Zeiss Ultra Plus Field Emission
scanning electron microscope (SEM). The samples prepared at 230° C, 270° C, and 310° C were
selected for SEM analysis, the results are shown in Fig.8.

230°C 270°C 310°C

Fig. 8. SEM of SiOx/Si(100) substrate coated with Ni films at 230, 270, and 310° C. Upper row: plane view on the Ni-covered
substrate surface (scale bar 1 um); bottom row: enlarged view (scale bar 200 nm, viewing angle ~60° with respect to
surface normal) of cleaved sample edge showing substrate (bottom) and Ni deposits on top.

The nickel films deposited at 230 or 270°C appear to be closed and composed of grains with
diameters on the order of some ten nanometer (The surface of the film deposited at 270° appears to
be somewhat smoother than of that deposited at 230° C). Films obtained at 310° C present a coarser
morphology with smaller, more heterogeneously sized grains. Furthermore, SEM of the film deposited
at 310°C reveals pronounced defects (see upper panel of Fig. 8) which may represent gaps in the metal
film.

In addition to the morphology, the nickel layer thickness was estimated by means of SEM. The films
were imaged in cross section at a cleaved substrate edge as shown in the lower panel of Fig. 8. In
contrast to Fig. 8, however, the angle of sample rotation was adjusted in order to obtain a projection
along the substrate surface plane so that the metal layer thickness could be directly measured in the
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SE micrographs. The measured thickness values are 29 nm, 38 nm, and 25 nm for films deposited at
230° C, 270° C, and 310° C, respectively. These numbers are about four times higher than the values
estimated from attenuation of the Si 2p XPS signal (6.7 nm, 8.3 nm, and 6.1 nm, resp.) which may be
due to the granular structure of the Ni films and due to carbon contaminations, rendering the Ni films
less dense than a perfectly epitaxial metal layer. Overall, however, also SEM confirms that the
smoothest morphology and the highest growth rates are obtained at 270° C sample temperature
during PSE-CVD of Ni films from Ni(acac),, in good agreement with the XPS results.

IV. SUMMARY AND OUTLOOK

A very compact, UHV-compatible setup for pulsed spray evaporation-CVD of metals was designed and
built to be directly attached to a commercial Omicron Multiprobe UHV system for surface and thin film
analysis. In order to achieve full compatibility with the UHV system, the sample was kept on a small
Omicron-type sample holder throughout the entire setup. Fast and at the same time contamination-
free sample transfer between the CVD reactor part and UHV could be achieved by a uniquely designed
shutter mechanism, separating a deposition area from an area for sample manipulation within the
reactor housing. Shutter, sample manipulation parts, and a ceramic chip heater for the sample fit all
into a Conflat 38 six-ways cross. In order to achieve good thermal contact between chip heater and
sample, a spring-suspended sample base plate was added to the Omicron-type sample holder without
compromising compatibility with the UHV system. Apart from parts for sample manipulation and
transfer, many commercially available components were used for the reactor. Its modular design
should be easily adaptable to any typical commercial or non-commercial UHV system.

Attached to an Omicron Multiprobe system equipped with XPS, the setup was tested by PSE-CVD
deposition of Ni films from Ni acetylacetonate on 4 mm x 7 mm sized pieces of Si wafer as substrate.
From the attenuation of the Si 2p XPS signal, a Ni deposition rate of 9 nm / min was determined for the
reactor, in good agreement with stand-alone PSE-CVD reactors of similar type. The possibility of direct
transfer between the reactor and the UHV system, i.e., without breaking vacuum, allowed for a refined
systematic study on the influence of sample temperature on film composition and rendered 270° C as
optimal for the growth of Ni metal films with lowest carbon contamination. XPS also showed that even
a reasonably quick transfer of Ni films through air from, e.g, a stand-alone CVD reactor would quickly
alter the film by significant Ni oxidation.

Ongoing experiments focus on systematic studies of the influence of various PSE-CVD
parameters on the growth kinetics of transition metal films and aim at a fundamental understanding of
the reaction mechanisms of the metal deposition process. In planned experiments the reactor will be
employed also for similar studies on classical thermal CVD or Atomic Layer Deposition processes for
which it is suited as well. The design for the direct coupling of the thin film deposition process with the
surface analysis and facile transfer under UHV conditions presented here will facilitate the systematic
study of such experiments and enable a more reliable, detailed characterization of the pertinent
parameters of influence that are a prerequisite for optimization.
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Design of a compact UHV-compatible setup for the analysis of chemical

vapor deposition processes

Theodor Weiss®, Martin Nowak, Udo Mundloch?”, Volkmar Zielasek™", Katharina Kohse-Héinghaus?,
Marcus Baumer?

- Supplementary Material -

A) CVD reactor construction details
Intentionally, design and construction of the PSE-CVD setup have been based on many commercially
available parts, in order to allow for quick assembly of the reactor. Here we first provide a list of the

vacuum parts, ordered top-down according to the four sections |-V denoted in Fig.2 of the main text:

1) Carrier gas supply zone:
e MKS Baratron Capacitance Manometer
e DN16CF tube, 76 mm length (serves as spacer between the capacitance manometer and the
precursor spray inlet. Moreover it prevents overheating of the pressure gauge)
e 4-ways DN16CF cross, 76 mm length, with two DN16CF flange adaptors to Swagelok %" gas inlet
lines
11) Spray evaporation and gas delivery zone:
e  Multi-mini flange DN38CF to 5xDN16CF
Home-made DN16CF flange adaptor to Bosch Injector

e Removable Bosch injector (fuel injector for automotive applications)
e 250 mm length tube DN38CF
Optionally, a second Bosch injector may be installed, e.g., for simultaneous or subsequent
deposition of a second liquid precursor which may be interesting for ALD.
1) Vacuum line:
¢ Flexible DN16CF metal hose, 750 mm length and hydraulically formed, connected to a Liquid N,
trap. (see pressure control system described in Part B of the supplementary material)

IV) Sample manipulation area:

e DN38CF distance flange (25 mm length) with a DN16CF flange sideways, to which the vacuum
line is connected.

e Six-ways DN38CF cross (with rotatable flanges)

e DN 38CF flange with electrical feedthroughs (two contacts for thermocouple type K
(chromel/alumel) and two nickel conductors (Max current 16.5 A))

e Linear-Rotary Ferrovac MD16-150mm feedthrough - most compact commercially available
design

e Viewport DN38CF

e DN38CF adaptor leading to DN16CF flange to the Swagelok }%4” gas inlet

e Mini UHV VAT gate valve DN40CF
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Apart from these commercially available parts, the sample manipulation area houses several
homebuilt components which are described in the main text.

B) Deposition parameters control and precursor delivery
Besides the vacuum parts, the PSE-CVD setup comprises several important support systems, such as

carrier gas supply, pressure control, temperature control, and precursor delivery. A schematic diagram
of these systems attached to the reactor is shown in Fig.S1. These systems are based on commercially
available parts and their functions and components will be listed in the following:
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Fig.51. Schematic diagram of the pump, gas supply, and injection systems as well as power control lines connected to the
PSE-CVD setup. 1 — carrier gas preheating zone (l), spray evaporation and delivery zone (Il), vacuum line (Ill), sample
manipulation area (IV), 2 — precursor reservoir, 3 — power supply to the heaters, 4 — pressure controller, 5 — heater, 6 —
liquid nitrogen trap, 7 — scroll pump, 8 — capacitance manometer, 9 — mass flow controller, 10 — thermocouple, 11 — shut-
off valve, 12 — ball valve, 13 — motorized valve, 14 — solenoid valve (spray injector).

Gas supply system

The gas supply system is needed for transporting the precursor spray to the sample surface and
purging the sample in-between spray injections. It generates the required operating pressure. The
system comprises:

e Linde N, reservoir (Nitrogen 5.0 in 50 | gas cylinder)
e Swagelok gas lines

e Bronkhorst HI-TEC digital mass flow controllers (9)
e Shut-off valves (11)

Pressure control system

The pressure is controlled by a butterfly valve in the vacuum line which adjusts the pumping speed
according to the pressure signal from the Capacitance Manometer in the deposition area. The control
system comprises:

e MKS Baratron Capacitance Manometer (8)

56



e MKS pressure controller (4)

¢ MKS motorized butterfly valve (13)

e Qerlikon Scroll Pump SC 15 D (7)

e Liquid N, trap 4 DN16KF (maximal condensate capacity is 300 ml) (6)

Temperature control system

All parts as well as the carrier gas have to be heated up to the evaporation temperature of the used

precursors in order to avoid undesirable condensation of precursor molecules on the reactor walls. For

example, zones | and Il were heated up to 225° C to ensure uniform heating of the carrier gas while

zones Il and IV were heated to 170° C which is the needed precursor evaporation temperature. The

temperature control system comprises:

e Horst multichannel temperature controller with modified power supply, providing 4 outputs 220 V
AC for heating tapes and one output 24 V DC for the ceramic heater (3)

e Horst heating tapes

e Bach RC ceramic sample heater 24V, 50 W (5)

e Thermocouples Type K (10)

Precursor delivery and injection system

The precursor for PSE-CVD, dissolved in alcohol, is delivered via a solenoid valve (Bosch spray nozzle
Part No. 0-280-155-965), has the lowest commercially available flow rate (95.7 cc/min), built for
automotive applications). It is operated by 12 V direct current pulses which are generated by a
National Instruments I/O card (5 V output amplified to 12 V) and controlled by LabView Code.

Apart for PSE-CVD, the setup can be also used for classical, thermally activated CVD with, e.g., gaseous
precursors, or be operated in the ALD regime by sequential delivery of different types of precursors or
reactants. For such a multifunctional use, the precursor delivery technique and support system has to
be adapted. Fig.S2. provides an overview over several precursor delivery techniques used in CVD
applications which can be implemented in the UHV-compatible CVD reactor setup presented here.

Gaseous, solid or liquid precursors can be fed into the reactor via the carrier gas inlet (c.f. Fig.S2,
showing a) a cylinder with mass flow controller for gaseous precursors, b) an evaporator with leak
valve for solid precursors, and c) glass flask with solenoid valve or d) bottle with bubbler controlled by
leak valve/mass flow controller for liquid precursors . In case of liquid precursors, deposition via the
solenoid valve (Fig.S2.c) is more preferable than the bubbling technique when good control of
precursor dosage and uniformity of the deposition rate are essential. The solenoid valves or digital
shut-off valves are particularly promising for applications in ALD.
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Fig.S2. Schematic diagrams of the delivery techniques used in CVD systems for various types of precursors: a) — gas, b) —
solid c) — liquid injection via solenoid valve d) — conventional bubbler for liquid precursor. (1 — Mass flow controller, 2 —
Solenoid valve (Injector), 3 — Leak valve.)

C) Shutter design

For cleanness of the sample transfer procedure and for solving the contamination problem a shutter
system between deposition area and sample manipulation area of the CVD reactor was developed and
constructed as described in the main text. Its main parts are shown in Fig. 53: a stationary nozzle
(upper part in Figs. S3 a)-c) ) centers and suspends a second, tapered part acting as movable mask with
an aperture to the sample surface (lower part in Figs. S3 a-c, aperture at the bottom). In order to
provide a uniform, unhindered gas flow, the stationary nozzle is tapered and has a smooth surface
finish.

Fig.53. Drawing (a) and photographs of the shutter: b) and ¢) movable mask locked in position for sample transfer and for
deposition, respectively; d) upside down view showing the aperture of the mask.
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Figs. S3 b) and c) show the movable mask locked in upper position for sample transfer and in lower
position for deposition, respectively. Some details of the locking mechanism can be discerned in Fig.
S3. It involves pins protruding from the nozzle and two L-shaped parts mounted on top of the movable
mask which slide on and off the pins upon rotation of the mask (The thin ring visible in Figs. S3 b) and
c) connects both L-shaped parts in order to keep them in place). These L-shaped latches are made of
steel with high magnetic susceptibility and thereby provide the force closure to magnets outside the
reactor which are used to drive the shutter motion.

The movable mask, shown upside down in Fig. S3 d), has a recess for the sample (square-shaped, 5 mm
x 5 mm), which is placed off-center. Therefore, when the mask is lifted upwards and rotated by 55
degree into the locked position for sample transfer, the aperture does not expose the sample surface
to the deposition area via direct line of sight. Consequently, precursor molecules or fragments which
may still desorb from the reactor walls after deposition are less likely to reach and contaminate the
sample surface.

Fig.S4. Photograph of the reactor assembly showing (from top to bottom) carrier gas inlet, spray nozzle, tube of the
evaporation and delivery zone, vacuum line, gate valve and six-way cross (c.f. Fig.2)
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Abstract

Thin films and coatings are a basis for many technological processes, including
microelectronics, electrochemistry and catalysis. The successful deposition of metal
films and nanoparticles by chemical vapour deposition (CVD) needs control over a
number of physico-chemical processes such as precursor and substrate selection,
delivery, temperature, pressure and flow conditions. Here, cobalt thin films were
deposited by means of pulsed-spray evaporation chemical vapour deposition (PSE-
CVD) from ethanol solutions of Co(acac)> and Co(acac)s on bare glass and silicon
substrates. The physico-chemical properties of the grown films were characterised by
XRD (X-ray diffraction), XPS (X-ray photoelectron spectroscopy) and HIM (helium
ion microscopy). Co(acac). enabled the growth of cobalt metal at lower temperatures
than Co(acac)s. The difference in deposition temperature was attributed to the ability
of ethanol to reduce Co(acac): better than Co(acac)s. In addition, the film deposited
from Co(acac); exhibited a higher metal content and a less porous structure than that
deposited from Co(acac)s. Increasing the substrate temperature enhanced the carbon
content because of the thermal decomposition of both precursors. Using a nickel seed
layer improved the growth rate until a critical temperature of 360°C, at which the
thermal decomposition of the precursor becomes predominant. A decrease in the
deposition temperature when using the nickel seed layer was only observed with
Co(acac)2 precursor; the growth behaviour under these conditions was monitored with
a unique UHV-compatible PSE-CVD reactor directly attached to an XPS system and

ascribed to an enhancement of its catalytic reduction by ethanol.

Keywords: cobalt thin films, chemical vapour deposition, cobalt acetylacetonate, nickel seed
layer, in-situ XPS
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1. Introduction

Thin films and coatings of a variety of materials are of widespread use today because
of their significant potential to drive important technological advances in fields
including microelectronics, photovoltaics, catalysis and corrosion protection. To
understand the relations between desired properties of the materials and the boundary
conditions of their formation, highly interdisciplinary knowledge is desired, typically
involving — besides material science — fluid dynamics and, in particular, physical
chemistry that can address thermodynamic and kinetic properties of such complex
systems and may make use of spectroscopic methods for their characterisation. As
often on the way from elementary processes to application, mechanistic
considerations based on fundamental knowledge from kinetics and thermodynamics as
well as on advanced techniques to analyse important properties, have been
instrumental to understand complex reactive systems such as in atmospheric
chemistry, combustion or astrochemistry [1-3]. Such approaches have often pertained
to the gas phase, and respective concepts for gas-solid systems are an active area of
research [4]. Here, the successful deposition of metal films and nanoparticles by
chemical vapour deposition (CVD), one of the most common techniques providing
access to materials with desired properties, must again enable control over a number
of physico-chemical processes. These include, but are not limited to properties of
precursors and substrates, process temperature, pressure and flow conditions.
Systematic characterisation of conditions in the extensive parameter space comprising
gas- or liquid-phase delivery, precursor decomposition and reactions towards reactive
intermediates, interactions of such species with substrate surface, seed layer or
incipient thin films in nucleation and growth reactions, formation of specific phases,

morphologies and surface properties, as well as tendencies to form undesired
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contaminations contribute to an overall understanding that can enable more detailed
investigation of specific aspects of the process. Here, we focus on the deposition of
cobalt metal and on the role of the valence state of the metal centre in the cobalt

precursor as well as on the effects of a nickel seed layer.

Cobalt and cobalt-based thin films have attracted considerable interest for various
technological applications because of their electrical, magnetic and catalytic
properties [5, 6]. They have been used as active materials in sensors, as reflective and
refractive coatings for optical elements, as protective and decorative films [7-9] and
as Fischer-Tropsch catalysts [10]. A variety of approaches have been used to
synthesise cobalt films such as thermal evaporation [11-13], electron beam
evaporation [14-16], sputtering [17, 18], electro-deposition [19, 20] and chemical
vapour deposition (CVD) [21-23]. The CVD technique offers potential for producing
films with high uniformity of thickness, high purity, conformal step coverage,
minimal substrate damage, high growth rates and the possibility for selected area
growth. Several precursors including inorganic precursors (mainly halides) and
organometallic precursors have been investigated for the CVD deposition of metallic
films [24]. The drawbacks of inorganic precursors are the possible generation of
particles and corrosive by-products, as well as halide contamination in the deposited
films. Organometallic precursors are typically costly, toxic and highly sensitive to air,
moisture and temperature [25, 26]. In addition, the existence of metal-carbon bonds in
their structure typically leads to the formation of metal carbides rather than metals
[24, 27]. Metal-organic precursors, especially metal acetylacetonates, are less toxic
and less costly than the other abovementioned precursors. However, they usually
require a strong reducing agent like hydrogen to yield metallic films [28, 29]. Due to

the need for safety requirements and handling equipment associated with hydrogen,
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alternative reducing routes were intensively investigated. High quality nickel and
cobalt metallic thin films were deposited using ammonia as a mild reducing agent [30,
31]. However, the required deposition temperatures were relatively high due to the

lower reactivity of ammonia as compared to hydrogen.

Recent work of Bahlawane et al. [32-36] has demonstrated CVD of several metals
(Ru, Pt, Ag, Cu, Ni, Co) and their alloys using ethanol as unique reducing agent. This
approach is characterised by the liquid delivery of commercial metal-organic
precursors into the CVD reactor via a pulsed-spray evaporation (PSE) system. These
authors [32, 35] studied the reaction mechanisms involved in the PSE-CVD of nickel
and copper thin films from an ethanol solution of Cu(acac): and Ni(acac)>. The
catalytic chemical reduction of the acetylacetonate precursor by ethanol, as shown in
Eq. (1), was identified as the reaction pathway that enables the deposition of high-

quality films of transition metals:

2 M(acac),, +n CoHsOH — 2M +2n Hacac +n CH3CHO (1.

In contrast to Cu(acac)2 and Ni(acac)z precursors, the PSE-CVD of cobalt films from
Co(acac): was found in this earlier work to be highly sensitive to the nature of the
underlying substrate and the deposition temperature. For instance, a transition from
cobalt carbide to metallic cobalt was observed upon increasing the substrate
temperature from 240°C to 280°C, while an improvement of the growth rate and a
decrease of the required deposition temperature were observed when coating a 5 nm-
thick nickel seed layer on bare glass [36]. Despite these observations, the role of the

nickel seed layer during the film growth is not well understood.

In the present contribution, we evaluate the suitability of Co(acac)s precursors for the
PSE-CVD growth of cobalt metallic films in comparison to Co(acac):. Cations of

5

65



transition metals are efficient redox catalysts, and the valence state of the metal centre
(Co*" or Co®") of the precursor is expected to influence the catalytic dehydrogenation
of ethanol according to Eq.(1) and hence to affect growth kinetics and film quality. To
evaluate the influence of the choice of precursor valence state, several in-situ
characterisation techniques including X-ray photoelectron spectroscopy (XPS) and
molecular-beam mass spectrometry (MBMS) were coupled with the PSE-CVD setup

to elucidate the role of the nickel seed layer.

2. Experimental

2.1. Film growth

The growth of metallic films was performed in a CVD reactor employing a pulsed-
spray evaporation (PSE) unit for the delivery of the precursor liquid feedstock.
Co(acac),, Co(acac)s, or Ni(acac)z, respectively, were dissolved at a concentration of
5 mM in ethanol. As the growth of cobalt films on bare glass shows serious nucleation
difficulties, different quantities influencing the film deposition were comprehensively
optimised, including the deposition temperature, pressure, gas flow rate and delivery
parameters (Fig. S1). To monitor the effect of the nickel seed layer on the resulting
films, both bare glass and Ni-seeded substrates, with a nickel film thickness of ~5 nm,
were used for Co® deposition. The feedstock was injected as a fine spray into a 30-cm
long evaporation chamber at 200 °C. The resulting vapour was transported by N to
the deposition chamber at 220 °C. The deposition of cobalt occurred on the heated
substrates (thin glass and silicon wafer with native oxide (Si/SiOz)) in the temperature
range of 240-480 °C, while the deposition of the Ni sub-layer was performed at
270 °C. The deposition conditions are summarised in the Supplementary Material
(Table S1). Except for the varied substrate temperature during deposition, the same

optimised conditions regarding pressure, nitrogen flow rate and liquid feedstock

6

66



feeding rate were used for the deposition of Co’ films on bare glass from Co(acac):
precursor as well as from Co(acac)s. The thickness of the deposited films was
estimated gravimetrically by measuring the weight change of the substrates before and

after deposition with a microbalance (Mettler ME30).

2.2. Post-deposition film characterisation

The crystalline phase of the prepared films was identified by XRD using a Phillips
X' Pert Pro MRD instrument equipped with a Cu Ka (1=0.154056 nm) radiation
source and operated at 40 kV and 30 mA. The phases were determined by reference to
the powder XRD database (JCPDS). The morphology of the deposited films was
ascertained using helium ion microscopy (Carl Zeiss Orion Plus). The helium ion
beam was operated at an acceleration voltage of 35 kV with a current between 0.3 and
1.7 pA and a 10 pm aperture at "Spot Control" settings of 4 to 5. Secondary electrons
were collected by an Everhart-Thornley detector at 500 V grid voltage. The cross-
sectional images were acquired with samples on Si wafer broken directly before
inserting them into the vacuum chamber. The chemical composition was determined
by XPS (Multiprobe, Omicron Nanotechnology, base pressure about 107! mbar),
using a monochromated Al Ka X-ray source (1486.7 eV, 280 W) under an angle of
13° from the surface normal to the electron detector. CasaXPS was used to analyse the
spectra with Shirley backgrounds and Scofield cross-sections. The fitting of synthetic

components followed the procedures described by Biesinger et al. [37].

2.3. In-situ diagnostics

In-situ monitoring of the reactions occurring under PSE-CVD conditions was
performed by coupling a PSE-CVD reactor with electron ionisation time-of-flight
(ToF) MBMS. The system (see Fig. S2) consists of a PSE-CVD reactor, a

differentially pumped chamber with a molecular-beam sampling system and an
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electron ionisation chamber with a reflectron time-of-flight mass spectrometer. A
quartz cone with an orifice of ~100 pm at the tip was used to sample species from the
reaction. The tip of the nozzle was inserted into a hole of the flat heater of the CVD
reactor. The sampled species form a molecule beam in the differentially pumped
chamber and pass through a copper skimmer into the electron ionisation chamber,
where the molecular beam is crossed and ionised by electrons. The produced ions are
propelled into a flight tube and reflected to the detector. During the PSE-CVD
process, the temperature of the evaporation zone was kept constant (220°C) and only
the substrate temperature was increased from 220 to 360°C.

In order to perform XPS analysis at any stage of the thin film growth, a PSE-CVD
reactor directly attached to a UHV chamber (a second Multiprobe system, Omicron
Nanotechnology, base pressure 107'° mbar) for thin film analysis was used with an Al
Ka X-ray source without monochromator. The uniquely designed setup provides
quick sample transfer between the CVD reactor and XPS without interrupting
vacuum. Thereby any sample contamination during the transfer procedure could be
avoided [38]. Again, the evaporation and deposition areas of the reactor were heated
to 220 °C during deposition to avoid undesirable precursor adsorption on the PSE-

CVD reactor walls.

3. Results and discussion

3.1. Film characterisation

Figure 1 shows the XRD pattern of a 250 nm thick film deposited at 250°C on bare
glass using Co(acac): precursor. The film appears to be a mixture of hexagonal close
packed (hcp) metallic cobalt and orthorhombic cobalt carbide Co>C phases. This
result is in agreement with previous work [36] showing a transition from Co2C to Co
metal by increasing the substrate temperature from 240°C to 270°C. By using

8
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Co(acac)s, neither metallic cobalt nor carbide films could be grown at substrate
temperatures below 320°C, even when coating glass or Si/SiOz substrate with a nickel
seed layer. The presence of the nickel seed layer only improves the growth rate in the
case of Co(acac); but does not decrease the deposition temperature as observed for
Co(acac)2 [36]. Considering these observations detailed below, Co(acac)> appears to

be the best precursor to investigate the role of the nickel seed layer.

As shown in Fig. S3, the XRD patterns of the films deposited at 270°C and 280°C on
nickel-coated Si/SiO: substrate using Co(acac); clearly indicate the presence of cobalt
oxide with poor crystallinity. With and without Ni seed layer, hexagonal close packed
(hep) metallic cobalt (JCPDS no. 05-0727) with a (002) preferred orientation (Fig. 2)
is deposited at 320° C. The data for films with thicknesses in the range 200-350 nm
show no peaks corresponding to impurity phases such as oxides or carbides.
Furthermore, the phase of the metal deposit transforms from hcp to face-centred cubic
(fce) structure (JCPDS no. 15-0806) as the deposition temperature is increased, a
behaviour that is visualised by the shift of the most intense diffraction peak, (002),
towards lower angle, corresponding to (111) orientation [39, 40]. The calculated
lattice spacing for the cobalt deposits grown at 360 °C and 440 °C are 2.022 A and
2.049 A, respectively. These values agree with those, 2.023 A and 2.046 A, reported
in the literature [41] for hcp (002) and fcc (111) of Co phases, confirming a transition
from hcp to fee structure by increasing the substrate temperature from 320 to 480°C.
The transformation of hep to fee structure was also observed in the same temperature
range for the obtained Co films grown on bare glass with a sub-layer of Ni. The
presence of a nickel sub-layer improves the growth rate of the films deposited from
Co(acac)s up to a deposition temperature of 360°C. For instance, the calculated

growth rate of ~0.7 nm/min on bare glass at 320°C was improved to 2.3 nm/min on

69



Ni-coated glass. (For comparison: by using Co(acac)» precursor, the calculated growth
rate of 2.8 nm/min on bare glass at 300°C increased to 5 nm/min in the presence of
the nickel seed layer [36].) In contrast to substrates with a nickel seed layer, however,
we find a steep increase of the growth rate on bare glass substrates as the temperature
is raised above 360° C (Fig. 3), resulting in comparable growth rates on both types of

substrates at 400-440°C. The effect of the nickel sub-layer will be discussed later.

The surface composition of films deposited at 250 and 400°C on Si/SiO» substrate
using Co(acac); and Co(acac)s, respectively, was investigated by means of ex-situ
XPS (data not shown). Due to contamination arising from the precursor
decomposition, the surface oxygen content was found to be about 24 at.% and 10 at.%
for the samples deposited using Co(acac)> and Co(acac)s, respectively. The greater
part of the surface oxygen content was bound to carbon as C-O, C=0 and in the form
of chemisorbed H20O. To probe the bulk properties of the films, the samples were
sputtered with Ar ions (1 kV, about 45° incident angle, 15 pA) for 70 min. The XP
spectra of the sputtered films and the elemental composition are shown in Fig. 4. The
film deposited at 250°C using Co(acac): contained ~73 at.% Co and ~25 at.% C,
while a small amount of oxygen was still present. The film deposited at 400°C using
Co(acac)s;, in contrast, only contained 8 at.% Co, showing massive carbon
contamination. The Co2p spectra (Fig. 4a,d) for both, the film deposited at 250° C
from Co(acac)z as well as that deposited at 400°C from Co(acac)s, can be fitted with
an asymmetric main species at about 778.2 eV and two peaks at 3.0 and 5.0 eV above
the main peak which are attributed to origin from a plasmon loss process, indicating
metallic cobalt [37]. Both films show ~ 3 at.% oxygen, which is mainly referred to be
hydroxides or carbon-bound. In the sample grown from Co(acac)z, about 5 at.% of the

oxygen is identified as lattice oxygen (species bound to cobalt, at ~530 eV)[37]. Both
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films show the presence of alkyl-type carbon at ~284.4 ¢V as dominant species and a
small fraction of oxides (Fig. 4c,f). Only in the film grown from Co(acac)z, more than
30 at.% of the carbon is present in the carbidic type (at 283.4 eV) [16], in agreement
with XRD analysis. The massive amount of alkyl-type carbon in the film deposited
using Co(acac)s indicates that decomposition of the precursor and its fragments into
volatile species at 400°C is a major problem of using Co(acac); in the PSE-CVD
process. It is worth mentioning that the carbon content increased as the substrate
temperature was raised for films deposited using Co(acac)s, i.e., the formation of the
non-volatile carbonaceous species is thermally activated (pyrolysis). In the case of
using Co(acac)z as the precursor, the relatively low deposition temperature of 250° C
may help to avoid the formation of these species, leading to comparatively moderate
carbon levels of ~25 at.%. The peak near 285 eV in the Cls XP spectrum indicates the
presence of C-H and C-C bonds and thus of hydrogen impurities which could not be
quantified, however. Again, hydrocarbon fragments from the precursor may
contribute to these impurities.

Figure 5 shows the HIM cross section of Co thin films deposited at different substrate
temperatures using Co(acac)> and Co(acac)s;. Helium-ion microscopy [42] (HIM) is
similar to scanning electron microscopy but it employs helium ions for analysing a
sample instead of electrons. In HIM, a focused beam of helium ions with a diameter
down to 0.35 nm is scanned over the sample, and the secondary electrons generated
by the He+ impact are detected. The resulting images are more surface-sensitive with
a higher spatial resolution as compared to scanning electron microscopy. As evident
from Fig. 5, compact spherical grains that build a closely packed film are deposited at
250°C using Co(acac)2. The HIM images of Co thin films deposited at 320°C using
Co(acac)s show spherical grains with an island-type growth. The grainy nature of the

deposited film indicates that the nucleation step proceeded at low rates. Interestingly,
11

71



similar growth using the same precursor has been reported by Maruyama et al. [40].
By increasing the deposition temperature to 400°C, the deposited films show an
agglomeration of grains with columnar and porous structure, while a fibrous structure
was observed at 480°C. As shown in Fig. S4, homogeneous films with a better

nucleation were obtained when using a nickel sub-layer during the PSE-CVD process.

3.2. Mass spectrometry

The gas sampled after its interaction with the hot glass substrate during the PSE-CVD
process was analysed by MBMS. Figure 6 shows the temperature-dependent profiles
of the molecular peaks of the Co(acac): and Co(acac)s precursors. The thermolysis of
both precursors starts at temperatures above 200°C, and their complete depletion is
observed at 280°C and 320°C for Co(acac)2 and Co(acac)s, respectively. Note that the
abovementioned temperatures correspond to the minimum temperatures at which
entirely metallic cobalt is deposited (no oxides or carbides) using the corresponding
metal acetylacetonate precursor. Therefore, it can be concluded that the ethanol-
induced depletion of the metal precursor is influenced by the oxidation state of the
metal centre. Co(acac)z is more easily reduced to metallic Co than the Co(acac)s
precursor, which is in agreement with the ex-situ XPS measurements (higher metal
content in the films grown using Co(acac): than in those obtained from Co(acac)s).
The mass spectrometry data do not provide any indication why no cobalt metal or
carbide was deposited using Co(acac); at temperatures below 320°C. The thermolysis
profiles of both precursors show a depletion starting at temperatures below 240°C, but
carbide is only obtained when using Co(acac): as the precursor. The XRD analysis of
the deposited films at 270°C and 280°C using Co(acac); (Fig. S3) revealed small
amounts of CoOx oxides while metallic cobalt films are obtained with Co(acac) at the

same temperature. To understand the formation mechanism of cobalt carbide films,
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consideration of results reported for related systems such as nickel carbide may help.
Leslie-Pelecky et al. [43] reported the synthesis of nickel carbide nano-composites by
reducing nickel salts in hydrocarbon solvents using lithium and naphthalene as
electron carriers. These authors demonstrated that the formation of the carbide phase
proceeded via adsorption of a carbon-containing molecule on the nickel cluster and
the subsequent decomposition of the adsorbed molecule during thermal annealing,
which then led to incorporation of the carbon atoms into the nickel particle. Coating
the nickel cluster with polymers prior to annealing was found to enhance the nickel
carbide formation because of the reduction of surface NiO, which blocks the diffusion
of carbon atoms. In analogy, one may postulate that the low-temperature formation of
cobalt carbide during Co deposition using the Co(acac)> precursor may result from
migration of some "active" carbon species arising from the thermal decomposition of
the precursor ligand into cobalt particles. The lack of carbide formation observed in
films deposited from Co(acac)s at higher temperatures may be due to the presence of

CoOx at the surface which hinders the diffusion of carbon into the metal cluster.

3.3. Role of the nickel seed layer

To investigate the role of the nickel seed layer, depositions were performed only with
Co(acac)2 as the precursor (see Section 3.1.). In the UHV-compatible PSE-CVD
reactor directly attached to an XPS system, ultrathin films (of thickness 2-6 nm),
representing an early stage of the deposition, were deposited from ethanol solution of
Co(acac)2 on Si/SiO2 substrate samples at various temperatures in the range 250-370°
C and characterised by XPS. In these experiments, any post-deposition contamination
or metal oxidation during sample transfer from the reactor to XPS can be neglected.
The results are shown in Fig. 7 for the Co2p, Ols and Cls core-shell spectra. At

sample temperatures up to 270° C during deposition, the film surface is composed of
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carbon, oxygen and oxidised Co, identified by the Co2p XPS peaks at ~782 and
~786 eV binding energy which represent Co?", probably in Co oxide or Co(OH)2. For
deposition temperatures of 310°C and higher, metallic Co (Co2p b3/2 peak at
~778 eV) was also found, where the ratio of metallic and oxidised Co increased with
temperature. Only at the highest deposition temperature of 370°C, the Co signature of
the film was found to be entirely metallic. At this deposition temperature, however,
carbon contamination, which increased with deposition temperature, was highest (see
Fig. 7c). The Cls binding energy of ~285 eV indicates the prevalence of C-C and C-H
bonds, probably due to fragments of decomposed precursor or alcohol on or in the
film, which result from pyrolysis of the precursor solution at the hot sample surface.
Below 270°C deposition temperature, the Cls peak was found shifted to a binding
energy <286 eV, indicating prevalence of carbon in C-O bonds which may be
attributed to undecomposed precursor at the surface. The Ols XPS signal is shown
only as a reference because it is likely to include significant contributions from the
SiOx substrate due to the thinness of the deposited film. Compared to the XPS data
obtained from 250 nm-thick films deposited from Co(acac), at 250° C (only metallic
Co and Co carbide were found as discussed before), these findings indicate that the
growth mode changes as more and more Co is deposited. Probably, the initially
deposited cobalt oxide acts as a seed layer and promotes the catalytic decomposition

of the precursor at later stages of film growth.

When a nickel seed layer was deposited on the SiOx/Si substrates before depositing
Co in the UHV-compatible PSE-CVD reactor, the XPS revealed that 30-nm thin films
were composed of entirely metallic cobalt even at temperatures as low as 270° C (see
Fig. 8a). Apparently, nickel efficiently catalyses decomposition of the adsorbed

precursor and promotes the reduction of Co(acac): during the initial stage of
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deposition. With and without Ni seed layer, carbon contamination at the film surface,
as represented by the Cls XPS peak (Fig. 8c), appears to be inherently connected to
the formation of metallic Co. Comparison of Figs. 7c and 8c shows that the amount of
carbon contamination always increases with deposition temperature. However, at a
deposition temperature of 270°C, the amount of carbon at the surface is significantly
higher with a Ni seed layer, i.e., when the deposited Co is metallic and not

significantly oxidised at the film surface.

To gain more insight into the role of the nickel seed layer during the film growth, the
thermolysis of ethanol was performed in a tube flow quartz reactor filled with a
stainless steel mesh substrate (SSM) and the exhaust gas was analysed by means of
Fourier transform infrared spectroscopy (Nicolet 5700). As shown in Fig. 9, the
formation of acetaldehyde in presence of the uncoated mesh substrate requires
temperatures exceeding 320°C, indicating that this reaction pathway contributes to the
film deposition for temperature above 320°C. The reaction over a nickel-coated SSM
and Ni(acac)> chemisorbed at 200°C on SSM leads to the formation of acetaldehyde at
a lower temperature (270°C). This behaviour, in agreement with the in-situ XPS
measurements, confirms that the presence of a Ni seced layer catalyses the
dehydrogenation of ethanol to acetaldehyde and thus, wvia hydrogen, the
decomposition of the precursor. However, as discussed before for films grown from
Co(acac)s at elevated temperature, the presence of carbon impurities in the film
indicates that the produced hydrogen does not help to generate entirely volatile

fragments from the decomposed ligand.

At a temperature above 370°C, the nickel-coated SSM induces the decomposition of

ethanol (Fig. 9) as noticed by the decrease of acetaldehyde, which can be another
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source of carbon incorporation into the grown films. This might explain the high

carbon content observed at 370°C during the in-situ XPS measurements.

Conclusions and perspectives

Metallic cobalt was deposited at lower temperature when using Co(acac): than
Co(acac)s, a behaviour that is confirmed by the total depletion of Co(acac): in ethanol
atmosphere at a lower temperature compared to that when using Co(acac)s. Structural
characterisations indicated that films deposited with Co(acac)s contain less cobalt
metal and are more porous than those deposited using Co(acac)2. Increasing the
deposition temperature for both precursors improved the carbon content as a
consequence of the thermal decomposition of the precursor. Enhancement of the
growth for both precursors when using a nickel seed layer was ascribed to the
improved dehydrogenation of ethanol to acetaldehyde, a process that enables the
reduction of the precursor. However, this effect was limited to temperatures below
360°C, above which the thermal decomposition of the precursor is predominant. The
decrease of the deposition temperature when using the nickel seed layer was only
observed with the Co(acac), precursor. In-situ monitoring the CVD growth process by

means of XPS is an efficient way to control the film quality during the deposition.

Cobalt and cobalt-based thin films have possible applications in microelectronics,
especially in the development of digital magnetic data storage devices and magnetic
field Sensors. One typical example is the development of
ferromagnetic/insulator/ferromagnetic junctions such as NiFe/Al203/Co trilayers. The
aim of this work was to understand the deposition mechanism of metallic cobalt films
by means of PSE-CVD from Co(acac), precursor in order to contribute to solving the

problem of carbon contamination. Using a stronger reducing agent than ethanol will
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inevitably lower the deposition temperature and hence reduce or suppress the carbon
contamination. In the PSE-CVD setup, the presence of voids in the deposited layer
generally originates from the film inhomogeneity. Controlling the deposition
parameters, such as the pressure of the CVD chamber, the frequency of the liquid
delivery and the flow of the carrier gas, can enable improvement of the film packing

density.
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Figure captions

Figure 1: XRD pattern of a cobalt film deposited on bare glass at 250°C using an ethanol

solution of Co(acac).

Figure 2: XRD patterns of cobalt films grown at different temperatures (a) on bare
glass and (b) on Ni layer deposited previously on glass. (PDF numbers refer to the

JCPDS database.)
Figure 3: Growth rate as a function of temperature of cobalt films deposited using Co(acac)s.

Figure 4: XP spectra of cobalt films deposited at 400°C (a, b, ¢) and 250°C (d, e, f) using

Co(acac); and Co(acac): precursors, respectively.

Figure 5: HIM cross-section micrographs of cobalt films deposited at different temperatures,
using the precursor Co(acac)s at 320 °C (a), 400 °C (b) and 480 °C (c), and the precursor
Cof(acac)z at 250 °C (d).

Figure 6: Left panel: MBMS monitoring of the thermal decomposition of the Co(acac); and
Co(acac); precursors in ethanol atmosphere. The right panel shows spectral intensities for

m/z=257 and m/z=356 depending on the substrate temperature.

Figure 7: In-situ XPS analysis of PSE-CVD cobalt films on SiO2/Si substrate using an
ethanol solution of Co(acac)z. Co2p core-shell (a), Ols core-shell (b) and Cls core-shell (c).

Figure 8: In-situ XPS analysis of PSE-CVD cobalt films on Ni-coated Si0./Si substrate using

an ethanol solution of Co(acac),. Co2p core-shell (a), Ols core-shell (b) and Cls core-shell

(c).

Figure 9: Light-off-curves of acetaldehyde formation during the thermolysis of ethanol over
uncoated mesh substrate, nickel-coated mesh and Ni(acac) chemisorbed on the mesh

substrate.
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Figure 5: HIM cross-section micrographs of cobalt films deposited at different temperatures,
using the precursor Co(acac); at 320 °C (a), 400 °C (b) and 480 °C (c), and the precursor
Co(acac)z at 250 °C (d).
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Table S1: Optimised experimental conditions for the deposition of Co metal and Ni seed

layer.
Precursor Co(acac)3 Ni(acac)z
Solvent Ethanol Ethanol
Concentration (mM) 5 5
Substrates Thin glass, silicon, planar and mesh of stainless steel
Frequency (Hz) 2-4 2-4
Opening time (ms) 14 14
Evaporation temperature (°C) 200 200
Transportation temperature (°C) 220 220
Substrate temperature (°C) 240 - 480 270
System pressure (mbar) ~ 60 ~ 60
Carrier gas (N2 ) (slm) 05-1.0 05-1.0
4.0
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Figure S1: Effect of the delivery conditions, the flow rate of N> and the pressure on the

growth of Co films deposited at 400 °C using Co(acac)s precursor.
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Figure S2: Schematic diagram of the PSE-CVD reactor with in-situ molecular-beam mass

spectrometer.

Description: The system consists of the PSE-CVD reactor, a differentially pumped chamber
with a molecular-beam sampling system and an electron ionisation chamber with a reflectron
time-of-flight mass spectrometer. A quartz cone-shaped nozzle with an orifice of ~100 pm at
the tip was used to sample reaction species. The tip of the nozzle was inserted into a hole in
the flat heater of the CVD reactor. The sampled species form a molecular beam in the
differentially pumped chamber and pass through a copper skimmer into the ionisation
chamber, where the molecular beam is crossed and ionised by electrons. The produced ions
are propelled into a flight tube and reflected to the detector. During the PSE-CVD process, the
temperature of the evaporation zone was kept constant (200°C) and only the temperature of
the flat heater was increased from 205 to 360°C. The deposition was performed onto a bare

glass substrate with a surface of 50 mm?, negligible to that of the flat heater (19.65 cm?).
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Figure S4: HIM micrographs of metallic cobalt films deposited from an ethanol solution of
Co(acac)z at 320°C (A, D), 440°C (B, E) and 480°C (C, F) on bare glass (A, B, C) and nickel-
coated glass (D, E, F).
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In chemical vapor deposition experiments with pulsed spray evaporation (PSE-CVD) of liquid solutions
of Ni and Co acetylacetonate in ethanol as precursors, the influence of water in the feedstock on the

- composition and growth kinetics of deposited Ni and Co metal films was systematically studied. Varying

- the water concentration in the precursor solutions, beneficial as well as detrimental effects of water
on the metal film growth, strongly depending on the concentration of water and the 3-diketonate in
the precursor, were identified. For 2.5 mM Ni(acac), precursor solutions, addition of 0.5 vol% water

- improves growth of a metallic Ni film and reduces carbon contamination, while addition of 1.0 vol%

. water and more leads to significant oxidation of deposited Ni. By tuning the concentration of both,
Ni{acac), and water in the precursor solution, the fraction of Ni metal and Ni oxide in the film or the
film morphology can be adjusted. In the case of Co(acac),, even smallest amounts of water promote

. complete oxidation of the deposited film. All deposited films were analyzed with respect to chemical

. composition quasi in situ by XPS, their morphology was evaluated after deposition by SEM.

- Chemical Vapor Deposition (CVD) and its variants such as Atomic Layer Deposition (ALD) are key technologies
- in the industrial production of thin metal films for a broad range of applications'. In the CVD family of processes a
solid film is deposited from a vapor of precursor molecules by chemical reactions occurring on or in the vicinity of
a substrate surface, which is usually heated to thermally stimulate the reaction. Metal CVD can be used to produce
* fibers, monoliths, foams, and powders of pure metals or alloys with free variation of the composition for catalysis,
- microelectronic, and optical devices>*. There are two classes of organic precursors which are routinely used in CVD:
organometallic (OM) precursors with metal centers mostly bonded to carbon and metal-organic (MO) precursors
such as the class of 3-diketonate complexes including the acetylacetonates (acac), hexafluoroacetylacetonates (hfac),
- dipivaloylmethanates (dpm), and alkoxides of different metals, i.e., with metal centers bonded to typically oxygen,
- nitrogen or sulfur®*, Elucidating the CVD reaction mechanisms for these precursors comprehensively and in detail
- is prerequisite for process optimization and beneficial for the selection and synthesis of new precursors. In this
respect, also boundary conditions may play important roles but often lack systematic studies.
One of the big problems using solid organic precursors in metal CVD is their sensitivity to air and moisture>~”7,
- Generally, the hygroscopic nature of many OM and MO precursors promotes the formation of hydrates which leads
: to significant configuration changes within the precursor depending on the water content. For example, anhydrous
Ni(acac), forms trimers in order to achieve an octahedral coordination around each nickel atom. When water is
present, each Ni(acac), prefers to take up position in an octahedral complex with two water molecules for that
. purpose’™!% Such changes may induce strong dependencies of the precursor volatility and thermal stability on
- the water concentration”!*!!, Additionally, water may influence the precursor adsorption selectivity by formation
: of OH groups on the substrate surface and affect reaction mechanisms thereon®*'*"'*. Overall, the sensitivity of
. the precursor to moisture may render the control of parameters such as nucleation rate, growth rate, or precursor
- fragmentation difficult and thus affect quality (morphology) and purity (carbon incorporation) of the CV deposits.
: Several studies have reported that water affects the reduction mechanisms of 3-diketonates, in particular metal
© (M) (acac), precursors, employed in classical CVD and ALD regimes. M(acac), as CVD precursors have been
in the focus of interest because they are commercially available low-cost products of minor toxicity and exhibit

Institut fir Angewandte und Physikalische Chemie, Universitat Bremen, Leobener Strafl3e UFT, D-28359 Bremen,
Germany. Correspondence and requests for materials should be addressed toV.Z. (email: zielasek@uni-bremen.de)

SCIENTIFIC REPORTS | 5:18194 | DOI: 10.1038/srep18194 1

97



www.nature.com/scientificreports/

low evaporation temperatures and easily controllable purity”'*. Only few systematic studies on the influence of
water on [3-diketonates under CVD conditions are available and their results often appear to be contradictory. For
instance, it has been reported that CVD with a 3-diketonate such as Cu(hfac), as precursor in combination with H,
as reducing agent can be area-selective, i.e., copper, in this case, is deposited on metal substrates but not on oxide
areas'®"", When adding water to the reaction gas mixture, some authors found a loss of the precursor’s selectivity
to metal substrates' while others reported, for apparently similar experiments, that the selectivity is unaffected?’.
Furthermore, there are several reports on an increase of carbon contamination due to the presence of water in
the gas phase during metaloxide (MOx) deposition on soda lime glass substrates from Cu and Ni 3-diketonates
such as M(acac),, M(dmg),, and M(hfac),*"*?!. Using the same [3-diketonate precursors for obtaining M, MOx,
and metalnitride films on $i0,, -Al, O, and polyimide substrates, others found, however, a decrease of carbon
content when water was added to the CVD reactants mixture** ., Finally, Utraininen et al. found as a general
trend that H,O in combination with 3-diketonate complexes like Cu/Ni/Pt (acac), (deposited on glass, SiOx, AlOx,
and TiOx) leads to the deposition of metal oxide films during ALD*!". In accordance with this trend, Borgharkar
et al. showed for CVD from Cu(hfac), on TiN-coated Si(100) substrates that the metal film growth rate and the
electrical conductivity of the deposit can be improved by eliminating H,O from the starting precursor®. In contrast,
several other CVD studies (on many different types of substrates including Kapton) reported that addition of water
enhanced the metal film nucleation and increased the rate of 3-diketonate reduction by H,'®72*26-2%,

In practice, controlling water contamination in the entire CVD process is harder than just to care for pure pre-
cursor feedstock. As pointed out by Pierson?, a pure reactant can become contaminated in the distribution system
to the reactor by, amongst others, moisture even if gas-tight metal lines are used. Therefore, in order to limit costs
it is essential to know what grades of purity of precursors, feed gases and reactor lines have to be maintained for
good results. Also, as demonstrated above, water may even have beneficial effects on the composition or growth
rate of the deposit. Consequently, in order to make use of these effects purposefully and reach optimal growth
conditions with reasonable efforts, systematic studies on the influence of water on CVD processes are, as also
noted by others?!, a prerequisite.

In the following we will present a comprehensive study of the influence of water on metal film formation exem-
plarily in a special field of CVD: the pulsed-spray evaporation (PSE)-CVD from a liquid feedstock of acetylacetonate
precursors in ethanol which serves as solvent and reducing agent at the same time?*-*2, The PSE-CVD method
offers several advantages compared to the classical gas phase CVD: Metal films can be obtained without employing
gaseous hydrogen, there is less demand on the precursor in terms of volatility and stability, and the precursor does
not need to be heated for spray evaporation®**. The selection of acetylacetonates as precursor was not only based
on low costs, low toxicity, and the commercial availability of a wide variety of different metals (as mentioned above)
but acetylacetonates are also readily soluble in ethanol. To a liquid, alcohol-based precursor solution, water is easily
added and its amount can be precisely varied, allowing for rigorous studies of the influence of water on the CVD
process, By varying systematically and in a broad range the water content in Ni and Co acetylacetonate precursors
for PSE-CVD of Ni and Co, we found both, beneficial and detrimental effects of water on the metal film growth,
strongly depending on the concentration of water and the 3-diketonate in the precursor solution. All deposited
films were analyzed with respect to chemical composition quasi i situ by x-ray photoelectron spectroscopy (XPS)
and their morphology was evaluated after deposition by scanning electron microscopy (SEM).

Experimental Methods

The deposition experiments were performed in a home-built PSE-CVD reactor described in detail elsewhere™.
In brief, the reactor is directly attached to an ultra-high vacuum system with XPS (Multiprobe system, Omicron
Nanotechnology, base pressure 10~'°mbar) and allows for contamination-free transfer of a sample from the reactor
to the XPS after any stage of deposition. Apart from the water concentration, all experimental deposition param-
eters (see Supplementary Table $1 available online) were chosen on the basis of previous publications®**, For
all depositions discussed in the following, solutions of commercially available anhydrous 95% Ni(acac), and 97%
Colacac), (Sigma-Aldrich) in absolute ethanol (VWR Chemicals) were used. In PSE-CVD the concentration of
the 3-diketonate precursor molecule in the liquid feedstock is an adjustable parameter. To obtain a feedstock with
2.5mM Ni concentration, 64.2 mg of the Ni precursor was weighed and dissolved in 100 ml alcohol. The solution
was ultrasonically shaken to achieve complete dissolution. With double and triple amounts of Ni precursor, also
5.0, and 7.5 mM Ni precursor feedstock were prepared. Using 192.9 mg of Co(acac),, a 7.5 mM Co precursor
feedstock was produced in a similar way. All precursor solutions were prepared freshly directly before PSE-CVD.
The purity of the absolute ethanol (>>99.9vol%) was confirmed by an analytical hydrometer. Further tests showed
that keeping the absolute ethanol in contact with the atmosphere for one week resulted in absorption of water
up to 3 vol%. Therefore, fresh preparation of the precursor solutions directly before PSE-CVD was essential to
ensure the purity of our experiments and neutralize the “aging” effect of the precursor feedstock. For a systematic
study of the water influence on the CVD process, distilled H,O was added to the precursor solution to adjust the
water concentration. It was varied from 0.0 vol% to 15.0 vol% (1.0 vol% corresponds to 0.555 mol/l) and could be
controlled within = 0.1 vol% as confirmed by the analytical hydrometer.

A piece from a Si(100) wafer was cut as substrate, cleaned with isopropanol in an ultrasonic bath, and dried in
air, so that Ni or Co were deposited on top of the native or thermal silicon oxide layer of the wafer. XPS showed
that the mild cleaning procedure left, very reproducibly, a level of 9 atom% residual carbon contamination on the
substrate surface. In order to keep the substrate preparation simple, neither chemical cleaning steps nor in vacuo
thermal treatments were employed to remove all carbon or the SiOx layer from the Si wafer. It should be noted
that, depending on CVD applications, typically more vigorous substrate treatments are employed. For precursor
delivery via the spray nozzle a solenoid valve pulse frequency of 2Hz and a spray injection phase of 15 ms were
used, meaning that the solenoid valve opened two times per second for 15ms and a total deposition time of
30 min corresponded to a net precursor solution injection time into the reactor of 54 s. For all experiments shown
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in the following, the total deposition time was kept constant, resulting in different thicknesses of the deposits for
different precursor concentrations, as will be detailed below. During deposition, the pressure in the deposition
area as well as the sample surface temperature were adjusted and stabilized (see the previous publication for
further details)*2. The temperature for deposition was chosen equal to the optimal metal deposition temperature
with the maximal growth rate determined in previous PSE-CVD experiments as 270°C and 310°C for Niand Co
precursors, respectively?**, With one exception to be discussed below, higher temperatures were not employed
to avoid undesirable decomposition of precursor ligands which would increase contamination of the deposited
films. Below 260 °C, cobalt carbide formation was observed*, leaving a rather narrow temperature range for metal
PSE-CVD for both, Niand Co.

After the deposition process was finished, samples were transferred immediately in vacuo into UHV for XPS anal-
ysis. For XPS, non-monochromatized Al Ko radiation was used for photoelectron generation and a Leybold EA 10
Plus hemispherical energy analyzer with single-channeltron detector was employed. The obtained XP spectra were
normalized and then fitted using Igor Pro (from Wave Metrics) and FITT (Seoul National University) software. For
the fit a Shirley-type background was taken into account. The morphology of the deposited films was assessed ex situ
using a Carl Zeiss Ultra Plus Field Emission scanning electron microscope operated at 15.0keV electron energy.

Results and Discussion

Conditions for growing (metallic) Ni films by PSE-CVD from Ni(acac), dissolved in ethanol had been established
in previous work which reported Ni(acac), concentrations in the range from 2.5 to 10.0mM as optimal and the
growth rate as increasing linearly with the precursor concentration in that range”. Further increase of the Ni(acac),
concentration is limited by the short lifetime (re-crystallization) of highly concentrated precursor solutions. Below
2.5mM, film growth becomes impractically sluggish. For our own experiments we selected three different Ni(acac),
congcentrations (2.5, 5.0, and 7.5 mM) with sufficient precursor lifetime within the optimal range and performed
PSE-CVD. As noted before, the total deposition time for all Ni films studied in the following was 30 min. The
first part of this section will provide a full account of the observed effects of water concentration variation in
the precursor solution on composition and morphology of the deposited Ni films. In the second part of this sec-
tion, the influence of water on films deposited from 7.5 mM Co(acac), precursor solution will be demonstrated
and discussed. In contrast to PSE-CVD of Cu or Ni, finding parameters for deposition of pure metal Co films
from Co(acac), has been reported as difficult because cobalt precipitates mainly unreduced as carbide or oxide™.
Moisture may play a key role here.

Ni(acac), in EtOH on SiOx/Si(100). The presentation of results and their discussion will be based on a quan-
titative analysis of XP spectra from the deposited films. Exemplarily, Fig. 1 depicts a selection of O 1s and C 1s XP
spectra obtained in the take-off direction normal to the surface after PSE-CVD with 2.5 mM Ni(acac), precursor
solution and shows the results of the fitting routine including all individual contributions that were considered for
the fit, Examples of Ni 2p spectra and their fit by contributions from Ni’ and Ni** can be found elsewhere®. Based
on a previous XRD study which found no evidence for Ni,C after PSE-CVD from Ni(acac), in ethanol for substrate
temperatures in the range from 190°C to 290°C™, the presence of nickel carbide can be ruled out.

The solid (brown) curve labeled “NiOx” in Fig. 1a designates O 1s emissions with a binding energy of 529.9eV
stemming from Ni**O? ¥~ It is absent on the clean substrate but can be detected after film deposition and
increases with the water concentration in the liquid precursor feedstock. The dotted magenta “C-C/C-H” curve
in Fig. 1b (highest intensity at 0.0 vol% water concentration) denotes C 1s emissions from carbon-carbon and
hydrocarbon bonds (binding energies 284.8 eV)*-* which are also absent on the fresh substrate but can be found
after PSE-CVD from Ni(acac), solution. Photoemission characteristic for C-O bonds can be found as O 1s signal
at a binding energy of 530.9 ¢V (dashed orange “C-O” curve in Fig. 1a) and as C 1s signal with a binding energy
of 286.1 eV (dashed orange “C-O” curve in Fig. 1b)***. Both show the same trend as the water concentration is
increased in the 2.5mM Ni(acac), precursor solution: slight decrease of the intensity up to 0.5 vol% water and then
a significant increase at 4.0vol% and 10.0vol% water. Contributions of double C=0 bonds can be easily distin-
guished from C-O emissions only by the C 1s signal (Fig. 1b, dash-dotted green “C=0" curve at 287.9eV)*. In the
O 1s emission the C=0 signal (dash-dotted green” C=0" curve at 532.9 eV in the Fig. 1a) is somehow overlapped
by O 1s emissions from SiOx (Dotted magenta “SiOx” curve with the binding energy 532.1 eV), rendering the
separation of the C=0 from the SiOx contribution within the O 1s signal difficult.

PSE-CVD from 2.5 mM solutions.  For an interpretation of the XPS results, having an idea of thickness and
maorphology of the deposits under investigation is instrumental. Supplementary Fig. S1 (online) shows selected
SEM data of films deposited from 2.5mM Ni(acac), with 0.0 vol%, 0.5 vol%, 5.0 vol%, and 10.0 vol% water in the
precursor feedstock, respectively. Within the SEM resolution, all films appear to be continuous or percolated but
composed of grains with diameters on the order of some nanometers in the case of 0.0 vol% and 0.5 vol%. Films
obtained from precursor solution with 5.0 vol% water show somewhat bigger grains and those deposited from
Ni(acac), solution with 10.0 vol% water show an even coarser morphology with more heterogeneously sized grains
in the diameter range of some 10 nanometers.

The thickness of the deposited films was estimated from cross sectional images at a cleaved substrate edge. In
contrast to Supplementary Fig. S1, the angle of sample rotation was adjusted in order to obtain a projection along
the substrate surface plane (viewing angle 90°) so that the metal layer thickness could be directly measured in the
SE micrographs. The measured thickness values are 30 nm, 40 nm, 40 nm, and 50 nm (+5nm), for films deposited
from solutions with 0.0%, 0.5%, 5.0%, and 10.0 vol% water, respectively.

Figure 2 provides a comprehensive overview of the XPS data in the binding energy regions of a) Ni 2p, b) O
1s,and ¢) C 1s obtained for films deposited from 2.5 mM Ni(acac), for various water concentrations in the liquid
precursor feedstock mixture. Results of a quantitative analysis of these spectra based on the fitting routine sketched
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Figure 1. Fits of the O 1s (a) and C 1s (b) XPS spectra obtained from the SiOx/Si(100) substrate (bottom
panels) and Ni/NiOx films grown ontop by PSE-CVD from 2.5 mM Ni(acac), in ethanol and with various
water concentrations (0.0%, 0.5%, 4.0%, and 10.0 vol%) in the precursor solution at a substrate temperature
of 270°C.

above are compiled in panels d), e), and ). These show the intensities of major signal contributions depending
on the water concentration and allow us to pinpoint trends for the composition of the deposited films. Before,
it should be noted that, although the film thickness estimates are large with respect to the typical XPS probing
depth of few nm, Si 2p emissions, especially those from SiOx, are still present in XP spectra after film deposition.
Given the grainy film structure, we assume that density variations and grain boundaries render fingerprints of the
substrate—film interface visible in the XPS spectra. In the following, we will discern the two water concentration
regimes 0.0% to 1.0 vol% and 1.0% to 10.0 vol% for the discussion and take the waterless solution as reference.

The Ni 2p XP spectrum (Fig. 2d) of the film deposited from waterless precursor solution (0.0 vol% H,0)
indicates the presence of 97% metallic Ni and only 3% oxidized Ni. When the angle of photoelectron detection
is changed to 45° off the surface normal, metallic Ni predominates and accounts for >>99.5%, indicating that the
oxidized Ni may be located close to the substrate-film interface. Therefore we interpret the Ni-oxide signal as related
to $i-O-Ni interlayer species probably forming on the native oxide of the Si wafer (which was not removed prior to
deposition as mentioned before) and conclude that, on top of that interlayer, PSE-CVD from waterless precursor
solution produces only metallic Nickel. In accordance, we interpret that part of the O 1s emission (Fig. 2¢) which
can be attributed to Ni-oxide (about 3% of the entire O 1s signal) as related to a $i-O-Ni interlayer. Within error
bars, both, the NiOx-related Ni 2p and O 1s signals show the same trends.

It has been reported that M (acac), precursors are prone to causing relatively high levels of carbon impurities
in the deposited films*’. For the film deposited from waterless 2.5 mM Ni(acac), precursor we find the atomic ratio
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Figure 2. Top panels: XPS spectra in the binding energy range of (a) Ni 2p, (b) O 1s, and (¢) C 1s emissions
obtained from the SiOx/Si(100) substrate (dotted curves) and from Ni/NiOx films (thickness 30-50 nm)
grown ontop by PSE-CVD from 2.5 mM precursor solution with various water concentrations (from 0.0%
to 10.0vol%) at a substrate temperature of 270 °C (solid lines). Bottom panels: Integral peak intensities
determined from fits to the XPS data (see text for details).

of carbon to nickel ("4 —
g

:l, where I, denotes a XPS peak area, and S, the relative sensitivity factor for element x)
I

as about 0.2. This ratio does not change when the polar angle of photoelectron detection is changed to off-normal
for higher surface sensitivity. Therefore, we conclude that the carbon is homogeneously distributed within the
deposited film. The C 1s photoemission from these carbon impurities is composed of ~70% C-C/C-H and ~30%
carbon oxide signals while, in contrast, XPS from intact Cu and Co acetylacetonate precursor clusters had shown
a C-C/C-H to COx signal ratio of ~30: 70%, i.e., the C-C/C-H fragments of the precursor appear to be less

volatile.

Adding a small amount of water (about 0.5% - 1.0 vol%) to the liquid feedstock (all other deposition param-
eters were left unchanged) leads to significant changes. First, an increase of the absolute intensity of the Ni 2p
signal by 31% compared to the waterless solution (Fig. 2d) is observed after PSE-CVD. Given the film thickness
well beyond the typical XPS probing depth, we interprete the observed variation of the total Ni 2p intensity as
related to surface roughness. As demonstrated by others, an increase of surface roughness leads to a decrease of
the total photoemission intensity due to shadowing effects and the reduced off-normal yield from inclined surface

regions !

. On the nanometer scale which is not resolved in our SEM data, the admission of up to 1.0 vol% of water

to the feedstock probably leads to a smoother surface and a denser film, on the average. Concomitantly, the SEM
evaluation indicates that the films grown from precursor feedstock with 0.5 vol% and 1.0 vol% water, respectively,
are, on average, thicker than the film grown from waterless solution (40 nm vs. 30 nm), indicating an increase of the
growth rate. The NiOx component of the Ni 2p signal which we attributed to a Si-O-Ni interlayer remains almost
unchanged when 0.5 vol% water is present in the precursor. It increases significantly only at a water concentration
of 1.0 vol% in the precursor and then accounts for more than 13% of the entire Ni 2p signal. Concomitantly, the
O 1s emissions associated with NiOx (Fig. 2e) increase at 1.0 vol% of water, accounting then for ~8% of the total
O Is intensity. These step-like increases beyond the photoemissions attributed to a $i-O-Ni interlayer indicate the
presence of Ni oxide in the film.

The level of carbon contamination in the deposited films decreases as the water concentration in the liquid
precursor feedstock is raised to 0.5% and 1.0 vol%, respectively. For 1.0 vol% water the atomic ratio of carbon to
nickel is about 0.1, i.e., half of the value observed for waterless precursor solution, while the C-C/C-H to COx
ratio changes to 4:1 (Fig. 2f)*.

The O 1s signal that can be related to both, SiOx and COXx, linearly increases with the water concentration
in the precursor (Fig. 2e) by up to ~40% compared to the waterless solution. The increase observed for 0.5 vol%
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water is probably due to an increase of the SiOx component, only, as confirmed by the Si 2p signal (not shown
here) which reveals that emissions from oxidized Si (Si**) (with a binding energy 0f 103.3eV) increase as the water
concentration in the liquid feedstock is raised from 0.0 to 1.0 vol%. It should be noted that we do not observe a
concomitant increase of the Si° component of the Si 2p signal, indicating that the Si-Ox interlayer grows, probably
due to oxidation of the Si substrate by water which, with some caution, may be taken as indicator for the formation
of hydroxides at the silica surface upon adsorption of water from the precursor solution®*, The C Ls signal related
to COx (Fig. 2f) even decreases (to ~50% of the intensity found for the waterless precursor) as 1.0 vol% water is
added to the precursor solution, supporting the conclusion that the observed increase of the O s intensity at a
binding energy of 532.9 eV is due to oxidation of the substrate.

In summary, for water concentrations in the range 0.0-1.0 vol% we observed the following trends: Water in the
liquid precursor feedstock promotes the growth of metallic Ni and reduces carbon contamination of the deposited
films. Ni oxide starts to grow only at water concentrations above 0.5 vol%, so that 0.5 vol% water is optimal for the
deposition of fully reduced Nickel films, i.e., water at that concentration has a positive influence on PSE-CVD of
Ni films from 2.5mM Ni(acac), precursor dissolved in ethanol.

Addition of higher amounts of water (from 1.0% to 10.0 vol%) to the precursor solution causes major changes in
the quality and composition of the deposited films. The metallic component in the Ni 2p signal (Fig. 2d) decreases as
the water concentration is increased. At the same time the NiOx contribution to the Ni 2p signal and, in accordance,
the NiOx contribution to the O Is signal increase almost linearly with the water concentration. The photoemissions
from metallic Ni (Ni®) are less than 3% of the total Ni 2p signal at 10.0 vol% of water in the precursor solution, and
from the slope of the NiOx signal in Fig. 2d,e, respectively, we assume that almost completely oxidized Ni films are
obtained for water concentrations of 8.0 vol% and higher. The films obtained from precursor solution with 5.0 vol%
and 10.0 vol% water shown in Supplementary Fig. §1 contain only ~20% metallic Ni and ~80% of the Ni as oxide
according to XPS. The total amount of carbon within the deposited films does not change significantly when more
than 1.0 vol% water is added to the precursor solution (within error the total intensity of C 1s emissions remains at
the same level), but the ratio of C-C/C-H to COx emissions changes from ~4:1 to ~1:4, as the water concentration
is increased from 1.0% to 10.0 vol%. Obviously, excessive amounts of water (> 1 vol%) in the precursor feedstock
lead to oxidation of the deposited Ni and of the carbon impurities in the film.

Overall, while more than 1.0 vol% water in the liquid 2.5mM Ni(acac),/ethanol feedstock is detrimental for
the deposition of Ni films, as it leads to oxidation of the deposited metal, small amounts of water (between 0.0%
and 1.0 vol%) have positive effects, such as a lower level of carbon contamination and, apparently, a denser and
smoother morphology. An improved growth rate may be linked to a promotion of precursor adsorption on the
substrate surface by OH-groups forming at the surface upon adsorption of water, as previously reported for various
precursors deposited on alumina, soda-lime glass, and SiO, substrates*'>'*, On 8i0,, surface OH-groups have
been demonstrated to be stable up to 800°C and above!>%6-5%, At the first nucleation steps of the deposited Ni film,
OH-groups on the substrate surface may serve as preferable bonding sites for the precursor'>'%, Enhancing the
initial precursor adsorption rate may be very important in the case of relatively low (2.5mM) precursor concen-
trations in the liquid feedstock.

Several studies on the interaction of water vapor with Ni surfaces have been reported®*. Oxidation of the Ni
surface in presence of water vapor was observed at temperatures as low as 300 °C and even in UHV environment
with the oxidation rate increasing as the temperature or the H,0 dose are increased™ . Therefore, as most prob-
able explanation for the onset of Ni oxidation at water concentrations of 1.0 vol% and above we suggest a second
decomposition channel of the precursor (where water serves as an oxygen source)'!, initiated by excessive amounts
of water (>>3mol% H,O in ~97 mol% C,H;OH with only 0.01 mol% Ni(acac), present):

M (acac), (gaseous) + H, O (gaseous) — MOx(solid) + 2H (acac) (gaseous) (1)

This pathway leads to the formation of Ni oxide and will compete with the precursor decomposition by hydrogen
which, as previously shown®***!, is produced by dehydrogenation of ethanol to acetaldehyde and leads to metallic Ni.

To elucidate how the role of water for the Ni deposition process depends on temperature, PSE-CVD from
2.5mM Ni(acac), precursor solution with various water concentrations was also performed at 300°C substrate
temperature which is known to lead to relatively high level of carbon impurities®. The analysis of the Ni 2p pho-
toemission spectra is shown in Fig. 3 in direct comparison to the results obtained at 270°C,

Overall, the integral Ni 2p intensity for the 300°C deposit is about 50% of that obtained at 270 °C because of
carbon contamination which is as high in presence of water as without additional water (data not shown). Similar
to the result obtained for 270°C, a beneficial effect of water on the deposit composition can be identified at 300°C.
There is a maximum of the Ni to NiOx ratio for 2 vol% water which is a four times higher concentration than the
optimum for 270 °C. The general trends of the Ni and NiO, contributions below and above the respective maxi-
mum, however, are preserved at elevated temperature. Speculating on a role of surface OH groups as precursor
adsorption sites, these OH groups are probably removed from the surface at higher rate at elevated temperature.
For compensation, at 300 °C a higher water concentration may be needed than at 270 °C in order to reach optimal
growth conditions.

PSE-CVD from concentrated solutions. To elucidate the interplay between all three components of the
precursor solution, i.e. Ni(acac),, ethanol and water, PSE-CVD at varying water concentration in the feedstock was
also performed starting with 5.0mM and 7.5 mM concentrations of Ni(acac), in ethanol, respectively. As before,
the total deposition time was kept constant at 30 min for all deposits.

Qualitatively, the data obtained for 5.0 mM and 7.5 mM solutions show very similar trends when compared to
each other while they show significant differences to the data obtained for the 2.5mM solution. Figure 4 depicts
the dependence of XPS in the binding energy regions of a) Ni 2p, b) O 1s, and ¢) C 1s on water concentration in a
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Figure 3. Integral peak intensities determined from fits to the XPS spectra in the binding energy range

of Ni 2p emission obtained from the Ni/NiOx films grown ontop SiOx/Si(100) substrate by PSE-CVD
from 2.5 mM precursor solution with various water concentrations (from 0.0% to 10.0 vol%) at a substrate
temperature of 270°C (left) and 300°C (right).

liquid feedstock solution of 5.0 mM Ni(acac), in ethanol. Similar to Fig. 2, the quantitative analysis of these spectra
is condensed into plots d), €), and ), so that the dependence of the deposited Ni film composition on water con-
centration in the precursor can be followed in detail. For the discussion, the two water concentration ranges 0.0
to 4.0 vol% water and 4.0 to 12.0 vol% water are discerned and, again, the waterless solution is taken as reference.

The Ni 2p photoemission spectrum of a film deposited from waterless 5.0 mM Ni(acac), solution (Fig. 4d)
shows ~99% metallic Ni and only about 1% oxidized Ni which we attribute to a Si-O-Ni interlayer, in accordance
with the results obtained for 2.5mM precursor solution. Here we take into account that a thicker film has grown
from 5.0mM Ni(acac), (60 nm as will be demonstrated below) which should lead to stronger attenuation of the
interlayer XPS signal.

In contrast to PSE-CVD with 2.5 mM precursor solution, pure metallic Ni films can be obtained from 5.0mM
Ni(acac), precursor dissolved in ethanol only without additional water (0.0 vol%), a positive influence of small
amounts of water on the growth rate was not observed. With respect to carbon contamination levels we find C
1s intensities after Ni film deposition from waterless 5.0 mM Ni(acac), precursor similar to the deposition from
waterless 2.5 mM precursor. The total C 1s to Ni 2p atomic ratio is about 0.2, while carbon impurities (Fig. 4f)
consist of ~70% C-C/C-H and 30% C-O/C=0.

When up to 4.0 vol% water are added to the 5.0 mM Ni(acac), solution, the film composition significantly
changes. The Ni 2p signal representing the metallic fraction of deposited Ni (Fig. 4d) decreases linearly as the
H,O concentration is increased (that also holds for 0.5 vol% water). Instead, a NiOx component becomes evident
in O 1s and Ni 2p, accounting for 34% of the entire Ni 2p signal at maximum. Also for PSE-CVD from 5.0mM
Ni(acac), precursor solution the addition of water promotes reduction of the carbon impurity level in the film
and we found an atomic ratio C:Ni of ~0.14 at minimum by comparing the C 1s an Ni 2p emissions. In contrast
to PSE-CVD from 2.5 mM precursor solution, however, the oxidation of carbon impurities sets in already at very
low water concentrations as the COx signal in Fig. 4f indicates. The strong singular increase of the combined
$iOx and COx components of the O 1s emission upon adding 0.5 vol% water to the waterless precursor solution
indicates that, similar to deposits obtained from 2.5 mM precursor, water promotes oxidiation of the Si substrate
(Si-Ox interlayer growth).

When the water concentration in the liquid feedstock is increased beyond 4.0 vol%, the Ni oxide content in
deposited films does not increase further but even slightly decreases as the water content is raised, so that for water
concentrations of ~10 vol% and higher the metallic component of the Ni 2p signal saturates at a level of about
80% of the total nickel emission. As Fig. 4f shows, water in excess of 4.0 vol% in 5.0 mM Ni(acac), solution does
not change the total level of carbon contamination in the deposited film and, in contrast to the 2.5mM precursor
solution, has no significant influence on carbon oxidation. At water concentrations of 10.0 vol% and higher the
ratio between COx and the C-C/C-H contributions to the entire C 1s signal is about 1:1.

The XPS data obtained for PSE-CVD of Ni from 7.5 mM Ni(acac), precursor solution are compiled in Fig. 5
and show the same trends within the water concentration ranges 0.0-5.0 vol% and 5.0-15.0 vol%, respectively, as
discussed for the deposits from 5.0 mM precursor solution with 0.0-4.0 vol% and 4.0-12.0vol% water, respectively.
Almost metallic Ni films (92% Ni’, Fig. 5d) can be obtained from 7.5 mM precursor solutions only without addi-
tional water (0.0 vol%). The Ni oxide content in the film is maximal for 5.0 vol% of water in the feedstock and then
accounts for 30% of the total Ni 2p XPS signal. For the waterless 7.5mM precursor solution carbon impurities in
the deposited film (Fig. 5f) consist of ~60% C-C/C-H species and ~40% carbon oxides according to the C 1s signal,
with the total amount of contamination (atomic ratio C 1s to Ni 2p is ~0.23) being somewhat higher than in films
deposited from 2.5 and 5.0 mM solutions. In contrast to the findings for 2.5 and 5.0 mM precursor solutions, the
O Is signal attributed to SiOx and COx components (Fig. 5¢) does not increase as 0.5 vol% water is added to the
waterless 7.5mM precursor solution. Concomitantly, however, the Si 2p substrate signal (not shown here) is not
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Figure 4. Top panels: XPS spectra in the binding energy range of (a) Ni 2p, (b) O 1s, and () C Is emissions
obtained from the SiOx/Si(100) substrate (dotted curves) and from Ni/NiOx films (thickness 60-120 nm)
grown ontop by PSE-CVD from 5.0 mM precursor solution with various water concentrations (from 0.0%

to 12.0vol%) at a substrate temperature of 270 °C (solid lines). Bottom panels: Integral peak intensities
determined from fits to the XPS data (see text for details).

detected on the deposited films due to the large film thickness (>>120nm, see below) so that XPS is not expected
to provide any evidence for water-induced oxidation of the $i-Ox interlayer.

SEM images of films deposited from 5.0 mM Ni(acac), precursor solution with 0.0 vol% and 12.0 vol% water,
respectively, are shown in Supplementary Fig. $2 (online). The film surfaces obtained from the waterless feedstock
appear to be continuous and relatively smooth, in contrast to films obtained from solution with 12.0 vol% water
(~80% Ni and ~20% NiO), which show a coarse morphology with separate, relatively large and heterogeneously
sized grains (grain diameters from some 10 nm up to 150 nm). Compared to the films obtained from 2.5mM pre-
cursor solution, the deposits from 5.0 mM solution have bigger grains and very significant water-induced changes
of morphology. The average film thickness measured by SEM is about 60 nm, 70 nm, and 120nm (+5nm) for films
deposited from solutions with 0.0%, 5.0%, and 12.0 vol% water, respectively.

Nickel films deposited from waterless 7.5mM Ni(acac), show an even coarser morphology (Supplementary
Fig. $3) than the films obtained from waterless 5.0 mM solution, but with homogeneously sized grains. While films
obtained from solution with 5.0 vol% water shows somewhat bigger grains, SEM of the film deposited from 7.5mM
solution with 15.0 vol% water reveals a very coarse morphology, with grain diameters from ~50 nm up to 150 nm.

The measured average thickness values are 120 nm, 200 nm, and 220 nm, approximately, for films deposited
from solutions with 0.0%, 5.0%, and 15.0 vol% water, respectively. Apparently, the precursor decomposition rate is
unaffected by the amount of water within the water concentration range 5.0% to 15.0 vol% as about the same film
thickness is obtained. The density of Ni/NiOx nuclei, however, decreases significantly as the water concentration is
increased from 5.0% to 15.0 vol% of water, leading to fewer but much bigger grains. Obviously, excessive amounts
of water in the precursor limit the nucleation rate of the growing film. At this point we can only speculate that
the reportedly low reactivity of 3-diketonate precursors towards surface groups'* may hinder the initial Si-O-Ni
bond formation between precursor and an OH group-saturated substrate, thereby delaying the formation of nuclei
which, at high precursor concentrations in the liquid feedstock and on the surface, then quickly grow.

In summary, we observe no positive effect of water on the growth rate or carbon impurity levels of metallic
Ni films for 5.0 and 7.5mM Ni(acac), feedstock, in contrast to deposition from 2.5 mM precursor solutions. We
presume that any promotional effect of surface OH-groups for the precursor adsorption should be most efficient at
lowest precursor concentrations whereas at 5.0 mM and 7.5 mM precursor concentration in the deposited gas phase
(spray) the precursor molecule density on the surface may be so high that there is no need to promote adsorption.

An intriguing observation is the fact that at high precursor concentrations (5.0mM and 7.5 mM) the Ni oxide
fraction within the film is maximum for an intermediate water concentration of 4.0% — 5.0 vol% and decreases as
the H,O concentration is further increased. We presume that the morphology of the growing films provides a key
to this puzzle: While it seems clear that water promotes the oxidation of Ni, excessive amounts of water do also
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Figure 5. Top panels: XPS spectra in the binding energy range of (a) Ni 2p, (b) O 1s, and (c) C 1s emissions
obtained from the SiOx/Si(100) substrate (dotted curves) and from Ni/NiOx films (thickness 120-220 nm)
grown on top by PSE-CVD from 7.5 mM precursor solution with various water concentrations (from

0.0% to 15.0vol%) at a substrate temperature of 270 °C (solid lines). Bottom panels: Integral peak intensities
determined from fits to the XPS data (see text for details).

limit the nucleation rate and promote the growth of existing nuclei (see above), leading to only few and but larger
grains within the film. Due to the lower surface-to-volume ratio, however, large metal grains are presumably less
efficiently oxidized than metal films with small grains®*#%, limiting the total oxide fraction in the deposited film.
Our observation that films deposited from 2.5 mM solution with small grains (< 5nm) can be completely oxidized
in the presence of water while films with larger grains (as deposited from 5.0 and 7.5mM solutions and high H,O
concentration) can be oxidized only up to a maximum fraction of ~30% is in accordance with this presumption.

Overall, our results show that by tuning the concentrations of Ni(acac), and water in the precursor solution, the
fraction of Ni metal and Ni oxide in the film or the film morphology can be adjusted. At low (2.5 mM) precursor
concentration in the feedstock smoothest morphologies (with grains from 5 to 10nm) are obtained and the frac-
tion of Ni oxide in the deposit is adjustable from 0 to 100% by varying the water concentration. At high Ni(acac),
concentrations (5.0 and 7.5 mM) excessive amounts of water strongly affect the film morphology and grain sizes
can be varied from 10 to 150 nm. The carbon contamination in deposited films can be minimized to less than
10% when the precursor solution is adjusted to 2.5mM Ni(acac), concentration and 0.5-1.0 vol% water content.

Co(acac), in EtOH on SiOx/Si(100). XPS data from films obtained by PSE-CVD from 7.5 mM Cof(acac),
in ethanol on $iOx/Si(100) were collected and analyzed in a similar way as shown in the previous section for Ni
deposits and compiled into Fig. 6. Co 2p spectra were fitted by contributions from Co” and Co** emissions similar
to previous reports” ®*, In contrast to nickel, the deposits from Co(acac), contained mainly CoOx, even when
waterless precursor solutions were used. With increasing precursor concentration from 2.5 mM (data not shown)
to 7.5mM the Co metal fraction significantly increased, but accounted for only 42% of the Co 2p signal (Fig. 6d).
For the film deposited from waterless 7.5 mM Col(acac), precursor we find the atomic ratio of Carbon to Cobalt
a5 0.18. The C 1s signal (Fig. 6f) is composed of 77% C-C/C-H and 23% COx species. That component of the O 1s
signal which can be attributed to CoOx is about 34% of the entire O s signal. Because the O 1s signal from SiOx
is quite strong, we may assume that Co films are porous. (Supplementary Fig. $4 shows all contributions that were
considered for fitting the O 1s spectra.) Adding a small amount of water (about 1.0 vol%) to the precursor solution
leads to significant decreases of the metallic component in the Co 2p signal (Fig. 6d): Co” accounts only for 4%
of the entire Co 2p signal (96% Co**) at 1.0 vol% of water in the precursor solution. The Co®% Co’* ratio does not
change much at even higher water concentrations (Co 2p accounts for 3% metallic cobalt and 97% cobalt oxide at
6.0 vol% water), i.e., essentially only CoOx is grown. Compared to the films grown from waterless feedstock, the
total level of carbon contamination in the film (total C 1s intensity) decreases to ~50-60% as water is added to the
precursor solution while the ratio of the COx and C-C/C-H component indicates oxidation of the carbon impurities
by water as it increases from ~1:1 at 1.0 vol% water to ~4: 1 at 6.0 vol% water in the precursor solution (Fig. 6f).
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Figure 6. Top panels: XPS spectra in the binding energy range of (a) Co 2p, (b) O 1s,and (¢) C 1s emissions
obtained from the SiOx/Si(100) substrate (dotted curves) and from Co/CoOx films (thickness 100-150 nm)
grown ontop by PSE-CVD from 7.5 mM precursor solution with various water concentrations (from

0.0% to 6.0vol%) at a substrate temperature of 310 °C (solid lines). Bottom panels: Integral peak intensities
determined from fits to the XPS data (see text for details).

SEM reveals that the surface of the Co films deposited from waterless 7.5 mM Co(acac), (42% Co", 60%
Co?" according to XPS) exhibit a coarse morphology and heterogeneously sized grains. The structure visible
in Supplementary Fig. S5 available online (bright grains with diameters of ~10 nm within a greyish matrix) may
indicate separation of (metallic) Co particles and Co oxide, In fact, the Co oxide films obtained from solution with
6.0 vol% water do not show clear grains but appear somehow fluffy. The film thickness determined by SEM is about
100nm and 150 nm for films deposited from 7.5 mM Co(acac), solutions with 0.0% and 6.0 vol% water, respectively.

In summary, in contrast to PSE-CVD from Ni(acac), even small amounts (1.0 vol%) of water in the 7.5mM
CO(acac), precursor feedstock lead to complete oxidation of the deposited Co. A significant fraction of metallic
Co’ can be detected in the Co 2p signal only in deposits obtained without water. As well known from recent reports,
cobalt is not as good a catalyst for ethanol dehydrogenation as Nickel is*!*. Therefore, even small amounts of water
in the feedstock probably lead to a high water/hydrogen ratio at the substrate surface, rendering the precursor
decomposition and CoOx formation according to Eq. 1 as dominant pathway'' because Co reduction by hydrogen
is expected to be much slower. In accordance with observations made for Ni deposition, we find also water-induced
oxidation of carbon impurities when the reaction mechanism changes from M to MOx formation. A significant
metallic fraction of deposited Co is observed only for the waterless precursor solution, the observed maximum
ratio of Co: CoOx is ~40:60.

Because previous studies demonstrated that a Ni interlayer on the SiOx/Si substrate may drastically improve the
quality of films deposited from Co(acac), on top (almost completely metallic Co, only small amount of CoOx)*"*,
we also included PSE-CVD from 7.5mM Co(acac), on a 40 nm thick Ni layer on SiOx/Si(100) in our experiments.
The results obtained for a waterless precursor solution and for 1.0 vol% water in the feedstock are shown in Fig. 7.
For deposits from the waterless solution, the Co** emission (Fig. 7a) accounts for 33% of the entire Co 2p signal
which is significantly lower than the oxide fraction detected from films deposited without the Ni interlayer (Fig. 6a).
But also with a Ni interlayer, even small amounts (1.0 vol%) of water in the feedstock lead to complete oxidation
of the deposited Co, as the Co 2p signal clearly shows. Consequently, in order to benefit from a Ni seed layer for
the PSE-CVD of metallic Co from Co(acac), in ethanol, care has to be taken that the precursor solution is kept
waterless. As mentioned before, previous publications®"* suggest that the benefit of a Ni seed layer is catalysis of
ethanol dehydrogenation for the formation of hydrogen as reducing agent. Co and in particular CoOx are worse
catalysts in this respect. Consequently, while a Ni layer helps to catalyse the formation of an initial metallic Co
layer which then may sustain the Co” formation on top by catalyzing ethanol dehydrogenation, the balance quickly
shifts to the precursor decomposition pathway depicted in Eq. 1 as soon as water is present because water oxidizes
deposited Co which, in turn, is not available to catalyze ethanol dehydrogenation.
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Figure 7. XPS spectra in the binding energy range of (a) Co 2p, (b) O 1s, and (¢) C 1s emissions obtained
from the Ni/SiOx/Si(100) substrate (dotted curves) and from Co/CoOx films (thickness 100-150 nm)
grown ontop by PSE-CVD from 7.5 mM precursor solution with 0.0% and 1.0 vol% water concentrations at
a substrate temperature of 310 °C (solid lines).

Summary

Employing PSE-CVD with liquid feedstock of Ni(acac), or Co(acac), dissolved in ethanol, systematic studies
of the influence of water on growth and composition of Ni and Co metal and oxide films were performed. The
ethanol-based liquid precursor enabled us to control and vary the water concentration during the deposition pro-
cess easily and reliably within a range from 0.0 up to 15.0 vol% with an uncertainty of only 0.1%. Using a specially
designed CVD reactor directly attached to a UHV system, in vacuo transfer of samples after any stage of deposition
rendered possible a quasi in sifu analysis of to film composition by XPS.

Both, beneficial and detrimental effects of water on the growth of metallic films, strongly depending on the
concentration of water and the 3-diketonate in the precursor solution, were observed. The smoothest morphol-
ogies (with grains from 5 to 10 nm) were obtained for metallic Ni films grown from 2.5 mM Ni(acac), precursor
solution. The film growth could be optimized and the carbon contamination of the deposited Ni films minimized
to less than 10% when the water concentration in the precursor solution was adjusted to 0.5 vol%. Only at con-
centrations of 1.0 vol% and higher water induced significant oxidation of the Ni deposit. From precursor solutions
with higher Ni(acac), concentrations (5.0. and 7.5mM), purely metallic films were only obtained when any water
in the feedstock was eliminated. Here, the film morphology strongly depended on the water concentration, indi-
cating inhibition of nucleation on the Si/SiOx substrate by excessive amounts of water which lead to the growth of
relatively large grains and a coarse film morphology. Overall, the gathered detailed overview over water-induced
effects on the PSE-CVD with Ni acetylacetonate precursors dissolved in ethanol shows that by carefully tuning
the precursor and water concentration in the feedstock, e.g., the degree of Ni oxidation can be adjusted from 0 to
100% or the size of the grains the film is composed of can be varied from less than 10 to 150 nm.

Compared to Ni(acac),, an even higher sensitivity for water in the feedstock was observed in the case of
Co(acac), as precursor. Significant metallic Co fractions within the deposited films on §i0x/Si(100) as well as
on Ni/SiOx/Si(100) were obtained only from waterless solutions. The relative sensitivities of Ni- and Co-based
precursor solutions on water indicate a strong competition between two precursor decomposition pathways, one
probably involving the Ni- or Co-catalyzed dehydrogenation of ethanol and H,-induced reduction of the precursor
metal center, the other involving H,0-induced Ni or Co(acac), decomposition which leads to Ni or Co oxidation.
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Experimental Parameters

Supplementary Table S1. PSE-CVD reactor parameters for Ni and Co metal films deposition

Precursor: Ni(acac), | Co(acac),
Solvent: Ethanol
Concentration of the precursor [mmol/l]| 2.5, 5.0, 7.5 | 7.5
Water concentration [vol%] 0.0-15.0
Spray pulse frequency [Hz] 2
Spray pulse width [ms] 15
Deposition area pressure [Pa] 5.10°
Carrier gas flow rate [sml/min] 500
Substrate temperature [° C] 270 310
Total duration of deposition [min] 30

2
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Scanning Electron Micrographs of Ni deposits

0.0 vol% H,0 0.5 vol% H,0 5.0 vol% H,0 10.0 vol% H,0

2.5mM

Supplementary Figure S1. SEM of films deposited on a SiOx/Si(100) substrate from 2.5 mM Ni(acac), in ethanol with 0.0
%, 0.5 %, 5.0 %, and 10.0 vol% water, respectively. First row: plane view on the substrate surface (scale bar 1 pm);
second row: enlarged plane view on substrate surface (scale bar 200 nm); third row: enlarged view (scale bar 200 nm)
at a viewing angle of ~ 60° with respect to surface normal, showing a cleaved sample edge with the substrate (bottom)
and deposits on top. Film thicknesses estimated by SEM: 30 nm, 40 nm, 40 nm, and 50 nm for films obtained from

solutions with 0.0 %, 0.5 %, 5.0 % and 10.0 vol% of water, respectively.
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0.0 vol% H,0 - Ni 5.0 vol% H;0 - 25 % NiOx 12.0 vol% H,0 - 20 % NiOx

5.0mM

Supplementary Figure S2. SEM of Ni/NiOx films deposited on a SiOx/Si(100) substrate from 5.0 mM Ni(acac), in ethanol
with 0.0 % and 12.0 vol% water, respectively. First row: plane view on the Ni-covered substrate surface (scale bar 1
um); second row: enlarged plane view on the Ni-covered substrate surface (scale bar 200 nm); third row: enlarged view
(scale bar 200 nm) at a viewing angle of ~ 60° with respect to surface normal, showing a cleaved sample edge with the
substrate (bottom) and Ni deposits on top. Film thicknesses estimated by SEM: 60 nm, 70 nm, and 120 nm for Ni/NiOx

films obtained from solutions with 0.0 %, 5.0 %, and 12.0 vol% of water, respectively.
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0.0 vol% H,0 - Ni 5.0 vol% H,0 - 30 % NiOx 15.0 vol% H,0 - 15 % NiOx
7.5 mM R E L

Supplementary Figure S3. SEM of Ni/NiOx films deposited on a SiOx/Si(100) substrate from 7.5 mM Ni(acac), in ethanol
with 0.0 %, 5.0 %, and 12.0 vol% water, respectively. First row: plane view on the Ni-covered substrate surface (scale
bar 1 um); second row: enlarged plane view on the Ni-covered substrate surface (scale bar 200 nm); third row: enlarged
view (scale bar 200 nm) at a viewing angle of ~ 60° with respect to surface normal, showing a cleaved sample edge with
the substrate (bottom) and Ni deposits on top. Film thicknesses estimated by SEM: 120 nm, 200 nm, and 220 nm for
Ni/NiOx films obtained from solutions with 0.0 %, 5.0 %, and 12.0 vol% of water, respectively.
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X-ray Photoelectron Spectra of Co deposits

6.0% CoOH 0 1s

Intensity (arb. units)

538 536 534 532 530 528
Binding energy (eV)

Supplementary Figure S4. Fits of the O 1s XPS spectra obtained from the SiOx/Si(100) substrate (bottom panel) and
Co/Co0x films grown ontop by PSE-CVD from 7.5 mM Co(acac); in ethanol and various water concentrations (0.0 %, 1.0

%, and 6.0 vol%) in the precursor solution at a substrate temperature of 310 °C.

115



Scanning Electron Micrographs of Co deposits

0.0 vol% H,0 - 40 % CoOx 6.0 vol% H,0 - CoOx
75mM B o - -

Supplementary Figure S5. SEM of Co/CoOx films deposited on a SiOx/Si(100) substrate from 7.5 mM Co(acac); in

ethanol with 0.0 % and 6.0 vol% water, respectively. First row: plane view on the Co-covered substrate surface (scale

bar 1 pum); second row: enlarged plane view on the Co-covered substrate surface (scale bar 200 nm); third row:

enlarged view (scale bar 200 nm) at a viewing angle of ~ 60° with respect to surface normal, showing a cleaved sample

edge with the substrate (bottom) and Co deposits on top. Film thicknesses estimated by SEM: 100 nm and 150 nm for

Ni/NiOx films obtained from solutions with 0.0 % and 6.0 vol% of water, respectively.
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Paper IV

XPS study of thermal and electron-induced decomposition of Ni and Co

acetylacetonate thin films for metal deposition

Theodor Weiss, Jonas Warneke, Volkmar Zielasek', Petra Swiderek, Marcus Badumer
Institut fiir Angewandte und Physikalische Chemie, Universitdt Bremen, Postfach 330440,
D-28334 Bremen, Germany

Abstract

Optimizing thin metal film deposition technigues from metal-organic precursors such as ALD,
CVD, or EBID with the help of surface science analysis tools in ultrahigh vacuum requires a
contamination-free precursor delivery technique, especially in the case of the less volatile
precursors. For this purpose the preparation of layers of undecomposed Ni(acac), and
Co(acac), was tried via pulsed spray evaporation of a liquid solution of the precursors in
ethanol into a flow of nitrogen on a CVD reactor. Solvent-free layers of intact precursor
molecules were obtained when the substrate was held at a temperature of 115 °C. A
qualitative comparison of thermally initiated and electron-induced precursor decomposition
and metal center reduction was carried out. All deposited films were analyzed with respect to
chemical composition quasi in situ by XPS. Thermally initiated decomposition yielded higher
metal-to-metal oxide ratios in the deposit than the electron-induced process for which ratios
of 60:40 and 20:80 were achieved for Ni and Co, resp.. Compared to continuous EBID
processes, all deposits showed low levels of carbon impurities of ~10 at.%. Therefore, post-
deposition irradiation of metal acetylacetonate layers by a focused electron beam and
subsequent removal of intact precursor by dissolution in ethanol or by heating is proposed as
electron beam lithography technique on the laboratory scale for the production of the metal

nanostructures.

* . . . .
corresponding author, e-mail address: zielasek@uni-bremen.de

Keywords: Electron beam-induced deposition, Chemical vapor deposition, Ultrahigh vacuum,

XPS, Metal acetylacetonate, Thin film
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Abbreviations

EBID: Electron beam-induced deposition
CVD: Chemical vapor deposition

ALD: Atomic layer deposition

PSE: Pulsed spray evaporation

UHV: Ultrahigh vacuum

XPS: X-ray photoelectron spectroscopy
LEED: Low Energy Electron Diffraction
FWHM: Full Width at Half Maximum
acac: Acetylacetone

hfac: Hexafluoroacetylacetone
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1. Introduction

Electron beam-induced deposition (EBID) is a low vacuum deposition technique that uses a
focused electron beam to produce micro- and nanometer sized 3D deposits by decomposing
precursor molecules from a feed gas adsorbed on the substrate surface.[1-3] It is standard
practice in such gas-phase EBID processes to use precursors designed for thermal processes,
such as chemical vapor deposition (CVD).[4] Correspondingly, also the volatile metal B-
diketonates such as acetylacetonates were suggested for EBID of metals.[1, 5] One of the
major limitations of EBID is the typically high levels of organic contamination in the
supposedly metallic nanostructures deposited from organometallic precursors which
adversely affect the material's properties by often unacceptable levels.[6, 7] Therefore,
fundamental research in order to understand electron-induced decomposition mechanisms in

detail and optimize the EBID precursors is urgently needed.

Another severe limitation of current gas-phase EBID processes is the typically low speed of
deposition. This is related to the low precursor surface densities achieved when relying on the
adsorption equilibrium under low precursor flux conditions. As an alternative, condensed-
phase EBID processes have recently been proposed.[8] These approaches not only enhance
the efficiency of the deposition process as anticipated from the much larger surface precursor
density.[9] They also widen the range of potential precursors to non-volatile materials that
can, for instance, be applied in solution via a spraying technique.[8] However, detailed insight
into the electron-induced reactions of non-volatile EBID precursors is so far virtually non-
existent. This is even more the case regarding the contribution of the solvent to the electron-

induced reduction of the precursor to elementary metal.

Surface-sensitive analytical tools in ultrahigh vacuum (UHV) are optimally suited for model
studies on electron-induced reactions relevant for EBID.[10, 11, 6, 12] These UHV tools and
model studies require, however, a precursor delivery technique compatible with the clean
UHV environment and suitable for producing a layer of intact precursor on the substrate. So
far, the most common approach has been leaking the precursor into the chamber through a

UHV-compatible leak valve.[7] Also, molecule flux delivery by a nozzle-based gas injection
3
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system was tried.[13] These techniques have been demonstrated to work at acceptable
deposition rates only for vapour from liquid or very volatile solid precursors such as Cu(hfac);
or Me,Au(acac), and they require sample substrate cooling far below typical processing
temperature to condense the volatile precursors onto the substrate. This same problem has
so far restricted fundamental studies of electron-induced fragmentation to precursors of type
M(hfac), [14] while, due to their lower volatility, equivalent experiments on non-fluorinated

acetylacetonates so far have not been published.

As an alternative delivery method, in particular for the injection of less volatile solid
precursors, such as, e.g., Cu, Ni, or Co(acac),, the pulsed spray evaporation (PSE) of liquid
feedstocks of the precursor dissolved in adequate solvents (such as ethanol in the case of
acetylacetonates) has been demonstrated for applications in CVD (PSE-CVD). The spray
injection method offers several advantages compared to the classical leak valve or nozzle-
based gas delivery systems: the precursor does not need to be heated for thermal
evaporation and there is less demand on the precursor in terms of volatility and stability.[15,

16]

Having available a PSE-CVD reactor directly connected to a UHV system with surface science
tools such as x-ray photoelectron spectroscopy (XPS), we generated solvent-free layers of
undecomposed Ni or Co(acac); precursor for fundamental surface science studies of the EBID
process in UHV. The precursor layers obtained by our approach were used for a qualitative
comparison of thermally initiated and electron-induced precursor decomposition and metal
reduction, based on XPS data. Thermal treatments in connection with EBID are particularly
interesting because they have demonstrated the ability to improve the EBID purity.[17, 7] We
focused on Ni and Co precursors, taking into account wide applicability and permanent
industrial interest in deposits of Ni, Co and their alloys,[18-22] as well as our previous

experience with PSE-CVD of Ni and Co.[23]

2. Material and methods
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The deposition was performed in a home-built PSE-CVD reactor described in detail
elsewhere.[16] In brief, the reactor is directly attached to an ultra-high vacuum system with
XPS (Multiprobe system, Omicron Nanotechnology, base pressure 10° mbar) and allows for
contamination-free transfer of a sample from the reactor to the XPS after the precursor

deposition.

For all depositions discussed in the following, solutions of commercially available anhydrous
95 % Ni(acac); or 97 % Co(acac), (Sigma-Aldrich) in absolute ethanol (VWR Chemicals) were
used. The concentration of the B-diketonate precursor molecule in the liquid feedstock was
chosen on the basis of previous publications.[15, 24, 23] To obtain a feedstock with 5.0 mM
concentration, 128.4 mg Ni(acac), or 128.6 mg Co(acac),, respectively, was weighed and
dissolved in 100 ml alcohol. The solution was ultrasonically shaken to achieve complete
dissolution. All precursor solutions were freshly prepared directly before PSE deposition. A
piece of a Si(100) wafer was cut as substrate, cleaned with isopropanol in an ultrasonic bath,
and dried in air, after that annealed under UHV conditions at 700 °C and transferred in vacuo
into PSE-CVD reactor, so that Ni or Co precursors were deposited on top of the native or

thermal silicon oxide layer of the wafer.

For precursor delivery via the spray nozzle, a solenoid valve pulse frequency of 2 Hz and a
spray injection phase of 15 ms were used, meaning that the solenoid valve opened two times
per second for 15 ms and a total deposition time of 1 min corresponded to a net precursor
solution injection time into the reactor of 1.8 s. The film thickness after 1.8 s CVD of 5.0 mM
Ni(acac), can be estimated as ~2 nm, in comparison to our previous report, where thickness
was found as ~60 nm after 54 s deposition.[23] For all experiments shown in the following,
the total precursor deposition time was kept constant. During precursor deposition, the
pressure in the deposition area as well as the sample surface temperature were adjusted and

stabilized.

The electron-induced precursor decomposition was performed in the UHV chamber via the
electron gun of a conventional LEED system (Omicron). The electron beam had a spot size of 3

mm on the sample surface (FWHM of the intensity profile) and was centered to ensure that

5
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the entire sample surface area was irradiated. The kinetic energy of the electrons (Eq) was set
to 25 eV (low-energy electron exposure regime) first, and then increased to 500 eV (high-
energy electron exposure regime). Beam currents in pA range were measured using a Keithley
Instruments Model 610C Solid State Electrometer. The beam current densities on the 0.25 cm’
sample surface area were varied in such a way, that electron exposures of 0.125 and 2.5 mC
cm™ at Eg=25 eV were achieved first, and then increased to 12.5 and 50 mC cm™ at Eo=500 eV
(in case of Co precursor the final electron exposure was increased to 150 mC cm™ at Eo=500

ev).

The temperature for thermal decomposition of the Ni- and Co-containing precursor films was
chosen equal to the optimal deposition temperature determined in our previous PSE-CVD
experiments as 270 and 310 °C for Ni and Co precursors, respectively (see the previous
publication for further details).[15, 24, 23] Higher temperatures were not employed to avoid
undesirable decomposition of precursor ligands which would increase contamination of the

deposited films.[16, 23]

After the decomposition process was finished, samples were transferred immediately in vacuo
into UHV for XPS analysis. For XPS, non-monochromatized Al Ka radiation was used for
photoelectron generation and a Leybold EA 10 Plus hemispherical energy analyzer with single-
channeltron detector was employed. The obtained XP spectra were normalized and then
fitted using Igor Pro (from Wave Metrics) and FITT (Seoul National University) software.

Atomic ratios of elements at the surface were calculated from XPS intensities as

I
na _ sy

T ’
np B/SE

(1)

where I, denotes the total XPS peak area of an individual emission from element x and S, the

relative sensitivity factor[25, 26] for that emission and element x.

3. Results and discussion

3.1. Deposition of the precursor layer via PSE
6
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Experimental characterization of the deposits and of electron-induced or thermally initiated
changes was based on XP spectra in the range of C 1s, O 1s, Si 2p, Ni 2p, and Co 2p binding
energies. The C 1s emissions may provide information on the type of carbon species on the
surface. For example, the alkyl group of acetylacetonate as well as traces of hydrocarbon
contamination contribute to emissions from carbon-carbon and hydrocarbon bonds at binding
energies of ~284.8 eV.[27-31] These are absent or negligibly small on freshly prepared
substrate samples. Photoemission characteristic for C-O bonds is found as C 1s signal with a
binding energy of ~286.1 eV and as O 1s signal at a binding energy of ~530.9 eV.[32-34] As
fingerprint from the double C=0 bonds of acetylacetone a C 1s signal at ~287.9 eV can be
easily distinguished from C-O emissions[33, 35] and is expected to appear after precursor
layer deposition. As previously demonstrated,[23] the O 1s emission from C=0 bonds and
from COx species is partly overlapped by the strong O 1s emissions from SiOx (data not
shown), rendering their separation difficult. In the Ni 2p and Co 2p spectra, contributions from
M°® and M*" emissions (M=Ni or Co) can be distinguished as demonstrated in previous
reports.[23, 36, 37] NiO and CoO can be identified by their O 1s emissions at around 529.9
eV([38, 39, 36, 37, 40] as well.

To obtain a solvent-free layer of undecomposed Ni or Co acetylacetonate precursor molecules
via PSE of the liquid feedstock, the substrate temperature should be kept higher than the
ethanol desorption temperature from silica surfaces (peak at ~90 °C)[41] and below the
desorption temperature of M(acac), (thermogravimetric studies[42] indicated that M(acac),
precursors volatilized completely between 150 and 200 °C). To test that concept, first pure
solvent was spray-evaporated on the surface at three different temperatures: at 30° for
reference, at 115°, i.e., somewhat above the reported desorption temperature of ethanol, and

at 270 °C, i.e., at that temperature at which the CVD process is initiated.

The Cls spectra in Fig. 1 a) reveal reduction of the level of carbon contamination as the
benefit of annealing the freshly prepared SiOx/Si substrate to 700 °C in vacuum. The atomic
ratio of C to Si is reduced from 0.09 on the native SiOx/Si substrate to 0.01 after annealing.
Subsequent injection of ethanol at 115 or 270 °C leads to similarly minor increases of the C 1s

emission only by a factor of ~2 compared to the substrate annealed at 700 °C. Clear indication

7
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of ethanol adsorption was observed only at 30 °C by an increase of the C 1s emission at 286
eV binding energy by a factor of ~15-20 compared to the annealed substrate, corresponding
to an atomic ratio of C to Si at the surface of 0.29. Concomitantly, the Si 2p emission
decreases while we find the O 1s emission due to Si oxide increasing (data not shown) with a
small binding energy shift of ~0.5 eV, probably due to the formation of Si-OC;Hs bonds.
Overall, any residues from ethanol at 115 °C are as negligibly small as observed at 270 °C
substrate temperature, i.e., a deposition temperature of 115 °C is high enough to safely get

rid of the solvent.

When Ni(acac), precursor solution is injected at 270 °C sample temperature, the
acetylacetonate decomposes and a film containing only metallic Ni (100 % Ni°) and some
carbon inclusions is formed (CVD process[15, 23]). By XPS we determined the atomic ratio of
Carbon to Nickel as 0.19. A shift of the C 1s emission from C=0 to C-O and C-C shows that
acetylacetonate precursor ligands have decomposed upon reduction of carbon. In contrast,
during injection of Ni{acac), precursor solution at 115 °C substrate temperature adsorption of
intact Ni(acac), molecules predominates. The ratio between C 1s peak intensities at ~286 eV
(C-0) and ~288 eV (C=0) is 1.8 to 1, i.e., close to 2:1 as expected for pure acetylacetonate
precursor adsorption.[35, 43] The Ni 2p signal indicates that there is only Ni** present on the
sample surface, similar to deposition at 30 °C. Overall, we conclude that a solvent-free layer of
intact Ni(acac), precursor molecules forms during deposition at 115 °C. At this temperature,
the total intensity of the C 1s emission is lowest compared to injection at 270 or 30 °C. After
injection of Ni(acac); precursor solution at 30 °C, we found evidence for joint adsorption of
ethanol and Ni(acac); in the C 1s spectrum. Both, C-O and C=0 bonds are prevalent on the
surface, the C-O signal, however, dominates by far (ratio between C 1s peak intensities at
~286 eV and ~288 eV is 3.4 to 1), due to contributions from acetylacetonate and ethanol
(comparison with the ratio of 1.8 to 1 observed at 115 °C indicates that almost half of the C-O
signal can be attributed to ethanol). Comparison of the absolute C 1s intensities observed
after injection of pure solvent and the precursor solution (Fig. 1 a) and b)) shows that the total

amount of adsorbed ethanol is reduced with Ni(acac), precursor as co-adsorbate.

124



Similar to nickel, injection of Co(acac); precursor solution at 30 °C leads to joint adsorption of
ethanol and Co(acac);, while at 310 °C substrate temperature the Co precursor decomposes
on the surface and forms a deposit of Co oxide and metallic Co (only 25 % Co°), with some C-
O-C and C-C inclusions (CVD process[23]). The atomic ratio of carbon to cobalt was found as
0.07 in the CVD deposits. Notably, in contrast to CVD from Ni(acac),, a shift of the C 1s
emission to C-C was not observed, indicating that the acetylacetonate ligands are not
fragmented during precursor decomposition. Also the smaller amount of carbon impurities as
compared to the Ni PSE-CVD indicates that, during Co-PSE CVD, the Co precursor decomposes
more easily into the metal center and unfragmented, volatile acetylacetone, which is in
accordance with the observation that Co(acac), is less stable than Ni(acac),.[44-46] After
injection of Co(acac), dissolved in ethanol at 115 °C substrate temperature the XPS data
indicate that, similar to Ni(acac); injection at that temperature, adsorption of intact Co(acac);
precursor molecules predominated. The ratio between C 1s peak intensities at ~286 eV and
~288 eV (cf. Fig. 1c) is 2.1 to 1. Thus we propose that_selecting a substrate temperature of 115
°C during PSE of metal(M) acetylacetonate precursors is well suited for the preparation of

solvent-free layers of undecomposed M(acac), precursor.

3.2. Electron beam-induced and thermally induced decomposition of M(acac), precursors

Precursor layers produced by PSE of the liquid feedstock onto an annealed SiOx/Si substrate
at 115 °C were transferred into UHV and then either irradiated by electrons at room
temperature (22 °C, heating power by the electron beam can be neglected) or heated up to
270 or 310 °C (using a filament from behind). XPS data obtained after electron irradiation of
Ni(acac); layers are shown in Fig. 2. They reveal that irradiation in the low-energy electron
exposure regime (at Eg=25 eV) for 15 min/0.125 mC cm? (red curve) and 375 min/2.5 mC cm?
(green) did not lead to any significant changes (1 mC cm™ corresponds to ~6.25 - 10*° e cm™).
Only after switching to the high-energy electron exposure regime (at E;=500 eV) electron
induced reduction of the metal from Ni** to Ni° can be observed after 15 min/12.5 mC cm™
(blue). After 90 min irradiation at 50 mC cm™ (purple) the final film contained 59 % of Ni® with
some carbon inclusions. The final atomic ratio of Carbon to Nickel was calculated as 0.13

which is ~¥30 % lower than after ethanol-assisted CVD. A shift of the C 1s emission from C=0 to
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C-0 and C-C indicates reduction of carbonyl groups, as also observed during the PSE-CVD
process. After a Ni precursor layer was heated up to 270 °C for 1 min, XPS (Fig. 2 b) revealed
reduction of 86 % of the metal ions to Ni° and only residual amounts of carbon inclusions. The
level of carbon contamination in the film (atomic ratio of C/Ni = 0.13) was similar to electron-
induced decomposition and a shift in C 1s emission from C=0 to C-O and C-C indicating
acetylacetonate fragmentation was observed as well. While the thermal decomposition of the
Ni(acac), layer did not reach 100% reduction of the deposited Ni as the ethanol-assisted CVD

process did, it was more efficient in this respect than electron-induced decomposition.

Similar to the Ni(acac),, also Co(acac), layers did not show significant changes in XPS after
electron irradiation at room temperature in the low-energy electron exposure regime (Eq=25
eV) for 15 min/0.125 mC cm™ (red curve) and 375 min/2.5 mC cm™ (green)). Unlike for
Ni(acac),, however, even the high-energy electron exposure regime (Eg=500 eV, 15 min at 12.5
mC cm (blue), 90 min at 50 mC cm? (lila) and 210 min at 150 mC cm (orange)) did only
reduce minor amounts of Co®* precursor ions to Co’. Only 21 % of Co was metallic after
irradiation, compared to 25% obtained with CVD, as described above. A shift of the C 1s
emission from C=0 to C-O and C-C indicates reduction and fragmentation of the precursor
ligands over the time of electron irradiation. The final atomic ratio of carbon to cobalt was
found as 0.08. Also heating a Co(acac); film to 310 °C lead to precursor decomposition and
fragmentation, a shift in C 1s emission to C-O and C-C was observed as well. Compared to
electron irradiation and, in particular, the ethanol assisted CVD at 310 °C, we found an
unexpectedly high fraction of metallic Co® (41 % of the entire Co) and preferably CoOx with
some carbon inclusions (atomic ratio of carbon to cobalt is about 0.11) after heating. In strong
contrast to the results obtained for Ni, ethanol-asstisted CVD of Co(acac), leads to a lower
amount of metallic Co in the deposit than plain thermal treatment of a Co(acac), layer at the

same temperature.

In the present work, the level of carbon impurities (summarized in Tab. 1) compared to
reports for continuous EBID processes is relatively low (for some MO precursors it may reach
even 80-90 %at).[5, 1, 6] The relatively low level of carbon impurities may be explained as

follows: In our experiments, post-deposition electron beam-induced decomposition of the
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precursor is performed in good vacuum conditions while usually in EBID electron irradiation is
performed during exposure of the substrate to the precursor gas. Therefore, any
accumulation of carbonaceous species from electron beam-induced decomposition of
precursor in the gas phase and adsorption of the produced fragments is avoided, in contrast
to “real” EBID. The temperature range of EBID is often so low that dissociation fragments
remain adsorbed and immobile on the substrate[1l] while classical CVD operates at
temperatures above the precursor decomposition temperature in order to increase the

probability of rapid desorption of ligands or other undesired precursor fragments.

The temperature difference results in different ways in which adsorbed metal-ligand species
are processed by either electrons or thermal reactions. Under EBID deposition conditions,
experimental evidence suggests that ligand decomposition rather than desorption dominates.
In the CVD reaction pathway thermal reactions are often characterized by ligand desorption as
opposed to ligand decomposition.[4] A comparison of the metal contents in the deposited
films achieved by PSE-CVD of Ni or Co(acac), and by thermal or electron-induced post-
deposition decomposition of solvent-free Ni or Co(acac); layers is summarized in Tab. 2. As
pointed out before, ethanol-asstisted CVD of Co(acac); leads to a lower amount of metallic Co

in the deposit than plain thermal treatment of a Co(acac); layer at the same temperature.

Possibly, the high sensitivity of cobalt to oxidizing agents plays a major role here. Ethanol is
added for the CVD process because hydrogen is formed upon the decomposition of ethanol
and acts as a reducing agent. However, also water is a product of EtOH decomposition (and
may be also be present as contamination in the precursor solution) and acts as oxidizing
agent.[23, 42, 47] The observation that thermal decomposition of the ethanol-free precursor
layer produces higher metal contents than obtained during CVD indicates that oxidation
reactions by the presence of water dominate over the reduction of Co** by protons delivered

by catalytic ethanol decomposition at Co.[23]

On SiOx, reaction between surface OH-groups could lead to the formation of siloxane bonds
and molecular water.[48] However, according to a study by L.T. Zhuravlev[48] there is neither

physisorbed nor chemisorbed H,0 on top of SiOx in vacuum at temperatures above 190 °C
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and only a low density of free single or geminal OH-groups is stable at and above 400 °C.
Therefore, we assume that in our experiments at the temperature regime of precursor layer
deposition (115 °C) and in particular when the substrate is heated to 310 °C in UHV for the
thermal decomposition of the precursor film, the amount of water on the substrate surface is

reduced to such low levels that oxidation of precursor metal centers is negligible.

4. Conclusions

The injection of liquid precursors using pulsed spray evaporation into a flow of nitrogen as
carrier gas was successfully applied for preparation of solvent-free layers of undecomposed
M(acac), precursor on a SiOx substrate heated to 115° C. This method opens up M(acac);
layers to qualitative and quantitative analysis by a variety of UHV-based surface science tools.
A qualitative comparison of thermally initiated and electron beam-induced precursor
decomposition and metal center reduction was carried out. For both, Ni and Co, thermally
initiated decomposition leads to higher concentration of M® in deposited films compared to
electron beam-induced decomposition. In the case of Co(acac), precursor, thermally initiated

reduction was even more efficient than that observed in PSE-CVD from Co(acac),.

In our experiments, EBID showed acceptable results only in the high-energy electron exposure
regime, i.e., for electron energies of 500 eV, where, in part, reduction of Ni ions from Ni** to
Ni® could be observed. Unlike nickel, however, Co®" could not be reduced to Co° by electron
irradiation in significant amounts, even after switching to high-energy electron exposure
regime and extensive irradiation. The level of carbon impurities compared to reports for
continuous EBID processes was notably low in our experiments of post-deposition electron-
induced precursor decomposition. Therefore, we suggest that at least in the laboratory the
metal acetylacetonate deposition followed by post-deposition irradiation with a focused
electron beam and subsequent removal of intact precursor by dissolution in ethanol or by
heating may constitute an interesting electron beam lithography technique for the production
of the metal nanostructures. Furthermore, our solution-based approach offers the perspective

to also investigate the fundamentals of EBID processes in the presence of remaining solvent.
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This kind of research is urgently needed for the further development of condensed-phase

EBID processes.
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Fig. 1. XP spectra obtained from the SiOx/Si(100) substrate before and after precursors deposition by PSE.
a) (top row): XP spectra in the binding energy range of Si 2p (left) and C 1s (right) emissions obtained from the
native SiOx/Si(100) substrate (e), annealed at ~700 °C (o), and after ethanol deposition on the substrate at 30 °C
(1), 115 °C (1), and 270 °C (lll). b) (center row): XP spectra in the binding energy range of Ni 2p (left) and C 1s
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(right) emissions obtained after deposition of Ni(acac),/ethanol by PSE on annealed SiOx/Si(100) substrate from
5.0 mM precursor at a substrate temperature of 30 °C (1), 115 °C (ll), and 270 °C (lll). c) (bottom row): XP spectra
in the binding energy range of Co 2p (left) and C 1s (right) emissions obtained after deposition of
Co(acac),/ethanol by PSE on annealed SiOx/Si(100) substrate from 5.0 mM precursor at a substrate
temperatures of 30 °C (1), 115 °C (l1), and 310 °C (lll). Please note the different scaling factors of the C 1s spectra
(spectra |l scaled by factor 100 to allow for better comparison with | and I1).
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Fig. 2. XP spectra obtained from deposited Ni(acac), after thermal and electron-induced precursor
decomposition. a) (top row): XP spectra in the binding energy range of Ni 2p (left) and C 1s (right) emissions
obtained after deposition of Ni(acac), by PSE on annealed SiOx/Si(100) substrate from 5.0 mM precursor at a
substrate temperature of 115 °C (0), and after Ni/NiOx formation by electron-induced decomposition of Ni(acac),
precursor with electron exposure of 0.125 (I) and 2.5 mC cm’? (1) at Eq=25 eV provided first, and then increased
to 12.5 (I11) and 50 mC cm™ (IV) at Eg=500 eV. b) (bottom row): XP spectra in the binding energy range of Ni 2p
(left) and C 1s (right) emissions obtained after deposition of Ni(acac), by PSE on annealed SiOx/Si(100) substrate
from 5.0 mM precursor at a substrate temperatures of 115 °C (o), and after Ni/NiOx formation by thermal
decomposition of Ni(acac), precursor heated to 270 °C (I) for 1 min. Please note the different scaling factors of
the C 1s spectra (spectra o scaled by factor 1, all other spectra scaled by factor 100 to allow for better
comparison).
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Fig. 3. XP spectra obtained from deposited Co(acac), after thermal and electron-induced precursor
decomposition. a) (top row): XP spectra in the binding energy range of Co 2p (left) and C 1s (right) emissions
obtained after deposition of Co(acac), by PSE on annealed SiOx/Si(100) substrate from 5.0 mM precursor at a
substrate temperatures of 115 °C (o), and after Co/CoOx formation by electron-induced decomposition of
Co(acac), precursor with electron exposure of 0.125 (1) and 2.5 mC em? (1) at E;=25 eV provided first, and then
increased to 12.5 (Ill), 50 mC cm™ (IV), and 150 mC ecm™ (V) at E;=500 eV. b) (bottom row): XP spectra in the
binding energy range of Co 2p (left) and C 1s (right) emissions obtained after deposition of Co(acac), by PSE on
annealed SiOx/Si(100) substrate from 5.0 mM precursor at a substrate temperatures of 115 °C (o), and after
Co/CoOx formation by thermal decomposition of Co(acac), precursor heated to 310 °C (I) for 1 min. Please note
the different scaling factors of the C 1s spectra (spectra o scaled by factor 1, all other spectra scaled by factor 100
to allow for better comparison).
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Tables

Tab. 1. Atomic ratio C to M in the films.
They were obtained by various ways from Ni and Co acetylacetonate precursors.

Ni precursor Co precursor
Ethanol assisted CVD 0.19 0.07
Thermal decomposition 0.13 0.11
Electron beam-induced decomposition 0.13 0.08

Tab. 2. Percentage amount of metallic Ni or Co (of all deposited Ni or Co) in films.
They were obtained by PSE-CVD or by thermal treatment or electron irradiation of Ni and Co acetylacetonate
precursor layers.

Ni precursor Co precursor
Ethanol assisted CVD 100 25
Thermal decomposition 86 41
Electron beam-induced decomposition 59 21
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