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Abstract

We present a widely scalable, high temperature post-growth annealing method for convert-
ing ultra-thin films of TiO5 grown by atomic layer deposition to topographically microstruc-
tured titanium silicide (TiSi). The photoemission electron microscopy results reveal that
the transformation from TiO5 to TiSi at 950 °C proceeds via island formation. Inside the
islands, TiO9 reduction and Si diffusion play important roles in the formation of the highly
topographically microstructured TiSi interface with laterally nonuniform barrier height
contact. This is advantageous for efficient charge transfer in Si-based heterostructures for
photovoltaic and photoelectrochemical applications.
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Titanium silicide (TiSi) nanostructures have been widely used in nano- and microelec-
tronics as ohmic contacts and interconnect materials [I] and, in recent years, photoelectro-
chemical (PEC) devices developed for water splitting [2 B, [4]. TiSi has an exceptionally
broad band-gap from 1.5 eV to 3.4 eV that is alone large enough to allow photocatalyti-
cal splitting of water [4]. The efficiency of a PEC device can be increased by interfacing
a semiconductor material with an electrocatalyst (EC). Key parameters in the optimiza-
tion of PEC materials for water splitting are the electronic band positions with respect
to water redox potentials. Under electrolyte contact, the Fermi levels of a photoelectrode
and electrolyte redox species align via charge transfer resulting in band bending within
the semiconductor photoelectrode. If an EC covers a semiconductor substrate completely,
the electronic band alignment is determined by the EC. In contrast, if the EC layer is
discontinuous, the band alignment can behave like the semiconductor but the surface has
the catalytic activity of the EC. Based on the ”pinch-off” theory this behavior is valid for
catalyst particles with dimensions smaller than the depletion width of the semiconductor
[B]. The depletion width is strongly affected by the degree of free charge carriers, and is in
the range of few micrometers for a lightly doped Si [6].

Here we demonstrate a simple atomic layer deposition (ALD) and thermal annealing
based method for fabricating a topographically microstructured discontinuous TiSi surface
on Si substrate. This allows for energy band engineering of photoelectrodes via exploitation
of the pinch-off effect. Hill et al. recently showed that the pinch-off effect produced by cobalt
silicide heterostructures grown on silicon photoanodes can significantly improve their PEC
performance [7]. The ALD process described in the present study is envisaged being a
generic technological approach to the fabrication of metal silicide particles (e.g. TiSi, CoSi,
NiSi) on Si [11 8 [@].

In this study TiSi is fabricated from ALD grown TiOs ultra-thin film which is extremely
conformal and homogenous. The film is transformed into TiSi by post-annealing which
also makes it thermally stable for subsequent film depositions. Our results reveal the initial
stages of the island mediated process where the titanium dioxide ultra-thin film undergoes
a transformation to suboxides and subsequently to titanium silicide. Furthermore, the
laterally resolved chemical composition of the resulting microstructured TiSi surface texture
is analyzed.

The phosphorus doped (resistivity 1-20 Q-cm) n-type Si(100) wafers were purchased
from Wafer World, Inc. (Florida, USA). The 400 pm thick, three inch diameter pre-polished
wafers had been cut in (100) orientation with £1 © accuracy. For the experiments 10 x

10 mm? squares were cleaved. The details of the annealing and hydrogen plasma based in
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situ cleaning of the silicon substrates are described in the Supplementary Material. The
cleaned silicon substrates were transferred ex situ to Picosun Sunale ALD R200 Advanced
reactor for titanium oxide deposition. The air exposure during the sample transfer was
kept as short as possible, approximately 5 min.

ALD of titanium dioxide was carried out at a substrate temperature of 200 °C. De-
position consisted of 804 cycles of tetrakis(dimethylamido)titanium(IV) (TDMAT) and
deionized water leading to a film thickness of 28.740.3 nm as verified by ellipsometry (see
Supplementary Material). After the deposition the samples were cooled down in N atmo-
sphere before transferring them back to UHV for high temperature annealing.

Two separate UHV systems with a base pressure below 1x107!° mbar were employed
for annealing and subsequent electron spectroscopy experiments. X-ray photoelectron spec-
troscopy (XPS) and energy filtered photoemission electron microscopy (EF-PEEM) mea-
surements were carried out using NanoESCA (Omicron NanoTechnology GmbH) spectro-
microscopy system [I0]. Focused monochromatized Al Ko radiation (hy = 1486.5 eV)
was utilized for core level spectroscopy and imaging whereas secondary electron tail cut-off
maps for work function determination were measured with non-monochromatized He Ia
radiation (hv = 21.22 eV) using HIS 13 VUV Source (Focus GmbH). The XP spectra were
collected using a hemispherical analyzer with energy resolution of 400 meV or 50 meV
(for high resolution (HR) XPS). For EF-PEEM measurements the energy resolution of an
aberration correcting double hemispherical energy analyzer (IDEA) was set to 800 meV for
core level imaging and 50 meV for secondary electron imaging. Lateral resolution for core
level images was approximately 500 nm and for He Ia excited secondary electron images
approximately 100 nm.

High spatial resolution EF-PEEM measurements were performed with a spectroscopic
photoemission and low energy electron microscope (SPELEEM) IIT (Elmitech GmbH) [I1]
at the soft X-ray beamline 1311 of MAX II storage ring in the MAX IV Laboratory syn-
chrotron radiation (SR) facility (Lund, Sweden) [I2]. SPELEEM was utilized in photo-
electron emission, low energy electron microscopy (LEEM) and imaging X-ray absorption
(XAS) secondary electron yield modes.

In addition to XPS and EF-PEEM studies the surface morphology of the 950 °C an-
nealed island structured sample was studied by scanning electron microscopy (SEM; Zeiss
Ultra 55, Carl Zeiss Microscopy GmbH) and atomic force microscopy (AFM; Veeco Dimen-
sion 3100 AFM, Veeco Instruments Inc.).

Both NanoESCA and SPELEEM III had a heating assembly in their preparation cham-

bers for heat treatments of the samples. For studies performed in the NanoESCA system
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the ALD grown TiO. was initially annealed at 950 °C for 10 min to form titanium sili-
cide islands. Studying the edge areas of these islands with PEEM revealed details of the
reduction process involved in the transformation of titanium (sub)oxides to titanium sili-
cide. Subsequently the sample was annealed to 960 °C for 10 min to reduce the remaining

titanium oxide areas to continuous titanium silicide ridge-like microstructure.

Figure 1: A—C: SEM images of a highly topographically microstructured TiSi island after 950 °C annealing.
Highest magnification in Fig. C shows the detailed TiSi ridge-like microstructure inside the island. The
white circle in Fig. B shows the area selected for EF-PEEM studies and will be discussed later in detail. D:
AFM image of the region framed with a white rectangle in Fig. B. AFM line profile illustrates the abrupt
change in TiOx surface topography when moving from the area outside the island (left side) to the heavily

corrugated ridge-like area inside the island (right side).

SEM images in Figs. [[JA-C illustrate the TiSi island structure after the 950 °C an-
nealing. Islands nucleate at seemingly random locations and with inhomogeneous size
distribution. The ALD grown TiOs film is homogenous, and therefore it is likely that the
nucleation has been initiated by small impurity particles or crystal defects in the Si sub-
strate. It is noteworthy that the nucleation does not happen instantaneously but requires 5
to 10 minutes at 950 °C temperature. Temperatures of 920 °C and below were also tested
but this only resulted in titanium suboxide formation without any indication of silicidation
or evolution of island structures.

SEM images show distinct ridge-like microstructures inside the islands. Thus the true

topography around a selected island was studied by AFM. Fig. demonstrates that the
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remaining titanium (sub)oxide film outside the island has retained a smooth surface with a
roughness value Ra of 8.0+0.5 nm. However, inside the islands the roughness has increased
to 79 + 2 nm with maximum height variations of more than 300 nm which is ten times the
thickness of the original TiO; film. Also the average height of the surface was approximately
40 nm lower in comparison with the surrounding partly reduced, but not silicidized, TiO
surface. This suggests that the annealing process not only affects the TiO2 film but also
induces pronounced mass transfer in the silicon substrate by means of diffusion, corrugation
and desorption. According to Zhao et al. [I3] silicon from the substrate diffuses to titanium
overlayer where it reacts with oxygen and sublimates as silicon monoxide. In our case, the
titanium film has abundance of available oxygen released by the TiOy reduction process.
An interesting detail in Figs. and C is that the TiSi ridges near the center of the
island, i.e. near the initial nucleation point, are small and almost spherical. When diverging
from the center, the ridges became more elongated and interconnected. For both shapes the
width of the structures is similar, approximately 200-300 nm. The constant width of the
ridges could be explained with the shape stability of the clusters [14]. For small cluster the
symmetrical compact shape is energetically favorable but as the cluster volume increases

the growth proceeds preferably along the longitudinal direction thus increasing the aspect

ratio.
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Figure 2: Ti 2p and Si 2p XPS core level spectra of a titanium silicide island (top) and the TiOx surface
surrounding the island (bottom). The gray peak behind the Ti 2p3/2 TiSi spectrum in the inset is measured
from a clean Ti reference sample thus showing that the FWHM of Ti 2p3,, peak has decreased in titanium

silicide.

The chemical composition of the islands was studied by XPS. Figs. and B show
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the Ti 2p and Si 2p spectra measured inside the TiSi island and on the titanium suboxide
surface between the islands. The surface between the islands is a combination of the
original titanium dioxide and annealing induced suboxides. Three different oxidized states
were identified corresponding to TiOy (458.7 €V), Ti2O3 (457.3 €V) and TiO (455.6 eV).
Inside the islands titanium is completely reduced showing only the TiSi related component
at 453.4 eV. The full width at half maximum (FWHM) of the Ti 2p3/, spectrum inside
the silicidized regions has decreased from 0.57 eV of clean Ti to 0.48 eV in TiSi which is in
accordance with the observations by Tam et al. [I5]. However, in contrast to their study,
no chemical shift in Ti 2p between clean Ti and TiSi was observed. On the other hand,
Si 2p shows a 0.42 eV shift to lower binding energy. This behavior agrees with the results
from Palacio and Arranz [I6] and thus consolidates the silicidation process on the islands.

Also, all oxygen had desorbed from the islands.
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Figure 3: A-D: Chemical state resolved EF-PEEM images of the Ti 2p. Region of interest selected from
the left side of the island in Fig. [[B. E: XPS signal intensity line profiles for each titanium compound. The
profile position is indicated by the blue arrow in A and the line segments at the ends of the arrow represent
the line width used for averaging the signal. F: Surface electronic state resolved image (Work Function

contrast).
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To obtain more localized information about the chemical composition of the island
structure, EF-PEEM measurements of were conducted. The region of interest was selected
from the left side of the island shown in Fig. and images as a function of kinetic
energy were recorded with a 29 pum field of view. For the analysis the image series was
first energy dispersion corrected using a clean Si(100) substrate as a flat field reference (see
Supplementary Material). After this the data was noise filtered using principal component
analysis (PCA) with four abstract factors. Finally, the image stack was deconvoluted pixel-
by-pixel to different chemical states using the components in Fig. [JJA as a reference.

The chemical state resolved images of the Ti 2p transition (Fig. 7D) show an ex-
tremely sharp transformation interface between the titanium suboxide and silicide regions.
Line profiles were extracted from the position indicated by the blue arrow in Fig. [3A.
TiO; and Tiz O3 show relatively homogenous distribution when approaching the island
edge. However, the TiO signal increases 4 pm before the edge. This can be interpreted
to indicate that the island growth proceeds via a TiO rich rim which expands together
with the island edge. In addition, no silicon diffusion through the oxide film was observed.
This is in contrast with experiments performed on metallic Ti/Si surfaces where diffusion
is reported already at 400-800 °C [I7} 18] [19].

The work function (WF) of the silicide island and the surrounding Ti suboxide region
was determined by measuring the distance of secondary electron cut-off edge from the
Fermi level. Figure shows a 0.6-0.8 eV decrease in WF inside the silicidized region.
The WF inside the silicidized region is to a large extent homogeneous and corresponds to
the WF of a clean Si(100) reference. In particular, the slight variation of the WF does
not coincide with the TiSi particle distribution, which supports the pinch-off effect. The
lowered WF value can be utilized in ohmic contacts to adjust the Schottky barrier height
which is particularly important due to the efficient charge-transport properties of TiSi in
nanoelectronics and solar energy harvesting applications [4].

Lateral resolution in core level imaging performed by the NanoESCA system is limited
to approximately 500 nm. However, the SEM and AFM images revealed internal submi-
crometer scale structures inside the silicide islands. To better understand the chemistry of
these structural features another TiOy/Si sample was annealed to 960 °C and studied by
SR-EF-PEEM which can achieve a lateral resolution down to 40 nm [20]. The increase in
annealing temperature from 950 °C to 960 °C completed the reduction process causing the
TiSi islands to coalesce into the highly topographically microstructured TiSi ridge pattern
covering the whole Si substrate (Fig. . An SR-EF-PEEM image series of Si 2p region was

recorded and deconvoluted to elemental silicon and TiSi states based on the components in
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Fig. 2B. For titanium a corresponding image series was recorded using XAS in secondary
electron yield mode and the titanium distribution was determined from the area of the Ti
Lir peak area in each pixel. The insets in Fig. [4] show a clear correspondence between
Sirisi and Ti. In addition, these signals originate from the areas which are observed as high
ridges in SEM and AFM images. However, there is some Ti left also in the depressions
(Fig S1). This has not been identified in previous studies on metallic Ti-Si/SiO2 systems
which claim that the valleys are composed of pure silicon [2I, 22]. Aside from the slight
difference in the initial conditions, this discrepancy could be explained by the use of XAS in
secondary electron mode with decreased surface sensitivity. Thus it can not be concluded

whether the remaining titanium in the depressions is on the surface or buried deeper inside

the silicon.

Figure 4: SR-EF-PEEM image of the topographically microstructured TiSi ridge pattern after annealing
to 960 °C. Blue and green areas correspond to elemental silicon and silicon in TiSi, respectively (see Fig.
for peak reference). Insets show a magnified view of both silicon chemical states together with the Ti

XAS signal from the same area.

Low energy electron diffraction (LEED) measurement of the silicidized surface showed
a 2x1 pattern typical for reconstructed Si(100). The pattern was, however, much dimmer
and with a high background intensity (Fig. S2) when compared to the LEED pattern
that was measured from the UHV cleaned Si(100). The 2x1 intensity maxima showed
replicas which could be attributed to the lattice distortion produced by the Ti atoms in
the valleys. However, the pattern did not show any new maxima which suggests that the
surface structure of the TiSi ridges has no clear long range order. The same conclusion was
obtained from the LEEM images (not shown) that showed the (0,0) diffraction maximum
for the valley regions but not for the TiSi ridges.

The formation of the highly topographically microstructured TiSi surface phase can be
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explained based on the total surface and bulk energy minimization. The classical nucleation
theory suggests that in most cases the surface energy increases and the bulk energy decreases
with increasing cluster size. The total free energy is the sum of these two and can be reduced
by the formation of larger clusters. [2I] Cluster formation requires that sufficient energy
is available for overcoming the nucleation barrier. According to Hyeongtag et al. [19] the
nucleation barrier is higher for C54 TiSis phase than C49 TiSi;. Based on their results
the > 950 °C annealing is, however, sufficient for the formation of the thermodynamically
more stable C54 TiSi; phase. This phase is also more desirable for photoelectrochemical
applications, such as photoanodes used in water oxidation, due to its lower resistivity.

In order to study the chemical stability of the silicidized surface it was exposed to air
(1 ATM) for 48 h. Only 28 % of the silicidized titanium oxidized back to Ti** (25 %) and
Ti3* (3 %). On a clean Ti reference surface 77 % of titanium became oxidized during the
same oxidation treatment. This high oxidation resistance in ambient conditions can be seen
as one of the key factors that make TiSi compounds so widely exploited in semiconductor
industry.

In summary, we have demonstrated a widely scalable method for synthesizing a highly
topographically microstructured titanium silicide texture on silicon substrates which allows
for energy band engineering of Si based photoelectrodes via the exploitation of the pinch-off
effect. The synthesis is based on vacuum post-annealing of ALD grown TiOs ultra-thin film
and can thus be implemented inside one processing chamber. This makes the TiSi fabrica-
tion feasible in production chains that include several consecutive conformal coatings used
in e.g. surface protection, passivation or formation of catalytically active surface/interface
layer. The presented synthesis route opens up the possibility for new state-of-the-art inter-

face engineering for photoelectrochemical devices and nano- and microelectronics.
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