Characterisation of Electroless Deposited Cobalt by
Hard and Soft X-ray Photoemission Spectroscopy
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Abstract— Electroless deposited (ELD) cobalt with
palladium as a catalyst, and an underlying self-assembled
monolayer (SAM) was investigated for potential use in
advanced complementary metal oxide semiconductor
(CMOS) applications using both hard (HAXPES) and soft
(XPS) x-ray photoelectron spectroscopy. HAXPES spectra
established the uniformity of the deposited Co film and the
nature of the buried Co-Si interface ~20nm below the surface.
The Pd is seen to diffuse through the Co following thermal
annealing. While the deposited Co film is predominantly
metallic, Co-silicide forms at the Co-Si interface upon
deposition and decomposes with thermal anneal up to 500 °C.
I.

INTRODUCTION

With the continued aggressive scaling toward smaller
feature sizes, the need has arisen for alternative materials to
copper to act as the interconnect metal. Various materials such
as metal silicides [1, 2], graphene [3] and Co [4, 5] are
currently being investigated to replace Cu. With such small
dimensions it can be difficult for deposition techniques such as
chemical and physical vapour deposition (CVD, PVD) to
achieve seamless fill of high aspect ratio trenches. Traditional
bottom-up electrodeposition methods require a conductive
seed layer whose continuity is a challenge in high aspect ratio
and small pitch structures. An electroless deposition (ELD)
approach can provide viable solutions for these problems. An
ELD process is attractive due to the fact it can be used to
deposit on metals and insulators upon catalyst placement, it
can achieve very uniform thin films, and it is a relatively lowcost process. ELD cobalt is a strong candidate to fully replace
copper as the via prefill or interconnect Jiang et al [4] and Van
der Veen et al [5] have shown that using cobalt as the via
metal, it can outperform copper with feature sizes below 28
nm and 15 nm respectively, in terms of resistance and
electromigration resistance. In this method there is no barrier
required for dense low-k dielectrics, so the cobalt is free to
take up the full area of the via. In the newest technology node
In the newest technology node Co has replaced Cu in the first
three metal lines [6]. SAMs have also been demonstrated as a
valuable adhesion promoter, potential pore sealant for low-k
dielectrics, and as a blocker for use in selective area atomic
layer deposition (ALD) [7, 8].

II.

EXPERIMENTAL DETAILS AND METHOD

Native silicon dioxide on Si (100) substrates were cleaned
by 15-minute exposure to UV-ozone treatment in a Jelight
UVO Cleaner. Subsequently, SAMs derived from (3trimethoxysilylpropyl) diethylenetriamine (DETA) precursor
were deposited via vapour phase deposition on the UVO
cleaned substrates. SAM films were deposited using 100µL of
the precursor at a temperature of 140°C for 1 hr with a
chamber pressure of ≈ 10 mbar. The substrates were then
immersed in a PdCl2 acidic solution, with a pH of 2, for 2
minutes and then rinsed for 2 minutes with deionized (DI)
water. Co was deposited by ELD to a thickness of 20 nm from
a solution of CoSO4, NH4Cl and water with a dimethyl
ammonium borane (DMAB) reducing agent. Following Co
deposition, the samples were annealed in a forming gas
atmosphere at 420°C for 15 minutes.
HAXPES and XPS measurements were performed at
Diamond Light Source, UK. Due to the high photon energy
employed by HAXPES, buried interfaces up to ~20nm deep
are accessible compared to ~8nm in conventional XPS. In this
facility one can illuminate a precise location on the sample
under consideration using both soft and hard x-rays
simultaneously. This gives the unique advantage of
concurrently recording surface and bulk properties during
each experimental step. The soft x-ray incident photon energy
was 1.2 keV, while the hard x-ray incident photon energy was
5.9 keV. A VG Scienta EW4000 HAXPES energy analyser
was used to record the spectra. The sample was placed in the
ultra-high vacuum chamber at a base pressure of ~5 x 10-10
mbar. The sample received three anneals; 300°C, 400°C and
500°C in-vacuo and photoemission spectra were acquired after
each anneal. All spectra are shifted to the C 1s at a binding
energy position of 284.8eV.
III. RESULTS AND DISCUSSION
A. Characterisation of ELD Co Films
In this study DETA is employed as an adhesion promoter
for the Pd. The Pd adheres to the amino terminal group of the
DETA and forms a seed layer (~1nm) for the ELD Co. Survey
spectra taken in the hard x-ray (Fig. 1(a)) regime are
dominated by the ELD Co signal while the soft x-ray (Fig.
1(b)) regime is dominated by the oxygen signal from surface
oxide. One important point to note is that the Si 1s, at a
binding energy of ~1839eV, is visible in the HAXPES scans.

This indicates that the entirety of the Co film (~20nm) is
accessible as the only source of Si is the underlying substrate.
From the ELD deposition, nitrogen, carbon, and boron have
been incorporated into the film with the carbon and nitrogen
concentrations decreasing with thermal annealing. This is
observed in both hard and soft regimes. The Pd does not
become evident until after the 400°C anneal. The nitrogen and
palladium are not easily observed in the survey spectra but are
accessible in narrow energy window scans. The soft X-ray
spectra show a large increase in intensity in both the B 1s and
O 1s following thermal annealing.

Fig.3 shows the Co 2p spectrum recorded with both hard
and soft x-rays. From the HAXPES spectrum in Fig.3(a) the
as-received sample shows a small surface oxide, which is
present on the higher binding energy (HBE) side of the
metallic component peak. This peak intensity is decreased by
the sequence of anneals and by the 500°C anneal the oxide is

Fig. 2
The Pd 2p spectrum showing a metallic profile with a slight oxide on the HBE
side of the peak.

Fig. 1(a) Hard and (b) soft X-ray survey scans showing the first and last
experiment steps. All peaks are labelled except for the N 1s and Pd 3d which
are not easily seen in the survey spectra.

Fig.2 shows the Pd 2p which a literature review suggests,
is the first-time this peak has been investigated with HAXPES.
The Pd does not become evident until after the 400°C anneal
has been performed. One possible reason for this is that the Pd
is diffusing through the Co film. The peak appears to be in a
metallic state with the 2p3/2 at binding energy of 3174.3eV and
the 2p1/2 at a binding energy of 3331.3eV and a possible oxide
shoulder on the higher binding energy side of both peaks. This
was determined by analysis of the Pd 3d (not shown) which
has a binding energy of 335.4eV and is therefore in the correct
position for Pd metal.

Fig. 3 The Co 2p in the (a) hard X-rays shows a mostly metallic peak with
some oxide in the HBE side. The (b) soft X-ray scans reveal that this oxide is
surface localized. Both spectra show how this oxide is removed with thermal
anneal.

almost completely removed. The XPS spectra in Fig.3(b)
confirm that the oxide is surface localized. The data suggests
that the top ~5nm is primarily Co-oxide. There is however, a
small metallic shoulder on the lower binding energy (LBE)
side of the oxide peak. This can be seen to grow with each
thermal anneal while the oxide component decreases until
finally after the 500 °C anneal the surface oxide has been
almost removed. These spectra demonstrate that the ELD
process has deposited a high quality metallic film in which the
residual surface oxide is easily reduced by thermal annealing.
To ascertain if there was any evidence of the DETA SAM,
the high energy spectra of the C 1s and N 1s (Fig. 4) were
examined. The N 1s has just one broad peak with two
component peaks. These peaks have been attributed to C-N-O
bonds at 399.35 eV and the other is attributed to boron nitride
(BN) at 398.1 eV. The reducing agent used during the ELD
process is the source of boron. The signal to noise ratio is
poorer for the nitrogen than the other spectra due to small
quantity of nitrogen in the film. With subsequent anneals this
signal to noise ratio deteriorates, as these nitrogen species
decompose and the corresponding peak intensity decreases. In
soft X-rays spectra (not shown) there is a N 1s peak present. If
the only source of N is the DETA SAM, then there should be
no visible N 1s peak in these spectra as the soft X-rays are
surface sensitive (~8nm). This would imply that N has been
incorporated into film. However, this makes identifying the
DETA SAM extremely difficult.

B. The Si-Co Interface
In order to understand the interactions between the Co
overlayer and the silicon substrate, the Si 1s peak was studied
in detail and the deconvoluted spectra is presented in Fig. 6.
Initial data from the as-received sample reveals the Si to

Fig.4 The normalised N 1s and C 1s, show a deterioration in the signal to
noise for the N 1s and the decomposition of the C 1s with increasing anneal
temperature

Looking at the C 1s initially there are two main peaks
with several component peaks, visible in the spectra. A peak at
LBE which is attributed to C-C bonds at 284.8eV, C-O / C-NO bonds at ~286eV, C=O bonds at ~288.4eV and a peak at
HBE which has been attributed to cobalt carbonate at 289.8eV.
Following the 300°C anneal the carbonate peak intensity is
greatly reduced and by the 500°C anneal it has been fully
decomposed. The C=O component peak is also removed by
the thermal anneals. The main component peak remains quite
strong throughout the experiment and suggests that the C has
become incorporated into the film during the ELD process.
This again makes identifying the C signal from the DETA
SAM very difficult.
Fig. 5 displays the deconvoluted hard X-ray O 1s and B 1s
spectra. The as-received spectra show the B has formed Coboride and BN while the Co oxide and carbonate dominated
the O 1s. Also, present in the O 1s is a small boron oxide peak
which grows upon anneal. This can also be seen in the B 1s
following the 300°C anneal. The oxygen released from the
decomposition of the Co oxide and carbonate is not desorbed
from the surface but instead forms a bond with the B to form a
boron oxide. As the B oxidizes further both spectra can be
seen to shift to a higher binding energy. By the 500°C anneal
the boron has become fully oxidised by forming B2O3. The
corresponding component peaks in both the B 1s (193.3 eV)
and O 1s (532.9eV) are now in the correct binding energy
position for B2O3 [9, 10].

Fig. 5 The deconvoluted O 1s and B 1s hard X-ray spectra showing the
reduction of the CoO and CoCO3 and the oxidation of the B 1s.

comprise of several different components which have been
assigned to the bulk Si at 1839.1 eV, two Co silicide phases,
one at 1839.5eV and the other at 1838.7eV, SiO2 at 1843.7eV
and sub oxide states on the HBE side of the bulk peak. The
silicide phase on the HBE side has been attributed to CoSi [9,
10] while the silicide on the LBE side has been attributed to
Co2Si [11, 12]. There is also a “pre-peak” observed on the
LBE side. This “pre-peak” has previously been observed in a
Si 1s iron silicide spectra [15]. Following the 300°C anneal

the Co2Si phase grows significantly while the bulk Si
component peak reduces as it is consumed to form more
silicide. The 400°C anneal sees the breakdown of this phase as
the bulk Si signal increases.

Fig.5 Peak fitted Si 1s Spectra showing two silicide phases which with
thermal anneal decompose.

The Si2+ and the Si3+ sub oxides have almost completely
decomposed and released enough oxygen to breakdown this
Co rich phase. The CoSi phase being more stable, remains. By
the 500°C the bulk Si, CoSi and SiO2 peaks have become
stable and have not changed appreciably since the last anneal.
The Si1+ is still quite large but it is expected with a higher
annealing temperature that this oxide phase would decompose.
IV. CONCLUSION
From this study it can be concluded that SAMs have been
successful in trapping the Pd which in turn was successful in
promoting the reaction for the electroless deposition. High
energy spectra show that the Co film is a superior quality
metallic film with a small amount of surface oxide present
which can be eliminated by thermal annealing. The quality of
the film is of the upmost importance for devices as any oxide
can decrease the conductivity. It is clear that boron has
become incorporated into the film and bonds with the released
oxygen to form B2O3. The carbon and nitrogen introduced
from the deposition, reduce with each thermal anneal. It
cannot be confirmed if the DETA SAM has survived the ELD
process or if it has been etched away. It has been shown that
the ELD process forms two cobalt silicide phases at the Si-Co
interface which are unstable at high temperatures.
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