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ABSTRACT A novel plasma-based process has been invented in
which sulfur is used to enhance the chemisorption of highly po-
larizable metallorganics to dielectric or barrier-layer surfaces.
Three fundamentally different substrates were investigated:
metal oxides (air-exposed Ta and SiO2), a hybrid dielectric
(Trikon) and a polymeric material (SiLK). All the surfaces
could be modified with relative ease, resulting in a substrate-
independent process. Further, palladium (II) hexafluoroacetyl-
acetonate was dosed on the substrates under study at sublima-
tion and substrate temperatures of 34.8 ◦C and 175 ◦C. Results
show that increased rf power and decreased system pressure
during sulfur deposition result in a larger relative percent re-
duced sulfur, at for example, the SiO2 surface. In turn, this
results in more palladium chemisorbed to the surface from
a larger Pd 3d/Si 2p ratio. Rutherford backscattering spectrom-
etry was used to estimate a sulfur areal density of approximately
1×1015 atoms/cm2 on air-exposed Ta, when sulfur was de-
posited via H2S and He in the range of 300 W to 700 W rf power
at 60 mTorr. It was shown that the sulfur-activated surfaces are
stable under ambient conditions. Also, after the sulfur-activated
SiO2 surface was dosed with PdII(hfac)2, the S 2p X-ray
photoelectron spectroscopy spectrum shifts from 163.7 eV (be-
fore dosing) to 162.8 eV (after dosing), which gives evidence
of Pd−S interfacial bonding.

PACS 81.05.Lg; 68.43.-h; 82.80.Pv

1 Introduction

The metallization of dielectric and barrier-layer
surfaces has widespread interest in such areas as intercon-
nects for microelectronic devices [1–3], catalytic layers for
fuel cells and chemical synthesis [4–6], and for sensors and
actuators [7]. Further, it has recently been observed that
highly polarizable transition metallorganic compounds, for
example of Cu and Pd, do not interact strongly with oxide or
hydrocarbon-terminated surfaces [8]. For the purposes of this
study, we group together dielectric and air-exposed metallic or
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barrier layers. One important consequence of the weak inter-
action between deposited metals and the dielectric or barrier-
layer surfaces, is either no deposition (such as during atomic-
layer deposition) [9], or the observation of non-wetting behav-
ior (such as with thermal evaporation) [10]. In some cases, the
metal deposit is “forced down” by either heating the metall-
organic above its decomposition temperature [11, 12], or by
dissociating the metallorganic by the addition of co-reactants
such as water [12–14]. In either of these approaches, the re-
sulting metal deposit exhibits poor adhesion or structure, both
of which are undesirable for the applications of interest [1–7].

We propose to improve the affinity of dielectric and
barrier-layer surfaces towards highly polarizable metallor-
ganics by depositing a monolayer of atoms that have a strong
affinity for highly polarizable metals. In this way, it does not
matter whether a thin native oxide surface exists at a barrier-
layer surface (like TaN used in microelectronics) since the
activation layer will prevent the reaction between the surface
and ambient oxygen or hydrocarbon species.

The atomic-layer activation method is made possible here
by use of a capacitively coupled rf plasma. Plasma activation
of the substrate surface is needed because some oxide sur-
faces and most polymeric surfaces are relatively unreactive
and therefore the prerequisite surface activation chemistry is
hard to achieve via thermal methods. Figure 1 depicts the
atomic-layer activation method utilized here to activate SiO2,
air-exposed Ta, Trikon (a methylsilane-derived SiO2/organic
hybrid) [15] and SiLK (a crosslinked aromatic hydrocarbon
polymer) [16]. The principle of the process is that the plasma
can gently open up bonds at the dielectric surface with reduc-
ing chemistry, creating Si–S, Ta–S, or C–S interfacial bonding
that is substantially stronger than S–S bonding. These sulfur–
substrate bonds are robust; SiS2 and TaS2 have melting points
of 1090 ◦C and > 1300 ◦C, respectively. Subsequent to the
metallic deposition or metallorganic chemisorption, the thick
sulfur overlayer can be removed by subliming at > 120 ◦C
or dissolving in an appropriate solvent, for example CS2. Al-
ternatively, the substrate can be kept at > 120 ◦C during de-
position and the S–S bonds never form. Each option has its
potential strengths and drawbacks, and both are discussed.

This report focuses on the rf power/system pressure rela-
tionships used to obtain the requisite reduced-oxidation-state
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FIGURE 1 The process of sulfur atomic layer activation on dielectric
and barrier layer surfaces used in this work

sulfur atomic layers on SiO2 and to a lesser extent on air-
exposed Ta, Trikon and SiLK. After these surfaces are ac-
tivated with sulfur, they are then dosed with palladium (II)
hexafluoroacetylacetonate to show their ability to chemisorb
a highly polarizable metallorganic. The surface and interfacial
chemistries are investigated with X-ray photoelectron spec-
troscopy (XPS).

2 Experimental methods

Trikon, SiLK and air-exposed Ta were obtained
from LSI-Logic, IBM and AMD, respectively. The native
oxide of Si(100) was used for the SiO2 surface. The SiO2 sur-
face was further exposed to a RCA-1 clean (5:1:1 ratio of
DI-H2O:NH4OH:H2O2 at 70 ◦C for 2 min) to remove hydro-
carbon contamination and make it hydrophilic. Thick sulfur
layers were deposited on SiO2, air-exposed Ta, Trikon and
SiLK using a capacitively coupled rf plasma (13.56 MHz).
This was accomplished by placing the samples in the plasma
chamber and exposing them to a 10–150 W He rf plasma
(8" diameter Al electrode) throttled at 60–120 mTorr with
200 s ccm 99.999% He (Air Products Inc., Hometown, PA)
at approximately 14 ◦C, obtained via a water-cooled and
bottom-powered electrode. After 20 s of exposure to the He
plasma, 200 sccm of 99.3% H2S (Air Products) was intro-
duced for 2 min in addition to the He. The resulting thick
sulfur layer was then sublimed in a vacuum (< 1 ×10−6 Torr)
quartz furnace for 15 min at 120 ◦C. The thick sulfur layer was
also dissolved in CS2 (ACS grade > 99%) as an alternative
route to achieve atomic-layer activation, as demonstrated with
the SiO2 substrate.

Palladium (II) hexafluoroacetylacetonate (Gelest, Tully-
town, PA) was dosed onto the prepared activated substrates
at a sublimation temperature of 34.8 ±0.2 ◦C and a deposi-
tion temperature of 175 ±5 ◦C. The chamber walls were kept
at 90 ◦C and the temperature of the line between the subli-
mation chamber and deposition chamber was kept at least
30 ◦C above the sublimation temperature to prevent precur-
sor condensation. The samples were exposed to two pulses
of PdII(hfac)2 of 20 s each added to 100 sccm of Ar purge
gas in order to roughly investigate the chemisorption be-
havior of the various surfaces studied here. A base pres-
sure of 5 ×10−4 Torr for this system was obtained with the
use of a roots blower/direct drive roughing pump (Leybold

RUVAC WS/WSU 151 and TRIVAC D25 BCS (hydrocarbon
prepped)) and a 3.7 L foreline trap (bronze gauze) to prevent
oil backstreaming. Careful attention was made to minimize
hydrocarbon contamination since the surfaces of the samples
were being studied.

The areal densities of the sulfur monolayers were ob-
tained via Rutherford backscattering spectrometry (RBS)
with 2.0-MeV He+ from a RPEA 4.0-MV Dynamitron accel-
erator at the Ion Beam Laboratory at the University at Albany
with the 30◦ beam line. A current of 30 nA for 5.5 min was
used for RBS analysis. XRUMP (version 2.0) was used to cal-
culate the integrated area of the Gaussian peaks to arrive at the
areal density of the sulfur monolayers [17].

A Perkin–Elmer 5500 X-ray Photoelectron Spectrometer
with a non-monochromatic Mg Kα (1.253 keV) source was
used to characterize the bonding at the surface of the films.
The X-ray beam diameter was 1.5 mm and an electron take-
off angle of 45◦ was used for analysis. Each sample was
loaded into the ultra-high vacuum (UHV) chamber and al-
lowed to out-gas for a minimum of 12 h until a base pres-
sure of < 1 ×10−9 Torr was reached. The reference used for
binding energy calibration was different for each substrate.
Namely, for native oxide of Si (SiO2), the Si 2p peak of Si
was used at 99.15 eV and for air-exposed Ta, the Ta 4 f7/2peak
of Ta2O5 was used at 26.7 eV. For Trikon, the as-received
surface was used as a reference and self-consistency was ob-
tained by comparing the Si 2p and C 1s peaks at 103.3 eV
(from SiO2) and 284.6 eV (from methyl carbon), respectively.
For SiLK, the as-received sample was also used; the C 1s
peak was used as a reference at 284.6 eV. The scan rate for
the S 2p, Si 2p, C 1s and Pd 3d spectra were 250 ms/eV and
20 sweeps/spectrum with a pass energy of 35 eV and for the
low-resolution spectra 62.5 ms/eV and 3 sweeps/spectrum
with a pass energy of 100 eV.

3 Sulfur-activated SiO2

3.1 The effect of varying the plasma power

Near full surface coverage of a reduced sulfur compound
(0◦, 1− or 2− oxidation state) should be obtained to test the
concept of atomic-layer activation to promote the chemisorp-
tion of highly polarizable metallorganics. As shown in Fig. 2,
flowing H2S at 10 ◦C over hydroxylated SiO2 does not result
in reduced sulfur chemical moieties at the surface. The peak
centered at approximately 168.1 eV is attributed to a broad
plasmon loss peak, which is known to exist at approximately
168.5 eV as a satellite of the Si 2s peak for thin oxide layers on
Si [18]. We refer to this sample as the thermal sample.

The chi square (χ2) fits for Fig. 2 were obtained by the Mi-
crocal 6.0 Origin software package. Further, the full-width at
half-maximum of the peaks were obtained by Gaussian fits to
the peaks. The relative percent reduced sulfur relative to Si
was obtained by the taking the relative area of the reduced sul-
fur peak and dividing by its atomic sensitivity factor [19]. The
relative percent reduced sulfur could then be calculated based
on normalized relative areas. In some cases, only an area ratio
was obtained between the element of interest and a reference
element.

Comparing the plasma-activated (10 W, 100 mTorr) sam-
ple to the thermal sample described above, two things are
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FIGURE 2 The S 2p XPS spectra of sulfur atomic layer activated SiO2 as
a function of rf plasma power. Just flowing H2S over the hydroxylated SiO2
surface (bottom spectrum) resulted in no activation

apparent. First, a small peak starts to develop at 164.0 eV,
which we attribute to reduced sulfur (0◦, 1− or 2− oxidation
state) bonding [20]. Also, the peak associated with plasmon
loss is shifted to a lower binding energy and becomes nar-
rower, it is 3.0 eV FWHM compared to 4.3 eV for the thermal
sample. It is not clear why the plasmon loss peak should shift
to lower binding energies for the 10 W plasma sample com-
pared to the thermal sample. However, a shift from a bulk
plasmon-type transition to a surface-type transition might be
a reasonable explanation [21]. Further, due to the exponen-
tial decrease in intensity due to the emitted photoelectrons as
a function of depth from the surface, it is expected that as the
overlayer (over Si) becomes thicker, then the intensity of the
plasmon loss peak should decrease as well [22]. These two ex-
planations may explain the shift of the peak at 168.2 eV for the
thermal sample to 166.5 eV for the 150 W sample. The peak in
Fig. 3 associated with Si is larger for the 10 W sample than the
thermal sample. This is attributed to a thicker native oxide for
the thermal sample.

Further, as the rf power is increased (keeping the system
pressure constant), a higher relative percentage of reduced
sulfur (referenced to Si) exists at the SiO2 surface (Fig. 2). The
areal density of sulfur of the 50 W sample measured from RBS
was 2.4 ×1014 atoms/cm2, which is submonolayer coverage.
However, at 50 W and 150 W, significant carbon is deposited
at the SiO2 surface (not shown) unlike the 10 W sample. This
is attributed to CS2 and COS impurities in the as-received
H2S. The reduced sulfur peak exists at 163.7–163.8 eV, which
is where CS2 [23] and elemental sulfur [19] have been re-
ported.

A further interesting feature in Fig. 3 is the SiO2 peak,
which shifts to higher binding energies. This peak shifts from
102.6 eV for the thermal sample to 103.3 eV for the 150 W
sample. It is not likely attributed to differential charging since
non-monochromatic X-rays are used. More likely, the native
oxide becomes more like ‘bulk’ oxide due to water vapor

FIGURE 3 The Si 2p XPS spectra of sulfur atomic layer activated SiO2 as
a function of rf plasma power. At higher rf powers (the top two curves), the
native oxide of Si becomes “bulk like” resulting in the predominance of the
peak associated with SiO2 bonding

in the vacuum system, which occurs much more readily at
higher rf power densities. The O 1s XPS signal (or O 1s/Si 2p
ratio) increases with increasing rf power, making this a likely
conclusion.

3.2 The effect of varying the system pressure

The dc self-bias on the capacitively coupled electrode can be
controlled either by varying the plasma power or by vary-
ing the system pressure [24]. Figure 2 shows that increasing
the plasma power results in more reduced sulfur at the SiO2
surface. Reducing the system pressure increases the mean
free path of the excited atoms, which results in a higher dc
self-bias [24]. Figure 4 shows the S 2p XPS spectra of sulfur-
activated SiO2, where the system pressure during activation
was 60 and 100 mTorr. As can be seen, the 60 mTorr sam-
ple has significantly more reduced sulfur as compared to the
100 mTorr sample. The 60 mTorr spectrum is much like the
spectra shown in Fig. 2, which were obtained from samples
deposited at higher rf powers. However, there is one major dif-
ference. Figure 5 shows the Si 2p spectra of the samples for
which the deposition pressure was varied. The 60 mTorr sam-
ple has a prominent Si peak unlike the sulfur-passivated SiO2
surfaces obtained at higher rf powers (Fig. 3). This can be at-
tributed to less carbon deposited at the SiO2 surface and less
oxide growth. The 150 W 100 mTorr sample had a C 1s/Si 2p
area ratio of 1.24 ±0.05, whereas the 10-W 60 mTorr sample
had a ratio of 0.47 ±0.05.

3.3 Washing the sulfur overlayer in CS2

Three viable options exist for the atomic-layer activation of
dielectrics. The work described above was limited to SiO2 as
a model surface; however, other surfaces are discussed in the
next section. The methods used to activate SiO2 are:

(1) Using a H2S/He plasma at various rf powers and sys-
tem pressures, a thick sulfur overlayer is deposited at low
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FIGURE 4 The S 2p XPS spectra of sulfur atomic layer activated SiO2
as a function of system pressure. This may be a better way to control the
chemistry of activation

FIGURE 5 The Si 2p XPS spectra of sulfur atomic layer activated SiO2 as
a function of system pressure. Unlike the activations at higher rf power, the
sample activated at 10 W rf power and 60 mTorr system pressure, shows very
little increase of carbon over the sample activated at 100 mTorr. The native
oxide also does not become “bulk like”

temperatures 10–20 ◦C. Then subsequent sublimation of this
layer at 1 ×10−3–1 ×10−6 Torr at > 120 ◦C leaves a mono-
layer of sulfur at the SiO2 surface.

(2) An atomic layer of sulfur on SiO2 can also be formed
at > 120 ◦C with the H2S/He plasma without the subsequent
sublimation of the thick overlayer. At higher temperatures,
only Si–S surface bonding (also Ta–S or C–S) is stable, and
the S–S bonds do not form, in contrast with low temperatures.

There is a potential drawback with using either (1) or (2)
above, namely above its melting point, sulfur reacts with cop-
per to form Cu2S or CuS. Therefore, clean copper or other
highly polarizable transition metals should not be exposed to
the H2S plasma. Of course, there are solutions to this prob-
lem, such as capping the copper surface with an organic or
TaN barrier layer, which is likely to be needed between Cu

and the low-κ dielectric for gigascale integration for micro-
electronic devices. However, a third option is discussed and
explored here.

(3) A thick sulfur overlayer is deposited on SiO2 (or Cu)
at low temperatures, like (1), but instead of subliming the
thick overlayer in a vacuum, it is washed in an appropriate
solvent, for example carbon disulfide (solubility 33.5 wt.% at
25 ◦C) [25]. As a result, only one monolayer of copper sulfide
is left at the copper surface.

Figure 6 shows the S 2p XPS spectra that compares the
sulfur overlayer formed by subliming thick sulfur layers in
high vacuum with layers obtained by dissolving thick over-
layers in carbon disulfide. It is apparent from Fig. 6 that little
difference exists between the two surfaces. Further, CS2 did
not leave any residual carbon on the sulfur-activated SiO2
surface. The C 1s/S 2p ratio is 0.24 ± 0.02 and 0.26 ± 0.02
for the samples sublimed in high vacuum and dissolved in
CS2, respectively. However, the carbon due to the H2S/He
plasma still resides at or near the surface like the previous
samples (not shown). Other appropriate solvents for the re-
moval of the sulfur overlayer are ammonia (21.0 wt.% at
30 ◦C), hydrazine (35.06 wt.% at 30 ◦C), hydrogen trisulfide
(87.98 wt.% at 25.4 ◦C), iodomethane (9.09 wt.% at 10 ◦C),
tribromomethane (3.64 wt.% at 5.6 ◦C) and finally carbon
disulfide [24]. Further, a control SiO2 sample, which was
not sulfur activated but dipped in CS2, was not undertaken.
However, we have conducted adhesion experiments on sulfur-
activated SiO2 and these show much improved adhesion over
non-activated SiO2. CS2 alone without plasma modification
did not show this effect.

4 Sulfur-activated air-exposed Ta, Trikon and SiLK

To make the method general, sulfur atomic-layer
activation was investigated on three fundamentally different

FIGURE 6 The S 2p XPS spectra of sulfur atomic layer activated SiO2 at
50 W rf power and 100 mTorr system pressure. The sulfur overlayer could be
removed by either: a high vacuum thermal anneal (bottom spectrum) or a CS2
wash (top spectrum)
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types of materials. Figure 7 shows the Ta 4 f spectrum of air-
exposed Ta. As can be seen, the Ta 4 f7/2 peak is at 26.7 eV,
which is attributed to a Ta2O5 overlayer on the approximately
250-Å-thick Ta film. The thickness of the film was measured
by RBS assuming the literature density for Ta. This bind-
ing energy for Ta2O5 (referenced to adventitious carbon at
284.6 eV) is well established in the literature [19, 23], with
a spin orbital splitting of 1.9 eV between the Ta 4 f7/2 and
Ta 4 f5/2 peaks.

Nearly one monolayer of sulfur remains at the Ta2O5
surface after sublimation of the thick sulfur overlayer sub-
sequent to exposure to the H2S/He plasma. The areal dens-
ity of sulfur increases with increasing rf power until it
saturates at approximately 1 ×1015 atoms/cm2 (∼ 1 mono-
layer) at 300 W. The areal density of sulfur as a func-
tion of rf power is shown in Fig. 8. Interestingly, sulfur
does not grow a thick overlayer at 500 and 700 W, but in-
stead only a monolayer grows at the surface. However, the
Ta2O5 underlayer is still not reduced (from the Ta 4 f spec-
tra) and yet no polymer formation, i.e. elemental sulfur, is
evident. This effect may be attributed to the large dc self-
bias that develops at higher rf powers. This might result
in the sputtering of the relatively weak S–S bonds, yet al-
lowing the robust Ta–S (Table 1) and Ta–O bonding to
remain [22].

FIGURE 7 The Ta 4 f XPS spectrum of the air exposed Ta surface without
activation. The peaks positions correspond to a Ta2O5 surface

rf power (W) B.E. reduced B.E. oxidized Relative (%)
system pressure (mTorr) sulfur peak (eV) sulfur peak (eV) reduced sulfur

Air exposed Ta 25, 60 163.6 - 100
100, 60 163.4 - 100
300, 60 163.7 - 100
500, 60 163.6 - 100
700, 60 163.8 - 100

Trikon 100, 120 164.2* 170.5 25
150, 100 163.2 170.3 55
200, 60 163.6 169.6 69

SiLK 100, 120 163.3 168.0 55
150, 100 163.8 168.0 87

* not well resolved
TABLE 1 S 2p XPS data for air exposed
Ta, Trikon an SiLK

FIGURE 8 The areal density of sulfur versus rf plasma power for sulfur
atomic layer activated Ta2O5 (air exposed Ta). At 300 W, the surface satu-
rates at ∼ 1 monolayer of sulfur atoms

The XPS S 2p spectra shows a primary peak at
163.6–163.8 eV for the 300–700 W plasma-activated Ta2O5
surfaces, as shown in Table 1. Limited work has been un-
dertaken with the XPS of TaS2, but binding energies of
161.7 eV and 162.9 eV have been reported for the S 2p3/2 and
S 2p1/2 peaks [27]. WS2 has been shown to have a binding en-
ergy of 162.9 eV [28] and 163.0 eV [29] for the S 2p3/2 peak,
which is approximately 1 eV higher than TaS2. The double-
pass cylindrical mirror analyzer (CMA) used with the X-ray
photoelectron spectrometer in our study did not have the
resolution to separate the S 2p3/2 and S 2p1/2 peaks (1.18 eV
separation), and therefore the S 2p3/2 peak is just stated as the
S 2p peak here [20]. The larger binding energy for the sulfur-
activated Ta2O5 studied here is probably a result of significant
mercaptan (–SH) or disulfide (–SS–) bonding that resides at
the surface. S 2p peaks assigned to these moieties show up
near 164.0 eV [22]. Also, the sulfur-activated Ta2O5 does not
show any evidence of oxidized sulfur moieties, unlike Trikon
and SiLK.

Both Trikon and SiLK exhibit a better-defined S 2p XPS
peak with increasing dc self-bias, developed from either in-
creasing the rf power or decreasing the system pressure. In
order to create Ta–S, Si–S, or C–S bonds at the surface, sur-
face bonds must first be broken, which can take place due



1794 Applied Physics A – Materials Science & Processing

to the high dc self-bias or the large potentials developed at
the capacitively coupled electrode surface. Once the surface
bonds are broken new bonds can be formed with sulfur. The
S 2p peak positions for Trikon and SiLK are similar to Ta2O5
and are close to what has been found for CS2 bonding, as
discussed in the work of Lenigk et al. [21]. It is beyond the
scope of the current report to discuss the detailed bonding of
the sulfur atomic layers. This will be reserved for later work.
However, the conclusion to be reached here is that a higher
dc self-bias promotes either more reduced sulfur at the Ta2O5,
SiLK or Trikon surface, or a higher percentage of reduced sul-
fur (2−, 1− or 0◦) versus oxidized sulfur (2+, 4+ or 6+) (for
Trikon and SiLK).

5 The chemisorption of Pd monolayers
on the sulfur-activated dielectrics
Pd monolayers were deposited on the sulfur-

activated dielectrics via PdII(hfac)2 after it was established
that ion bombardment was needed to form robust sulfur
bonding. The ion-induced modification results from higher
plasma powers and lower system pressures. Without the pres-
ence of sulfur at the dielectric surface, no chemisorption of
PdII(hfac)2 takes place, which has been shown previously
with hydroxylated SiO2 as the dielectric [8]. However, with
reduced sulfur moieties at the dielectric surface PdII(hfac)2

interacts favorably with SiO2, Trikon and SiLK, as shown in
Fig. 9.

SiO2 and Trikon have nearly identical Pd 3d XPS spec-
tra, where the Pd 3d5/2 peak is at 336.6 eV and shifted from
its state in the PdII(hfac)2 metallorganic, previously shown
at 339.1 eV [31]. The SiLK Pd 3d5/2 peak is shifted towards
higher binding energies at 337.0 eV. For all the samples, the
Pd 3d3/2 peak is shifted 5.3 eV towards a higher binding en-

FIGURE 9 The Pd 3d XPS spectra of SiO2 (bottom spectrum), Trikon
(middle spectrum), and SiLK (top spectrum) exposed to a 50 W H2S/He rf
plasma at 100 mTorr and then dosed with PdII(hfac)2 at 175 ◦C for 40 s at
a sublimation temperature of 34.8 ◦C. The chemisorption is nearly the same
for SiO2 and Trikon. However, SiLK shows some minor differences, which
can be attributed to its polymeric bonding versus SiO2 and Trikon’s silicate
backbone

ergy compared to the Pd 3d5/2 peak, which is the literature
value for the Pd 3d spin orbital splitting [23]. It is not clear
as to why the SiLK spectrum should be shifted relative to
SiO2 and Trikon. However, minus the methyl group, Trikon
has much the same chemical structure as SiO2; therefore, this
difference might be a result of different surface chemistry at
the dielectric surface affecting the activation process. In add-
ition, the intensity of the SiLK spectrum is reduced compared
to the SiO2 and Trikon spectra. This may be attributed to less
surface coverage of sulfur at the SiLK surface versus Trikon
and SiO2. However, quantifying this result is difficult since the
substrates do not have the same chemical composition.

It is worth discussing further that the spectra are shifted
from the binding state of Pd2+ in the PdII(hfac)2 metallor-
ganic but not quite shifted all the way to elemental Pd at
335.4 eV [19]. In order for the Pd2+ ion to be reduced it has
to gain electrons from either the substrate or the hfac ligand.
It is unlikely that the sulfur will donate electrons without be-
coming oxidized. It is shown later that there is evidence of
Pd–S bonding after PdII(hfac)2 is dosed to the sulfur-activated
SiO2 surface. It is more likely that the hfac ligand dissoci-
ates and lends its electrons to the Pd2+ion. This is shown
schematically in Fig. 10. Besides the shift in the Pd 3d spec-

FIGURE 10 The proposed structure of the PdII(hfac)2 chemisorbed onto the
sulfur atomic layer activated SiO2 surface. The hfac ligand dissociates and
lends its electrons to the Pd2+ ion

FIGURE 11 The C 1s XPS spectra of same films in Fig. 9. The lack of peak
at 292.6 eV is strong evidence for the dissociation of the hfac ligand
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tra, evidence for this dissociation comes from the C 1s spectra
shown in Fig. 11. If the hfac ligand remains intact, then a peak
at 292.6 eV, associated with the –CF3 group of the hfac lig-
and, should be evident [30]. There may be some evidence
of –CFx bonding at 288.0–288.6 eV in Fig. 11, but mostly
C–O bonding either from the ligand or the dielectric is evi-
dent. The shift in the Pd 3d spectra is less severe than what
was observed by Lin et al. [31] on clean Cu under ultrahigh
vacuum conditions, which may reflect the reactivity of Cu ver-
sus reduced sulfur moieties. Further, it is conceivable that the
Pd ion has a stronger affinity for Cu and sulfur compared to
oxygen-chelated ligands. As a result, when the new bonding is
established the hfac ligand undergoes instabilities resulting in
its fragmentation or dissociation.

FIGURE 12 The Pd 3d XPS spectra of sulfur atomic layer activated SiO2
after dosing with PdII(hfac)2 as a function of rf power at 100 mTorr sys-
tem pressure. Increased rf power results in a higher surface coverage of
PdII(hfac)2, however, the peak positions don’t change

FIGURE 13 The S 2p XPS spectrum of the 100 W rf sample in Fig. 12 after
dosing with PdII(hfac)2. The binding energy of the S 2p peak shifts from
163.7 eV (Fig. 2) to 162.8 eV, which is caused by the interaction of sulfur
with Pd

FIGURE 14 The Pd 3d XPS spectra of sulfur atomic layer activated SiO2
surfaces at 50 W rf power and 100 mTorr system pressure. It shows that the
sulfur surface is stable under ambient conditions

It was shown in Fig. 2 that an increase in plasma power re-
sults in a higher percentage of reduced sulfur, as referenced
to Si. When the plasma power was increased from 50 W to
100 W at 100 mTorr and then dosed with PdII(hfac)2, signifi-
cantly more Pd existed at the sulfur-activated SiO2 surface,
as shown in Fig. 12. The Pd 3d/Si 2p ratio is 1.58 ±0.02 and
2.92 ±0.04 at 50 W and 100 W. However, it should be noted
that the peak position is the same at both rf powers. When the
S 2p XPS spectrum is measured after PdII(hfac)2 is dosed to
the surface, a shift from 163.7 eV (Fig. 2) to 162.8 eV (Fig. 13)
is evident. The S 2p peak position for PtS has been measured
previously, and a binding energy of 162.9 eV was found [32].
A dilemma than may exist. Surfaces that have an affinity for
PdII(hfac)2 result in the dissociation of the hfac ligand due to
the creation of the Pd–Cu or Pd–S bond. However, even the
SiO2 surface shows evidence of fluorine contamination after
PdII(hfac)2 dosing. Therefore, there maybe inherent instabil-
ity associated with the hfac ligand.

Finally, sulfur is an interesting material since the mercap-
tan group (oxidation state 2−) can oxidize or cross-link to
the disulfide species (oxidation state 1−) in the presence of
oxygen, and become very stable under ambient conditions.
This is one of the primary reasons why sulfur is used to
passivate III–V compounds to increase their electrical stabil-
ity [33]. Figure 14 shows the Pd 3d spectra comparing two
sulfur-activated SiO2 surfaces prepared under the same condi-
tions. However, one surface was exposed to air before dosing
with PdII(hfac)2 and one surface was sublimed (the thick sul-
fur overlayer) in situ. As can be seen, no difference exists
between the two spectra. If the surface that was exposed to
ambient conditions was oxidized, then little if no PdII(hfac)2

would chemisorb to the surface, which has been previously
established [8].

6 Conclusions

A novel process has been presented to activate
dielectric and barrier-layer surfaces with sulfur via a ca-
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pacitively coupled rf plasma. The primary goal was to de-
posit a monolayer of reduced sulfur moieties to promote
the chemisorption of palladium (II) hexafluoroacetylaceto-
nate, which does not chemisorb on hydrocarbon- or oxide-
terminated surfaces. It has been shown that increased rf power
and decreased system pressure results in a higher relative per-
centage of reduced sulfur existing at the dielectric surface. In
the case of SiO2 surfaces, the power was increased from 10 W
to 150 W at a constant system pressure of 100 mTorr. At 50 W
of power, an areal density of 2.4×1014 atoms/cm2 was meas-
ured from RBS, which is likely to be a submonolayer surface
coverage. It was shown, via PdII(hfac)2 dosing of these sur-
faces, that increased rf power resulted in significantly larger
Pd 3d/Si 2p XPS peak area ratios.

Further, it has been shown that the thick overlayer of sulfur
deposited at near room temperature could be either sublimed
away under a vacuum anneal at > 120 ◦C or dissolved in CS2.
The alternative process was developed since a > 120 ◦C vac-
uum anneal will cause a reaction between sulfur and copper,
forming copper sulfide, which is undesirable for some appli-
cations in the microelectronics industry. Finally, it was shown
that the Pd2+ ion, as part of the PdII(hfac)2 metallorganic, be-
comes reduced after it is dosed on sulfur-activated dielectric
surfaces. This results from the dissociation of the hfac lig-
and, which has also been seen by previous researchers using
a clean Cu substrate. Evidence for the dissociation of the hfac
ligand also came from the C 1s XPS spectra, where there was
an absence of a peak at 292.6 eV, associated with the –CF3

group as part of the hfac ligand.
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