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Growth and oxidation of Au, Pt, Pd, Rh, Cu, Ru, Ni and Co layers of 0.3-4.3 nm thickness on Mo have been
investigated with ARPES and AFM. Co and Ni layers oxidize while the Mo remains metallic. For nobler
metals, the on top O and oxidation state of subsurface Mo increase, suggesting sacrificial e~ donation
by Mo. Au and Cu, in spite of their significantly lower surface free energy, grow in islands on Mo and actu-
ally promote Mo oxidation. Applications of the sacrificial oxidation in nanometer thin layers exist in a
range of nanoscopic devices, such as nano-electronics and protection of e.g. multilayer X-ray optics for
astronomy, medicine and lithography.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

In d-metal on d-metal layer growth, the d-band configuration
and surface free energy difference are of important influence. Elec-
trons may be exchanged to achieve an energetically more favorable
half filled d-band with only spin up electrons. Segregation or islan-
ding can occur to minimize surface dangling bonds or contact area.
We will consider potentially stable systems where Mo, with an
approximately half filled d-band and high surface free energy,
forms the substrate layer for on top nanolayer growth of d-metals
with a range of surface free energies and oxidation enthalpies.

Surface nanolayers that protect the Mo from oxidation can also
have applications in Mo/Si multilayer reflective optics for next gen-
eration extreme UV lithography (EUVL). The EUV radiation pene-
trates and reflects from the top 50 Mo/Si periods, the effective
maximum. The reflection from each interface contributes to in-
phase EUV reflection, adding up to more than 70%. During EUV
exposure in a lithography tool vacuum environment, background
CiH, and H,0 gases can adsorb and dissociate on the mirror sur-
face. Subsequent carbon contamination and oxidation of the
multilayer surface reduce mirror reflectance. Although, the adsorp-
tion of volatile C,H, species and subsequent carbon contamination
can be controlled by extensive outgassing of the vacuum system
and cleaning of the mirror surface [1,2], oxidation is generally con-
sidered irreversible. To protect the multilayer mirror against oxida-
tion, a thin protective “capping layer” can be applied at the
multilayer surface. The aliphatic hydrocarbons that are observed
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on the caps can partially shield against oxidation but are not
explicitly considered in this work as long as they don’t appear to
be of serious influence. Depending on material choice and cap layer
thickness, the theoretical reflectance (R) of a capped 50 period Mo/
Si multilayer can vary by tens of percents. We will relate our obser-
vations on layer interaction, oxidation, composition, morphology
and diffusion to the application of capping layers on Mo/Si
multilayers.

2. Experimental details

Si on top Mo and capping layers were grown by e-beam physi-
cal vapor deposition (PVD) onto natively oxidized super polished Si
substrates in a base pressure of 1 x 107 Pa [3]. Growth rates were
0.05 nm/s for Si, 0.04 nm/s for Mo, and 0.01 nm/s for the capping
metals. A flux-shaping mask was used to deposit the capping layer
with a lateral thickness gradient of 0.3-4.3 nm [4], as determined
with quartz crystal oscillator microbalances. The samples were ex-
posed to ambient air for several weeks and subsequently analyzed
using angular resolved X-ray photoelectron spectroscopy (ARPES)
and scanning Auger microscopy (SAM) in a Thermo Theta Probe
with a field emission gun. Simplified, the ARPES measurements be-
tween 27° and 64° off normal are modeled to a homogeneous lay-
ered system [5] using the factor ez=s from the depth distribution
function that relates the detection angle 0 via the attenuation
length 1 [6] to the sampling depth z. In the case of non-homoge-
neous layer growth, the set of conditions as described by Cumpson
[5] is not fulfilled and the modeling can result in estimated layer
thickness and in-depth distribution errors of up to several nano-
meters [7]. XPS depth profiling was performed using 0.5 keV Ar".
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An ex-vacuo Schaffer Nanosurf EasyScan 2 high resolution AFM
was used to study the lateral material distribution.

3. Layer growth Kinetics

The morphology of the capping layer grown on the Mo sub-
strate is physically restrained by the low atom mobility for e-beam
PVD that limits deviation from Gaussian (stochastic) layer-by-layer
growth [8]. Influence on the morphology subsequently occurs
chemically via Young's equation AH® = AHZ*® 4 AHyi s —
AHYce 19.10]. AH™@'< 0 generally results in layer-by-layer
(Frank-van der Merwe) growth, while AH™®!'>0 yields island
(Volmer-Weber) growth. The relation holds for each individual
adlayer, and initial layer-by-layer growth with successive island
(Stranski-Krastinov) growth occurs when the substrate-particle
affinity is initially strong, but a lattice mismatch between the film
and substrate introduces a strain into the growing film [11]. Indi-
vidual AH*“"3 and AH™er¢€ yalyes can result in surface free en-
ergy driven intermixing even when AH™ef<€ js positive [12]. The
segregating material will then agglomerate below the surface to
minimize contact area. The Gibbs free energy to form the most sta-
ble oxide (AGS)"") gives an indication on the suitability of the metal
as a protective cap against oxidation. Table 1 shows the AHS“c¢,
AHnterface - Aptotal and AGR™ for the materials involved [13].

For all metals in Table 1, AH®®! < 0 when grown onto Mo, favor-
ing layer-by-layer growth. While AH*"2¢ of Au and Cu are lowest
of all, the positive AH™®" partially counters wetting of the Mo
and favors minimization of the contact area, i.e. Volmer-Weber (is-
land) growth [14]. Mentioned layer thicknesses hereafter are “as-
deposited” and refer to equivalents when layer-by-layer growth
would have occurred.

4. Results and discussion

As a reference for Mo oxidation and a measure of the protective
functionality of a capping layer, a 2.5 nm Mo layer on a 5.0 nm Si
layer is deposited without a capping layer. With ARPES we model
that approximately 30% of the Mo oxidizes to a MoOs film of
~0.6 nm thickness under ambient conditions (Fig. 1). Oxidation
accelerates under EUV exposure in lithography tool vacuum due
to H,0 dissociation by secondary electrons [1].

The as-deposited oxidation state of uncapped Mo is now com-
pared to the case when a Au capping layer is applied (Fig. 2). As
pointed out in the previous section, layer-by-layer and island
growth compete while Au intermixture or compound formation
with Mo is certainly not expected.

Fig. 2 shows that for Au layers up to 1.5 nm thick, a constant
40% of Mo is oxidized to MoOs, while the Au does not oxidize.
Mo oxidation increases to almost 80% after several months in
ambient environment [15]. Modeling of ARPES and XPS depth pro-
filing measurements both indicate layer intermixture, showing

Table 1
AHurtace | Aginterface with Mo, AH™®! with Mo, and AGE™ at 298 K in kj/mole of the
respective metals.

AHsurface AHinterface AHto[al AGg)rm
Mo 188 -167
Co 127 -18 -79 -112
Ni 121 -27 -94 —106
Ru 174 —56 -70 -84
Cu 95 67 —26 —64
Rh 155 -59 -92 —60
Pd 124 -59 —123 -41
Pt 152 -114 —150
Au 99 14 -5 15
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Fig. 1. Modeling of the ARPES results indicates that bare Mo oxidizes to a ~0.6 nm
thick MoOs layer at the surface in ambient conditions.
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Fig. 2. Modeled ARPES results on the Au cap, with 0 nm defined as the original Au-
on-Mo interface. In the positive direction extends the cap adlayer, in the negative
direction oxidation of the Mo substrate layer. The calculated reflectance R for a
capped 50 period multilayer is also shown.

equivalent amounts of Au and MoOs in the top few nm’s, and a re-
gion of increased MoOs to elemental Mo concentration below. It is
remarkable that Mo oxidation is actually increased and relatively
constant up to 1.5 nm Au. Au islanding or intermixture might ex-
pose Mo for oxidation and increase the electron escape depth,
causing overestimation in layer thickness modeled with ARPES.
With SAM we observe dots of oxygen and a somewhat irregular
distribution of Au. Verification of suspected inhomogeneous layer
growth is performed with AFM on the 4 nm thick Au capping layer,
as shown in Fig. 3.

AFM reveals surface roughness of 3.06 nm (RMS) and a peak-to-
valley height of 18.7 nm, a value much larger than the as-deposited
Au layer thickness. The difference is most probably explained by
grain boundaries, in addition to the agglomeration in islands of
typically 100 nm in diameter that we observe in Fig. 3, acknowl-
edging island growth. The activation barrier for interface formation
of Au with Mo apparently hinders layer-by-layer growth and pro-
tective functionally of Au capping layers.

The next noblest metal, Pt, has the most negative AH"terface
with Mo of all metals investigated, favoring intermixture instead
of island growth. A range of Pt capping layer thicknesses was char-
acterized with ARPES (Fig. 4).

For a Pt capping layer of 0.3 nm thickness, approximately 70% of
the Mo appears oxidized to MoOs, even more than in the case of
Au. When the Pt capping layers thickness is 1.0 nm, about 25% of
the Mo is oxidized to MoOs3, for 1.5 nm Pt this is reduced to 10%.
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Fig. 3. AFM on a 4 nm thick Au capping layer shows a significant roughness with a
lateral structure that suggests Volmer-Weber growth.
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Fig. 4. Modeled ARPES results on the Pt cap, showing subsurface Mo oxidation and
layer intermixture.

Modeling of the ARPES measurements suggests significantly thick-
er Pt layers than were deposited and complete intermixture with
abundant MoOs for up to 1.5 nm thick Pt layers. The observation
by Jeon et al. [16] that Na provides additional oxidation sites in
the Ge surface might also apply for the Pt-Mo interlayer. For Pt lay-
ers thicker than 1.5 nm, no Mo oxidation and no Mo at grazing
detection angles are observed in ARPES, indicating the Pt layer is
now closed. XPS depth profiling reveals a Pt/Mo/Si layered struc-
ture. The roughness of an as-deposited 4 nm thick Pt capping layer
is below the AFM measurement accuracy, suggesting that no islan-
ding indeed occurs.

Pd has a moderately negative AH™e™€ with Mo, and is ex-
pected to grow layer-by-layer with less intermixing compared to
Pt on Mo. Fig. 5 shows the surface state as determined with ARPES
for the different Pd layer thicknesses.

When a 0.3 nm thick Pd capping layer is applied on Mo, ~85% of
the Mo oxidizes. With a 1.0 nm thick Pd layer, this is ~50%, still
more than bare Mo. The Pd does not yet appear closed and surface
Mo0Os is visible. A 1.5 nm thick Pd capping layer limits Mo oxida-
tion to ~30%. XPS depth profiling reveals that only moderate inter-
mixture occurs. For thicker Pd layers, traces of MoOs are visible for
all but the most grazing detection angles. The Pd layer appears to

Layer thickness (nm) /R (10%)
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Fig. 5. Modeled ARPES results on the Pd cap, revealing more subsurface Mo
oxidation than under Pd.

form a closed layer at the surface in these cases. Traces of PdO
are observed near the surface over the complete range of layer
thicknesses. The observation that Pd promotes Mo oxidation even
more than Pt is not readily fully attributed to creation of extra oxi-
dation sites in the Pd-Mo interlayer, since it’s both theoretically
and experimentally established to be thinner. We propose here
that e~ donation from Mo to the nobler Pd might occur, similar
to the extensively studied Pd-H system [17]. In effect, Mo would
function as a sacrificial metal and increase its oxidation state.

Having the same AH™®"¢ with Mo as Pd, Rh also is expected to
grow layer-by-layer. XPS depth profiling studies have shown that
diffusion through the Mo and underlying Si layer and agglomera-
tion at the Si-on-Mo interface prominently occur in the case of
Rh [18]. Fig. 6 shows the modeled ARPES results for the character-
ized Rh layer thicknesses.

A 0.3 nm thick Rh layer yields ~70% Mo oxidization to surface
MoOs, again more than for uncapped Mo. A 1.0 nm thick Rh layer
limits Mo oxidation to less than 10%, while thicker Rh layers stop
it altogether. A ~0.3 nm thick Rh,03 and on top CO film is formed
on the Rh caps that appear significantly thicker in ARPES.

Cu deposition on Mo involves similar considerations as dis-
cussed for Au on Mo. The highly positive AH™®™¢ obstructs
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Fig. 6. Modeled ARPES results for the Rh cap, suggesting major layer expansion.
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layer-by-layer growth more than Au growth on Mo, but this
growth mode is still predicted by Young’s law, due to the low
AH®U2¢€ of Cu. A range of Cu capping layer thicknesses was char-
acterized with ARPES (Fig. 7).

With a Cu capping layer, we observe Mo oxidation over the
complete layer thickness range as in the case of Au, although the
Cu layer thickness is of more influence on the degree of Mo oxida-
tion. For 0.3 nm Cu, about 50% of the Mo is oxidized to MoOs, for
1.0 nm Cu this is ~35%. With thicker Cu layers, some 20% of the
Mo is oxidized. We observe significant amounts of CuO near the
surface with both ARPES and XPS depth profiling; in the thickest
layers, a CuO film up to 0.7 nm is present. The CuO appears to
effectively cover the Mo already for the thinnest Cu layers, albeit
not protecting it against oxidation. To study the layer homogene-
ity, AFM is performed on a 4 nm thick Cu layer, as shown in Fig. 8.

AFM shows a surface roughness of 0.35 nm (RMS) and a peak-
to-valley height of 3.1 nm for an as-deposited 4 nm thick Cu cap-
ping layer. The lateral resolution of SAM is insufficient to reveal
whether chemical inhomogeneity is present at the surface. The
observations provide no certainty whether island growth occurs.
If so, it is less pronounced than for Au on Mo. This is remarkable,
since Au is kinetically less likely to grow in islands on Mo than
Cu is. Possibly, Cu oxidation lowers the AH™®"<¢ with Mo, shifting
the balance.

Ru is the material that is generally used as capping material for
EUV multilayer mirrors [19]. Due to its moderate optical absorp-
tion of EUV, R is considerably higher for multilayers capped with
Ru than with any other metal of similar thickness discussed here.
Table 1 shows that the AH™®f3€ with Mo is similar to that of Pd
and Rh. The AH“"™¢€ is per unit area slightly higher than that of
Mo. Ru was also found to diffuse and agglomerate at the Si-on-
Mo interface [18]. This might allow for subsequent Mo oxidation,
but ARPES reveals that this is not the case, as shown in Fig. 9.

A 0.3 nm thick Ru layer allows Mo to oxidize for about 40% to
MoOs3, for 1.0nm Ru and more, no Mo oxidation occurs under
ambient conditions, nor do we identify any Ru oxidation, although
the material is less noble than the above mentioned materials. We
attribute this to the higher catalytic activity of Ru to dissociate and
physisorb C species [1,15]. C is difficult to identify on Ru due to
peak overlap in XPS, but it can protect against oxidation of the
Ru [20,21]. Also the Ru appears significantly thicker in ARPES, pos-
sibly due to the observed diffusion.

Kinetics especially favor Ni and Co layer-by-layer growth, given
their low AH*"™ and moderately negative AH™*"2<¢ with Mo, as
is shown in Table 1. Ni and Co yield a lower R and are more suscep-
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Fig. 7. Modeled ARPES results on the Cu cap, with apparent layer-by-layer growth
and oxidation of Cu and Mo.
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Fig. 8. AFM on a 4nm thick Cu capping layer shows a moderate roughness
compared to Au.
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Fig. 9. Modeled ARPES results on the Ru cap, with only the 0.3 nm thick layer
showing slightly increased Mo oxidation compared to bare Mo.

tible to oxidation than earlier discussed metals, but could still pro-
tect against Mo oxidation. Fig. 10 shows the ARPES
characterization of the Ni caps.

A Ni capping layer of 0.3 nm thickness already limits Mo oxida-
tion to only ~15%, which is a significant reduction compared to the
situations mentioned above. A 1.0 nm thick Ni capping layer fur-
ther limits Mo oxidation to about 10%. Only trace amounts of
MoOs are visible when thicker Ni layers are applied. The major part
of Ni itself is oxidized up to a 0.6 nm thick Ni,Os3 film as well as an
increasing amount of NiO with deposited layer thickness. Also XPS
depth profiling shows a layered Ni,O3/NiO/Ni/Mo structure for
1.5 nm Ni that efficiently limits subsequent Mo oxidation.

Fig. 11 shows that similar observations with ARPES are made for
Co.

With a 0.3 nm thick Co cap, approximately 12% of the Mo is oxi-
dized. For 1.0 nm thick Co this is ~7% and for thicker Co layers, vir-
tually no Mo oxidation is observed to occur. ARPES and XPS depth
profiling indicate mainly oxide presence at surface, the top mono-
layer bound to C, subsurface bound to Co. Co presence occurs dee-
per into the structure, above the Mo. The Co layer is closed and
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Fig. 10. Modeled ARPES results on the Ni cap, which itself is significantly oxidized
but limits oxidation of Mo.
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Fig. 11. Modeled ARPES results on the Co cap, completely oxidized but even more
limiting Mo oxidation.

completely oxidized to CoO and on top a CoOy film, with x > 3.
Though heavy Co and also Ni oxidation occur and R is compara-
tively low, very thin layers already limit Mo oxidation under ambi-
ent conditions considerably [22], possibly by electrochemically
acting as a galvanic coating [23,24].

5. Conclusions

A range of d-metal nanolayers, deposited on a Mo-on-Si sub-
strate layer, has been studied for growth properties and protective
qualities against Mo oxidation under ambient conditions as a func-
tion of nanolayer thickness. Nobler d-metal layers do oxidize less,
but fail to limit Mo oxidation. These metals actually promote Mo
oxidation under ambient conditions, compared to bare Mo. Signif-
icant surface roughness occurs for Cu and especially Au capped
multilayers, with agglomeration in islands of typically 100 nm in
diameter for Au, while Young’s law predicts layer-by-layer growth.
The positive AH ™" of Ay with Mo appears too high a barrier for
layer-by-layer growth, resulting in oxidation of exposed surface
Mo to MoOs.

Thin Pt, Pd, and Rh layers strongly promote Mo oxidation. We
attribute this to creation of additional oxidation sites in the formed
interlayer. The metallic Pt, Pd, and Rh generally do cover the oxi-

dized Mo, while no subsurface oxygen is observed. Due to the more
negative enthalpy for oxidation compared to the nobler metals,
subsurface Mo appears to act as a sacrificial metal in an e~ dona-
tion process to support surface oxide, thus increasing its oxidation
number. Rh and Ru layers of 1.0 nm and thicker grow in layer-by-
layer mode on Mo and no oxidation of either metal occurs under
ambient conditions. Oxidation of these catalytic capping metals
is limited by on top coverage by a CO monolayer and (hydro)car-
bon species that absorb from the ambient and occupy absorption
sites for H,0 and O,.

With regards to surface chemistry, special interest goes to Co
and Ni capping layers. ARPES modeling suggests layer-by-layer
growth, as predicted by Young's law. The layers are completely oxi-
dized and covered with large amounts of non-metallic oxide, while
even single monolayers manage to largely prevent Mo oxidation.
The nanolayers appear to strongly interact and involve electro-
chemical functioning as a galvanic coating.
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