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Abstract

The effect of additives on metal/oxide inter-
faces is explored in situ and in real time on
evaporated films by a combination of surface
science techniques, among which a very flexi-
ble optical method shows a unique ability to
scrutinize the growth and wetting properties
of supported clusters that involve several ele-
ments. The study focuses on Cr at the Zn/a-
Al,O03(0001) interface at 300 K. A particular
interest of the present interface is that Zn does
not stick at all on bare alumina. The sticking
and morphology of both Cr and Zn films are an-
alyzed from submonolayer to multilayer thick-
nesses, during their growth. After an initial oxi-
dation reaction with residual OH groups, shown
to be detrimental to Zn adhesion, Cr growth
proceeds through the formation of high aspect
ratio particles that percolate around an average
thickness of 10 A. As regards to Zn growth on
a Cr deposit, two very distinct stages can be
distinguished. In the submonolayer thickness
range, Cr forms a seed layer that drastically
increases the Zn sticking coefficient from zero
to nearly one due to a diffusion length of ph-
ysisorbed Zn adatoms before desorption larger
than Cr island separation; Zn clusters are an-
chored on the Cr seeds that they encapsulate,
but their wetting behavior is dictated by the

interaction with alumina. In a second stage,
as soon as the Cr film percolates, it forms an
adhesion layer on which Zn grows in a nearly
2D mode. In all cases, Cr films are stable upon
annealing. On Cr-covered alumina, the Zn des-
orption energy is enhanced as compared to bare
surfaces which, in line with atomistic simula-
tions, is assigned to the formation of more favor-
able Cr-Al,O3 and Cr-Zn than Zn-Al,O3 bonds.
Generally speaking, the ability demonstrated
herein of small amounts of additives to dramat-
ically increase the adhesion of films is of great
practical interest. It shows that non-continuous
and partially oxidized films of additives, closer
to realistic cases of application, can strongly en-
hance the sticking of films. Also, anchoring a
functional film by discrete pre-deposited seeds
can keep its properties intact.

1 Introduction

Oxide-supported continuous metallic films are
involved in countless fields.! A constant obsta-
cle to their applications is the poor wetting of
dielectric substrates by metals?? which leads
to 3D growth morphology, in particular in the
case of late transition or coinage metals (Cu,
Zn, Ag, Pt, Au) when these are often the most
relevant choices for their specific properties.
Kinetics can compensate for thermodynam-



ics and allows percolation by acting on the
atom diffusion lengths via the substrate tem-
perature, the flux of impinging species or even
their kinetic energy. Yet synthesized films are
inherently out-of-equilibrium and prone to me-
chanical failure due to stress,*> aging or dewet-
ting®® that are detrimental to the continuous
film properties. Therefore, obtaining reliable
assemblies requires more sophisticated engi-
neering solutions, such as the pre-deposited in-
termediate layers used to stabilize transparent
conductive films, metamaterials or plasmonics
devices which need flat and sharp interfaces
as well as optimized thickness® and rough-
ness. 0115 Those layers are called alterna-
tively seed!%121316 or pucleation'* layers, ad-
hesion'™ ' or wetting!!' layers, surfactants, %2
or buffers.??2 The term "buffer" will be used
in what follows, because of its generality, be-
fore more precise indications emerge from the
discussion. Buffers commonly involve transi-
tion metals (Ni;? Cr,Ti;%167192224 Np;10 Ty, 16
Zr;16 W16) Sn 20 Cu,!® Gell!%! or even some

specific oxides.!"!®

From a thermodynamic adhesion point of
view, buffers replace the weak metal/substrate

bonds by stronger metal /metal and metal /substrate

bonds that basically scale with the heat of for-
mation of the parent metal oxides.?> 2" But, ac-
cording to the Bauer criterion,?® this favorable
effect is balanced by the intrinsic non-wetting
behavior of transition metals used in buffers on
oxides such as alumina and silica.?%3° However
in practice, from a growth point of view, they
spread quite well because of a reduced surface
mobility as often pointed by their low homol-
ogous (growth/melting) temperatures.28:31:32
Images recorded ex situ by atomic force mi-
croscopy (AFM) in Figure 1 illustrate the point.
Silver deposited on alumina at 300 K forms 3D
aggregates (Figure 1-a) close to equilibrium
since the found contact angle (127°)2%3331 g
equal to that measured by the sessile drop
method (127 — 131°).25% In the case of tita-
nium, the "contact angle" determined at 300 K
(~ 30°),%2% although much smaller than the
equilibrium value (78°),2>2?% clearly shows that
the metal does not perfectly wet the oxide.

However, because the apparent growth mode
is largely based on kinetics, Ti quickly covers
the surface unlike Ag (Figure 1-b versus 1-a).
Similar AFM images are observed for Al/??
and Co/alumina,® although these metals do
not wet this oxide from a thermodynamic point
of view.?? Generally speaking, the highly elec-
tropositive metals used in buffers to enhance
the adhesion of late transition and coinage
metals do no wet large band gap oxides such
as alumina and silica.?>3° These contrasting
behaviors are central in buffer effects.

Figure 1: Atomic force microscopy images (1 x
1) um? recorded ez situ of metal /a-AlyO3(0001)
films deposited in ultra-high vacuum at 300 K:
(a) 3 nm Ag (from Reference 22); the in-
set shows a (100 x 100) nm zoom with the
height profile corresponding to the black line;
(b) 1.4 nm Ti; the steps of the alumina surface
are visible with heights corresponding to inter-
atomic distances (from Reference 35).

Most studies focus on final effects of rather
thick (> 1 nm) buffer layers but neglect in situ
observation of the growth and interfacial chem-
istry despite the importance of the morphology
of buffers on how they operate. For example,
the reduction in thickness of buffers is fre-
quently sought to minimize their impact on the
properties of coatings,?!%121820 although the
behavior of these additives in the submonolayer
range can be suspected to differ greatly from
that of thicker layers, whose effects, far from
uniform,'® can even become detrimental. 62!
The present work aims to monitor n situ and
in real time, by surface differential reflectivity
spectroscopy, the mechanisms involved from
the very first stages of the growth of Zn on
Cr-precovered alumina surfaces. The case is



relevant to the development of advanced high-
strength steels (AHSS) used by the automotive
industry to lighten car weight to comply with
energy saving rules. To improve mechanical
properties, AHSS grades involve electroposi-
tive elements such as Al whose drawback is
the oxygen-induced segregation at steel sur-
faces.3™3% The resulting surface oxide then de-
grades the adhesion of the anti-corrosive Zn
coating during the galvanization process.%4!
The issue has motivated a series of studies*?™47
on the model Zn/a-Al,O3(0001) interface.
First-principle simulations?34446 have shown
the effectiveness of Cr > Fe > Ni in promoting
strong metal-oxygen and metal-zinc bonds and
shifting cleavage from interfacial to cohesive.
In a surface science perspective, the effect of
the Cr additive on the Zn/Cr/a-Al,03(0001)
adhesion offers a unique test bed since, under
ultra-high vacuum (UHV), Zn does not stick at
all on bare alumina above 220 K.45484% More-
over, the a-Aly03(0001) surface is a popular
support 1021222426 and Cr is a common addi-
tive %1618 which is theoretically predicted to be
highly efficient at the Zn/a-Aly03(0001) inter-
face. 6

The used differential reflectivity technique
has proven its ability to analyze growing films
of Ag, 223331 A1 22 Ti22 and Zn*® at coverages
of a tenth of a monolayer or less. The direct
determination of the aspect ratio of supported
particles allows an unique approach of their
wetting. 2233344550 The interplay between the
pre-deposited Cr buffer and the sticking and
adhesion of the Zn overlayer is explored herein
by an wn situ approach performed in UHV con-
ditions from the very early stages of the film
growth. In addition, the study implements pho-
toemission spectroscopy to determine chemical
state and thickness but also temperature pro-
grammed desorption to probe Zn bonding. The
question at hand is the role of Cr film thickness,
chemical state and morphology in the improve-
ment of Zn sticking and adhesion.

2 Experimental details

Experiments have been performed in a UHV
vessel composed of a preparation (base pres-
sure 2.107'° mbar) and an analysis chamber
(5. 107! mbar) equipped with X-ray Photoelec-
tron Spectroscopy (XPS), Low Energy Electron
Diffraction (LEED), Temperature Programmed
Desorption (TPD) and Surface Differential Re-
flectivity Spectroscopy (SDRS). Epipolished
(9 x 9 x 0.5) mm?* a-Al,03(0001) single crys-
tals (supplier MaTecK®!') were annealed at
~ 1200 K by electron bombardment of the
sample backplate under pure grade oxygen;
gas was provided by a carefully out-gased
doser, made of a bundle of metallic tubes,
placed a millimeter from the surface to in-
crease the local partial pressure by more than
an order of magnitude compared to the cham-
ber pressure (p ~ 2.107% mbar).?*> A sharp
(1 x 1) LEED pattern was then obtained. Al-
rich reconstructed surfaces [(v/3 x v/3)R30°,
(3v/3 x 3v/3)R30° or (v/31 x v31)R £ 9°] ob-
tained by high temperature annealing in vac-
uum® 9 have served as models of dry (or OH
free) surface in TPD.* Contaminants, in par-
ticular carbon, were below the detection limit
of XPS, except for calcium that segregated
up to an apparent thickness of 1 A on recon-
structed surfaces. It does not impact LEED
nor X-ray® % patterns, i.e. the surface crys-
tallography.  Previous transmission electron
microscopy® pointed to a Ca spread over four
subsurface cation planes. Because of these
observations and since Ca, absent from the en-
vironment of Cr probed by Extended X-ray
Absorption Fine Structure,*” does not show
XPS change upon Cr deposition, it has been
assumed not to affect the following conclusions.

Cr was evaporated from a metallic rod heated
by electron bombardment (Omicron EFMS3)
and Zn from an effusion cell (MBE Kompo-
nenten) held at 643 K. Both sources were cali-
brated by a quartz microbalance set at the sam-
ple location (evaporation rate ~ 1 A.min~).
However, thicknesses used herein refer only to
photoemission determination (see below). De-
positions were performed at 300 K at a base



pressure p < 1.107° mbar. Although no signif-
icant metallic Cr aging was observed over the
time scale of measurements, no cumulative de-
position was performed. A new substrate was
used for each Cr deposit. Cr oxide layers were
obtained by prolonged oxidation at 7" ~ 1575 K
of Cr films under gas doser (p = 2.107% mbar);
thicknesses were determined by photoemission
assuming a CroOj3 structure. Cr and Zn growths
were followed in real time by SDRS in the
ultra-violet/visible photon range (1.5-5.5 eV)
both in p- and s-polarizations.®” Spectra were
systematically normalized to the bare alumina
reflectivity. The reflection coefficients of the
films were expressed using interfacial suscep-
tibilities that have the meaning of "dielectric
thicknesses" which combine geometry and di-
electric properties (see References 58,59 for
definitions). By polarizing metal particles, the
electric field of the incident light (incidence of
0y = 45°) excites plasmon resonances which
are sensitive to morphology even for transi-
tion metals, despite broadening.®®*” To derive
particle shape from optics, islands were mod-
eled by truncated spheroids® to fit recorded
spectra in the framework of a dielectric formal-
ism 22:335760 (Section SII of supporting informa-
tion). These are in line with previous dielectric
simulations®”®17%5 which turned out to be effi-
cient in unraveling growth modes and change in
wetting?2335960 at metal /dielectric interfaces.
For both Cr and Zn films, only s-polarization
has been considered since, beyond a scaling in
intensity due to substrate reflectivity, the re-
sponse for the two polarizations hardly differs
for flat particles (Figures S1-b,c, S2, S3 and S4).

Chemical states and thicknesses were exam-
ined by XPS at normal emission under non-
monochromatic excitation with a hemispheri-
cal analyzer (Phoibos 100 from SPECS; delay
line detector) at a pass energy of either 20 eV
or 50 eV. Al-Ka and Mg-Ka excitations were
used alternatively for Cr and Cr+Zn deposits
to avoid overlap between core levels and Auger
transitions. No charge compensation was ap-
plied. Ratios of substrate (O 1s and Al 2s)
and deposit (Cr 2p and Zn 2p) core-level areas
were used to estimate thicknesses after correc-

tion from analyzer transmission function and
photoionization cross sections® (Table S1).
Areas were obtained after subtraction of a
Tougaard universal background®” with parame-
ters B = 3006 eV2 and C' = 1643 eV2. Care was
taken to subtract the second plasmon satellite
of O 1s under the Cr 2p core level to quantify
thin Cr films. Despite partial coverage, a model
of signal damping through a stack of continu-
ous films® was used with effective attenuation
lengths (Table S2) obtained by combining elas-
tic transport theory® " and TPP2M predictive
formula™ for inelastic mean free paths as im-
plemented in the I/P package.”™ Bulk densities
and stoichiometries of Cr, Zn and Cr,O3 were
used to define film thicknesses.

Zn desorption (mass/charge of m/e = 64) was
followed by TPD from 300 to 700 K at a heat-
ing rate of 0.33 K.s™!. The mass spectrometer
(MS, PrismaPlus QMG220) was enclosed in a
quartz tube the aperture of which was brought
in the vicinity of the substrate (in such way that
the sample is in line of sight of the MS) to only
probe Zn desorption.?® Desorption energy and
order were obtained from the Polanyi-Wigner
equation™ using the Redhead formula™ or the
leading edge analysis™ (see supplemental ma-
terial of Reference 45 and Section SIIT).

3 Results and discussion

To explore the impact of Cr buffers on the
sticking and adhesion of Zn, alumina sub-
strates precovered by increasing amounts of
Cr were exposed to a given Zn dose of ~
15 A. Similar deposits were also performed on
purposely oxidized Cr films. The growth of
Cr/a-Aly03(0001), the sticking, desorption and
growth of Zn deposited on Cr/a-AlyO3(0001)
are successively presented.

3.1 Chromium growth mode on
a-Al,03(0001) from optics
The growth of Cr/Al,03(0001) was monitored

by SDRS (Figure 2-a,b). The similarity be-
tween the dielectric constants of Cr (Figure S1-
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a) and Zn (Figure S4-a) combined with previ-
ous findings on plasmonics of Zn/Al,03% shows
that the observed broad resonance for Cr corre-
sponds to the excitation in particles of a paral-
lel dipole polarization mode on the tail of inter-
band transitions.”” The evolution of the particle
aspect ratio (A,=parallel diameter /height) and
therefore wetting can be gained through the in-
tegrated SDRS signal in s-polarization, normal-
ized to film thickness ¢,°° defined by:

- ¢ /°° DRy e
~dcosbtles—1) Jy Ry 7w
(1)

where €g is the dielectric function of alumina
(es ~ 3 in ultra-violet/visible), 6, the incident
angle and c the speed of light. Mainly driven by
the oscillator strength of the parallel plasmon
resonance, A, (t) directly accounts for A,.% Tts
reproducible U-shaped evolution (Figure 2-c)
points to a 3D growth mode with (i) an ini-
tial stress-driven flattening (t < 1 A), (ii) a
growth at constant A, around ¢ ~ 1 A and
(iii) a coalescence/coarsening (t > 2 A)% that
occurs herein much earlier in thickness than
for less adhesive noble metals.??3%5 In a more
quantitative analysis, SDRS profiles have been
fitted (Figure 2-a,b) in the framework of the
GranFilm®%% package using tabulated dielec-
tric constants”® and extra-broadening of about
1 €V to account for polydispersity3*%* (see Sec-
tion SII). The evolutions of film thickness, sur-
face coverage and A, are reported in Figure 3
as a function of the Cr thickness determined by
XPS. The one-to-one correlation (Figure 3-a,
slope 0.9) between SDRS and XPS thicknesses
validates the approach. The absence of plas-
monic response at the onset of Cr deposition,
up to ~ 0.5 A (Figure 3-a), is attributed to
oxidation by reaction with surface OH;*" the
formation of defined Cr3T-O,H moities was ev-
idenced by X-ray absorption combined to ab
initio calculations,*” while photoemission re-
vealed that Cr is oxidized but does not reduce
alumina.®”"" Similar reactions are observed
at various metal/oxide interfaces™ and, more
specifically, for Rh,80 Cu,®%2 Co,3¢ Zn,* Ti
and A1?%® on a-Al,03(0001).

As(t)

As regards to the aspect ratio A,, the evolu-
tion from high values at the onset of the growth
to a minimum around 1-2 A, and a final regu-
lar increase (Figure 3-c) parallel the U-shaped
curve of Ay(t) (Figure 2-¢). At a Cr thickness of
10 A, the analysis based on the quasi-static ap-
proximation becomes inconsistent (shaded re-
gions in Figure 3), likely because the film per-
colates as also suggested by the disappearance
of charge effects in photoemission. From a trun-
cated sphere model of the Cr cluster, a wetting
angle 0.(Cr|Al,O3) = 37° is obtained from the
minimum value A, = 5 (Figure 3-¢). This value
is much smaller than that 6.(Cr|Al,O3) = 109°
derived from the calculated adhesion energy
W (Cr|Al,O3) = 1.85 J/m? (average of Ref-
erences 45,84) by applying the Young-Dupré
equation W (Cr|Al,O3) = v(Cr)(1+cos ) with
a Cr surface energy v(Cr) = 2.75 J/m? (average
of References 45,84). The difference is however
explained by the Markow and Kaischew’s idea3!
that the Bauer criterion of 2D growth?® has to
be modified®' by including the free enthalpy re-
leased during condensation Ay which, applied
to Cr, gives:

Ap

Y(ALOs) > 7(Cr) +7(Cr|ALOs) — —= (2)

or

o )
7(Cr)

where A is the contact area of a metal atom at
the interface. Ap = kTsIn(n) scales with the
supersaturation factor n = p(T.s)/p(Ts) where
p(T.r) (p(T5)) is the Cr vapor pressure at the ef-
fusion (substrate) temperature. Despite strong
uncertainties in the extrapolation of the Cr va-
por pressure® at low temperature (7 & 50), the
inequality is easily fulfilled. Combined with the
low diffusivity (low homologous temperature
T(Cr) = 0.14%647) this supersaturation effect
explains the spreading of growing Cr particles
and the two following points which, apparently
contradictory, are in fact complementary: (i)
Cr does not wet alumina as evidenced by SDRS
(Figure 3-¢) in agreement with thermodynam-
ics283132 and numerical simulations; >t (ii)
the percolation observed at a Cr thickness of
about 10 A (Figure 3) corresponds to an out-of-

cosf, >1—



equilibrium behavior similar to that observed
for Ti/, Al/?*% and Co/alumina®* as men-
tioned in the introductory section.

3.2 Zinc sticking coefficient and
chemical state

The fraction of the ~ 15 A evaporated dose
of Zn which sticks on Cr/a-Al,O3(0001) was
quantified by photoemission using a continuous
film model (Figure 4) although, at the onset
of growth, this only indicates trends for Zn
growing in the form of 3D particles. At Cr
film thicknesses of less than 0.3 A, the absence
of sticking of Zn (Figure 4) is assigned to the
oxidation of Cr at the onset of the growth*
since Zn hardly condenses on purposely oxi-
dized Cr films (green triangle in Figure 4). The
observation is supported by ab initio calcula-
tions of separation energies at the Zn/M and
Zn /MO, interfaces (M for metal and MO, for
oxide)* which showed that oxidation lowers
the number of favorable metal/buffer bonds.
As a rule of thumb, the reduction of the metal-
lic Cr contribution, due to its oxidation, to Zn
adhesion must be systematically accounted for.
At higher Cr film thickness, the condensed frac-
tion of Zn increases steeply up to ~ 80 % for
a Cr coverage of 0.7 A and then more slowly.
In stark contrast to the bare surface on which
Zn does not bind at all at 300 K,*>44% minute
fractions of Cr monolayer entail an almost com-
plete sticking of the impinging zinc, which re-
veals zones of Cr influence which greatly exceed
the actual covered surface (Figure 4). As the
Cr film percolates above ~ 10 A (Section 3.1),
7Zn entirely sticks on the surface. In what fol-
lows, Section 3.4 is devoted to the influence of
Cr pre-deposition on Zn growth mode.

The known improvement in Zn/alumina ad-
hesion by an activated reaction with surface
OH*>%5 suggests analyzing the chemical state
of Zn which, because of the marginal chemical
shift between Zn® and Zn** (0.1 ¢V on Zn 2p®%),
is commonly examined in XPS* via Auger line
shapes and parameter oz, = Eg(Zn2p;,) +
Ex(ZnL3MysMys).  Herein, the observed Zn

L3MysMys Auger profile?®899 (not shown)
and the value ay, = 2013.8 & 0.3 eV (to be
compared to tabulated®® 2013.9 &+ 0.25 eV for
metallic Zn and 2010.15 + 0.4 eV for ZnO) un-
ambiguously demonstrate that Zn is metallic
at all stages. Therefore, the dramatic improve-
ment of the sticking of Zn on alumina (Figure 4)
by a tiny amount of Cr only relies on the pres-
ence of metallic Cr.
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Figure 4: Correlation between the Zn con-
densed amount after an exposure to a constant
nominal thickness of Zn (15 A) and the Cr pre-
deposited thickness, either metallic (red circles)
or oxidized (green triangle). All experiments
are performed at 300 K. Oxidized Cr thickness
is defined for a CryO3 composition. Circled
points correspond to films studied by SDRS.

3.3 Chromium-induced enhance-
ment of the zinc desorption
energy

Zn films deposited on Cr-precovered Al,O3(0001)
have been desorbed between 300 and 700 K,
reconstructed aluminas being models for dry
surfaces in parallel to the partially hydroxy-
lated?” (1 x 1) alumina (Figure 5-a). Since Zn
sticking changes with Cr thickness (Figure 4),
the exposure time to Zn vapor was adapted



to reach a condensed amount of Zn of about
two monolayers to focus on the impact of the
Zn/Cr interface and to limit "bulk" Zn signal.
On the two thick Cr films purposely oxidized
prior to an exposure to a Zn nominal thickness
of ~ 45 A, the tiny amount of desorbed Zn
confirms the low Zn sticking on this surface
at 300 K (~ 0.5 A; Figure 4). The oxidized
Cr films (green lines in Figure 5) give rise to
two desorption peaks but, owing to the small
amount of adsorbed Zn, the analysis was re-
stricted to the most intense feature. On the
(1x1) surface, the Zn desorption peak shifts
from 470 to 570 K, broadens and gets asym-
metric upon increasing Cr thickness (Figure 5-
a). On thick Cr films, the multicomponent
desorption lines (red curves in Figure 5) sug-
gest an alloying effect involving Zn-rich Zn,Cr,
compounds found in the bulk phase diagram
below 700 K. In the same way, high desorption
temperatures of Zn on Ag, Cu, Ni, Rh, Rh,
Pt, Pd% ™ were attributed to alloying with
supports. Finally, the overlap at a given Cr
thickness of desorption signals normalized in
intensity and position for both (1 x 1) and re-
constructed surfaces demonstrates a similar Zn
bonding dominated by metallic Cr (Figure 5-b).

Any O, desorption is excluded since dou-
ble ionization (Zn*T; m/e = 32) leads to the
same line shape as Zn*. No noticeable ZnO
(m/e = 80) signal was observed. Zn is com-
pletely eliminated upon desorption, as demon-
strated by the XPS analysis of Zn 2p whose
high photoionization cross section guarantees
a high sensitivity (Table S1). This contrasts
with the desorption of Zn adsorbed at 100 K
on the partially hydroxylated (1 x 1) alumina,
where a fraction of Zn oxidizes by reaction with
surface OHs and binds very strongly to the sur-
face (desorption at ~ 1300 K).* In the present
case, Zn adsorbed on Cr-precovered alumina
remains fully metallic and completely desorbs
below 600 K. The lack of Cr desorption signal
(m/e = 52) and the constant Cr amount and
XPS Cr 2p line shape before and after des-
orption (not shown) rules out any substantial
reaction with the substrate!®® and confirms the
thermal stability of Cr expected from its low

vapor pressure (po, < 107 mbar at 700 K as
compared t0 pz, ~ 107! mbar).

Desorption activation energies E, determined
by leading-edge analysis are compared to re-
sults obtained after Zn condensation on bare
(1x 1) and reconstructed surfaces at 100 K59
(Figure 6). An example of TPD analysis * is
given in Figure S6. In a broken bond model,
estimates of E, are 9/12F,,,(Zn) for a Zn atom
on a (0001) plane, 7/12E.,,(Zn) on the [1010]
step on a (0001) surface and 4/12F,,,(Zn) for
a kink atom since the coordination number of
12 for the hexagonal compact Zn reduces to
9, 7 and 4 for surface, step and kink, respec-
tively.  On dry reconstructed bare surfaces,
the experimental values of F, that lie between
7/12 — 9/12F.,,(Zn) convey a poor interaction
with the substrate that is partly improved upon
hydroxylation*® (open versus filled red circles,
Figure 6). Significantly, in the presence of Cr,
E, values are of the order of E.,(Zn) and well
above those found on Cr free surfaces (blue
symbols, Figure 6), which is assigned to strong
Zn-Cr bonds combined to neighboring Zn-Zn
interactions.** Finally, while the Zn hardly
sticks on oxidized Cr, the sizeable values of FE,
(green symbols in Figure 6) reveal a strong in-
teraction of Zn with defects at that surface.

3.4 Plasmonics for real time
analysis of Zn spreading on
Cr/Al,05(0001)

The study of the Zn adsorption on Cr-
precovered Al,O3(0001) focuses on Cr film
thicknesses of 0.3, 0.43, 0.7, 2.3 and 17.7 A
(circled points in Figure 4) judged representa-
tive of the Cr effect. In final spectra (Figure 7),

2The Redhead method (see Figure S7) based only
on desorption peak position overestimates F, which, in
a picture of quasi-equilibrium between adsorption and
desorption, should not be greater than the bulk cohesive
energy of zinc E.on(Zn) = 1.35 eV.atom™! (Reference
101). Moreover, the desorption order is systematically
found close to zero instead of n = 1 assumed by Red-
head analysis, " if one excepts the thickest Cr layers for
which n ~ 2.
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the increase in intensity of the resonance corre-
sponds to an increase in Zn condensed amount
with Cr thickness. Notice that, beyond the
amplitude, final SDRS line shapes are also
impacted by the initial coverage in Cr (Fig-
ure 7-a). All spectra exhibit an asymmetric
broad band typical for the plasmonic response
of Zn nanoparticles?>5" that mainly consists in
a parallel dipolar absorption mode excited on
the Zn interband transitions.5”

In Figure 7, the progressive shift of the SDRS
resonance from 3.9 to 1.6 eV as the Cr film
thickens (and hence the Zn film) indicates a
high sensitivity to A, and spreading of Zn par-
ticles. To overcome the discontinuity of the
Cr layer which makes the dielectric simulation
of the Zn/Cr/AlL O3 stack intractable, trends
were derived from simulations of Zn/alumina
(Figure 7-b). As supported by dipolar model-
ing, 7 this simplification is all the more relevant
as Cr deposits are thinner. Zn particles were
modeled by truncated spheres and spheroids
of increasing aspect ratios without accounting
for particle-particle interaction and size/shape
broadening (Section SII). The average thick-
ness of Zn film (15 A) was kept constant in
simulations. As compared to expectation for
a continuous film (Figure 7-b, red line), the
energies of the broad bands observed in the
ultra-violet /visible range point to a 3D growth
mode; their progressive redshift demonstrates
that Zn particles flatten upon increasing Cr
thickness. Values of aspect ratio A, < 2, 2
and > 8 are assigned to Zn(0.6 A)/Cr(0.3 A)
(Figure 7; grey line), Zn(4.5 A)/Cr(0.43 A)
(Figure 7; green line), Zn(14.1 A)/Cr(2.3 A)
(Figure 7; light blue line) stacks, respectively.
To highlight the promotion of Zn wetting by
Cr, comparisons are made with the Zn depo-
sition on bare alumina at 100 K (Figure 7,
black circles) and on the purposely oxidized Cr
film (Figure 7-a, black squares). At 100 K, Zn
readily sticks*® but forms cluster of A, ~ 4
indicative not only of a non-wetting behavior
but also of a sizable spreading due of reduced
mobility and out-of-equilibrium growth condi-
tions, with an homologous temperature close
to that of Cr at 300 K [7},(Zn; 100K) = 0.14;
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Ty (Zn; 300K) = 0.43; Tp,(Cr; 300K) = 0.14]. A
similar A, is observed for Zn deposited on the
oxidized Cr film. Together with the low stick-
ing of Zn (Figure 4), this demonstrates that Cr
oxidation is detrimental to Zn wetting.

Now, to analyze the formation of Zn films,
advantage was taken of the ability of SDRS
for real-time analysis. Evolutions of SDRS
spectra recorded all along Zn growth on
Cr/Al,03(0001) surfaces are compared in Fig-
ure 8. The integrated SDRS signal A, de-
fined by Equation 1 (Figure 9) provides, as
in the case of the Cr growth (Section 3.1), a
continuous representation of the evolution of
A,. The U-shape of A, features a 3D growth
regime® (except for the Zn/Cr(17.7 A) film).
The first branch of the "U" is assigned to a
size-dependent equilibrium shape related to
surface/interface stress effects®® at a about
constant density of islands dictated by the pre-
deposited Cr. The second branch of the "U"
stems from coalescence.”® Among the cases
selected, two very different behaviors can be
distinguished, a steep increase in Zn sticking
observed for minute amounts of pre-deposited
Cr (0.3, 0.43 and 0.7 A) and then a slower
change for Cr thickness of 2.3 A or higher (Fig-
ure 4), that are separately discussed in what
follows.

3.4.1 The seed layer

On the 0.3 A Cr pre-deposited layer, which cov-
ers only a few percent of the surface (Figure 3-
b), Figure 7-a shows that there is about as much
deposited Zn as on the oxidized Cr film, which
means that Cr clusters capture zinc much more
efficiently than the oxide in proportion to their
relative surface. Since these Cr clusters are
mostly oxidized,*""" the sticking of Zn likely re-
lates to the small proportion of metallic Cr they
contain. The value of A, ~ 1.25 derived from
the position of the resonance (Figure 7) corre-
sponds to a wetting angle 0.(Zn|Al,O3) ~ 127°
which is in fair agreement with the prediction of
125° (adhesion energy of 0.23 J/m? and Zn sur-
face energy of 0.54 J/m?) for Zn/hydroxylated



Aspect ratio

(@)

0.6A)/Cr(0.3A) |2
4.5A)/Cr(0.43A)

1
1
1

—_Zn Better spreading
z

— 71

2.7A)/Cr(0.7A)
41A)/Cr(2.3A) |0

4.8A)/Cr(17.7A)

Zn
Zn
n

—m- Zn(1A)/CrO,(16.24) | g
-8 Zn(15A)@100K

(
(
(
(
(
(
(

0.6

AR/R

Eo
O'OEHMHHMJmuumumuut R A B A I I P N R
1.5 2.0 25 3.0 3.5 4.0 45 1.5 2.0 25 3.0 35 4.0 45

Photon energy (eV) Photon energy (eV)

Figure 7: (a) Differential reflectivity spectra of Zn/Cr/Als03(0001) in s-polarization recorded after
the exposure of Cr-precovered substrates to a constant nominal thickness of Zn (~ 15 A). Actual
condensed thicknesses as calibrated by photoemission are given in the figure. All spectra are
referenced to the bare alumina spectrum. The comparison is made to spectra recorded during Zn
growth on Al,O3 at 100 K (incident angle of 6, = 55°; Reference 45) and on an oxidized Cr film
(black curves); (b) Simulated s-polarized spectra for Zn/Al,O3 nanoparticles of different aspect
ratios A,. Truncated sphere shape is used for A, < 2 and oblate hemispheroid for A, > 2 (see
schematics). In simulations of Figure b, the average film thickness is kept constant at 15 A and a
comparison is made with the response of a continuous thin film of same thickness (red line). The
position of the resonance (dotted vertical lines) allows to estimate particle aspect ratios.

11
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3x10°” r
0.30 [|Zn thickness (A) s
Zn thickness (A) [[— 003 0.8
— 0.04 r L
) 5% 025 7
0.20f 08F o
o o L E 3 Zn thickness (A)
D\<:1 1 % 015} < 0_4:[/_?132 b
[ 23
0.10 : 275 L
0 02f |— 105 ——
Fow|— 127
0.05 [}
‘ ‘ [}
0.00 W RS oo S @ 0.0 BT T e indeliih
AL 15 20 25 30 35 40 45
15 2.0 25 3.0 35 4.0 45 1.5 2.0 2.5 3.0 3.5 4.0 4.5
Photon energy (eV
Photon energy (eV) Photon energy (eV) gy (eV)
(d) Zn(14A)/Cr(2.3A)/A1,0, (€) Zn(14.8A)/Cr(17.7A)/ALO,

081

0.6F m
£ zn thick m
o u//’\J

A

Zn tickness (A)

o ¢
= 04F 0.73
o " 15
< ﬂ 3
0 4.45 ®
v

75 L J
— 8.9

0'2’ — 104 { ]

4 — ﬁ.

4 AN W,,Mﬁ/&\ N 0.6
ool e e e T I T R R R B

15 2.0 25 3.0 3.5 4.0 4.5 1.5 2.0 25 3.0 3.5 4.0 4.5

Photon energy (eV) Photon energy (eV)

Figure 8: Evolution of the SDRS spectra (s-polarization) during the growth of Zn on Cr-precovered
substrates. Spectra are normalized to the bare substrate reflectivity so that the first spectrum
corresponds to that of the Cr deposit. The Zn film thicknesses indicated in the figure on each
spectrum have been deduced by photoemission by assuming a constant sticking probability, i.e.
deposited amounts that scale with time. Red arrows show the position of the minimum of the
integrated SDRS signal A, (Figure 9).
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Al;03(0001);% on the contrary, it differs unam-
biguously from 6.(Zn|Al,O3) = 78° expected
for Zn/dry Al-terminated alumina (adhesion
energy 0.65 J/m?).46 Therefore, Zn clusters
can be seen as anchored to metallic Cr but in
contact with the hydroxylated alumina surface
which dictates the observed contact angle (as-
pect ratio) under the reasonable assumption
that not all the surface OH have been reacted
by the small deposited amount of Cr. Consis-
tently, in Figure 9, the lack of second branch in
the "U" points to the absence of coalescence®
on a surface which only presents a minute cov-
erage of metallic Cr.

On the 0.43 A thick Cr/alumina film (Fig-
ure 8-b), the final Zn thickness amounts to 4.5 A
accordingly to Figure 4. The mild variation of
the Zn resonance energy (Figure 8-b) from 3.8
to 3.65 eV is associated to A, (0.(Zn|Al,O3))
ranging from 1.25 to 2 (127 to 100°). As on the
0.3 A thick Cr film, Zn clusters can be viewed
as anchored on widely dispersed small Cr is-
lands although with a higher Cr metal/oxide
ratio. At the onset of their growth, the contact
angle 6.(Zn|Al,O3) = 127° shows that they are
mainly in contact with a hydroxylated surface.
Upon increasing Zn thickness, the increase in
A, from 1.25 to 2 indicates a partial coales-
cence. The final Zn amount of ~ 30% of the
dose is far too strong to stem from a direct
sticking of Zn on the Cr islands that cover less
than ~ 5% of the surface while Zn does not
adsorb on the bare alumina.>* This suggests
a residence time of physisorbed Zn long enough
to allow a high probability of binding to exist-
ing Cr (Cr-Zn) clusters or, in other words, a
diffusion length of Zn adatoms of the order of
the mean distance between the metallic spots
of Cr. Figure 9 indicates that the aspect ratio
of Zn/Cr(0.43 A) particles remains rather low
(low integrated A value) despite a flattening at
the end of the growth process (second branch of
the "U") which corresponds to a coalescence be-
yond the position of the minimum of the "U" as
indicated by the red arrow (see also Figure 8-b).

Similar but more accentuated phenomena

are observed on the 0.7 A thick Cr film (Fig-



ure 8-¢). The shift from 3.65 to 2.75 eV of the
resonance corresponds to A, (0.(Zn|AlyO3))
ranging from 1.75 to 8 (100 to 30°). With a
initial wetting angle halfway between those re-
lated to hydroxylated (125°; Reference 45) and
bare (78°; Reference 46) alumina, Zn clusters
likely start to grow on a partially hydroxylated
surface since higher the Cr coverage, lower the
OH coverage. The higher density of metallic
Cr seeds likely tends to flatten Zn particles.
Consistently, the increase as a whole of the in-
tegrated intensity A, (Figure 9) is indicative of
such a flattening of Zn clusters with respect to
observations made at lower Cr thickness. Then,
the shift to higher Zn thickness of the minimum
of As (Figure 9) means that a larger quantity
of Zn is present at the onset of the coalescence
(the second branch of the "U"). The final in-
crease in A, of Zn clusters to higher values
than observed at lower Cr thickness (Figure 9)
evidences a more pronounced incomplete coa-
lescence i.e. flatter objects. 92103 Therefore, at
300 K, a partly oxidized 0.7 A thick Cr film,
that covers only ~ 5% of the alumina surface
(Figure 3-b), allows the capture of more than
80 % of a Zn dose. This rules out a sticking
mechanism driven only by direct impact but
rather supports the previous assumption of a
long residence time on the alumina surface of
the impinging Zn atoms with, in the present
case, a diffusion length larger than the average
distance between Cr islands.

Figure 10 sums up schematically the im-
pact of the Cr clusters on Zn sticking and
wetting in the above three cases. The metal-
lic layer can be termed seed layer in that
the few percents of metallic Cr promotes an
almost complete Zn sticking on an alumina
surface which does not otherwise bind this
metal. The way Zn grows on pre-deposited
Cr suggests an encapsulation of Cr by Zn
while TPD points at a desorption energy above
the cohesion energy of Zn. Larger Cr surface
energy compared to Zn (see above), sizable
adhesion energy*® (W (Cr|Zn) 3.11 J/m?)
and stronger Zn-Cr than Zn-Zn bonds (inter-
face energy® ~(Cr|Zn) —0.51 J/m?) ex-
plain both findings. In line with the hierar-
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chy of enthalpy of formation of their oxides
(AH(Cry03) = —1134.7 kJ/mol; AH(ZnO) =
—350.46 kJ/mol) and first-principle atomistic
calculations, %445 Cr forms stronger bonds
than Zn with the alumina surface. There-
fore, the enhancement of the spreading of
Zn/alumina at 300 K does not stem from the
wetting by Cr, as poor as that of Zn on bare
alumina at 100 K, but from the strength of
the bonding at the successive interfaces. Such
seed layers are of interest in several respects:
(i) they can be anticipated to mildly affect the
intrinsic properties of the film whose sticking
and spreading are favored; (ii) they offer a very
flexible method of preparing a 3D particle dis-
tribution; (iii) most importantly, they are likely
representative of realistic cases in which, due
to environment, a pure continuous layer of an
additive prone to oxidation can hardly be pre-
pared.

3.4.2 The adhesion layer

Above 1.5 A (see Figure 3) Cr grows as high as-
pect ratio islands (A, (Cr) ~ 5) which cover pro-
gressively the surface before percolating around
10 A. Consistently, Zn particles start flatten-
ing at the onset of deposition on 2.3 A of Cr
and flatten even further as the buffer perco-
lates (Figure 8-d). Incidentally, the "U" curve
associated to Zn deposition at 100 K where ki-
netics plays a role shows a rather similar shape
as those corresponding to 0.7 and 2.3 A of Cr
(Figure 9).

On the percolated 14.8 A thick Cr film
(Figure 8-e), estimates of A,(Zn) 5;8;10
for Zn thicknesses of 0.2, 0.5 and 1.1 A ob-
tained by comparison to simulations (Figure 7-
b) indicates a good spreading. At Zn thick-
nesses larger than 2.2 A, the nearly homo-
thetic SDRS profile matches with a continu-
ous morphology (red line in Figure 7-b ver-
sus Figure 8-¢). In fact, the spectrum of the
Zn(14.8 A)/Cr(17.7 A) film is nicely accounted
for by a continuous film morphology as shown
by the agreement with the dielectric simulations
of a stack of 2D films whose thicknesses are

~
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those given by the XPS measurements (see Fig-
ure S5). Finally, a continuous decrease of the
corresponding integrated A, is observed (Fig-
ure 9). In contrast to other samples, the spec-
tra contain a strong initial Cr contribution (see
first spectrum in Figure 8-¢). Owing to the ad-
ditivity of the first order surface susceptibilities
for a stack of films, 1'% the Cr contribution can
be subtracted as follows:

tCT r
Asc (tCT‘) )
th

A7 (tzn) = As(tzn) — (4)
where AZ™ is the contribution of the Zn film
alone, A" that of the Cr film before Zn growth
and tz,,tc, the average thicknesses of the two
films. The subtracted signal AZ"(tz,) (Fig-
ure 9; red dotted line) does not follow the pre-
vious highlighted behavior for nanoparticles®
but is nearly constant as expected for the case
of a thin continuous film. Indeed, for such a
morphology, the integrated signal scales only
with the imaginary part of the material dielec-
tric constant®®?” (Figure S4-a):

A(ty) = / ez (@)do.  (5)
0

The experimental value is close to the integral

of the tabulated Zn dielectric function, % which

appears as the limit value for all deposits. The

nearly layer-by-layer growth mode suggested by

the integrated signal is confirmed by the series
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of homothetic SDRS spectra observed above a
7Zn thickness of 2.2 A (Figure 8-¢). Therefore,
above 10 A, percolated Cr films that nearly
fully cover the alumina surface form what can
be called perfect adhesion layers for Zn (see
Figure 10).

4 Conclusion

A detailed analysis of the chemical state, stick-
ing and spreading/wetting of Zn on Cr pre-
deposited film on a-Al,O3(0001) at 300 K has
been performed by a combination of surface
sensitive techniques involving surface differen-
tial reflectivity spectroscopy. Beyond its abil-
ity to analyze the morphology of very small
supported clusters, the technique has demon-
strated its flexibility in monitoring the growth
of multimetallic films. At the onset of the Cr
deposition, the oxidation of Cr by reaction with
the surface OH is very detrimental for Zn stick-
ing. Being nil on the bare alumina surface,
the sticking coefficient of metallic Zn shows two
very distinct behaviors, which do not scale at all
with the metallic Cr coverage:

e at very low coverages, metallic chromium
acts as a seed layer which captures Zn
atoms that diffuse over the surface, lead-
ing to a steep increase of the Zn sticking
and a Zn spreading that far exceeds the



Cr coverage. Zn clusters are anchored on
the Cr seeds that they encapsulate, but
their wetting behavior is dictated by the
contact with alumina. As an example,
the pre-deposition of 0.7 A of Cr covering
~ 5% of the alumina surface allows the
capture of ~ 80% of a Zn dose of 15 A.

e at increasing film thicknesses, Cr forms
high aspect ratio islands that cover pro-
gressively the surface before percolating
around 10 A. At this point, the Cr film
behaves as an adhesion layer. In the limit
of the optical measurements, Zn growth
mode is found to be 2D; Zn perfectly wets
the Cr-covered alumina surface.

The ability of tiny amounts of metal to dra-
matically enhance the sticking of a film is
of great practical interest. Firstly, it shows
that under realistic conditions in which the
growth of a full metallic buffer adlayer cannot
be achieved, a non-continuous and partially
oxidized layer can induce sufficient sticking.
In a very different perspective, the anchor-
ing of a layer by discrete seeds can keep the
properties of the film intact, which is often de-
sired. Finally, such anchoring offers a method
for preparing a 3D particle distribution. The
mechanisms highlighted herein are quite gen-
eral since, as metals used in buffers do no wet
large band gap oxides, their efficiency relies on
the strength of the buffer-substrate and film-
buffer bonds.
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Supporting Information Avail-
able

The Supporting Information is available free of
charge at XXX

SI : Photoemission quantification; SII: Sur-
face Differential Reflectivity Spectroscopy; SIII:
Temperature Programmed Desorption.
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