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a b s t r a c t
The microstructural development of thin (thickness b 10 nm) oxide layers grown on Zr surfaces by thermal

oxidation was investigated by in-vacuo STM and XPS. To this end, single-crystalline Zr(0001) and Zr(1010)
surfaces were prepared under UHV conditions by a cyclic treatment of ion-sputtering and in-vacuo annealing
steps and then exposed to dry O2(g) in the temperature range of 300–450 K (at pO2 = 1×10 − 4 Pa). Oxidation
proceeds by the fast formation of a dense arrangement of tiny oxide nuclei, which cover the entire Zr surface.
The initial oxide cluster size is about 1.2 ± 0.1 nm. The transport processes on the oxidizing surface become
promoted with increasing temperature and thereby the oxide clusters rearrange into bigger agglomerates
with increasing oxidation time. At the same time, a long-range atomic order develops in the oxide overgrowths,
as evidenced from the emergence of a bonding/non-bonding ﬁne structure in the resolved oxide-ﬁlm upper
valence band, as measured in-situ by XPS.
© 2012 Elsevier B.V. All rights reserved.

1. Introduction
The dry oxidation of metals by molecular oxygen is still among the
most extensively (both experimentally and theoretically) studied
heterogeneous gas–solid reactions [1–4]. Thin oxide ﬁlms, as formed
on metallic (or semi-conductor) substrate surfaces in an oxidizing
environment, inﬂuence important properties of such components,
such as the corrosion resistance, the thermal stability, the catalytic
activity and the electrical, adhesive and tribological properties.
The majority of initial stage oxidation studies of metallic surfaces
have hitherto focused on: (i) the determination of oxidation-rate laws
(i.e. the oxidation kinetics) as a function of the oxidation conditions
[2,5], and on (ii) the characterization of the developing oxide (micro)
structure and the chemical constitution [6–9]. The information on the
amorphous/crystal structure of very thin (b10 nm) oxide ﬁlms, as
formed on metal and alloy surfaces under oxidizing conditions at low
temperatures (up to, say, 500 K), is usually derived from observations
in reciprocal space using diffraction techniques: e.g. low energy electron
diffraction (LEED) [10,11], surface X-ray diffraction [12], transmission
electron diffraction [13,14]. On the other hand, the chemical constitution
of such thin oxide ﬁlms is typically determined by spectroscopic
techniques, such as X-ray Photoelectron Spectroscopy (XPS) or Augerelectron spectroscopy (see e.g. [11–13]). Although the microstructural
characteristics of the developing oxide ﬁlm play a crucial role for many
important material properties (see above), the above mentioned
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diffraction and spectroscopic techniques do not provide direct information on the developing oxide morphology.
Direct microscopic imaging, in real space and down to the atomic
scale, of the surface morphology of very thin oxide ﬁlms can typically
only be performed by transmission electron microscopy (TEM) [9,15]
or scanning tunnelling microscopy (STM). Hence, since the advent of
STM in 1981, numerous STM studies on the initial stage of thermal
oxidation of metallic surfaces have been published, e.g. for Al(111)
[16], Cr(110) [17,18], Cu(111) [19–21], Fe(110) [22], Fe(111) [23],
Mg(0001) [24], Ni3Al(110) [25], Pt(110) [26], Rh(111) [27] and
W(110) [28]. These studies have shown that the initial stages of oxidation of metallic surfaces typically proceed by a series of consecutive, but
overlapping steps, such as (i) oxygen chemisorption, (ii) oxide
nucleation and (iii) continued growth of the oxide nuclei until the
entire metal surface has been covered with oxide (i.e. a “closed” oxide
ﬁlm has been formed). At low oxidation temperatures, after an initial,
very fast oxide-ﬁlm growth regime, the transport rate of the migrating
species through the closed oxide ﬁlm becomes negligible upon
continued exposure to oxygen, which results in a so-called passivating
behaviour (see Ref. [29] and Section 2.1). At higher oxidation temperatures, on the other hand, the initial, fast oxide-ﬁlm growth regime is
generally succeeded by a stage of slower oxidation corresponding with
a continuous thickening of the insulating oxide ﬁlm [29–31]. STM
investigations at such later stages of the oxidation process are often
complicated by experimental problems, such as unstable tunneling
contacts (in particular for thick insulating oxide ﬁlms) [32].
To our knowledge, no STM studies on the thermal surface oxidation
of Zr or its alloys have been presented so far. Few STM studies have been
reported on the growth of ZrO2 on foreign metal surfaces, such as
Ag(100) [33] and Pt(111) [34], by reactive deposition of Zr in an oxygen
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atmosphere (with and without subsequent annealing), which clearly is
a very different growth process. Comprehensive knowledge on the
oxidation behaviour of zirconium metal surfaces is required in many
technological areas, such as corrosion protection [35], heterogeneous
catalysis/electrochemistry [36,37] and microelectronics [38,39]. Against
this background the present in-vacuo STM study addresses the initial
stages of the dry, thermal oxidation of bare single-crystalline Zr(0001)
 surfaces in the temperature range of 300–450 K and at a
and Zr(1010)
partial oxygen gas pressure of pO2 = 1×10− 4 Pa. As demonstrated in
this work, the STM observations on the evolving surface topography
 surfaces are
of the oxide overgrowths on the Zr(0001) and Zr(10 10)
complementary to earlier reported results on: (i) the oxide-ﬁlm growth
kinetics, as obtained by real-time in-situ spectroscopic ellipsometry
(RISE) [29,45], and (ii) the evolution of the oxide-ﬁlm microstructure,
as derived from oxide-ﬁlm valence-band (VB) studies by XPS [40–
42,48].
2. Experimental procedures

Disc-shaped Zr(0001) and Zr(10 10)
single crystals were cut
(diameter 6 mm; 1 mm thick; orientation alignment within ±0.5°
of the nominal surface plane) from a single-crystalline unalloyed αZr rod and subsequently single-side mechanically polished (last step
0.05 μm). Main impurities in the polished specimens, as identiﬁed by
inductively coupled plasma optical emission spectroscopy analysis, are
(in mass parts): Hf (60 ppm); Fe (25 ppm); Ti (1 ppm); Cu, Zn, Mn,
Ca, Na (b2 ppm).
The polished specimens were introduced into a combined ultrahigh
vacuum (UHV) system, possessing facilities for sputter-cleaning (SC)
and XPS and STM analyses (base pressure b 5 × 10− 8 Pa). Next, the
(native) oxide and other adventitious contaminants (mainly C) on the
surface were removed by SC, ﬁrst with 3 keV Ar+ ions and subsequently
with 1 keV Ar+ ions (see what follows), rastering the entire surface
area, until no other element than Zr was detected in a measured XPS
survey spectrum (see below). Roughening of the ion-bombarded
single-crystalline surfaces due to local differences in the sputter yield
by ion channelling and shadowing effects [44] was suppressed by
employing continuous specimen rotation at a speed of about 2 rpm
during the SC treatments. The SC was performed with 3 keV Ar+ ions
until all C surface contamination was removed (as veriﬁed by XPS); all
subsequent SC treatments (e.g. to remove remaining O contamination)
were performed with 1 keV Ar+ ions. Next, the specimen and specimen
holder were outgassed by a cycling treatment of alternating 1 kV Ar+ SC
and in-vacuo annealing steps, while gradually increasing the specimen
temperature during each successive in-vacuo annealing step up to
1000 K. As a ﬁnal surface preparation step prior to each oxidation
experiment, the sputter-cleaned surfaces were in-vacuo annealed at
1000 K for 300–600 s.
The SC treatment destroys the crystallinity at the specimen surface
and also induces sputter-induced surface roughness (see Section 2.1).
However, the surface crystallinity in the ion-bombarded surface region
is fully restored (as veriﬁed by in-situ LEED in Ref. [45]) and the surface
becomes atomically ﬂat (as evidenced by in-situ STM in this work; see
Section 2.1) during the ﬁnal in-vacuo annealing step at 1000 K for
 surfaces, as
300–600 s. The single-crystalline Zr(0001) and Zr(10 10)
obtained after the ﬁnal in-vacuo annealing step, are further designated
as bare Zr surfaces.
Next, oxide ﬁlms were grown at 300, 375 and 450 K by exposure

of the bare Zr(0001) and Zr(10 10)
surfaces for different times to
pure oxygen gas (purity ≥ 99.9999 vol.% with a speciﬁed residual gas
content of H2O ≤ 0.5 vpm, N2 + Ar ≤ 2.0 vpm, CnHm ≤ 0.1 vpm and
CO2 ≤ 0.1 vpm) at pO2 = 1×10 − 4 Pa. The oxidation temperature was
measured with a type K thermocouple, which was put in direct
mechanical contact with the single-crystal surface.
XPS was applied to determine the chemical constitution of the
sputter-cleaned, annealed and oxidized surfaces. The XPS analysis
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was performed with a Thermo VG Thetaprobe system employing
monochromatic Al Kα radiation (hν = 1486.68 eV). XPS survey spectra,
covering a binding energy (BE) range from 0 to 1200 eV, were recorded
with a step size and pass energy of 0.2 eV and of 200 eV, respectively.
The STM studies of the bare and oxidized Zr surfaces (after cooling
down to room temperature) were performed in an UHV side-chamber
(base pressure b 8 ×10− 9 Pa), which is interconnected to the UHV chambers for in-situ oxidation and in-situ AR-XPS analysis. The STM investigations were performed with a Specs Aarhus 150 Scanning Tunnelling
Microscope (Createc edition), operated in constant tunnelling current
(topographic) mode, as controlled by the Specs SPC-260 electronics.
“Imaging” (i.e. mapping) was performed at room temperature by scanning the surface employing a steady state positive specimen bias voltage
(Vt) in the range of 0.3–2.7 V and a constant tunnelling current (It) in the
range of 0.2–1.5 nA (see ﬁgure captions for the values of It, Vt and
the maximum height difference, ΔZ; in the topographic images shown
the fast-scanning direction is horizontal). Before the STM investigation,
the electrochemically etched tungsten tip was cleaned in-situ by sputtering for 900 s with a parallel (defocussed) 3 keV Ar+ beam (total sputter
current of about 1.5 μA). Also during the subsequent STM investigation
(i.e. while scanning the specimen surface), the tip was repeatedly
cleaned and sharpened by shortly pulsing (for about 0.1 s) of the specimen bias voltage up to about 10 V (on specimen areas different from
those investigated). The obtained STM images were post-processed
(with the help of common ﬁlters like background subtraction, ﬂatten
etc.) with the WSxM 4.0 software [46]. The average lateral size of the
oxide clusters was obtained from individual line scans of the recorded
STM images by determining the full-width-at-half-the-maximum-height
values of a total of 20–30 oxide clusters per image.
2.1. Evolution of the oxide-ﬁlm microstructure with temperature in the
range 300–450 K
Exemplary STM images, as recorded from the bare (i.e. sputtercleaned and annealed) Zr substrates after different stages of the invacuo specimen preparation procedure (see Section 2) are shown in
Fig. 1a–c. Evidently, the rough Zr surface, as obtained after the initial
SC treatment (see Fig. 1a), becomes atomically ﬂat and singlecrystalline by the ﬁnal in-vacuo annealing step at 1000 K for
300–600 s: see Fig. 1b and see corresponding LEED patterns of the
bare Zr surfaces, as presented in Ref. [45]. The measured individual
step heights of about 2.5 Å between the atomically ﬂat terraces on the
 surface (see Fig. 1b) closely match the (ideal) interplane
bare Zr(1010)
 direction and thus represent
distance of 2.8 Å along the α-Zr[10 10]

mono-atomic steps. The striped appearance of the bare Zr(10 10)

terraces (see Fig. 1b) is due to a 1 × 4 reconstruction of the (10 10)
crystal surface of α-Zr, as reported in Ref. [11].
The bare Zr surfaces are highly reactive and therefore easily
contaminate (typically within 1800 s) with rest-gas species in the
UHV chamber (e.g. CO and H2O), even at a base pressure as low as
1 × 10− 8 Pa (as shown by STM and XPS). An STM image of an
adsorbate-contaminated bare Zr(0001) surface (in-situ XPS analysis
indicated that O is the main surface contaminant) is shown in Fig. 1c.
As demonstrated by RISE [29,45], exposure of the bare singlecrystalline Zr surfaces to pure O2(g) at pO2 =1 ×10− 4 Pa at a constant
substrate temperature in the range of 300–450 K results in the very fast
(i.e. within 500 to 1900 s) formation of a closed oxide ﬁlm, which attains
a near-limiting thickness at T b 375 K. The total oxide-ﬁlm thickness, as
attained after 7200 s of oxidation (relevant to the STM images shown
in Figs. 2 and 3 discussed below) increases with increasing oxidation
temperature from about 1.3 nm at T =300 K to 9.2 nm at T =450 K:
 prism plane oxidizes
see Table 1. For T >375 K, the more open Zr(1010)
more readily than the densely packed Zr(0001) basal plane, in particular
at the higher temperatures [29,45].
 surfaces
Representative STM images of the Zr(0001) and Zr(1010)
after 7200 s of oxidation at 300 K and 375 K (i.e. after reaching near-
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 surface after sputter-cleaning (SC) with 3 keV Ar+ for 3 h; (b) the sputter-cleaned Zr(1010)
 surface
Fig. 1. STM images (see Section 2) as recorded in-situ from: (a) the Zr(1010)
after annealing at 1000 K for 900 s; (c) the Zr(0001) surface (i.e. sputter-cleaned and annealed as in (b)) after residing for 1800 s under UHV conditions. The adsorbed contaminant
atoms (predominantly oxygen) form triangled structures (see inset). (a) Vt = 1.8 V, It = 0.240 nA, ΔZ = 19.2 nm; (b) Vt = 0.4 V, It = 0.330 nA, ΔZ = 0.5 nm; (c) Vt = 2.1 V,
It = 0.250 nA, ΔZ = 0.7 nm; insert in (c) Vt = 0.7 V, It = 1.320 nA, ΔZ = 0.2 nm.

limiting oxide-ﬁlm thicknesses) are shown in Fig. 2a to d. STM images
 surfaces after 7200 s of oxidation at
of the Zr(0001) and Zr(10 10)
450 K (corresponding to the highest oxidation temperature applied
in the present study) are shown in Fig. 3e and j, respectively.
Evidently, the STM images of the bare and oxidized surfaces (cf.
 surface) are strikingly different. The
Figs. 1b and 2c for the Zr(10 10)
atomically-ﬂat terraces, characteristic for the bare Zr surfaces (Fig. 1b),
are covered with irregular protrusions after oxidation. The protrusions
on both oxidized surfaces are constituted of very small oxide clusters,
as indicated in Fig. 2a. The values for the average lateral sizes of the
oxide clusters at t = 7200 s for various oxidation temperatures in the
range of T = 300–450 K have been gathered in Table 1. Similar irregular
oxide morphologies have been observed by STM for oxidized Cr(110)
surfaces (after 0.75 L O2-exposure at 300 K [18]), oxidized Cu(111)
surfaces (after 970 L O2-exposure at 300 K [19]), oxidized Fe(111)
surfaces (after 400 L O2-exposure at 300 K [23]) and oxidized

Fig. 2. STM images (see Section 2) as recorded in-situ from the Zr(0001) (left panels a

and b) and Zr(10 10)
(right panels c and d) surfaces after oxidation for 7200 s at
pO2 = 1×10− 4 Pa at T = 300 K (upper panels a and c) and 375 K (lower panels b and
d). (a) Vt = 2.8 V, It = 0.640 nA, ΔZ = 1.0 nm; (b) Vt = 0.6 V, It = 0.400 nA,
ΔZ = 1.5 nm; (c) Vt = 2.2 V, It = 0.210 nA, ΔZ = 0.8 nm; (d) Vt = 2.9 V, It = 0.790 nA,
ΔZ = 1.8 nm. The nearly horizontal stripes in image (b) present a nonrecurring experimental artefact.

Cu0.7Zn0.3(111) surfaces (after O2-exposures up to 1280 L at 300 K
[47]). Such small oxide clusters have been previously designated as
“grains of the oxide ﬁlm” [18], “oxide islands” [23,47] or “adsorbed
oxygen (clusters)” [47]. Although the average size of these initial oxide
clusters (i.e. with an average diameter of about 1 nm, see Table 1 and
Section 2.2) by far exceeds the lattice parameter of zirconium or zirconia,
the atomic structure of the clusters could not be resolved by STM (as performed at RT), as also holds for the STM analysis of similar oxide structures, as formed during RT oxidation of Cr(110), Fe(110) and Ni
surfaces [17,27].
The designation “oxide grains” (cf. Ref. [18]) implicitly assumes a
crystalline structure of the oxide overgrowth. However, the oxide
 surfaces at T b 400 K (see
layers, as grown on Zr(0001) and Zr(1010)
Fig. 2), are amorphous as demonstrated by LEED, RHEED and XPS
VB studies (see Section 2.2 and Ref. [48]). The term “oxide islands”
(cf. Refs. [23,47]), on the other hand suggests the existence of bare
patches of metal surface in-between the “oxide islands” which were
not observed in the recorded images. This indicates that the
 surfaces at this stage of oxidation have been
Zr(0001) and Zr(1010)
fully covered by oxide, in accordance with the drop of the oxidation
rate associated with the occurrence of a near-limiting oxide-ﬁlm
thickness at T b 375 K [29].
The in-situ XPS analysis,1 performed on the surfaces of the oxidized
specimens, only evidences the presence of oxidic states of Zr and O, indicating that the observed small protrusions do not pertain to chemisorbed
O species (as referred to in Ref. [47]). Therefore, the small protrusions are
denoted as “oxide clusters” (or “oxide nuclei”, see Section 2.2).
The density of the oxide clusters is, on average, slightly lower on
 surface
the oxidized Zr(0001) surface than on the oxidized Zr(1010)
for the same oxidation conditions at T = 300 K, 375 K and 450 K (see
Figs. 2a,c and 3). For all oxidation temperatures the average oxide
cluster size (as indicated by the average cluster diameter d) after
t = 7200 s is very similar for both surfaces; the average oxide cluster
diameter for t = 7200 s increases from about d = 1.4 ± 0.2 nm at
T = 300 K to d = 2.0 ± 0.3 nm at T = 375 K and to d = 4.0 ± 1.0 nm at
T = 450 K (almost independent of the substrate orientation): see
Table 1 and Fig. 2.
An average oxide cluster size in the range of 1.2–4.2 nm, as determined for the oxidized Zr surfaces at t = 7200 s (corresponding to an
O2-exposure of 5400 L) for T = 300–450 K, is comparable to reported
oxide cluster sizes of 4.0 ± 0.5 nm, for a Cr(110) surface after 80 L O2exposure at 300 K [18], and of 3.0–4.0 nm [22], for a Fe(110) surface
after 80 L O2-exposure at 300 K.
The thermally activated transport processes on the oxidizing surface
become promoted with increasing temperature and, consequently,
upon continued oxidation the oxide clusters coalesce into larger
1
The in-situ STM and XPS analyses of the oxidized Zr surfaces were performed under UHV conditions (i.e. after evacuating the O2 gas; see Section 2).
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Table 1
The average lateral size, d, of the oxide clusters (and its standard deviation σd), as de
termined from the recorded STM images of the oxidized Zr(0001) (basal) and Zr(1010)
(prism) surfaces (oxidized for different times, t, at various temperatures, T, and at
pO2 = 1×10− 4 Pa; see Figs. 2 and 3). The root-mean-squared roughness values, Rrms,
(as determined from the corresponding STM images) are also given. The overall
oxide-layer thickness values, Ltot, were obtained by real-time in-situ spectroscopic
ellipsometry (RISE) [29,45].
T=

300 K

375 K

450 K

t (s)

7200 s

7200 s

300 s

600 s

1200 s

2400 s

7200 s

1.4
0.2
1.3
0.2
1.4
0.1
1.4
0.1

1.8
0.2
2.6
0.3
1.7
0.2
2.9
0.3

1.2
0.1
1.5
0.2
1.6
0.2
2.5
0.1

1.9
0.1
1.9
0.2
2.3
0.2
3.0
0.2

2.0
0.2
2.5
0.6
2.2
0.2
4.3
0.2

3.0
0.3
3.5
0.5
3.3
0.4
6.0
0.9

3.9
1.5
6.5
0.6
4.2
1.3
9.2
0.6

Basal

Prism

d (nm)
σd (nm)
Ltot (nm)
Rrms (nm)
d (nm)
σd (nm)
Ltot (nm)
Rrms (nm)

curvature, have, according to the Gibbs–Thomson relationship, a higher
Gibbs energy than larger ones; thereby, a driving force for oxide-cluster
coarsening, development of “agglomerates” by restructuring/
reorientation, exists. The agglomerates do not show any speciﬁc
regularities in shape and have different sizes; their average size is
typically larger for the oxidized Zr(0001) surface than for the oxidized
 surface (cf. Fig. 2b, d and Table 1).
Zr(1010)
As concluded on the basis of the abovementioned STM results in
combination with the cross-sectional TEM analysis of the grown oxide
ﬁlms (as reported in Ref. [49]), the oxide agglomerates eventually
constitute the oxide grains of the polycrystalline oxide layer that evolves
upon prolonged oxidation at 450 K. The reduction of the total oxidesurface/interface area upon oxide-cluster agglomeration coarsens the
oxide microstructure, which can cause a change of governing atomic
transport mechanism (i.e. bulk vs. grain boundary transport) upon
oxide growth, as indeed reported for the oxidation of Zr surfaces at
450 K in Ref. [49].
The fast occurrence of a limiting oxide-ﬁlm thickness at T b 375 K
(see above discussion and Ref. [29]) evidently hinders a meaningful
STM investigation of the successive stages of development of the
oxide-layer microstructure with increasing time. At T ≥ 450 K, the retardation of the oxide-ﬁlm growth rate, after the initial, fast oxidation
regime, is much less pronounced and, instead, the oxide ﬁlm grows
continuously (i.e. a near-limiting oxide-ﬁlm thickness is no longer
established) [29]. A comparative STM study of the successive stages
of development of the oxide-layer microstructure at T = 450 K is
thus possible, which is presented in Section 2.2.
2.2. Evolution of the oxide-ﬁlm microstructure with oxidation time at
450 K

Fig. 3. STM images (see Section 2) as recorded in-situ from the (a–e) Zr(0001) and (f–j)
 surfaces after oxidation at 450 K for 300 s, 600 s, 1200 s, 2400 s and 7200 s
Zr(10 10)
(pO2 = 1×10− 4 Pa). (a) Vt = 2.2 V, It = 0.330 nA, ΔZ = 1.4 nm; (b) Vt = 1.8 V,
It = 0.110 nA, ΔZ = 1.5 nm; (c) Vt = 1.3 V, It = 0.180 nA, ΔZ = 2.8 nm; (d) Vt = 2.2 V,
It = 0.610 nA, ΔZ = 2.2 nm; (e) Vt = 2.8 V, It = 0.190 nA, ΔZ = 4.1 nm; (f) Vt = 2.5 V,
It = 0.750 nA, ΔZ = 1.2 nm; (g) Vt = 2.7 V, It = 0.270 nA, ΔZ = 1.0 nm; (h) Vt = 2.6 V,
It = 0.200 nA, ΔZ = 1.4 nm; (i) Vt = 2.6 V, It = 0.730 nA, ΔZ = 4.4 nm; (j) Vt = 2.2 V,
It = 0.990 nA, ΔZ = 3.3 nm.

agglomerates, which is apparent from the STM images for higher oxidation temperatures at t = 7200 s (see Figs. 2a, b, d and 3). Smaller oxide
particles, encompassed by a surface of generally smaller radius of

The evolution of the oxide-layer microstructure, as monitored by
STM, for successive oxidation times, t = 300, 600, 1200, 2400 and
7200 s, at T = 450 K is depicted for the Zr(0001) surface in Fig. 3a–e
 surface in Fig. 3f–j
(i.e. left column of Fig. 3) and for the Zr(10 10)
(i.e. right column of Fig. 3). Note that these oxidation experiments
have not been performed in a cumulative manner: i.e. for each oxidation time a freshly prepared, bare Zr substrate was utilized (see
Section 2 for details). Consequently, the recorded STM images for
one crystal plane after different oxidation times do not represent
the same location of an oxidized surface.
After the ﬁrst 300 s of oxidation at T = 450 K (equivalent to 0.75 L
 surO2-exposure at pO2 = 1×10− 4 Pa), the bare Zr(0001) and Zr(1010)
faces are (already, cf. results for 7200 s at oxidation temperatures as low
as 300 K, discussed in Section 2.1) densely covered with small oxide
clusters (see Fig. 3a, f and Table 1). The lateral size of the oxide clusters
gradually increases with increasing oxidation time: see Table 1 and
Fig. 3. The initial lateral size of the oxide cluster is comparable with
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the overall oxide-ﬁlm thickness, Ltot, as determined by RISE [29,45] and
reported in Table 1. At these low O2-exposures (e.g. of 0.75 L; see Fig. 3a
and f), the distribution of the lateral size of the oxide clusters is very
narrow, which hints at either a high oxygen sticking coefﬁcient to the
bare Zr surface at the onset of the oxygen exposure (i.e. a low
activation-energy barrier for oxide nucleation on the bare Zr surface)
and/or a high activation-energy barrier for their further growth.
(Indeed an oxygen sticking coefﬁcient of unity has been reported for
the bare Zr(0001) surface [50,51]). The oxide clusters thus are
interpreted as oxide nuclei that have formed on the bare Zr surfaces at
the onset of the oxidation process. The oxide nucleation on the terraces
appears more homogeneous (random) on the bare Zr(0001) surface

than on the bare 1 × 4-reconstructed Zr(10 10)
surface (compare
Fig. 3a and f).
As evidenced by the recorded STM images after 0.75 L O2-exposure
(see Fig. 3a and f), the consecutive processes of oxide nucleation,
growth and coalescence to form a laterally-closed oxide layer are completed within 300 s of O2-exposure at T = 450 K and pO2 = 1×10− 4 Pa.2
Upon continued oxidation (i.e. t > 600 s), the oxide clusters gradually
restructure/reorient into bigger agglomerates: see Fig. 3a–e and f–j. The
evolving oxide agglomerates have a characteristic lateral size of about
8 nm on the basal plane for t = 600 s at T = 450 K (see Fig. 3b), which
by far exceeds the corresponding oxide-ﬁlm thickness of 1.9 nm (as
determined by RISE: see Table 1). For example, only three agglomerates
are visible in the scanned STM area of 50 nm× 50 nm, as recorded from
the oxidized basal plane after 2400 s of oxidation (see Fig. 3d). The
agglomeration process represents a gradual coarsening of the oxide
structure, accompanied with an increase of the oxide-ﬁlm roughness
(cf. an increase of the root-mean-squared roughness values and the ΔZ
values with increasing t; see caption of Fig. 3).
The upper valence band (UVB) region of the grown oxide ﬁlms, as
 surface (for
resolved from the measured XPS spectra of the Zr(1010)
details, see Refs. [48]) after oxidation for successive oxidation times
(i.e. 300, 600, 1800 and 7200 s) at T = 450 K and pO2 = 1×10 − 4 Pa,
is shown in Fig. 4. The UVB region of zirconia is predominantly constituted of O2p states with some admixing by Zr (4 d and 5 s) states
[53,54]. Evidently (see Fig. 4), the UVB region of the oxidized Zr(10
 surface exhibits pronounced differences in shape with increasing
10)
oxidation time at T = 450 K: i.e. for t = 300 s the oxide-ﬁlm UVB is
rather ﬂat and featureless, whereas for t = 7200 s two distinct peak
maxima at BE ≈ 6.2 eV and BE ≈ 8.5 eV have emerged. The higher BE
side of the UVB, around the developing peak maximum of 8.5 eV,
has a more bonding character, whereas the lower BE side of the
UVB, around the evolving peak maximum of 6.2 eV, has a more
non-bonding character [54]. As discussed in e.g. Refs.
[42,43,48,55–57], a rather broad, featureless structure of the UVB is
characteristic for a disordered (amorphous) phase with a relatively
broad distribution of chemical bonding conﬁgurations. Indeed at
T b 400 K for t = 7200 s [48], as well as for short oxidation times at
T = 450 K (see Fig. 4), the oxide ﬁlms are still predominantly amorphous (as demonstrated by LEED, RHEED and XPS VB studies [48]).
The gradual development of long-range order (and thus of speciﬁc
bond conﬁgurations) in the oxide overgrowth, with increasing oxidation time at 450 K, results in the appearance of distinct bonding and
non-bonding features in the UVB region: see Fig. 4. Hence a
polycrystalline oxide ﬁlm develops upon prolonged oxidation at
450 K, in accordance with HR-TEM [49] and RHEED [48] analyses.
As follows from the above discussion, the agglomeration of the oxide
clusters (coarsening) with increasing oxidation time at T = 450 K, as
driven by the Gibbs–Thomson effect (see Section 2.1), is associated
with the development of long-range order in the oxide overgrowths.
Evidently, the coarsening of the oxide-ﬁlm microstructure is thermally
2
This observation is compatible with the preceding drop (at Ltot = 1.5 and 2.5 nm for
 surfaces, respectively) of the oxide-ﬁlm growth rate (cf.
the Zr(0001) and Zr(10 10)
similar results in Refs. [6,52]), as measured by RISE [29,45].

Fig. 4. Upper valence band (UVB) spectrum of the oxide overgrowths, as resolved from
 surface, after oxidation at T = 450 K and
the measured XPS spectra of the Zr(10 10)
pO2 = 1×10− 4 Pa for oxidation times of t = 300 s, t = 600 s, t = 1800 s and t = 3600 s.
The arrow points in the direction of increasing oxidation time. For details on the spectral evaluation procedure, see Refs. [43,48].

activated at T = 450 K (i.e. governed by kinetics). The initial oxide clusters, as formed on the bare metal surface after short oxidation times
(t ≤ 1200 s) at T = 450 K (i.e. before agglomeration), have an average
lateral size in the range of 1.4–2.0 nm and are still (predominantly)
amorphous (as concluded on the basis of the featureless shape of the
resolved oxide-ﬁlm UVB). Apparently, the development of long-range
order in such a small oxide-cluster volume, characterized by a high
surface-to-volume ratio, is obstructed (although short-range order can
exist). A crystalline state only develops after longer oxidation times at
T = 450 K in parallel with the formation of bigger oxide agglomerates
(compare Fig. 4 and Table 1).
As argued in Ref. [48], the strength of the Madelung ﬁeld in the initially
small oxide-cluster volumes could be too weak to realize the formation of
a periodic arrangement of ions (i.e. the development of long-range order).
Additionally, the amorphous state of the initial oxide clusters could also
be favoured by the surface/interface thermodynamics (see Refs. [8,9,58]).
Although, the microstructure of the oxide overgrowth, as investigated
by STM after t=7200 s at T =450 K (cf. Fig. 3i and j), does not reveal
distinct facets, indicative of the formation of a well-deﬁned crystalline
oxide phase, the boundaries between the oxide agglomerates at e.g.
t=2400 s can be conceived as the grain boundaries in the evolving
polycrystalline oxide layer, as identiﬁed by cross-sectional HR-TEM in
Ref. [49]; the densities of the boundaries between the oxide agglomerates
(STM) and of the grain boundaries (HR-TEM) are comparable.

3. Conclusions
Exposure of the bare Zr surfaces to pure O2(g) at substrate temperatures in the range of 300–450 K and at pO2 = 1 × 10− 4 Pa leads to the
initial, very fast formation of a dense arrangement of small oxide
clusters/protrusions; the whole surface is covered with oxide. The consecutive processes of oxide nucleation, growth and coalescence, leading
to a “laterally-closed” oxide layer, have completed within t = 300 s of
O2-exposure (at T = 300–450 K and at pO2 = 1×10− 4 Pa). The average
lateral size of the oxide clusters increases gradually with increasing oxidation time at constant oxidation temperature and with increasing oxidation temperature at constant oxidation time. The average lateral size
of the oxide clusters after 7200 s of oxidation at T = 300–450 K is in the
range 1.2–4.2 nm (dependent on t and T).
The transport processes on the oxidizing surfaces become promoted
with increasing temperature, thereby promoting the restructuring/
reorientation of the oxide clusters into bigger agglomerates, e.g. with
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increasing oxidation time at constant temperature, as driven by the
Gibbs–Thomson effect.
At T b 400 K for t = 7200 s, as well as for shorter oxidation times at
T = 450 K, the oxide ﬁlms are predominantly amorphous, because no
long-range order can develop in the initially small oxide-cluster
volumes. Long-range order in the oxide overgrowths only develops
after longer oxidation times at T = 450 K in parallel with the
thermally-activated formation of bigger oxide agglomerates, which
leads to the emergence of a characteristic ﬁne structure in the
resolved oxide-ﬁlm upper valence-band spectrum as measured by
XPS. The boundaries between the evolving oxide agglomerates are
the grain boundaries in the evolving polycrystalline oxide layer.
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