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We report the oxidation dynamics of Copper nanocluster assembled films, containing fractal islands, fabricated by nearly soft-
landing of size-selected copper nanoclusters of average diameter of 3 nm. The time evolution of spontaneous oxidation in air of
the prepared films at room temperature (RT) is studied. The compositional analyses of the films are carried out in an ultra-high
vacuum (UHV) deposition chamber using an in-situ x-ray photoelectron spectroscopy (XPS) system. Morphological aspects of
the deposited films are studied with high resolution scanning electron microscope (SEM) and atomic force microscope (AFM).
We report spontaneous production of highly pure (∼ 95%) technologically appealing nano-crystalline Cu2O within 300 seconds
of air exposure. Crystalline structure is probed by high resolution transmission electron microscopy (HRTEM) and the optical
properties are studied using Cathodoluminescence (CL) attached in a SEM.

1 Introduction

Nanocluster deposition at very low energy (soft-landing) is a
very powerful technique that gives the possibility of fabricat-
ing size controlled nano-islands or quantum dots1–3 with pre-
dictable spatial distributions. This technique can also produce
porous4–6 and fractal7,8 nanostructures with incredibly high
surface to volume ratio. Owing to their potential applications
in catalysis9–12, efficient solar energy conversion13,14, antimi-
crobial coatings15–17, magnetic memory arrays18 etc, studies
of these type of nanostructures are very promising both from
basic research and technological perspective. Copper is a ma-
terial with high abundance in nature19 and is a promising can-
didate to be used in most of the above mentioned fields. More-
over in nanocluster deposition by magnetron based gas aggre-
gation type source, copper is one of the most suitable materi-
als due to its high sputtering yield. Pure (bare) copper is very
sensitive to oxidation when it is exposed to atmosphere and
generally forms a mixture of two types of oxides, Cuprous(I)
and Cupric(II), very quickly and in nanodimensional form the
reaction rate will be much higher but the time scale of the phe-
nomenon is not known in air or ambient condition. Though a
few studies on oxidation of thin continuous metallic film20,21

have been carried out, porous and fractal structures with very
high surface to volume ratio are very complicated to be ad-
dressed and certainly deserve more attention.

In this work we study the oxidation dynamics of nanoclus-
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ter assembled sub-monolayer metallic film, containing nano-
fractal islands of copper due to atmospheric exposure. Fractal
islands are fabricated by nearly soft-landing of size-selected
copper cluster on highly oriented pyrolytic graphite (HOPG).
HOPG has been employed as substrate because firstly, it is
chemically inert and secondly, soft-landed clusters get better
mobility on its surface to diffuse and form larger aggregates
(mostly fractals)22. Chemical composition of the as-grown as
well as air-exposed fractal aggregates were investigated using
an in-situ x-ray photoelectron spectroscopy (XPS) that exhib-
ited spontaneous formation of pure Cu2O nanocrystals within
300 s of exposure to ambient. Crystalline structure is con-
firmed by HRTEM analysis followed by CL study. Systematic
XPS characterizations of the sample after different duration of
air exposure give an idea about the time-scale of oxidation of
copper nanofractals as well as giving the idea of stability of
Cu2O nanocrystals. As Cu2O nanocrystal can be used as cata-
lyst23 this is a very crucial information. It also gives an exper-
imental example for asymptotic behaviour20 of time evolution
of oxide growth in ultra thin and highly porous metallic film
as fractal structures have very high surface area.

2 Experimental

Deposition of size-selected copper nanoclusters of an average
diameter of 3 nm (or about 1100 Cu-atoms/cluster) at very low
energy on HOPG substrate is performed using a state of the art
ultra high vacuum compatible nanocluster source with subse-
quent mass selection process3. The used nanocluster source is
a gas aggregation type source based on magnetron sputtering
which is capable of producing ionized clusters with high flux
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Fig. 1 XPS spectra from HOPG substrate after different
atmospheric exposure. Data are represented in increasing order of
time as indicated by the arrow. For BE range 540-525 eV high
resolution spectra are shown (inset).

and a distribution of sizes. Produced clusters are carried only
by the pressure gradient and after size selection get deposited
on a substrate, very far from the source, attached in a large
chamber. This arrangement ensures deposition at very low
energy. It should be noted that QMF do not contribute to the
kinetic energy of the clusters during size selection in the direc-
tion along the beam or the path of the clusters. The deposition
system being equipped with an in-situ XPS facility provides
the opportunity of chemically analyzing the deposited film (at
pressure < 5×10−10 mbar) after deposition without exposing
the sample to atmosphere or air. So just after deposition one
set of XPS measurement was performed. The same sample
was then taken out of the vacuum to laboratory atmosphere
for a few different span of time and subsequent XPS measure-
ments were carried out. The deposited material (Cu) starts
to get oxidized when exposed to atmospheric condition and
a gradual change in oxygen to copper ratio on the substrate
(HOPG) surface occurs (discussed later quantitatively). Rela-
tive humidity of laboratory was maintained at 37-40% and the
temperature was kept at 25◦C during the whole experiment.
Deposition is carried out for 30 mins with 2 nA cluster current

measured at quadrupole mass filter (QMF). Less than one mi-
crogram of copper is deposited in this process. So to detect ap-
preciable change in oxygen to copper ratio in the sample, sub-
strate should be chosen with extreme care, as oxidation of the
substrate can complicate the conclusions on the oxidation of
the desired material. Freshly cleaved HOPG is the best candi-
date in this respect as it remains unaffected for extended time
of exposure to the atmosphere and that is ensured before start-
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Fig. 2 (a) Survey spectra from the as deposited copper nanocluster
film Cu2p and the position of O1s peak is indicated. (b) High
resolution x-ray photoelectron spectra for Cu2p showing the
splitting between Cu2p1/2 and Cu2p3/2 equal to 19.9 eV. (c) A high
resolution spectra from as deposited sample in the 540-525 eV
energy range.

ing the experiment. The XPS measurements were performed
using AlKα (1486.6 eV) x-rays and the ejected photoelectrons
were analysed by a Class150(VSW) hemispherical electron
analyser at an operating pass energy of 20 eV and a scan rate
of 0.15 eV/step with a dwell time of 1 second. We did our
XPS measurements for Cu2p and O1s peaks keeping all other
experimental conditions maintained same as before.Collected
data were analyzed using commercially available CasaXPS
software24. Our main goal is to identify the change in oxy-
gen to copper ratio with exposure to atmosphere for different
time spans. For this purpose we need a high signal to noise ra-
tio. So, to increase the precision of measurement, we take 20
sweeps for each high resolution spectrum. Morphological as-
pects of the cluster assembled film are characterized with high
resolution scanning electron microscope (SEM) and atomic
force microscope (AFM). Crystalline property of the nanos-
tructures is examined by high resolution transmission electron
microscopy (HRTEM) of concurrently deposited copper nan-
oclusters on amorphous carbon film coated on a standard TEM
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grid. CL measurements are performed by a Gatan CL system
attached with the SEM by using 10 keV electron beam ex-
citation. The details of the CL-SEM set-up can be found in
reference25.
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Fig. 3 (a) SEM image and (b) AFM image of nanocluster assembled
film on HOPG substrate. (c) Height profile, along the line shown in
(b), shows the features are of average 5-6 nm high (neglecting the
uneven background). Black scale bar in the SEM image = 200 nm.

3 Results and discussions

As shown in the Figure 1, survey XPS spectra and high reso-
lution spectra in the inset, no signal of any oxygen adsorption
on HOPG substrate is detected even up to 60 h of exposure
in the ambient which is much longer span than the longest
exposure of the deposited film. This ensures very sensitive de-
tection of oxygen adsorption on the intended metal structures.
As-deposited sample is investigated first (without ambient ex-
posure) to initialize the experiment. The survey spectra of the
XPS measurement of as-deposited Cu-nanoclusters on HOPG
is shown Fig. 2 (a). Cu2p doublet peaks (at ∼ 953 eV and
∼933 eV), designated as Cu2p1/2 and Cu2p3/2 respectively,
are shown in Figure 2 (b) after undergoing high resolution
XPS analysis. We can clearly see from the high resolution
spectrum in the energy range 540-525 eV [Fig. 2 (c)] that
there is no signal of O1s present which confirms the fact that
pure metallic fractals are formed and no oxidation took place
during deposition. Also there is no other element which may
contribute to oxygen adsorption is present.

SEM imaging gives 2D topographical information accu-
rately in nanometers length scale but for out of plane or height
information, AFM measurements are carried out. The results
of SEM imaging and AFM measurements are shown in Fig-
ure 3. Coverage of the deposited film estimated from the SEM
studies is ∼22%. Fractal islands are formed with fractal di-

mension ∼1.7 which is obtained using standard box count-
ing method26. Fractal objects of finite volume contain quite
larger surface area compared to a compact object27 of same
amount of material. Mechanism of fractal formation by nan-
ocluster deposition has already been discussed in reported lit-
erature7,8,28. Nanoclusters, deposited at low energy, diffuse
over substrate surface and on their encounter they either com-
pletely merge or just stick to each other giving rise to differ-
ent final morphology. Merging or complete coalescence leads
to formation of compact island structure33,35 and just stick-
ing together leads to ramified or fractal island formation. This
merging and not merging of clusters or islands over the sur-
face is governed by a ‘critical size of coalescence’,related to
liquid-solid transition of clusters36. As observed from AFM
measurements [Figure 3(b), (c)], average height of the fractal
branches are ∼ 5 nm. It should be noted that the wavy nature
seen in background of the AFM image is an artifact and so
during height estimation these low height values were ignored.
As the metallic nano-structures under study have large surface
to volume ratio than other type of compact structures, they
have more surface atoms. Hence very high rate of reaction is
expected for such system in ambient oxygen pressure. In this
situation, in order to detect oxidation in the deposited material,
we need to examine the small changes in oxygen signal from
sample in small temporal steps. It is achieved by proper choice
of experimental condition such as substrate which does not get
oxidized in much longer atmospheric exposure compared to
the time scale of main experiment(discussed at the beginning
of this section) and ultra high vacuum level. In Figure4(c)
the oxygen peak (O1s: 540-525 eV range of binding energy)
intensity is growing (with respect to the background signal)
with increase in duration of air exposure. Merely looking
at the oxygen peak it is impossible to infer the oxygen ad-
sorption phenomenon quantitatively (due to many experimen-
tal reason photoelectron intensity can vary for different set of
collections) and so the ratio of number of oxygen to copper
atoms is calculated from XPS data for each step of oxidation.
From the data base of CasaXPS and literature the it is found
that relative sensitivity factor (RSF) of Cu2p3/2 and O1s peaks
are 16.7 and 2.93 respectively for AlKα excitation. Using
these values and the ratio of area under the curve of the high
resolution Cu2p3/2 and O1s peaks after Tougaard type back-
ground subtraction29, ratios of oxygen atoms to copper atom
have been calculated. Figure 4(a) shows ratio of oxygen and
copper atoms on the sample surface plotted against different
times of atmospheric exposure. The growth of the ratio is en-
tirely due to oxidation (oxygen adsorption) of deposited cop-
per without any contribution from the substrate oxidation as
was confirmed earlier in Fig. 1. Initially the rate of oxidation
is high and within 300 s the O/Cu atomic ratio (r) assumes a
saturation value. The data are fitted with a function (indicated
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by red line in the Figure 4(a)) of the form given as,

r = r0[1− exp(−bt)] (1)

where r0 should have the maximum value of 0.5 if only Cu2O
is formed and can have the maximum value of 1.0 if finally
only CuO is formed, b is a constant which depends on the
partial pressure of oxygen30.
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Fig. 4 (a) Atomic ratio variation with time length of atmospheric
exposure. (b) High resolution x-ray photoelectron spectra for Cu2p.
Spectra here show no satellite peaks between the two main peaks
(Cu2p1/2 and Cu2p3/2). (c) High resolution spectra in 540-525 eV
binding energy range collected from cluster assembled film after
different air exposure time.

From the fitted curve, the value of ro is found to be ≈0.478
±0.026, a value very near to 0.5 as obtained within 300 s of
air exposure. So atleast in the probing depth of XPS study, all
the Copper atoms in the fractal nanostructures are oxidized to
Cu2O and achieved saturation. Oxidation of metallic copper
in presence of oxygen occurs through the formation of Cu2O
and CuO. Thermodynamically when partial pressure of oxy-
gen is greater than the dissociation pressure for oxides, then
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Fig. 5 (a) HRTEM image of deposited copper nanocluster
amorphous carbon film showing lattice spacing of 2.4Å. (b) CL
spectrum obtained from the deposited material on HOPG substrate.

only, oxides are formed. Kinetics of any chemical reaction
depends on the trade off between change in free energy in the
formation of different products in that reaction. Free energy
change in the formations of Cu2O and CuO are 122187 J/Mol
and 99311 J/Mol respectively and from these values the oxy-
gen dissociation pressure can be calculated as ∼ 10−17 and
∼ 10−13 in atmospheric pressure unit31. So if oxygen pres-
sure is high enough (> 10−13 atmospheric pressure), there is a
high chance of CuO formation quickly after Cu2O. But if oxy-
gen pressure is lower than ∼ 10−13 but higher than ∼ 10−17

only Cu2O can form. In the present case, oxidation of frac-
tal structured nanoislands composed of copper nanoclusters in
air, formation of only Cu2O is observed and at least upto 30
mins it remained stable. From the HRXPS spectra of Cu2p,
(fig. 4(b)), it is confirmed that no CuO is formed. Presence of
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CuO generates shake up peaks in the observed range of bind-
ing energy in XPS data along with broadening of Cu2p1/2 and
Cu2p3/2 peaks32. The oxide growth on the metallic non con-
tinuous film comprised of fractal nanostructures with branch
height ∼ 5-6 nm cannot be explained by the theories appli-
cable to continuous thick as well as thin films. This is be-
cause of the fact that nanofractals have much higher surface
to volume ratio and hence much higher number of surface
atoms. Moreover soft-landing of nanoclusters produces highly
porous film4. In this scenario if we consider that the rate of
formation of oxide molecules is directly proportional to the
remaining unoxidised Cu atoms then, dN/dt = b(N0 −N). So
the number of oxidized atoms (N) at an instant of time (t),
is N = N0(1− exp(−bt)) when N0 is the total number of Cu
atoms in that volume. The atomic ratio of oxygen and copper
for Cu2O formation is r = 0.5 N

N0
. Crystallinity of the nanos-

tructures, produced by concurrent low energy cluster deposi-
tion on amorphous carbon film along with HOPG substrate, is
examined by HRTEM. HRTEM image in Fig.5(a) shows lat-
tice spacing of 2.4Å which corresponds to (111) interplaner
spacing of Cu2O. It should be noted that though for pre-
sentation purpose lattice fringe on only one nano-structure is
zoomed in, all the nanostuctures gave fringes with same value
of spacing.

Cathodoluminescence study [Figure5(b)] on the deposited
film on HOPG substrate reveal a clear peak at ∼560 nm wave-
length which corresponds to energy of 2.21 eV. Bulk Cu2O
is a direct band gap semiconductor with band gap of 2.17 eV
(570 nm wavelength) but we get a wider gap which is due the
nanometer dimension of the nanocrystals. It must be noted
that energy bands can only form in crystalline materials. Thus
CL data support the TEM, XPS data that Cu2O is formed.

4 Conclusions

In summary, the oxidation behavior of nanofractal structure,
formed by soft-landed copper nanoclusters, is investigated in
a time scale of second. Quick (<300 secs) formation of crys-
talline Cu2O with very high production yield(∼ 95%) is ob-
served just by atmospheric exposure in the laboratory. In
cathodoluminescence spectra signature of band gap widening
is detected due the nanometer dimension of the Cu2O crystals
unlike our previous investigation where formed islands were
3 dimensionally large33. The studies presented in this paper
will help to gain better information on the time scale of oxida-
tion of Cu which is important both technologically and funda-
mentally. Cu2O crystal in nanometer size is a technologically
promising material23,34 and it can be obtained in pure form
just by oxidation in atmosphere and it remains stable for more
than 30 minutes in ambient.
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