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The  growth  and morphological  features  of  Cu films  deposited  on  NaCl(1  0  0)  by  e-beam  evaporation
have  been  examined  to  evaluate  the effect  of various  surface  morphologies  on  the  initial  oxidation  of
Cu. It  is shown  that  epitaxial  Cu  films  with  significantly  reduced  surface  roughness  can  be  achieved  by
first nucleating  Cu seeds  at 450 ◦C  that favors  epitaxial  Cu  grains  which  is  followed  by  subsequent  seed
growth  at  150 ◦C that favors  smooth  Cu  film.  The  effect  of  the  variations  of  the  surface  morphology  of
the  resulting  Cu  films  by the  different  growth  conditions  on  the  early  stages  oxidation  of  Cu  films  is
urface morphology
xidation
opper
lectron microscopy
tomic force microscopy

examined  by  in  situ  transmission  electron  microscopy  (TEM)  and  ex  situ  atomic  force  microscopy  (AFM).
It is shown  that  the  changes  in  the  surface  morphologies  of the  Cu  film  result  in distinct  variations  in the
nucleation  density  and  growth  rates  of  oxide  islands.  Such  correlation  between  the surface  morphology
and  the initial  oxidation  behavior  of the  Cu  films  provides  insights  into  understanding  the  microscopic
processes  of  the  transient  oxidation  of metals  and  for  manipulating  the  initial  oxide  formation  through

surface  treatments.

. Introduction

The morphology and crystallographic structure of surfaces and
nterfaces is of great importance in basic surface science as well
s many technological applications, e.g., thin film processing [1,2],
lectrical properties of thin insulating film capacitor [3,4], device
erformance of organic light emitting device [5].  Specifically, sur-
ace roughness plays a significant role in the field of metal oxidation,
.g., the integrity of thermally generated oxide scale on metal sur-
ace [6] used as thermal barrier coating and the change of oxide
atterns formed on Au surface [7] for heterogeneous catalysis.
raditionally, much attention has been paid to the morphology
nd growth kinetics of oxide film or scale on metal surface. The
arly stages of metal oxidation involving nucleation and growth of
xide islands become more vital in the nanoscale oxidation. For
nstance, the environmental stability of Cu metallization widely
sed in ultra-large scale integration circuits becomes a critical

ssue when the dimensions of fabricated semiconductor devices
hrink to the nanoscale [8–10]. The morphological evolution and
icrostructural development of Cu films during deposition are

trongly related to the processing and the reliability of intercon-

ection metallization films [11]. Grainy structure, as measured by
he grain size and grain size distribution, and crystallographic tex-
ure are important attributes, which determine the performance
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of Cu interconnections [12]. Cu films deposited on amorphous sub-
strates exhibit specific and random textures [13] while epitaxial Cu
films can be deposited on single crystal substrates [14,15].

The oxidation of metals involves hierarchical multiple length
scales and proceeds from oxygen chemisorption and surface recon-
struction to oxide nucleation and growth and then to the formation
of a continuous, macroscopically thick oxide layer. Perfect surfaces
are usually preferred for the study of the initial-stage oxidation
of oxygen adsorption and surface reconstructions involving ultra-
high vacuum (UHV) techniques. However, real surfaces are far from
perfect containing a large number of defects such as surface steps,
vacancies and grain boundaries. Our understanding of the effect
of these surface defects on the early stages oxidation of metals
is still very limited. In situ environmental transmission electron
microscopy (TEM) is one of the few tools with the sufficient spatial
resolution for studying the role of surface defects on the nucleation
and growth of oxide islands during the early stages of oxidation of
metals. By introducing reactive gas to specimens under elevated
temperature, in situ TEM experiments provide dynamic informa-
tion from nucleation to growth and coalescence of oxide islands at
nanometer scale under the controlled oxidation conditions, which
is inaccessible by both surface science and traditional bulk oxida-
tion study methods, but is essential for understanding the atomistic
initial-stage oxidation kinetics.
It has been shown that crystallographic defects such as disloca-
tions and stacking faults in Cu films have a minor effect on the oxide
nucleation and growth [16], but significant surface roughness can
enhance the nucleation of oxide islands [17]. In this present work,
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Fig. 1. SAED patterns of Cu thin films deposited on NaCl(1 

e tackle this problem by examining the initial oxidation of Cu films
eposited on NaCl(1 0 0) substrates, where the Cu thin films with
ifferent morphologies and grain structures are prepared by chang-

ng the thin film deposition conditions. Our results demonstrate
hat the nucleation and growth of oxide islands during the oxida-
ion of the Cu films can be significantly influenced by the surface

orphologies of the Cu films.

. Experimental

Single crystal Cu(1 0 0) thin films were deposited on NaCl(1 0 0)
ubstrates in an ultra-high vacuum (UHV) electron-beam evapora-
or with a deposition rate of 1 Å/s. The NaCl(1 0 0) substrates were
reshly cleaved from NaCl crystal cubes. The thickness of 700 Å of Cu
lms was chosen so that the metal films were electron transparent
o be examined by the TEM and also retain the oxidation behavior
s close as to that of bulk metal. The Cu thin films were removed
rom NaCl substrates by floating in deionized water, washed and

ounted on a specially designed TEM holder that allows for resis-
ive heating up to ∼1000 ◦C. Our in situ oxidation experiments
ere carried out in a modified JEOL 200CX TEM. This microscope is

quipped with an UHV chamber with a base pressure at ∼10−8 Torr.
 leak valve attached to the column permits introduction of gases
irectly into the TEM column with a controlled oxygen gas pres-
ure (pO2) ranging from 5 × 10−5 Torr to 760 Torr, which can be
onitored by a full range vacuum gauge. Before the oxidation
xperiments, any native oxide was removed by annealing the Cu
lms in the TEM column at 750 ◦C under vacuum condition [18,19]
r in situ annealing under H2 gas at the pressure ∼10−5 Torr and
50 ◦C, resulting in a clean metal surface. The sample cleanliness
bstrates at (A) 150 ◦C, (B) 250 ◦C, (C) 350 ◦C and (D) 450 ◦C.

was checked by X-ray energy dispersive spectroscopy (EDS) analy-
sis and electron diffraction. Oxygen gas of 99.999% purity was  then
admitted into the column of the microscope through the leak valve
to oxidize clean Cu films. The structural and morphological evolu-
tion of oxide nucleation and growth were monitored in situ by TEM
imaging and electron diffraction under the controlled oxidation
temperature and oxygen pressure. As-deposited and post-oxidized
Cu surfaces were also examined by atomic force microscopy (AFM).

3. Results and discussion

3.1. Epitaxy of Cu films

Cu(1 0 0) films are deposited on NaCl(0 0 1) substrates at tem-
perature ranging from 150 ◦C to 450 ◦C to study the growth
morphology and crystallographic relation between the films and
substrates. TEM imaging and selected area electron diffraction
(SAED) is employed to examine the dependence of film morphol-
ogy and epitaxial relation on the film deposition temperature. As
shown in Fig. 1, the SAED patterns of as-deposited Cu thin films
reveal that Cu(0 0 1) films can be epitaxially grown on NaCl(1 0 0)
substrate at temperatures ranging from 150 ◦C to 450 ◦C. The strong
spots resulting from Cu diffracted beams show a face-centered
cubic (FCC) pattern with the zone axis of [0 0 1] direction, indicat-
ing that the epitaxial relationship, e.g., (0 0 1)Cu//(0 0 1)NaCl and
[0 0 1]Cu//[0 0 1]NaCl is maintained for the deposition temperature

above 150 ◦C. However, the diffraction patterns (e.g., Fig. 1(A) and
(B)) from Cu films deposited at the temperatures of 150 ◦C and
250 ◦C show diffraction rings superimposed on the Cu(2 0 0) and
(2 2 0) spots, suggesting the growth of randomly oriented Cu grains
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ig. 2. Plots of the nucleation barrier �G* vs. the interaction parameter n at different
ubstrate temperatures for Cu deposition on NaCl substrate.

n addition to epitaxial Cu grains. With increase in the deposition
emperature, the intensity of the diffraction rings decreases and
he diffraction ring pattern completely disappear in the Cu film
eposited at 450 ◦C, as seen in Fig. 1(D). The absence of diffrac-
ion ring patterns suggests all the grains in Cu film deposited at
50 ◦C have the same (1 0 0) orientation as the NaCl substrate. These
bservations indicate that the orientations of grains in the Cu films
re dependent on the substrate temperature and Cu epitaxy is pro-
oted at higher temperatures.
Additional diffraction spots or rings surrounding the Cu reflec-

ions can be also seen in the electron diffraction patterns shown
n Fig. 1. These diffraction spots and rings are from native oxide
Cu2O) layer formed on the Cu surfaces at room temperature in air
uring the TEM sample preparation. It is interesting to note from
he electron diffraction patterns in Fig. 1 that the orientations of the
ative oxide layers follow the similar trend of the orientations of
u grains in the Cu films deposited at the different temperatures. It
an be seen that the Cu films with the relatively poor epitaxy result
n Cu2O diffraction rings of the oxide layer (i.e., Fig. 1(A) and (B)),

hile the Cu films deposited at the higher temperatures (Fig. 1(C)
nd (D)) give the spot pattern of Cu2O, indicating the enhanced
pitaxy of the oxide layer.

This dependence of the film epitaxy on the substrate tem-
erature during the deposition can be understood through the
eterogeneous nucleation theory. Epitaxial Cu film deposition often

ollows 3-D island growth at elevated temperature [20–22].  For
sland growth mode, the concentration of adsorbed atoms is often
ery low, due to fast re-evaporation from the weakly binding sub-
trate, and a large positive chemical potential change (��), or
upersaturation, S, is needed to nucleate the deposit [23]. The
ucleation barrier for a 3-D Cu embryo on the NaCl surface can
e written as,

G∗ = 16��3
NG

3��2
f (n) (1)

here �NG denotes the specific interfacial energy between nucleus
nd Cu vapor, and f(n) = [(2 + n)(1 − n)2/4] is the geometrical factor
or a plane surface [24]. n depends on the interaction and structural

atch between the nucleus and the substrate. For a given sys-
em, the strong interaction and ideal structural match (i.e., epitaxial
ucleation) leads to n → 1; on the other hand, the weak interac-
ion and poor structural match (i.e., nonepitaxial nucleation) leads
o n → −1 [25–28]. �� is related to the substrate temperature Ts

y �� = kTs ln(p/pe), and p/pe is predominated by vacuum condi-
ion during the evaporation. In Fig. 2 the nucleation barrier �G*
s plotted via n for different Ts for the nucleation of a Cu island

or a constant chemical potential change ��. As can be seen from
he plots, to minimize the nucleation barrier, epitaxial islands (i.e.,

 = 1) is preferred for the high substrate temperature, e.g., 450 ◦C.
ith decreasing substrate temperature, the nucleation barrier for
ence 259 (2012) 791– 798 793

nonepitaxial oxide islands (n → 0, and −1) is lowered and the differ-
ence between the nucleation barriers of epitaxial and nonepitaxial
Cu islands is significantly reduced. Therefore, both epitaxial and
nonepitaxial Cu islands can be nucleated simultaneously on the
substrate at lower temperature, e.g.,  150 ◦C. It is also noted from
Fig. 2, even at the temperature as low as 150 ◦C, there is still consid-
erate difference between the nucleation barriers of non-epitaxial
and epitaxial oxide islands, suggesting that epitaxial Cu islands are
still dominated in the film growth. This is consistent with our exper-
imental observations as shown in Fig. 1(A) and (B), which show that
the diffraction spots associated with epitaxial Cu grains have much
stronger intensity than diffraction rings from randomly oriented
Cu grains.

3.2. Cu surface morphology

The surface morphology of the Cu film depends on the depo-
sition conditions such as temperature and evaporation rate. The
NaCl substrates used are freshly cleaved from single crystal cubes,
their measured surface roughness RRMS is less than 1 nm.  AFM is
used to investigate the effect of deposition temperature on surface
morphology of the Cu films. Fig. 3 shows the surface topography
of Cu films formed on NaCl(1 0 0) substrates at different deposi-
tion temperatures. The surface roughness of the Cu films shows
dramatic dependence on deposition temperature, i.e.,  the surface
flatness can be improved by lowering the substrate temperature.
It can be also seen that the grain sizes of Cu film decreases with
decreasing the deposition temperature.

Smooth and epitaxial metal films are usually desired for many
other technological applications. However, the above results show
that good epitaxy and smooth surface of Cu films cannot be
achieved by the simple one-step deposition process. A three-step
growth process developed by Wagner [29] is thus adopted to
deposit Cu(1 0 0) films on NaCl(1 0 0) substrates. This method has
been demonstrated effective for the Pt/Pd-SrTiO3 film-substrate
system [15]. The detailed process with a few modifications in our
work is described as follows. We  first grow Cu seeds at 450 ◦C
that favors epitaxial Cu grains. Subsequently, the seeds are over-
grown to form a continuous Cu film at the lower temperature
∼150 ◦C that favors smooth Cu film. Once the desired film thick-
ness (∼700 Å) is reached, the film is then annealed for 1 h at 450 ◦C,
resulting in epitaxial single-crystal Cu films: (1 0 0) NaCl||(1 0 0)Cu,
[0 1 0]NaCl||[0 1 0]Cu. The quality of the Cu films by this three-step
deposition process is examined by both AFM and TEM. Fig. 4(A)
shows an AFM topographic image, which reveals that the as-
deposited Cu film show small grains with a much reduced surface
roughness of ∼1.82 nm.  An additional annealing of the as-deposited
Cu film at 500 ◦C for 30 min  results in even smoother film with a sur-
face toughness of ∼0.71 nm,  as shown in Fig. 4(B). The bright-field
TEM images and corresponding SAED patterns of as-deposited and
annealed Cu film are also shown in Fig. 4(C) and (D), which confirm
the film continuity and (0 0 1) film epitaxy. It is observed that after
the annealing at 500 ◦C, the native oxide layer as well as defects,
e.g., stacking faults (the regions with bright–dark fringe contrast
shown in Fig. 4(C)) in the Cu film is eliminated, resulting in a flat
and clean Cu surface as shown in Fig. 4(D).

3.3. Effect of Cu surface conditions on the initial-stage oxidation
of Cu

The initial oxidation of a metal surface involves various atomic
and nanoscale surface processes including oxygen chemisorption,

surface diffusion and oxide nucleation and growth. These processes
are not solely governed by experimental variables, i.e.,  oxygen
pressure and oxidation temperature but also highly dependent
on the metal surface conditions such as the surface orientations,
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Fig. 3. AFM height images and surface roughness of Cu films deposited on NaCl(1 0 0) substrate at (A)150 ◦C, (B)250 ◦C, (C)350 ◦C, and (D)450 ◦C. Image size are all
500  nm × 500 nm.

Fig. 4. AFM topographic images of (A) an as-deposited Cu film, (B) an Cu film annealed at 500 ◦C for 30 min  using the three-step deposition process, image size are all
1  �m × 1 �m;  Corresponding TEM images and SAED patterns of the as-deposited and annealed Cu films are shown in C and D, respectively.
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Fig. 5. Comparison of oxides formation on Cu surfaces prepared by the three-step process deposition (A, C and E) and the single-step process deposition (B, D and F). AFM
topographic images of annealed Cu films (A and B); oxide islands formed after 30-min oxidation at 350 ◦C and pO2 = 5 × 10−4 Torr (C and D) and the size distribution of the
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xide  islands (E and F), respectively. The lateral size of the images is 5 �m × 5 �m.

orphology, and roughness. Surface imperfections can strongly
nfluence oxygen adsorption, surface diffusion and oxide nucle-
tion. This is especially true if there is a high nucleation barrier
or a perfect terrace. Then the barrier will often be by-passed on a
eal surface by special sites such as step-edges [23,30–32].

In order to elucidate the effect of the surface conditions on
he early stages of Cu oxidation, two different Cu(1 0 0) surfaces
re prepared using the single-step process and three-step process
s described above. The Cu films are first checked by AFM right
fter the deposition, and then loaded into the TEM chamber for
n situ annealing at 500 ◦C for 30 min, and re-examined by AFM
fter the annealing. For the Cu films grown by the one-step depo-
ition process, the RRMS surface roughness of the film decreases
rom ∼6.87 nm to ∼3.54 nm after annealing at 500 ◦C; for the Cu
lms grown by the three-step deposition process, the RRMS sur-
ace roughness changes from ∼1.82 nm to ∼0.71 nm after annealing
t 500 ◦C. Fig. 5(A) and (B) shows representative AFM topographic
mages of the surfaces of the two types of Cu films generated by the
hree-step and single-step deposition processes. The morphology
of the annealed Cu films shows flat surface with small surface steps
for the three-step process (Fig. 5(A)) while rough surface with rel-
atively large grains for single-step process (Fig. 5(B)).

The above Cu(1 0 0) films are then oxidized at 350 ◦C in
pO2 = 5 × 10−4 Torr for 30 min. Oxide island formation occurs for
both Cu surfaces, as shown by the AFM images in Fig. 5(C) and (D).
Fig. 5(E) and (F) shows the size distribution of oxide islands mea-
sured from the AFM images (note that the size of oxide islands
is measured as the disk radius). It can be seen that oxide islands
formed on the Cu film grown by the three-step deposition pro-
cess have a triangular shape with an average size of ∼150 nm and
a height of ∼30 nm.  However, oxide islands formed on the Cu film
grown by the single-step deposition exhibit a triangular shape but
have a bi-modal distribution of the island size: large islands (∼25%
of the total oxide islands) have an average size of ∼130 nm and a

height of ∼10 nm while small islands have a lateral size of ∼25 nm
and a height of just 5–8 nm.

The growth features of the Cu films and the subsequent oxida-
tion of the Cu films are also examined by in situ TEM. As shown
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Fig. 6. Bright-field TEM images of annealed Cu films prepared by (A) three-step process deposition; (B) single-step process deposition; dark-field TEM images (using
Cu O(2 2 0) reflection) of oxide islands from the oxidation of the annealed Cu film by three-step process deposition (C); and oxide islands from the oxidation of the annealed
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u  film by single-step process deposition (D). Inserts are SAED patterns of the oxidi

n Fig. 6, Cu films prepared by the three-step deposition process
how relatively uniform TEM contrast due to the homogeneous
lm structure, while the Cu film grown by the single-step depo-
ition show fine bright/dark fringe TEM contrast due to presence
f film imperfections (e.g., grain boundaries or non-uniform film
hickness). The corresponding dark-field TEM images of the oxi-
ized Cu films show relatively uniform size distribution of oxide

slands formed on the Cu film grown by the three-step deposition
rocess while a bi-modal distribution of the sizes of oxide islands on
he oxidized Cu film grown by the single-step deposition. These fea-
ures are consistent with the AFM observations as shown in Fig. 5.
owever, the SAED patterns indicate that the Cu2O oxide islands

ormed on both surfaces have a cube-on-cube orientation relation
ith the Cu(0 0 1) substrate.

This non-uniform size distribution of triangle Cu2O islands on
he Cu films prepared by the single-step deposition process sug-
ests the oxide growth can be inhibited at specific sites during
he oxidation. It is reasonable to expect a larger nucleation density
n rough surfaces because the nucleation events are preferred at
ow-coordinated surface sites such as steps and kinks with a lower
ucleation barrier. Once stable oxide islands are formed, the oxide
rowth relies on oxygen surface diffusion to the edge of oxide nuclei
or incorporating into the oxide by reacting with adjacent Cu atoms.
he lack of efficient oxygen surface diffusion slows down the oxide
rowth for oxide islands nucleated on the rough surface regions.
ang et al. [33–35] proposed an oxygen surface diffusion model to
escribe oxide island growth during the initial stages of Cu oxida-
ion. After some incubation time, the nucleation of oxide islands
egins and the density of stable oxide nuclei increases with the
ime, reaching a saturation density, Ns = 1/Ld

2, where Ld
2 is the area

f the “zone of oxygen capture” around each Cu2O island. An oxygen

oncentration gradient exists across this zone such that oxygen that
ands within this zone shall diffuse to the Cu2O islands; hence, the
xide islands act as oxygen sinks. The probability of an oxide nucle-
tion event is proportional to the fraction of the available surface
u films.

area outside these “zones of oxygen capture” and the oxide nucleus
density can be determined to be [36]

N = 1

L2
d

(1 − e−kL2
d

t) (2)

where k is the initial nucleation rate, which depends on the prob-
ability for Cu and O to form Cu2O at the oxidation temperature,
and t is the oxidation time. Due to the enhanced mobility of surface
atoms at a higher temperature, it is reasonable to expect an Arrhe-
nius dependence of the nucleation density of oxide nuclei on the
oxidation temperature as [35]

N∼e−Ea/kT (3)

where k is Boltzmann’s constant, T is the oxidation temperature,
and Ea is the activation energy for oxide nucleation. By measuring
the island density at different oxidation temperatures, the acti-
vation energy, Ea, can be determined. Note that the nucleation
activation energy depends on the energies of nucleation, adsorp-
tion and/or desorption of oxygen, and not necessarily only on the
oxygen surface diffusion energy.

In situ TEM observation of the early stages of oxidation of Cu
films under different oxidation temperatures are made to obtain
the saturated density of oxide islands and the growth kinetics of
oxide islands. Fig. 7 presents a sequence of in situ dark-field TEM
images captured from an in situ video of Cu oxidation that clearly
shows the growth of oxide islands on Cu(1 0 0) film prepared by
the single step process. Both morphological evolution and growth
rate of oxide islands can be obtained from the video. Using these
in situ TEM observations, the number density of oxide islands can
be determined as a function of the oxidation conditions. Fig. 8
shows the Arrhenius dependence of nucleation density on tem-

perature plotted for the oxidation at pO2 = 5 × 10−4 Torr and the
temperature ranging from 250 ◦C to 450 ◦C for the Cu(1 0 0) films
prepared by the single-step and three-step deposition processes.
Ea for the oxide nucleation on these two  surfaces is determined
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ig. 7. In situ dark field TEM images (using Cu2O(2 2 0) reflection) of Cu oxide island
xidation condition is T = 350 ◦C and pO2 = 5 × 10−4 Torr.

o be 1.4 ± 0.1 eV and 1.2 ± 0.15 eV, respectively, by the slope
f the plots in Fig. 8. The obtained activation energies deter-
ined above are the average value for the oxide islands on the

ntire surface. These results indicate the nucleation activation
nergy depends on the surface morphology, i.e.,  the flat surface
repared by the three-step deposition process requires a larger
xide nucleation barrier. The rough Cu surface prepared by the
ingle-step deposition process provides large amount of surface
mperfections, which results in a lower nucleation barrier.

The in situ TEM video showing the size evolution of oxide islands
s a function of oxidation time can be also quantified to exam-

ne the effect of surface morphology on the oxide growth. The
emporal evolution of the cross-sectional area of oxide islands
s plotted for the oxidation of Cu thin films prepared by the

ig. 8. Arrhenius plots of the saturation density of oxide islands from the oxida-
ion of the Cu films prepared by single-step process deposition (triangular symbol)
nd  three-step process deposition (square symbol). The oxidation condition is
O2 = 5 × 10−4 Torr and T = 250–450 ◦C for 30 min.
ed on the Cu(1 0 0) thin film prepared by single-step process deposition, where the

single-step and three-step deposition processes, as shown in Fig. 9.
Note that the oxidation of Cu film prepared by the single-step depo-
sition results in bi-modal size distribution of oxide islands (i.e., large
and small islands, seen in Fig. 5) and their size evolution is thus
measured separately. The growth rates of the three types of oxide
islands are shown in Fig. 9, which clearly reveal slower growth rates
for the oxide islands formed on the rough Cu surface. While the
oxide islands formed on these surfaces show a nearly linear growth
behavior that, suggests 3D island growth controlled by oxygen sur-
face diffusion [33], and the faster growth rate of the oxide islands
on the flat Cu surface prepared by the three-step process deposi-

tion suggests more efficient oxygen surface diffusion controlling
the oxide island growth.

Fig. 9. Cross-sectional areas of oxide islands vs. oxidation time for the oxidation
of  Cu(1 0 0) thin films prepared by single-step process deposition (square symbol
for  big islands, round symbol for small islands) and three-step process deposition
(triangle).
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. Conclusion

We have shown that the epitaxial growth of Cu films on NaCl
ubstrates can be significantly influenced by deposition tempera-
ure, i.e.,  higher temperature results in good film epitaxy but larger
oughness and vice versa. The surface roughness of Cu films can be
ramatically decreased by three step process deposition without
acrificing the film epitaxy. The effect of the resulting Cu films by
he different growth conditions on the early stages oxidation of Cu
s examined by in situ TEM and ex situ AFM. It is found that surface
ondition can have dramatic influence on the early stages oxidation
ehaviors of Cu films that not only results in different growth mor-
hologies of oxide islands but also distinct variations in the oxide
ucleation density and growth rates. This effect of surface condition
ives insights into understanding the mechanism of the transient
xidation of metals and manipulating the initial oxide formation
hrough surface treatment for potential technological applications.
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