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Influence of plasma-generated negative oxygen ion impingement on
magnetron sputtered amorphous SiO; thin films during growth at low

temperatures
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2Departamento de Fisica Atomica, Molecular y Nuclear, Universidad de Sevilla, Avda. Reina Mercedes,
s/n, 42022 Seville, Spain

(Received 8 November 2011; accepted 3 February 2012; published online 8 March 2012)

Growth of amorphous SiO, thin films deposited by reactive magnetron sputtering at low temperatures
has been studied under different oxygen partial pressure conditions. Film microstructures varied from
coalescent vertical column-like to homogeneous compact microstructures, possessing all similar
refractive indexes. A discussion on the process responsible for the different microstructures is carried
out focusing on the influence of (i) the surface shadowing mechanism, (ii) the positive ion
impingement on the film, and (iii) the negative ion impingement. We conclude that only the trend
followed by the latter and, in particular, the impingement of O™ ions with kinetic energies between 20
and 200 eV, agrees with the resulting microstructural changes. Overall, it is also demonstrated that
there are two main microstructuring regimes in the growth of amorphous SiO, thin films by
magnetron sputtering at low temperatures, controlled by the amount of O, in the deposition reactor,
which stem from the competition between surface shadowing and ion-induced adatom surface

mobility. © 2012 American Institute of Physics. [http://dx.doi.org/10.1063/1.3691950]

. INTRODUCTION

The interaction of plasma-generated species with a
growing film in connection with the formation of a given
microstructure has been a subject of an intensive research in
the last decades in the field of reactive magnetron sputtering
depositions (see, for instance, Refs. 1-6). This technique is
one of the most popular in science and technology due to the
high quality of the deposited films, the possibility to work on
large substrates as well as to the high deposition rates
achieved. Furthermore, the strongly coupled non-lineal phe-
nomena governing the plasma/film interaction enable the
growth of coatings with characteristic microstructures and
singular properties that improve their performance and effi-
ciency for many technological applications (see, for instance,
Refs. 7-9). Some relevant scientific issues regarding the
influence of the plasma on the film growth are linked to (i)
cathode poisoning and process instability,'®!" (ii) changes in
the momentum and kinetic energy of the sputtered particles
when arriving at the film due to scattering processes on
plasma particles,'>'® and (iii) positive and negative ion
impingement on the film surface during growth.'’ %!

Cathode poisoning is an undesired effect that takes place
when there is an excess of reactive gas in the deposition
reactor. This poisoning alters the composition of the first
monolayers of the sputter target, thus diminishing the sputter-
ing rate and efficiency of the overall process. In the last deca-
des much effort has been dedicated to reduce its influence, for
instance, by varying the pumping speed, increasing the
cathode-film distance, or by pulsing the reactive gas flow (see,
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for instance, Ref. 10, and references therein). Conversely, the
surface shadowing mechanism, determined by the directional-
ity of the sputtered particles arriving at the film, is a relevant
process by which taller film surface features prevent the depo-
sition under their shadow.?? According to the structure zone
model (SZM), the value of the ratio T,/T,, (the so-called ho-
mologous temperature), where T is the film temperature dur-
ing growth and T, the melting temperature, gives information
on the relevance of surface shadowing in comparison with
thermally activated diffusion processes during growth.”* In
this way, when T,/T,, is approximately below 0.3 (the so-
called Zone I), the SZM indicates that surface shadowing
dominates over thermally activated diffusion processes. On
the other hand, for increasing values of T,/ T,,, thermally acti-
vated surface diffusion starts to play a role (the so-called T
Zone), whereas for even higher values of T,/ T,, the diffusion
of bulk atoms becomes dominant (Zone II).>* Consequently,
surface shadowing must be taken into account whenever the
growth takes place in Zone I and T.

Positively charged ions, produced in the plasma bulk via
electron-induced inelastic collisional processes, are acceler-
ated by the electric field either toward the cathode, inducing
the sputtering mechanism, or toward the film and reactor
grounded regions with kinetic energies up to few tens of elec-
tronvolts.>* On the other hand, the use of electronegative
gases in the reactor enables the formation of negative ions,
which are produced either by electron attachment in the
plasma or by attachment of secondary electrons at the cathode
surface.”>?° Those produced in the plasma volume possess
typical kinetic energies similar to those of the positive ions,
whereas negative ones produced at the cathode surface are
accelerated through the cathode sheath toward the plasma

© 2012 American Institute of Physics
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volume and may arrive at the film surface with kinetic ener-
gies of the order of the cathode potential fall (i.e., few hundred
of electronvolts). In general, ion impingement on the film dur-
ing growth induces, to a certain extent, adatom surface mobil-
ity that competes with the processes described in the SZM,
producing the removal voids and the densification of the
films.'®**7?% Moreover, high energy ion impingement is
also known for producing changes in the film texturing in
crystalline materials, associated to locally ion-induced damage
in the film network.?® In Ref. 29, the flux of ions toward the
material was measured by energy-resolved mass spectrometry
in a dc magnetron discharge of Ar/O,, using a cathode made
of Si. Under the reported conditions, O~ was the most abun-
dant type of negative ion species impinging onto the film, pos-
sessing an energy distribution characterized by a high energy
peak at the cathode potential, and a low energy peak corre-
sponding to the negative ions produced in the target region.
Furthermore, some intermediate energy peaks were found
associated to oxygen-containing negative molecules (O, ,
SiO, ", SiO5 7, etc.) that were produced at the cathode surface
and subsequently dissociated in the plasma bulk. More
recently, in Ref. 25, it was concluded that cathode poisoning
was straightforwardly connected to the production of negative
ions on the cathode surface and, thus, to the high energy nega-
tive ion bombardment during growth. This is of special rele-
vance, as in Ref. 30 it was obtained that the impingement of
high and intermediate energy O~ produced at the cathode sur-
face influenced the crystallization degree of metal oxides.

In this paper we study the role of plasma-generated ion
impingement during film growth by magnetron sputtering
through the analysis of the microstructures of amorphous
films deposited under selected experimental conditions and
discuss its relevance in comparison with other competing
processes. Due to its importance for many applications we
have performed the present study with SiO, thin films: the
results have shown a clear interdependence between the high
energy negative ion impingement and film microstructure,
which can be of general application for the growth of other
metal oxide coatings.

Il. EXPERIMENTAL SETUP

A cylindrical vacuum reactor was used for the experi-
ments, pumped down to a base pressure below 10~ Pa by a
combination of turbomolecular and rotary pumps. The work-
ing gases used were a variable mixture of Ar (purity
99.995%) and O, (purity 99.995%), being the working pres-
sure adjusted by a throttling valve between the chamber and
the turbo pump. Amorphous SiO, thin films were deposited
by reactive magnetron sputtering in the argon/oxygen
atmosphere using a silicon planar target with a diameter of
50 mm and a thickness of 3 mm. Experiments were carried
out using a magnetron driven by a pulsed unipolar dc power
supply working in a frequency of 80 kHz, with a duty cycle
of 40%, which indicated the averaged peak value of the cath-
ode potential. Three different experimental conditions have
been explored in this paper corresponding to different
amounts of O, in the reactor, maintaining the argon partial
pressure constant in all the cases (0.28 Pa). Deposition
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TABLE I. Experimental conditions and obtained film thicknesses.

Ar O, Total Cathode Film

pressure pressure pressure Power potential thickness
Conditions (Pa) (Pa) (Pa) (W) V) (nm)
High O, 0.28 0.25 0.53 300 408 335
Intermediate O,  0.28 0.09 0.37 300 421 380
Low O, 0.28 0.02 0.3 100 406 300

parameters used in this work are shown in Table I. The evo-
lution in time of the cathode potential is presented in Fig. 1
for the different experimental conditions. It is worthwhile to
mention that, in the low O, case, the electromagnetic power
applied is lower than in the other two cases to keep the
source voltage at a similar range of values. Thin films were
grown during 30 min by leaving the substrate holder at the
floating potential (i.e., it was neither electrically biased nor
grounded) and placing it at a distance of 70 mm from the
cathode, being the temperature below 350 K in all the cases.
An additional film, prepared for comparative discussions,
was grown for 60 min under the same conditions as those in
the high O, case in Table I, but at the backside of the sub-
strate holder, not facing the cathode and the plasma.

Ion fluxes were measured using an energy-resolved
mass spectrometer (EQP 500, Hiden Analytical Ltd). The
EQP system directly measures mass and energy of both posi-
tive and negative ions in the plasma, detecting masses up to
510 amu and ion energies up to 1000 eV. The orifice
(0.05 mm of diameter) of the spectrometer was positioned at
a distance of 70 mm from the center of the target, at the
same location where the substrates were placed during the
depositions (see Fig. 2). Films were characterized through
field emission scanning electron microscopy (FESEM), for
which we grew a gold cap layer on top of each in order to
increase image contrast. Measured film thicknesses are
included in Table I. In addition, and in order to help the dis-
cussion, we further characterized the films by transmission
infrared spectroscopy (IR), X-ray photoelectron spectros-
copy (XPS), atomic force microscopy (AFM) and spectro-
scopic ellipsometry.

Spectroscopic ellipsometry was carried out in a J.A.
Woollam VASE (variable angle spectroscopic ellipsometry)
spectroscopic ellipsometer. Values of the ellipsometry

'
-
o
o

-200

Voltage (V)

-300

-400

-500

Time (us)

FIG. 1. Evolution in time of the cathode potential for the conditions
described in Table I.
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FIG. 2. Experimental setup. When the mass spectrometer is used for the
analysis, the substrate holder is removed.

parameters (y and A) were obtained over the spectral range
of 300 to 1000 nm, at 2 nm resolution. As a consistency
checking parameter, the incidence angle was set at 65°, 70°,
and 75°. Optical modeling and fitting parameters were
obtained with the WASE320© program (J.A. Woollam Co.,
Inc.). Ellipsometry spectra were analyzed by knowing the
film thickness and roughness (thickness values were obtained
by the cross-section FESEM images, whereas the roughness
was determined by AFM) and using a non-ideal model that
took into account a possible non-uniformity of the film thick-
ness and the angular spread of the beam entering the detec-
tor. Quality assessment of the fit data was done by
minimizing the mean-square dispersion that was below 10
units in all the studied cases. The ellipsometric optical model
consisted of the three following layers: (1) A rough surface
layer, (2) a Bruggeman effective medium approximation
layer, and (3) a Cauchy layer. The Bruggeman effective
medium approximation, which represents the sample as a
physical mixture of a continuous film with voids, was
coupled to the Cauchy layer.>!

lll. RESULTS AND DISCUSSION

In Figs. 3(a)-3(c) we present the cross-sectional FESEM
images of the three films deposited with different oxygen
pressures in the reactor. Figure 3(a) shows that the film
grown with the highest O, partial pressure possesses a homo-
geneous microstructure, with no geometrical pattern in the
bulk. In Fig. 3(b), corresponding to the intermediate O, pres-
sure case in Table I, the film presents a coalescent vertical
column-like microstructure, which is more evident in the
film deposited under the low O, pressure condition
(Fig. 3(c)). In Fig. 3(d) we show the cross-sectional FESEM
image of the SiO, thin film deposited at the back side of the
substrate holder, where the growth takes place under very
weak or no plasma ion impingement.'® This assumption is
supported by the experimental observation that no plasma
glow develops at the back side of the substrate holder during
the deposition. Although Si atoms directionality, and there-
fore the surface shadowing mechanism, is expected to be

J. Appl. Phys. 111, 054312 (2012)

FIG. 3. Cross-sectional FESEM images of the films deposited under the
conditions appearing in Table I: (a) High O, case, (b) intermediate O, case,
(c) low O, case, and (d) film deposited at the backside of the substrate holder
in the high O, case conditions.

very different in this configuration, Fig. 3(d) shows that this
film possesses a microstructure similar to those of the films
deposited at intermediate and low O, pressure conditions
(Figs. 3(b) and 3(c)). Hence, a qualitative trend can be
observed: For lower O, partial pressures in the reactor, the
observed film microstructures tend to resemble that of the
film prepared at the backside of the substrate holder, grown
under a weak influence of plasma ions.

The chemical composition of the films determined by
XPS after surface cleaning by ion bombardment resulted to
be SiO, in all the cases (data not shown). Meanwhile, the IR
spectra (Fig. 4) of the three studied films in the region
between 900 and 1300 cm ™" are characterized by a very sim-
ilar shape, typical of thermally grown SiO, amorphous thin
films.?? These results confirm that Si in the films was always
oxygen-saturated and that no sub-oxide was grown under
any of the studied conditions. AFM measurements (not
shown) of the film surface topography revealed the existence
of few nanometer tall grains and surface roughness of 2.2 nm
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FIG. 4. Transmission infrared spectra of the three studied films, together
with the spectrum of standard amorphous SiO, thin film.

in the case of the high O, pressure, 1.9 nm in the case of in-
termediate O, pressure, and 1.8 nm in the low O, pressure
cases. Spectroscopic ellipsometry was used to determine the
refractive indexes and, indirectly, the density of the films.
Figure 5 shows that the refractive indexes of the different
films as a function of the wavelength were in the order of
that of a SiO, quartz crystal (with a refractive index of 1.53
for a wavelength of 500 nm), which indicates that, despite
their amorphous structure, the films are quite dense. From
their actual values of the refractive indexes, and using the
Bruggeman model,*! we obtained that void percentage for
each film amounted to ~0.7% in the case of high O, pres-
sure, ~5.8% for intermediate O, pressures and ~6% for low
O, pressures. This tendency indicates that films with vertical
column-like coalescent structure (low and intermediate O,
pressure cases) possess higher porosity than that of the film
with the homogeneous microstructure (high O, pressure
case). This also contrasts with the value 1.3 (for a wave-
length of 500 nm) obtained for the refractive index of the
film deposited at the backside of the substrate holder, and
whose void percentage is 10.9%. Thus, despite the fact that
Fig. 3(d) looks similar to those in Figs. 3(b) and 3(c), the
lower value of the refractive index points toward a different
concentration of pores and defects in this film, in agreement
with the very different deposition conditions of growth.

The microstructural changes observed depicted in Figs.
3(a)-3(c) must be caused by a variation in the balance

1-52 T T T T T T T T T T T T T T
—High O,
\ - - -Intermediate O,
A ---- LowO,
% 1.50 - .
bl
£
]
=
8
& 148+ ]
7]
14
1.46 L

03 04 05 06 07 08 09 1.0
Wavelength (um)
FIG. 5. Refractive indexes of the films deposited under the conditions

appearing in Table I, as a function of the wavelength obtained by spectro-
scopic ellipsometry.
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between the mechanisms governing the film growth. Regard-
ing the SZM and the presence of the plasma, possible proc-
esses influencing the growth are® (i) the surface shadowing,
(ii) the impingement of low energy positive ions, and (iii)
the impingement of low and high energy negative ions. In
this scheme, we do not consider thermally activated surface
and bulk adatom diffusion since the value of Ty/T,, in all the
studied conditions is below 0.2, i.e., the studied films grow
in the Zone I of the SZM. In the following, we discuss the
influence of the aforementioned processes trying to account
for their relative importance in determining the different
obtained microstructures.

A. Surface shadowing

Sputtered Si atoms leave the cathode with a preferential
direction and a high kinetic energy, typically of about 10 eV,
and move through the plasma experiencing elastic and, in a
lesser extent, inelastic collisions that make them lose kinetic
energy and directionality. In general, an increase of the total
pressure of the gases in the reactor implies a decrease of the
mean free path of the Si atoms and, thus, more collisions,
which ultimately lead toward the full thermalization of the
sputtered particles with the heavy particles of the plasma. In
previous publications we proved that, in absence of ion
impingement and at low deposition temperatures (i.e., when
surface shadowing governs the film growth), the higher the
isotropy of the momentum distribution function of the sput-
tered particles in the plasma (or equivalently, the higher their
thermalization degree), the more the growing film micro-
structure resembles that in Fig. 3(d).'®?* Indeed, the growth
of the film at the backside of the substrate holder takes place
by the incorporation of Si sputtered atoms that have been
(nearly) thermalized due to scattering processes in the
plasma. This assumption is reasonable since, in average,
only two collisions between sputtered Si and Ar atoms are
required in order to lose the initial preferential directionality
of the former."> Consequently, if surface shadowing governs
the observed microstructural changes in Figs. 3(a)-3(c),
higher total deposition pressures in the reactor would lead to
the loss of the preferential directionality of the sputtered par-
ticles and, ultimately, to the appearance of vertical column-
like structures (we disregard possible gas heating, since for
magnetron sputtering of elements lighter than heavy particles
in the plasma, in the working pressure range, it is a very
weak effect13’33). This is, however, the opposite trend to that
reported in Figs. 3(a)-3(c), where vertical structures disap-
pear at the highest total pressure. Consequently, changes in
the surface shadowing mechanism, associated to different
total pressures in the deposition reactor, can be discarded as
the main mechanism determining the microstructural
changes reported in Figs. 3(a)-3(c).

B. Positive ion impingement

By using the mass-spectrometer, we have determined
the characteristics of the positive ions moving toward the
film. In agreement with the literature (see, for instance,
Refs. 19 and 29) we have found that the positive argon ion
flux, Fa,+, is several orders of magnitude above the flux of
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FIG. 6. 1,,+ as a function of the energy in the conditions in Table 1.

any other positive ion (not shown). The key quantity to
account for the role of these ions is given by the non-
dimensional quantity #,,+ = Far+ /rq, where 14 is the deposi-
tion rate.”” In Fig. 6 we present the value of 77,,+ for the three
studied depositions conditions as a function of the ion
energy: in all the cases, their kinetic energy was below
10 eV, corresponding to the energy gained by the ions when
accelerated in the mass spectrometer detector’s sheath. For
the ions reaching the film surface we expect same spectra
with a shift of few electronvolts as substrates are at floating
potential, i.e., not grounded. This distribution of impinging
ions results in the following energy-integrated values of #,,+
(in arbitrary units), 7.+ (highOz)= 0.64, 1.+ (intermediate
0,)=0.92 and 7, (lowO,)= 1, which means that the influ-
ence of the Ar' impingement on the film decreases with the
O, pressure. As mentioned in the Introduction, ion bombard-
ment causes the removal of geometrical patterns and the
densification of the thin films thanks to the enhancement
surface adatom mobility (see, for instance, Refs. 19, 23 and
27). Regarding the obtained values of #,,., if positive ion
impingement was responsible for the microstructural
changes observed in Figs. 3(a)-3(c), we would find that for
the lower O, pressure (higher values of #,,+), the film would
depict less geometrical vertical structures and be more dense
than in the high O, case, which is indeed the opposite behav-
ior to that actually found. Consequently, Ar" impingement
on the film cannot either be the main factor accounting for
the observed microstructural changes.

C. Negative ion impingement

For the negative ions, in agreement with data in the litera-
ture,”'*>2° we have found that the most important negative
ion flux is that of O™ ions which, throughout the whole energy
range analyzed, is several orders of magnitude higher than
that of O, ™, SiO, ", SiO57, etc. ions (not shown). The meas-
ured energy spectra of the O ions, reported in Fig. 7, are char-
acterized by several peaks appearing at different energies. In
the low energy range we found a small peak at a similar ki-
netic energy as the positive ions (i.e., below 20 eV). Next, we
obtained several peaks at energies ranging from about 20 eV
to 200 eV: they are explained in the literature by considering
oxygen-containing negative molecular ions that, being pro-
duced at the cathode, are subsequently dissociated in the
plasma, splitting the kinetic energy according to the relative

J. Appl. Phys. 111, 054312 (2012)
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FIG. 7. 5o as a function of the energy in the conditions in Table 1.

masses of the fragments.”® In our case, the peak starting at
about 50 eV indicates that either the production of heavy neg-
ative ions could be relevant or that lighter negative ions might
be produced in the neighborhood of the cathode via electron
attachment, thus possessing less energy than those generated
on the cathode surface. The discussion on which of the two
abovementioned mechanisms is responsible for the generation
of these intermediate energy oxygen ions is far from the scope
of this paper, although the existence of these ions is clearly
demonstrated in Fig. 7, a fact that was already reported in
Ref. 30. Finally, at high energies (above 200 eV) we find two
main peaks just below and above the cathode potential in each
case: they correspond to O™ ions produced on the cathode that
passed through the orifice of the mass spectrometer. The two
peak structure is generated because the plasma is maintained
by a pulsed dc generator, well known for possessing two dif-
ferent regimes during the “on” period of the electromagnetic
signal.** Again, the magnitude that can be used to account for
the relative importance of these ions on the formation of the
film microstructure is given by the non-dimensional quantity
o-= Fo- /t4, where Fo- is the flux of O~ jons.”> The
energy-integrated values in the cases of low, intermediate, and
high O, pressures are reported in Fig. 8, showing that this pa-
rameter attains higher values for increasing O, pressures. In
Fig. 8 we have also reported the trend found for the low
energy (between 0 and 20 eV), intermediate energy (between
20 and 200 eV), and high energy (above 200 eV) O™ ions. It
appears that the most important contribution corresponds to
O™ ions in the intermediate energy range, whereas the high
and low energy range contributions are much lower. In agree-
ment with Ref. 23, a higher value of #,- would involve a
higher adatom surface mobility, the densification of the mate-
rial as well as the removal of bulk patterns. Hence, the trend
reported in Fig. 8 agrees with that found in Figs. 3(a)-3(c),
and, consequently, among the processes involved in the for-
mation of the microstructure of the films, only the trend fol-
lowed by the O~ impingement on the film surface, and
particularly of O™ ions with energies between 20 and 200 eV,
agrees with the reported changes. Interestingly, regarding Fig.
7, the observed changes in the SiO, microstructure are not
related to an increase of the ion kinetic energy, but rather to
an increase of the O~ impingement rate.

The results presented in this paper agree with Ref. 34
where it is found that, for a very wide range of ion fluxes,
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FIG. 8. Energy integrated value of #-: Total value, low energy contribu-
tion (below 20 eV), intermediate energy contribution (between 20 and
200 eV), and high energy contribution (above 200 eV).

ion impingement during growth with kinetic energies around
10 eV affected very little the orientation development of
crystalline planes of NaCl-structure 6—TaN layers, whereas
ion energies above 20 eV strongly modified the structure of
the films. This energy is related to typical adatom surface
transport threshold energies, and agrees with our conclusions
that ion impingement, with energy below 10 eV (see Fig. 6),
is not responsible for the microstructural changes reported in
Figs. 3(a)-3(c). Overall, by considering the discussion
above, we have demonstrated that, despite cathode poison-
ing, O, content in the plasma influences the deposited SiO,
film microstructure and revealed the existence of two growth
regimes controlled by the amount of O, in the deposition
reactor, linked to the competition between ion-induced ada-
tom surface mobility and the surface shadowing mechanism.

IV. CONCLUSIONS

Microstructural changes of amorphous SiO, thin films de-
posited by reactive magnetron sputtering at low temperatures
have been studied. Three deposition conditions have been ana-
lyzed that involved different ion fluxes and film microstruc-
tures. Coalescent vertical column-like structures were found
in the film for low and intermediate O, pressures in the depo-
sition reactor. These structures vanished for the highest O,
pressure case, resulting in a homogeneous film. The main
processes governing the growth and responsible for the micro-
structural changes in the material in our conditions are dis-
cussed: surface shadowing, dependent on the deposition
particle directionality when arriving at the film surface, posi-
tive ion impingement, and negative ion impingement. Among
these processes, only the trend followed by the negative ion
impingement, and, in particular, the impingement of O™ ions
with kinetic energies between 20 and 200 eV agrees with the
transition from a vertical coalescent column-like microstruc-
ture to a more dense homogeneous film.

Overall, we have shown the existence of two growth
regimes at low temperatures, controlled by the amount of O,
in the deposition reactor, and caused by the competition

J. Appl. Phys. 111, 054312 (2012)

between surface shadowing and ion-induced adatom surface
mobility processes.
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