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Received 6 April 2004
Published online 21 October 2004 – c© EDP Sciences, Società Italiana di Fisica, Springer-Verlag 2004

Abstract. The increasing interest in photonics in the field of communication has led to intense research
work on silicon based nanostructures showing efficient photoluminescence. The present paper reports pho-
toluminescence measurements obtained at room temperature in silicon-rich-silica-silica multilayers grown
by reactive magnetron sputtering. The silicon nanograin size is controlled via the silicon layer thickness
which can be monitored with high accuracy. We aim to develop a comprehensive understanding of the com-
bined roles played by the quantum confinement effect through the silicon grain size and the existence of an
interfacial region between the grain and the surrounding silica matrix. Two bands of photoluminescence
are displayed in the 600 nm–900 nm range and correspond to the bands previously observed at 2 K. Their
origin is demonstrated through a model based on the solution of the Schrödinger equation of the exciton
wavefunction in a one-dimension geometry corresponding to the growth direction of the multilayers. The
silicon layer as well as the Si-SiO2 interface thicknesses are the key parameters of the photoluminescence
features.

PACS. 78.67.-n Optical properties of low-dimensional, mesoscopic, and nanoscale materials and structures
– 73.21.Ac Multilayers – 71.23.An Theories and models; localized states

1 Introduction

The pioneering work of Canham on the efficient room
temperature (RT) visible photoluminescence (PL) from
porous silicon [1] has generated a tremendous research
effort during the last decade. This has concerned sin-
gle [2–4] and multilayered systems [5–8] of nanosized sili-
con showing remarkable optical properties, that contrast
with poor optical feature of bulk silicon due to its nar-
row gap (1.12 eV at RT) and indirect interband tran-
sitions. The high energy (1.4−1.9 eV) PL emission ob-
served from these systems was first attributed to the
nanoscaled size of silicon through a quantum confinement
effect [9,10] (QCE). Understanding of this phenomenon
has been in constant development for a decade [11]. How-
ever, the experiments performed so far show some discrep-
ancies with pure QCE. The most common structure lead-
ing to such a luminescence consists of silicon nanograins
embedded in a transparent and insulating silica (SiO2)
matrix. Such structures present the combined advantages
of compatibility with silicon technology, good mechani-
cal robustness and chemical stability for potential appli-
cations. The main methods used to synthesize such Si-
SiO2 composite systems are: silicon ion implantation in
thermally grown silica [12–17], plasma enhanced chemi-
cal vapor deposition (PECVD) [4,18–20] and magnetron

a e-mail: fabrice.gourbilleau@ensicaen.fr

cosputtering [2,21–23]. Photoluminescence studies reveal
the existence of an emission peaking in the 1.2−1.7 eV
range with a full width at half maximum (FWHM) of
about 0.2 to 0.4 eV. While some authors point out the fact
that the PL peak position is independent of the Si grain
size [16,24], other workers reported a link between the PL
peak and the grain size when it exceeds 3 nm [14,17]. The
various luminescence features observed for the composite
samples fabricated by different techniques might originate
from the difficulty in controlling both size and distribution
of the silicon nanograins within the host matrix. Such con-
trol was attempted through the deposition of Si/SiO2 mul-
tilayers in which the thickness of the Si sublayer (<5 nm)
is assumed to limit the size of the growing Si nanograins,
as first reported by Lockwood et al. [9], who obtained effi-
cient visible emission from samples deposited by molecu-
lar beam epitaxy (MBE). Apart from the expensive MBE
technique, several processes have been developed beside
the sputtering method to fabricate Si/SiO2 multilayers
such as PECVD [6] and reactive evaporation [25]. These
experiments reported the detection of a unique large peak
located between 1.3 and 2.3 eV, from crystallized or amor-
phous nanoscaled silicon, with a FWHM comparable to
that of the single composite layers described above. Mul-
tilayered structures are attractive since the PL emission
might be tuned through the silicon layer thickness that
limits the size of the growing silicon nanograins.
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This paper aims at providing a correlation be-
tween the structure of the Si/SiO2 multilayers and the
corresponding PL properties in the 400−1800 nm
(0.7−3.1 eV) range. The samples described below have
been obtained by an original approach based on a newly
developed reactive character of magnetron sputtering,
briefly described in Section 2 and detailed in our previ-
ous work [26]. The peculiar two PL bands depicted in
Section 3 have motivated the development of the model
reported in Section 4 which shows the importance of both
silicon sublayer thickness and Si/SiO2 interfacial regions.
The experimental and computational results are compared
in Section 5 before being discussed in Section 6.

2 Experiment

The multilayers investigated in this study are fabricated
by reactive magnetron sputtering from a unique pure
silica target. During the deposition, the (100) Si substrate
is maintained at 500 ◦C. The process consists in sput-
tering a silica target to deposit sequentially a silicon ox-
ide layer under a pure argon plasma and a silicon-rich
silica layer (SRSO) under a mixture of hydrogen and ar-
gon. These alternative depositions are repeated as many
times as the planned periods. More details are given in
previous work [26–28]. By modifying the deposition dura-
tion under the Ar/H2 plasma, the thickness of the SRSO
sublayer was controlled in the 0.6−3 nm range, while the
silica layer thickness was maintained at 19 nm. The sam-
ples were then annealed at 1100 ◦C for 1 hour under a
continuous flux of nitrogen. The microstructure was stud-
ied by high resolution electron microscopy (HREM) obser-
vations, while the light emitting properties were analysed
by PL measurements using either several excitation lines
from an argon laser (488 nm, 458 nm and 454 nm) or the
325 nm excitation line from a HeCd laser. The PL was
detected by a Ag-O-Cs cathode photomultiplier (R5108)
in the 400−1000 nm range and by nitrogen cooled Ge de-
tector (Northcoast EO817) in the 800−1800 nm range.

3 Experimental evidence

We report hereafter the most relevant structural and opti-
cal features of our multilayers [29]. Figure 1 shows a typ-
ical TEM image of a multilayer with the corresponding
electron diffraction pattern (EDP) for thickness of about
1.2 nm and 19 nm of SRSO and silica sublayers, respec-
tively. The EDP (inset) displays a halo ring characteristic
of amorphous material that explains the poor contrast dis-
played between SRSO and silica sublayers. The diffraction
dots originate from the substrate observed along the [110]
direction. Such an amorphous phase was found to form
for all values of the SRSO sublayer thickness tSi below
3 nm examined in this work and it contrasts with the
crystallization observed for tSi > 3 nm [28]. These re-
sults are in agreement with previous experimental studies
which have shown that the crystallization of very thin sil-
icon layers requires annealing temperatures higher than

Fig. 1. TEM image of a multilayer with the corresponding
electron diffraction pattern (EDP). Here the SRSO layer is
about 1.2 nm and that of silica 19 nm. The EDP reveals that
no crystalline material is present in the film. The diffraction
dots originates from the substrate observed along the [110]
direction.

Fig. 2. PL spectrum at room temperature of a SRSO/SiO2

multilayer with SRSO layer thickness of 1.2 nm. The dashed
lines show the five Gaussian bands used to fit the spectrum.

1100 ◦C [30]. This fact was thermodynamically predicted
by Veprek et al. [31] who showed that the silicon amor-
phous phase is stable when the grain size is smaller than
3 nm.

The typical PL spectrum corresponding to our multi-
layer with tSi < 3 nm and recorded in the 500−1800 nm
range is shown in Figure 2. We notice a lower signal to
noise ratio in the 800−1700 nm range due to the detector
change at 850 nm.

Six Gaussian bands were necessary to reproduce with
a good accuracy the original spectrum. These bands la-
beled E1, E2, E3 and E4 are likely due to the transi-
tions between localised states in the amorphous silicon
bandgap, since their corresponding peak energies have
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Fig. 3. PL peaks of Q and I bands as a function of the SRSO
layer thickness.

been found independent of the silicon layer thickness
and agree well with the experimental values given by
Street [32]: E1 = 1.23 eV, E2 = 1.13 eV, E3 = 0.93 eV
and E4 = 0.83 eV. The two remaining bands, labeled I
and Q, are located in the visible range and are dependent
on the SRSO layer thickness. The evolution of the peak
positions of these I and Q lines as a function of tSi are
shown in Figure 3.

To our knowledge, the present paper relates for the
first time the observation at room temperature of both I
and Q bands since they have only been seen at very low
temperature (2 K) by Okamoto and Kanemitsu [33], who
ascribed the I band to electron-hole recombination at the
silicon/silica interface, and the Q band to quantum con-
finement in the silicon nanograins. More recently, a theo-
retical study [34] based on these experimental results has
shown that the I and Q bands merge when some oxygen
atoms are missing at the Si/SiO2 interfacial region satu-
rated with Si =O double bonds.

4 Model

The visible photoluminescence has been interpreted so
far as resulting from the recombination of an electron-
hole pair (exciton) either within a silicon nanograin [9,35]
(quantum confinement), at the Si/SiO2 interface [14,36]
or at both grain and interface [37,38].

The model proposed in this study aims at the de-
scription of the concomitant behaviours of the two I and
Q bands, assuming the following: (i) the silicon is amor-
phous as evidenced by TEM, (ii) the quantum confinement
is effective and (iii) the interface plays a key role in the
photoluminescence mechanism.

For our samples, the nanoscaled size concerns solely
the growth direction (called z hereafter) in such a way that
each silicon layer sandwiched between two silica layers acts
as a unidimensional quantum well. In such structures, the
excitons lie in a potential usually described by well func-
tions [9,39]. Thus, the use of either finite [39] or infinite [9]

Fig. 4. Schematic representation of the finite square well with
interface used to model one silicon layer sandwiched between
two silica layers. For our convenience, the zero of energy is
chosen at the bottom of the conduction band, so that the in-
terfacial potential is Vi and that of silica VS.

square well potentials were not found satisfactory. The ori-
gin might lie in the non abrupt character of the Si/SiO2

interface, as experimentally demonstrated [40,41]. This in-
terfacial region, is indeed composed of suboxides, with a
width that varies between 0.3 and 2.5 nm. We therefore
suggest the use of the potential V (z) depicted in Figure 4
with an energy origin located at the bottom of the con-
duction band. The half width of the well is characterized
by the parameter a, the interfacial region by a width, e
and an intermediate potential Vi, and finally the insulating
barrier material by a potential VS . The band gap of sili-
con and silica are respectively Eg(a-Si) and Eg(SiO2). De-
pending on the excitation energy E, such a geometry im-
plies the coexistence of three states: (i) first binding state
(0 < E < Vi), (ii) second binding state (Vi < E < VS)
and (iii) diffusion state (E > VS).

For simplicity, we assume that any exciton generated
within the system is associated with a specific pair of
electron and hole subbands. This implies that the exci-
ton binding energy is small compared to the energy band
gaps of Si and SiO2. According to previous work [42], this
assumption is valid for quantum wells whose width is lower
than 20 nm. We therefore calculate for each binding state,
the PL transition energies from the lowest eigenvalues of
the electrons and holes as well as the room temperature
band gap, after neglecting the exciton energies. The high-
est excitation energy used is 3.8 eV so that the diffusion
state is not taken into account, since it could only take
place for excitation energies higher than Eg(SiO2).

The model is thus totally defined by the following pa-
rameters: the room temperature amorphous silicon band
gap (Eg(a-Si)), the insulating potential (VS) which is di-
rectly related to the room temperature silica band gap
through,

Eg(SiO2) = 2Vs + Eg(a − Si), (1)
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the interfacial potential (Vi), the thickness of the interfa-
cial region (e) and the effective mass of the exciton (m∗).

Within the approximation described above, the model
has been developed from the one-dimensional Schrödinger
equation for an electron-hole pair, as detailed in the Ap-
pendix.

5 Results

5.1 Luminescence energy

According to the calculation detailed in the Appendix,
different expressions are determined for the two binding
states in the four regions defined in the schematic diagram
of Figure 4. The eigenenergy values corresponding to the
first and second binding state are E1 and E2, respectively,
and allowed the calculation of the PL transition energies
from the relation EPL

i = Eg(a-Si) + Ei where i = 1, 2
stands for the ith binding state.

The best fit between experimental data and calculated
results, as shown in Figure 4, was obtained with the fol-
lowing values of the parameters:

– Eg(a-Si) = 1.4 eV: this value is very close to that of un-
hydrogenated amorphous silicon (1.5 eV at 295 K) [32].

– Vs = 3.4 eV: from this value, we deduce the silica band
gap of 8.2 eV according to equation (1), in excellent
agreement with the experimental value.

– e = 0.8 nm: this value lies exactly in the 0.3−2.5 nm
range defined by experimental studies [40,41]. More-
over this value is consistent with the recent work of
Daldosso et al. [43] in which they experimentally mea-
sured the interfacial region thickness (about 1 nm) and
compared it to their calculated value (0.8–0.9 nm).

– Vi = 0.3 eV: a value that can be considered as a new
data suggested by our model without any experimental
counterpart previously reported.

– m∗ = 0.5me (free electron mass). This value is
supported by two earlier studies: that of Lockwood
et al. [9] for a-Si reports m∗

e = m∗
h = me (i.e.

m∗ = 0.5me), while that of Barber et al. [44] states
m∗

e = 0.81me and m∗
h = 1.18me for c − Si, leading to

m∗ = 0.48me.

According to Figure 5, the evolution of the experimen-
tal I band (open triangles) versus the silicon layer thick-
ness is best fitted with the values calculated from the first
binding state (E < Vi, continuous line) while that of the
experimental Q band (black circles) is satisfactorily repro-
duced from the values obtained from the second binding
state (Vi < E < VS , dashed line). The model simulates
satisfactorily the evolution of the I band wavelength ver-
sus the silicon layer thickness as well as the complex be-
haviour of the Q band wavelength. For this latter case, the
discontinuity observed at tSi = 2 nm is associated with the
parity change of the states.

Even though no experimental data is available for tSi <
0.6 nm, the model predicts a high energy shift of the Q
band when tSi is decreased.

Fig. 5. Calculated PL transition energies as a function of the
silicon layer thickness. The experimental data are plotted with
triangles (I band) and circles (Q band).

5.2 Probability distribution function, P(z)

The probability distribution function P(z) of the exci-
ton is defined by P(z) = |Ψ(z)|2. From the various ex-
pressions (see Appendix) of the wavefunction Ψ(z) in
the first (Eqs. (A.6)) and in the second binding state
(Eqs. (A.7)), P(z) was calculated and plotted against z
in Figure 6. Figures 6a, b and c concern the eigenstates
corresponding to E < Vi (first binding state, I band) for
three values of tSi (0.3, 1.5 and 3 nm), respectively, while
Figures 6a’, b’ and c’ are their respective counterparts for
the second binding state (Vi < E < VS , Q band). All the
remaining parameters are maintained constant with the
same values reported in the previous Section 5.1.

The first binding state (linked to the I band)
corresponds to an even solution of the Schrödinger equa-
tion (Eq. (A.1) in the Appendix). No solution is found
for tSi lower than 0.3 nm, whereas for higher tSi values,
P(z) indicates an exciton probability distribution function

within the silicon layer: the value of
∫ a

−a

P(z) dz (hatched

region) is higher than 1/2. The second binding state ex-
ists whatever the value of tSi. For SRSO layer thicknesses
lower than that of the interface thickness (2e), P(z) in-
dicates that the exciton is most probably located at the

Si/SiO2 interface: 2
∫ a+e

a

P(z) dz is higher than 1/2. With

increasing tSi values, the probability of finding the exciton
within the silicon layers increases.

This study indicates that the eigenstate relating to the
presence of an interfacial region is not necessary located
within this region.

6 Discussion

Impact of the parameters

Our model involves the use of four parameters, (e, Vi,
Eg(a-Si) and VS , already defined, in addition to the
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Fig. 6. Probability distribution function, P(z) (thin line) of
the exciton in the well for various silicon layer thickness: 0.3,
1.5 and 3 nm for the two binding states. The potential profile
(thick line) is also redrawn on each figure.

effective exciton mass m∗). In this section, we investi-
gate the influence of each parameter in order to show
that only one set of values is able to provide a solution
consistent with the experimental results. Figures 7a to d
depict the effect of the parameters e, Vi, Eg(a−Si) and VS ,
respectively, while the appropriate remaining parameters
are fixed to the values corresponding to the best fits shown
in Figure 5.

The I band is only slightly affected by the value of the
interface thickness (e) whereas the Q band shows a notice-
able change with e. Indeed, for high value of e (1.5 nm),
the Q band is weakly dependent on tSi, whereas, for low e
values (0.1 nm), only one state is found (for tSi < 1.2 nm).
These two features disagree with the experimental mea-
surements.

Neglecting the interfacial potential (Vi → 0), we deal
with a finite square well giving rise to a unique emission
band instead of the two bands (I and Q) experimentally
detected. The emergence of Vi favors the detection of the

Fig. 7. Influence of each parameter (e, Vi, Eg(a-Si) and VS) on
the simultaneous behaviour of the I and Q bands as a function
of the silicon layer thickness. The continuous line corresponds
to the best fit of the experimental data (circles and triangles)
whereas the dashed and dotted lines correspond to lower and
upper values of the considered parameter.

second band Q, which shifts towards high energies for in-
creasing Vi values. Besides, the I band energy is radically
modified for the smaller values of tSi.

The investigation of Eg(a-Si) shows that the variation
of this parameter leads to an overall global energy shift of
both bands. Finally the insulating potential, VS , does not
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Fig. 8. Excitation energy effect on the emission of a multilayer
with tSi = 0.6 nm.

affect the behavior of I band, but low values (<1.2 eV)
induce radical change for Q.

According to the calculations, this latter emis-
sion band can be present only for excitation en-
ergies higher than the critical value deduced from:
Elim

exc = Eg(a-Si) + 2 ∗ Vi = 2.0 eV. We have experimen-
tally verified this assumption by performing photolu-
minescence measurements with different excitation lines
from an argon and He-Cd lasers. Figure 8 shows the corre-
sponding photoluminescence spectra recorded in the case
of multilayer with tSi = 0.6 nm. The same characteristic
has been noticed for higher values of tSi up to 1.6 nm.

The Q band appears only for the highest (3.82 eV)
excitation energy used. The excitation threshold is appar-
ently located in the 2.73−3.82 eV range which does not
contain the value of 2.0 eV deduced from the modeling.
However it has been demonstrated [45] that, depending
on fabrication conditions, the Stokes shift in silicon can
reach a value as high as 0.6 eV. Considering the uncer-
tainty relating to both theoretical and experimental ap-
proaches, the conjunction of the Stokes shift and 10%
uncertainty can account for the fair agreement between
calculated and experimental excitation values. The exis-
tence of the I band is predicted by this calculation and
its near insensitivity toward the silicon layer thickness, is
mainly due to the presence of an interfacial silicon/silica
region. Moreover, its energy is straightforwardly governed
by the value of the amorphous silicon band gap Eg(a-Si).

7 Conclusion

The photoluminescence features of Si/SiO2 multilayers ex-
amined in this work appears closely governed by the sil-
icon sublayer thickness varying between 0.6 and 3 nm.
They concern the two coexisting visible emissions in ad-
dition to the well-known four infrared bands from amor-
phous silicon. These two visible bands have already been
observed [33] but at low temperature (2 K) by Okamoto

and Kanemitsu. In our films, these bands have been
easily observed at 300 K. As proposed by several
theoretical studies [34,43], the quantum confinement in
the nanostructures and the Si/SiO2 interfacial region are
two conceivable candidates to explain the photolumines-
cence properties, but it is difficult to confirm this experi-
mentally. However, the evolution versus SRSO layer thick-
ness is not in agreement with previous theoretical work. As
a consequence we have developed a model based on quan-
tum wells. Our aim was to emphasize the physics underly-
ing the emission phenomenon. In this way we have demon-
strated that the coexistence of two emission bands in the
visible region, one located at about 1.44 eV (800 nm) and
the second tunable with the silicon layer thickness, were
sensitive to the presence of an interfacial region between
silicon and silica. Thus, through our experimental and the-
oretical work on nanosized amorphous silicon, the results
obtained coincide with the previous conclusions of Degoli
and Ossicini [34] and Daldosso et al. [43] concerning silicon
nanocrystals: the interfacial region between silicon and sil-
ica plays a key role in the optical properties of nanosized
silicon, whatever the phase, amorphous or crystalline.

The authors wish to thank Christophe Delerue for useful dis-
cussion. Céline Ternon acknowledges the Region Basse Nor-
mandie for financial support.

Appendix

Our aim is to solve the Schrödinger equation given by:

− �
2

2m∗
∂2Ψ(z)

∂z2
+ V (z)Ψ(z) = E Ψ(z) (A.1)

where m∗ is the reduced mass of the exciton, a function
of the electron and hole effective masses,

1
m∗ =

1
m∗

e

+
1

m∗
h

(A.2)

Ψ(z) the one-dimensional exciton wavefunction and V (z)
the confining potential depending on z as shown in
Figure 4:




if z ∈ [−a, a], then V (z) = 0,
if z ∈ [−b,−a] ∪ [a, b], then V (z) = Vi,
if z < −b and z > b, then V (z) = Vs.

The boundary conditions allowing the complete reso-
lution of the problem are: (i) continuity of Ψ(z) at the
interfaces (z = ±a and z = ±b); (ii) continuity of the

derivative
∂Ψ

∂z
at the interfaces (z = ±a and z = ±b)

and (iii) Ψ tends toward 0 for z → ∞. Considering the
symmetry of V (z), the eigenstates are completely deter-
mined by solving the equation for z > 0, leading to the
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following expressions for Ψ in the different regions:



Region III z ∈ [−a, a],
Ψ(z) = A cos kz (even)
Ψ(z) = B sinkz (odd)

Region IV z ∈ [a, b],
Ψ(z) = Ce−qz + De+qz

Region V z > b, Ψ(z) = Ge−pz.

The constants A, B, C, D are replaced with their ac-
curate expressions in the following lines while G is deter-
mined by the normalisation of the wavefunction.

The permitted wavevectors k are deduced from the
following transcendental equations:

ka tanka =
pa cosh qe + qa sinh qe

cosh qe + p
q sinh qe

(even states) (A.3)

tanka

ka
= − cosh qe + p

q sinh qe

pa cosh qe + qa sinh qe
(odd states) (A.4)




where q2 =
∣∣∣∣2m∗Vi

�2
− k2

∣∣∣∣ and p2 =
∣∣∣∣2m∗Vs

�2
− k2

∣∣∣∣. The

eigenvalues of the particles are:

E =
�

2k2

2m∗ . (A.5)

The first binding state is associated to the following
wavefunction:

Ψeven
III = G

q cosh qe + p sinh qe

q cos ka
e−pb cos kz (A.6a)

Ψodd
III = G

q cosh qe + p sinh qe

q sin ka
e−pb sinkz (A.6b)

ΨIV = G
q − p

2q
e−(q+p)beqz +

q + p

2q
e−(p−q)be−qz (A.6c)

ΨV = Ge−pz (A.6d)



while the second binding state is described by:

Ψ
′even
III = G′ q cos qe + p sin qe

q cos ka
e−pb cos kz (A.7a)

Ψ
′odd
III = G′ q cos qe + p sin qe

q′ sin ka
e−pb sin kz (A.7b)

Ψ ′
IV = G′ (cos q(z − b)+

p

q
sin q(z − b)

)
e−pb (A.7c)

Ψ ′
V = G′e−pz (A.7d)




where G and G′ are normalisation coefficients.
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M. Schmidt, J. Bläsing, Appl. Phys. Lett. 80, 661 (2002)

26. C. Ternon, F. Gourbilleau, C. Dufour, J.L. Doualan,
B. Garrido, J. Lumin. 99, 361 (2002)

27. C. Ternon, F. Gourbilleau, X. Portier, P. Voivenel,
C. Dufour, Thin Solid Films 419, 5 (2002)

28. F. Gourbilleau, X. Portier, C. Ternon, P. Voivenel,
R. Madelon, R. Rizk, Appl. Phys. Lett. 78, 3058 (2001)

29. C. Ternon, F. Gourbilleau, R. Rizk, C. Dufour, Phys. E
16, 517 (2003)
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