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Fig. 2. XRD profiles of Fe;Mo3015 during calcination process.
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Fig. 3. Enlarged figure of XRD profiles of FeaMo3O15 around phase-transition.
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Fig. 6. Lattice constant of FeaMo3015 during calcination process. (1), (2) and (3) show a, b and c-axis. (4)

shows the ratio of lattice constant to that at room temperature.
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Table 1. Specimen properties used in this study.

density porosity Young’s modulus

g/cm®] [%] [MPa)
foam-A 0.18 80 3.4
foam-B 0.09 90 1.1
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Fig. 1. Instrumental setup image for SAXS,
WAXD, and XAFS analyses.
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Fig. 2. Change in SAXS profiles during curing

process at 200°C for 50 min in air.
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Fig. 3. Change in XANES profiles during cur-
ing process at 200°C for 50 min in air, in which
XANES profiles of CuO, CuyO, and Cu-foil at
room temperature are also represented as refer-

ences.
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by X-ray micro-beam imaging method
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E—ATHIE L T, RMERE Z T2 2 L2 HIY
E L7

RER

HEFREHIARE D R L RRERBRZ T ERE TR
& 6N MER 18650 A XD LIB 2 6 ERELL 72 1E
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Fig. 1. Imaging results of cathode cross section at 0.5 C; (a) voltage curve and (b) normalized images.
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Fig. 3. Line profiles of imaging results at 0.5 C and
0.15 C.

BEEADOEM

AR RS NIEIIC LD, VF T L4 F

RE MO EMAANTI BT 2IREBLLEZHET 2

EDTE S, HBUCRA ST T 2 T L,
a2 b 2 BUEEATE ISR O & 1 2 HlfHIK - O B LS
A A=A LEINCHAT 2 FETH 5.

SE X

[1] £ H 55 #h © SPring-8 | Al 3§ & 92 B # & &5
2014B3231.

— 20 —



FOHILE — A F A VAR - R

2012B3352

BL08B2

BRESEE FIF U o T L BB S BEH (2)
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X-ray scattering and X-ray absorption fine structure
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Fig. 1. Zn K-XAFS spectra of rubber in vulcaniza-

tion reaction.
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Fig. 2. Result of linear combination fitting of Zn
K-edge XAFS spectra.
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Fig. 3. SAXS profiles of rubber in vulcanization.
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Fig. 1. SAXS test conditions.
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Fig. 3. SAXS profiles of Silica compounds in static

and dynamic conditions.
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Fig. 1. (a) Energy dependence of the real part of
EER atomic scattering factors for Cu and Cr. (b) The
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Fig. 2. Effect of aging temperature on (a) the hard-

ness and (b) the electrical conductivity.
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Fig. 3. TEM bright-field image of aged at 450°C.
(a) Magnification of 10,000x, (b) 200,000x.
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Abstract : Optical energy migrations and transfers in erbium mono-silicate (Er2SiOs) grown on Si

substrates by rf-magnetron sputtering are investigated by extended X-ray absorption fine structure (EX-

AFS)

and time-resolved photoluminescence measurements. The energy transfer assisted by discrete

excitation migration (hopping) among the Er3" ions is evidenced by analyzing the lifetime of 1.5-pum

photoluminescence from the erbium mono-silicate, for which interatomic distances between Er®t ions

have been precisely determined by EXAFS.

Keywords : Er, Extended x-ray absorption fine structure, Photoluminescence

Introduction

Erbium-doped materials, such as erbium silicates
and erbium oxides, have received much attention
as light emitters [1-3] and amplifiers [4] on silicon
wafers at the telecommunications wavelength in sil-
icon photonics. Erbium compounds such as Erbium
silicates and erbium oxides themselves have a huge
number of Er®* ions of up to 10?2 1/cm?, which en-
ables the fabrication of nanoscale optical waveguides
and means they have great potential as nanoscale
amplifiers on Si wafers. However, several types of
poly crystals, mono-silicate (Er2SiOs), di-silicates
(ErySisO7), and their a-, 8-, y-type phases have
been reported to form in the silicates, depending on
the growth techniques, such as radio frequency (rf)-
magnetron sputtering, and pulsed laser deposition,
and substrates (i.e. Si or SiO2/Si) [4-7]. The op-
tical properties of erbium-doped materials strongly
depend on the local structures of the crystals. For
example, the distances between Er®t — Er3* ions in
the crystal strongly govern the photoemission effi-
ciencies. Of particular importance are that the en-

ergy migration between the Ert ions in the sili-

The ef-

fect of energy migration has been actually demon-

cate and energy transfers via Er3t ioms.

strated in a system of Er, Yo_,SiO5 poly crystals [8].
Therefore, for better control of the optical proper-
ties, it is crucial to determine the crystal structure
of the erbium silicates (e.g., the distances between Er
ions) and its relationship to the optical properties.
However, despite their importance in silicon photon-
ics [9,10], the structures of the erbium silicates and
their optical properties, especially the mechanism of
energy migration, have not been established. In this
work, we performed synchrotron X-ray absorption
fine-structure experiments on erbium silicates grown
by the rf-magnetron sputtering technique, which has
been widely used for the fabrication of erbium sili-
cates on 100-nm-thick SiOs film on Si wafers and
subsequent thermal annealing at 1100°C in Ar gas
ambient. We determined the crystal structure of er-
bium silicates and the distances between Er — Er ions
in the erbium silicates. We also performed time-
resolved photoluminescence (PL) measurements on
the same samples. By combining the EXAFS results
and time-resolved PL measurements, we clarified the
mechanism of energy migrations and derived optical

microparameters that govern PL quantum efficiency.
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Experimental

The XAFS experiments were performed at beam-
line BLO8B2 in SPring-8, Japan. The Er Lj-edge
EXAFS spectra were collected at room temperature
in the fluorescence mode. The fluorescence intensity
was measured with a 19-element solid-state-detector
(SSD). EXAFS spectra of EraO3 crystalline powders
were also collected in the transmission mode as stan-
dard references. The EXAFS data were analyzed us-
ing ATENA and ALTEMIS (ver. 6) packages. The
1.5-uym  time-resolved PL measurements were per-
formed at room temperature. A near-infrared streak
camera was used for the detection of Er®* emission
from the samples for the time-resolved PL measure-
ments [11]. The samples were pumped by a Ti: sap-
phire CW laser at 532-nm wavelength and a power
of 30 mW. The erbium oxides were deposited on
100-nm-thick thermal SiO5/Si(100) wafers and sub-
sequently annealed at 1100°C in Ar gas ambient.

Results and Discussion

Figure 1 shows the EXAFS spectra obtained from
the sample annealed at 1100°C. In the radial pro-
files [Fig. 1(a)], we can see two main peaks at 0.2
and 0.3 nm. Theoretical best fittings are also shown
in Figs. 1(a) and (b) as red solid lines. As can be
seen in Figs. 1(a) and (b), the experimental pro-
files are in good agreement with the simulations (R
factor = 0.0444). The best fits are obtained for
the mono-silicate of ErsSiO5 when the atomic po-
sitions of Y2SiO5 (JCPDS card: No. 52-1810) are
used instead as initial parameters for the fittings.
Note here that we assume the atomic positions of Y,
Si, and O in Y2SiO5 as those of Er, Si, and O in
ErsSiO5 for the profile fittings, since the atomic po-
sitions of ErySiO5 (JCPDS card: No. 40-384) have
not been precisely determined at present. The as-
sumption is validated by the facts that the ionic ra-
dius of Er and Y are almost same (Er: 0.89A, Y:
0.9A) and unit cells and that the lattice constants
of ErsSiOs5 are almost the same as those of Y5SiO5.

As a reference, we also simulated an EXAFS profile

of erbium di-silicate (ErySiO7) (JCPDS card: No.
48-1595), where atomic positions have been deter-
mined, but it does not well fit the experimental re-
sult. From the agreement of the fittings with the
mono-silicate, we can say that the thermal anneal-
ing produces the mono-silicate of ErySiO5 (JPCDS
card 40-384) through the interface reaction between
EryO3 and SiOs, which enables us to determine the
distances between Er - O ions and between Er - Er
ions in the ErySiOs crystals. The interatomic dis-
tances R and Debye-Waller disorder factors o2 are

The Debye-Waller disor-

are compatible with those of ErsOg

summarized in Table 1.
der factors o?
crystal [9], suggesting the good crystalline quality
of the mono-silicate formed by thermal annealing at

1100°C.

0.3+ (a)
0.2+

0.0+

Rel[x(q] (A™)

—0.14

—0.24

R(A)

Fig. 1. Er Li-edge EXAFS spectrum of Er3* in the
sample. Red solid line is the fitting by the theory. x,
R, and q represent X-ray absorption, distance, and
wavenumber, respectively. (b) Fourier-transformed
XAFS spectrum of the sample (see Table 1 for de-
tails).
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Table 1. Interatomic distances (R) of Er — O, Er
— Si and Er — Er in the unit cell up to
3.5A and the Debye-Waller disorder factor
(%), determined by EXAFS. The suffixes
represent the different sites of O and Er

atoms in the unit cell.

R(A)  o2%(A?)
Erl-O1 2.2551 0.0141
Er1-O2 2.2702 0.0539
Er1-O3 2.2866 0.0629
Er1-O4 2.2937 0.0024
Erl-O5 2.3074 0.0724
Er1-O6  2.7754  0.0147
Er1-O7 3.1132 0.0142
Erl-Si 3.292  0.0155
Erl-Erl  3.4565 0.0148
Erl-Er2 3.4972  0.009

Figure 2(a) shows the PL spectrum obtained from
the sample. It is evident that there are a main
peak at 1528.8 nm, which is the transition between
113/2(X1) —* I15/2(Z1) states of 4f -levels of Er3*t
ions in ErySiOj films, and some additional peaks due
to Stark splitting. The shape and positions of the
PL are in good agreement with previous results [4].
The decay profile of the peak and the corresponding
In(—1In(t/7r) — t/7r — (In(t/7R))? plots are shown
in Fig. 2(b) and the inset, respectively, where 7p
is the intrinsic fluorescence decay time of the donor.
According to the Inokuti-Hirayama (I-H) equation
[12], the slope of the plots in the inset corresponds
to 3/s, where s is multipole interaction parameter
(s = 6,8, and10 for dipole-dipole, dipole-quadrupole,
and quadrupole-quadrupole interactions). From the
slope in the inset, we obtained s = 4.4, which is
fairly close to s = 6, indicating that the energy
transfer is caused by the dipole-dipole interactions
between Er3*t ions. It can be seen, however, that
the experimental plots are not completely in agree-
ment with the I-H equation; they deviate for shorter
and longer decay time ranges. This could be because
the energy transfer from donors to acceptors is as-

sisted by energy migration among donors due to the

high concentration of Er®* ions in the mono-silicate,
as described below.

Figure 2(b) shows the decay curve of the peak at
1528 nm from the ErySiOs film grown on Si(100).
As seen in this figure, the experimental curve decays
non-exponentially and agrees well with the simula-
tion on the basis of the model in which energy trans-
fer is accelerated by energy migration through hop-
ping proposed by Burshtein [13]. In the hopping
model, PL intensity I(t) can be expressed I(t) =
Iy exp(—t/Tp —~t'/? —Wt), where T is the intrinsic
radiative lifetime of erbium ions, =y is the donor-to-
acceptor energy transfer parameter (direct transfer

without migration), W is the rate parameter related

o @
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3
E‘i, 0.6
2
i
S 044
E
0.2+
0.0+
L) . T ¥ L) o L] - L) L L) - T o L) = L) ol T
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Wavelength (nm)
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=
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=
0.1 T T
o 10 20 El 40
Time (us)
Fig. 2. (a) PL spectrum obtained from the sam-

ple. (b) Normalized decay curve of *Ii3/5(X1)—
*I15/2(Z1) emission under pulsed excitation for the
ErySiO5.  The red solid line is the theoretical
fit by the Burshtein equation. Inset shows the
In(—In(t/7r) — t/7r — (In(t/7r))? plot of the decay

curve in (b).
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to the donor-to-acceptor energy transfer assisted by
discrete excitation migration (hopping) among donor
states. In this case, the energy transfer is referred to
as migration-accelerated. From the theoretical fit-
ting, we obtained v = 150.4 with standard errors
(SE) of 12.7 s%/2 and W = 19172.4 with SE =
2910.2 s7! at 7 = 7.4 ms [14]. Subsequently, the
microparameters of energy transfer from donor to ac-
ceptor Cp 4 and that from donor to donor Cpp can
be estimated from the value of v and W by the fol-
lowing relationships [15-17]: v = %773/2]\7,4 VCpa,

5/2
NaNp\/CpaCpp, Kq =

[1672/(3x 28/*)[NANpCACY 4 where Ny and Np

are the concentration of acceptors and donors in the

2
W = K, :7r<37r>

erbium mono-silicate, and K is the energy trans-
fer rate, which is associated with diffusion and trap-
ping derived from the random walk treatment. We
obtained Cps = 1.94 x 107%2 cm®/s and Cpp =
3.74 x 10742 ¢cm® /s, which lead to the critical radii
Rpa = 4.95A and Rpp = 6.03A7 and hopping
time ¢, = 81.6 us. The critical radii indicate that
the energy transfer and migration can occur among
ions located within these distances. The rates of
cross-relaxation (Ppa) and that of energy migra-
tion (Ppp) are estimated to be 132 and 78 s™1, re-
spectively, using the equations Ppa = Cpa/R% 4
and Ppp = Cpp/R% . According to Ref. 17, S
is a good indictor for distinguishing the migration
mechanisms, where S = W/K,. Owing to this cri-
teria, the diffusion mechanism satisfies S = 1 in-
dependent of the value of Cpp/Cpa [16] and the
hopping mechanism works for S < 1 [13], depend-
ing on Cpp/Cpa. From the fitting, we obtained

= 0.544 and Cpp/Cpa = 3.25, indicating that
energy migration is due to energy hopping between
Er* ions [see Fig. 6 in Ref. 17], but not due to
the diffusion-limited mechanism where S = 1. Fur-
thermore, when we plot our result on Fig. 6 in Ref.
17, we find that the plot rides on the solid curve of
that figure. This indicates that the hopping mech-
anism of our system is in good accordance with the

modified hopping model proposed by Jagosich et al.

(Ref.

taken into account. Note that, on the other hand,

17), in which exciton trapping efficiency is

the diffusion-limited mechanism has been suggested
in the Er,Y,_2SiO5 (0.06 < z < 2) crystals [6],
which is not in accordance with the results described
above.

Regarding Rp4, the distance is nearly equal to
the average Er — Er ions distance of Rg,_ gy = 4.6A,
which is derived from the EXAFS analysis, indicat-
ing that the energy transfer is mainly caused by
cross-relaxations between Er3t ions, such as coop-
erative up-conversions. Actually, evidence of such
up-conversions has been found in waveguides of poly-
crystalline Er;Y,_oSiO5 films grown on Si covered
with thermal oxide films by ion-beam sputtering
[18]. Additionally, we derived the average lifetime
by normalizing to unity the PL decay curve at time
t = 0 and integrating over the entire decay curve for
non—exponfontial decay according to the expression
Teff = I(t)/Iodt, in which I is the PL inten-
sity at ¢ L 0. We obtained 7.y = 15.95 us, which
is nearly equal to the value obtained by Miritello et
al. [6]. The relative quantum efficiency 7 is estimated

to be 0.21% by the equation n = 7es;/Tr.

Conclusion

In conclusion, we have investigated the optical en-
ergy transfers and energy migrations between Er™3
ions in EreSiO5 grown on SiO5/Si substrates by rf
magnetron sputtering and subsequent thermal an-
nealing at 1100°C in Ar gas ambience. We deter-
mined the local structures of ErySiO5 (JCPDS card:
No.40-384) by EXAFS and quantitatively clarified
from time-resolved PL measurements that the en-
ergy migrations between Er3* ions in the mono-silicate
can be explained by the modified Burshtein’s hop-
ping model and that the energy transfers are possi-
bly due to cooperative up-conversions between Er3+

ions in the ErsSiOs film on Si.
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