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Fig. 1. 2D imaging XAFS measurement system.

— 21 —



Status Report of Hyogo-Beamlines with Research Results, Vol. 2 (2013)

Table 1. Characteristics of Polycapillary Focusing Optics

Useful X-ray Energy Range

6~10 keV

Size

8 mm, 50 mm

Working Distance

5 mm

Focused Beam Size

FWMH 25 ym > (6 keV)

Transmission Efficiency

Up to 25% (6~10 keV)
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Fig. 2. a) Vertical knife-edge scans for incident X-
ray energy from 9 keV to 10 keV, b) Transmission
efficiency of the polycapillary as a function of X-
ray energy for the energy range scanned for the Cu
foil, c), d) Transmission XAFS spectra for Cu foil
recorded with and without polycapillary
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Fig. 3. a) K edge XANES spectrum.of MnO and
LiMnOj, b) X-ray CCD images of the sample at
X-ray energy of 6.565 keV, ¢) Mapping of the nor-
malized absorption coefficient at X-ray energy 6.555
keV, d) Mapping of the normalized absorption coef-
ficient at X-ray energy 6.560 keV
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Fig. 1. Schematic illustration of the X-ray CT observation system.
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Fig. 2. CT image of foam forming behavior, (a) nor-

mal stereoimage and (b) extracted cells by image

processing.
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Inclined-incidence Microprism-array Optical Device

for Prefocusing Hard X-ray Beams

Y. Kagoshima!, H. Takano! and S. Takeda?

!Center for Novel Material Science under Multi-Extreme Conditions,
Graduate School of Material Science, University of Hyogo,
2SPring-8 Service Co., Ltd.

Abstract : A microprism-array optical device has been developed that can roughly focus a hard X-
ray beam to increase the photon flux density at the sample position. As it operates in a transmission
arrangement that produces negligible beam deflection, the need for additional equipment is minimal
when it is introduced in existing facilities. The effective apex angles of the microprisms can be changed
by varying the inclination angle; this allows the focal point to be easily changed. A prototype device is
fabricated from a 300-pm-thick acrylic resin plate. It consists of 20 50-um-wide right-angle microprisms
whose apex angles gradually decrease to 22.2° at the outer side. The effective apex angle can be reduced
to 3.6° at an inclination angle of 80.5°. Its focusing performance was numerically evaluated by ray tracing
that accounted for absorption. The results predict a gain in the photon flux density of ~25 for a crossed
tandem arrangement. In experiments using an X-ray energy of 10 keV, a 680 pum (V) X 660 pum (H)
beam was focused to a spot size of 130 ym (V) X 380 pm (H), resulting in a photon flux density gain of
~3. The present microprism-array optical device can be used to improve beamlines for experiments that
do not require microfocusing such as X-ray absorption fine structure spectroscopy, powder diffraction,
and small-angle scattering experiments.

ARG IIFER L (Y. Kagoshima et al., J. Appl. Phys. 113, 214314 (2013).) %#7 - L 2 b DT

BL24XU

H35,

Keywords : X-ray refraction, X-ray microprism, X-ray focusing, prefocusing, microprism array

Introduction

Grazing-incidence total-reflection mirrors are
widely used as optical prefocusing devices in
many beamlines at synchrotron radiation facilities
throughout the world to increase the photon flux
density of beams irradiated onto samples. However,
if a total-reflection mirror is added to an existing
beamline to increase the photon flux density, the re-
flected beam is intrinsically deflected, necessitating
a major reconstruction of the beamline. If a two-
mirror system is used to ensure that the reflected
beam remains parallel to the original beam, the

beam will be offset. Furthermore, introducing total-

reflection mirrors is expensive since they require a
vacuum chamber and a precision alignment system.
Therefore, an optical device that operates in a trans-
mission arrangement is preferable for increasing the
photon flux density of existing beamlines with as lit-
tle reconstruction as possible. One solution, which
was first experimentally demonstrated by Snigirev et
al. [1], is to use a compound refractive lens (CRL).
It has a relatively simple operation principle and is
useful for beam focusing. Lengeler et al. [2] and
Schroer et al. [3] extended the concept by employ-
ing parabolic-shaped microlenses. Although CRLs

are effective as a nano- and microfocusing lenses,
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they are not particularly suitable as optical prefo-
cusing devices for beamlines because they have small
apertures and non-negligible absorption (especially
in their outer regions). Other refractive X-ray lenses
have been developed. Ohishi et al. [4] developed a
refractive X-ray lens consisting of many plastic lens
chips fabricated by molding as an optical prefocusing
device for beamlines for high-pressure X-ray diffrac-
tion experiments. Kohmura et al. [5] used a thin
glass microcapillary filled with an adhesive or glyc-
erol containing bubbles. Since it employs the same
operation principle as a CRL, it has a non-negligible
absorption in the outer regions. Another solution
is to use a Fresnel zone plate. Fresnel zone plates
have been used as microscope objectives with a spa-
tial resolution of almost 10 nm (Chao et al. [6] and
Vila-Comamala et al. [7]).

particularly suitable as beamline prefocusing devices

However, they are not

because they have intrinsically low diffraction effi-
ciencies.

In this paper, we propose a simple refractive op-
tical prefocusing device to enhance existing syn-
chrotron radiation beamlines. It consists of an array
of right-angle microprisms whose apex angles gradu-
ally decrease toward the outer side. Since it operates
in a transmission arrangement with negligible beam
deflection, minimal additional equipment is required
when it is introduced into existing facilities. The
present device is effective for beamlines that do not
require microfocusing such as X-ray absorption fine
structure, powder diffraction and small-angle scat-

tering experiments.

Structure of Microprism Array and Optical
Design of Prototype

1) Operation principle

The microprism array employs a very simple focus-
ing principle that is depicted in Fig. 1. Like visible
light, X-ray refraction obeys Snell’s law. However,
since most materials have X-ray refraction indices of
almost unity, an X-ray beam will be deflected very
little by prisms with conventional apex angles. By

inclining a microprism, its effective apex angle can

(b) T

Fig. 1. Tlustration of microprism array. (a) One-
dimensional focusing by a single array and (b)
crossed tandem arrangement for two-dimensional fo-

cusing.

be greatly reduced from that for normal incidence
(see Fig. 1(a)). Furthermore, by arranging two mi-
croprism arrays in a crossed tandem arrangement,
two-dimensional focusing can be achieved (see Fig.
1(b)).

when it passes through a right-angle microprism (see

An incident X-ray beam is refracted twice

Fig. 2). The microprism is assumed to be inclined
at an angle of § relative to the incident beam. The
complex refraction index, n, of the microprism ma-
terial is expressed by n =1 — ¢ + i and that of air
is assumed to be unity. The prism has dimensions of
w X tx [ and an apex angle of ¢,. The incident beam
impinges on the microprism at P with an angle of in-
cidence 6 and is refracted with an angle of refraction
6’. The beam is refracted again at the microprism
surface at Q with an angle of incidence o;, and exits
the microprism with an angle of refraction ogy;. All

these processes obey Snell’s law:

sinf = (1 —9)sin@’ (1)

(1 =6)sinoy, = sinooyt. (2)
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Fig. 2. Optical path of incident ray in a single right-

angle microprism.

the deflection angle at Q is « (i.e., the angle between
m and (ﬁ) Regarding refraction at Q, P, Q, and
R lie in the plane of incidence, which is denoted by
the rectangle abcd. A section of the microprism that
contains the plane of incidence is denoted by the
triangle ABC. By inclining the microprism, the ef-
fective apex angle can be reduced to ¢. ¢ can be

geometrically derived to be

_ tang, , B tan? ¢’
tan(ﬁ—mvf‘jw’(ﬁa)—\/1+COS2%7 (3)

where 6’ can be obtained from eq. (1). For normal

incidence, 6’ is zero, and thus ¢ = ¢,. When used
as a prefocusing device, the absorption must also be
considered. The average transmission < 7" > is given
by

1 —exp(—ur/13 +t2)

<T>=
/12 + 12

; (4)

assuming that the incident beam is parallel to the
optical axis, where u(= 478/A) is the linear absorp-
tion coefficient of the microprism material and [ is
the effective microprism length, which is determined
by the angle of incidence 6. The focal length is as-
sumed to be long since the microprism array is to be
used as a prefocusing device. The focal length f can

be approximated by

cost - F, (5)

tan o

Fig. 3. Structure of prototype microprism array.

where 7 is the distance from the center of the mi-
croprism array O to the corresponding microprism
under the assumption that the microprism array is

much smaller than f.

2) Design and fabrication of prototype micro-
prism array

To suppress absorption as much as possible, the mi-
croprism array should be minimized. The micro-
prism array was fabricated by a company that pro-
duces custom-made optical Fresnel lenses. The mi-
croprism arrays were fabricated by sheet-press form-
ing using acrylic resin sheets as the microprism ma-
terial. The minimum microprism size and the apex
angle were limited by the precision of the transla-
tion stages and the sharpness of the tool bit used to
machine the metal mold. We employed a constant-
width microprism array for the prototype. The width
w was designed to be 50 pm and the minimum (out-
ermost) apex angle ¢, was designed to be 22.2° based
on the present manufacturing limitations. Fig. 3
shows the designed structure of the microprism ar-
ray. Table 1 lists the apex angles ¢, and the corre-
sponding thicknesses t of the microprisms, which are
numbered 1 to 10 in Fig. 3.

The acrylic resin sheet was 300 pm thick. The
total width was 1 mm (= 20x50 pm), which was
designed to match the incident beam height of the
Hyogo ID-BL (BL24XU) beamline (Tsusaka et al.
[8]) of SPring-8. The total length ! was designed
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Table 1. Apex angles and thicknesses of prisms in

Fig. 3.

Prism  Apex angle: ¢, Thickness: ¢
number ®) (pm)
1 82.66 6
2 68.89 19
3 57.22 32
4 48.01 45
5 40.81 58
6 35.23 71
7 30.85 84
8 27.39 97
9 24.58 109
10 22.22 122

to be 20 mm, which is long enough for a large in-
clination angle. Fig. 4 shows a scanning electron
micrograph of the fabricated microprism array. It
reveals that good microprism structures with com-
paratively smooth surfaces were obtained, although

the apexes are not perfectly sharp.

Numerical Evaluation of Focusing Performance

by Ray Tracing

1) Ray emission of undulator radiation

We employ three Cartesian axes to describe the syn-
chrotron radiation optics [9]. The y-axis is taken to
be normal to the plane of the electron orbit and the
The

angles that a ray makes to the z-axis in the horizon-

z-axis is taken to be tangential to the orbit.

tal zz and vertical yz planes are denoted by z’ and
y', respectively. The z — 2’ and y — v’ spaces are
termed horizontal and vertical phase spaces. The
Hyogo ID-BL (BL24XU) employs a figure-8 undula-
tor developed by Tanaka and Kitamura [10]. The un-
dulator radiation source has Gaussian distributions
inthe z—y, 2’ —y', z—2’, and y — ¢ spaces. In this
study, we used a ray emission algorithm developed
by Muramatsu et al. [11].

In the following, o, and o, denote the standard de-
viations of the horizontal and vertical electron beam
dimensions, respectively. Similarly, o,» and o, de-

note the standard deviations of the horizontal and

Fig. 4. Scanning electron micrograph of fabricated

microprism array.

vertical angular beam divergences, respectively. The

effective size X, , and angular divergence X,/ s of
the photon beam are ¥, , = /04,2 + 0,2 and X,/

_ p) 2 i
=4/0y 4 + 0p?, Tespectively, where o, and o, are

respectively the natural size and divergence of the
photon beam. The natural size (divergence) is the
photon beam size (divergence) emitted from a single
electron (or a zero-emittance electron beam). o, and
o, are expressed by 0, = VAL/4m and 0y = \/A/L,
where A is the photon wavelength and L is the to-
tal length of the undulator (Kim [12]). Table 2 lists
the relevant electron beam parameters of BL24XU
and the effective photon beam parameters used in
ray tracing. The photon energy E was set to 10
keV (A=0.124 nm) and the total undulator length L
was taken to be 4.48 m (26 mmx172 periods). Figs.
5(a)-(d) show spot diagrams at the source points of
the z —y, 2’ —1y/, x — 2’, and y — 1/, respectively. As
mentioned above, they all have Gaussian distribu-
tions with the standard deviations, ¥, and g/ ./,
listed in Table 2. The number of emitted rays was
100,000.

2) Potential focusing ability of designed mi-
croprism array

The focusing properties of the prototype microprism
array were investigated by ray tracing. The complex
refraction index, n, of acrylic resin (C5HgO3) was ob-
tained from the Center for X-ray Optics (Gullikson
[13]) as § = 2.67150153 x 10~ and 3 = 3.71373554 x

10~Y. First, only the vertical direction was assumed

— 38 —



FOHILE — A F A VAR - R

Table 2. Relevant electron beam parameters for
BL24XU and effective photon beam pa-

rameters used in ray tracing.

Notation Parameter Unit
Oy 297.9 pm
oy 6.170 pm
Oy 12.26 prad
Oy 1.100 prad
E 10 keV
op 1.875 pm
Opr 5.261 prad
pI. 297.9 pm
Xy 6.449 pm
I 13.34 prad
Dy 5.375 prad

to be focused (see Fig. 1(a)).
of BL24XU is shown in Fig. 6.
pairs of experimental hutches: Al1l-A2 and B2-Bl

The optical system

There are two

(Takano [14]). The microprism array was located in
experimental hutch Al and the incident beam was
focused in hutch A2. A four-quadrant front-end slit
(height: 1 mm; width: 1 mm) was located 30 m
from the source point and the microprism array was
located 46 m (z1) from the source point. The mi-
croprism array was inclined at an angle of 80.5° (6;)
relative to the incident beam; its focal length f was
12 m according to eq. 5. Therefore, the beam will
be focused at a point 16.235 m (z3) from the mi-
croprism array according to the thin-lens formula,
1/214+1/20 =1/ f.

A double-crystal monochromator (monochroma-
tor A) with diamond crystals was employed for ex-
perimental hutches Al and A2. Fig. 7 shows the
focusing properties for three different values of zs.
Figs. 7(a), (c), and (e) show the real-space (z — y)
spot diagrams, while Figs. 7(b), (d), and (f) show
phase-space (y — y’) spot diagrams. Figs. 7(a) and
(b), Figs. 7(c) and (d), and Figs. 7(e) and (f) show
spot diagrams for zo = 11.235 m (5 m upstream),
16.235 m (the focal point), and 21.235 m (5 m down-
stream), respectively. Figure 7 clearly confirms that

the beam is focused at z3 = 16.235 m, as predicted

0.1 . . : 100
0.05 | 50
£ E] .
EVD =0 w
>= 5 :
005 50
1 ;
015 05 ] 0.5 1 %65 0 50 100
X (mm) X' (urad)
(a) (5)
100 100
50 50
=) =)
m m s
X S -
x > '
.50 | 50
1005 05 0 0.5 1 %6 0 005 0.1
X (mm) Y (mm)
(c) (d)

Fig. 5. Spot diagrams at the source point: (a) z —y,
(b)a’ — ¢, (¢) x — 2/, and (d) y — ¢ spaces.

Distance from undulalor source point
T0m &0m 50m 40 m
[ | Ll |

Hutch A2

Hutch B2

Focal point
Huteh B1 i Q

Maonachromator B L " Monochromator A

Fig. 6. Optical system of BL24XU of SPring-8.

by the thin-lens formula. The focused beam size

was ~68 pum. In the phase-space spot diagrams,
each cluster corresponds to a refracted beam from
one microprism. Absorption was accounted for in
the ray tracing. The transmission (i.e., the ratio of
the number of transmitted rays to the number of in-
cident rays) was 63.7%. As shown in Fig. 3, the
average absorption increased with increasing num-
ber of the microprisms. The average transmission
for all the microprisms was calculated to be 62.1%
using eq. 4. These two values for the transmission
are in good agreement with each other.

Next, both the vertical and horizontal directions
were assumed to be focused (see Fig. 1(b)). The

distance between the two microprism arrays was set
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Fig. 7. Spot diagrams of (a), (c), and (e) real space
(x — y) and (b), (d), and (f) vertical phase space
(y—vy') at z2 = (a) and (b) 11.235, (c) and (d) 16.235,
and (e) and (f) 21.235 m.

to 0.2 m and the angle at which the second micro-
prism array was inclined, 62, was set to 80.5°. Fig.
8 shows real-space spot diagrams at zo = 16.235 m
(the focal point). Figs. 8(a), (b), and (c) respec-
tively show real-space spot diagrams obtained with
no microprism arrays, with only the vertical micro-
prism array, and with both prism arrays. The mi-
croprism arrays reduced the beam size (defined as
the full width at half maximum, FWHM) from 0.78
mm to 67 pum in the vertical direction and from 1.23
mm to 225 pm in the horizontal direction. The to-
tal number of rays was 50,856 in Fig. 8(a), 32,388
in Fig. 8(b), and 20,169 in Fig. 8(c) and thus the

transmission was 63.7% in Fig. 8(b) and 39.7% in
Fig. 8(c).
tracing as the total number of rays divided by the

Here, we define the flux density in ray

beam area (which is equal to the product of the ver-
tical and horizontal FWHMSs). Inserting perfectly
formed microprism arrays would increase the flux
density by factors of ~7.3 in Fig. 8(b) and ~25 in
Fig. 8(c). If the beam area is restricted to 50 pm x50
pm (red in Fig. 8), the flux density will be increased
by factors of ~7.9 (Fig. 8(b)) and ~23 (Fig. 8(c)).
Figs. 9(a)-(d) show the spot diagrams for a focused
beam in z —y, 2’ — 4/, z — 2’, and y — 7 spaces,
respectively. The beam patterns are upright in both
phase space directions (Figs. 9(c) and (d)), which
confirms that the beam is focused in both directions

at zo0 = 16.235 m.

Feasibility Tests of Prototype Microprism Ar-

rays

The focusing properties of prototype microprism
arrays were experimentally evaluated. A similar op-
tical set to that shown in Fig. 6 was used. In hutch
Al, a four-quadrant slit (height: 1 mm; width: 1
mm) was placed 80 cm in front of the front micro-
prism array. Hutches Al and A2 were connected by
a 7.3-m-long vacuum path. To suppress air absorp-
tion, 4.3-m-long and 3.4-m-long vacuum paths were
aligned with the optical axes in hutches Al and A2,
respectively. The air path was 1.3 m long and 53% of
the incident x-rays were absorbed along it. An X-ray
charge-coupled device (CCD) camera installed after
the focal point was used for optical alignment. When
measuring the intensity, a PIN photodiode detector
was placed immediately in front of the CCD cam-
era. To measure the two-dimensional beam profile, a
rectangular aperture (height: 20 pm; width: 50 pm)
was installed at the focal point. While scanning the
rectangular aperture in two dimensions, the inten-
sity after the aperture was measured by the PIN de-
tector. The PIN photodiode current was converted
into photon flux. Figs. 10(a)-(d) show the measured

two-dimensional beam profiles without microprism
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Fig. 8. Real-space spot diagrams at z, =16.235 m
(focal point) (a) without, (b) with only vertical mi-
croprism array, and (¢) with both vertical and hori-

zontal microprism arrays.

arrays, with only horizontal focusing, with only ver-
tical focusing, and with both horizontal and verti-
cally focusing, respectively. These figures also show
the photon flux, the transmission, the horizontal (X)
and vertical (Y) FWHMs of the beam profiles, and
the corresponding photon flux density. Here, the flux
density is defined as the flux divided by the beam size
(= m/4x vertical FWHM x horizontal FWHM).

An incident beam with a size of 655 ym (X) x 679
pm (Y) was focused to 365 pm (X) x 133 pm (Y)
when both prism arrays were inserted. This increased
the photon flux density by a factor of ~3 at the fo-

cal position. Since ray tracing gave a focused beam

Z,16.235m

0.5 T - T 50 - - T
Total no. of rays: 20,169
Transmission: 39.7%

025f Gain: ~25 ] 251 : ]
,E 225 um »‘-_%x

E 0f 50 ]
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() (d)

Fig. 9. Spot diagrams of the focused beam in (a)
x—vy, (b) a2’ =y, (¢c) x —a', and (d) y — ¢ spaces.

size of 225 pm (X) x 67 pm (Y) (Fig. 8(c)), the
experimentally measured beam size was 1.6 (X) and
2.0 (Y) times larger. The most probable cause for
this is that the microprism array was not perfectly
fabricated. As Fig. 4 shows, the apexes are slightly
rounded especially on the outer side. In addition,
the apex angles were machined to an accuracy of 1°,
which may be too large. Furthermore, the different
FWHMs of the incident beam size for ray tracing
(Fig. 8(a)) and the experiment (Fig. 10(a)) also re-
duce the experimental gain. Other causes will be in-
vestigated in future studies. However, since the cal-
culated transmissions are 63.7% and 39.7% in Figs.
8(b) and (c), the experimental transmissions of 56%
and 32% are not too different. Although the exper-
imental focusing performance is considerably worse
than that predicted by the ray-tracing calculations,
a practical gain in the photon flux density has been
obtained and the potential of the microprism ar-
ray as a prefocusing device has been demonstrated.

By improving the fabrication techniques, the present
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Fig. 10. Measured two-dimensional beam profiles ob-
tained (a) without microprism arrays, (b) only hor-
izontal focusing, (c) only vertical focusing, and (d)

both horizontal and vertically focusing.

microprism array can enhance existing X-ray beam-
lines.

Resistance to radiation damage is one of the most
critical properties of X-ray optical devices. Since
the microprism array is made of acrylic resin, it will
have a low resistance to radiation damage. How-
ever, if the dose rate is maintained below a critical
dose rate, the present microprism array will be suit-
able for practical use. Fig. 11 shows the time varia-
tions of the peak intensity and the FWHM of a ver-
tically focused beam (corresponding to Fig. 10(c)).
To reduce the incident dose rate, the microprism ar-
ray was scanned continuously in the z-direction be-
tween £ = —1.25 mm and z = +1.25 mm with a
scan speed of 50 ym/s while the beam was incident
on the microprism array. After 9 h of continuous
irradiation, there was no apparent degradation in
either the peak intensity or the FWHM; thus, the
acrylic resin microprism array is suitable for prac-
tical use under the conditions for hutch Al. The
incident photon energy was 10 keV (= 1.6x1071°
J) and the flux was measured to be 3.2x10° pho-

tons/s, which gives an incident power of 51 W. The

8000 — T T T T 150
a 1125
6000 - NN A N e
> +4100 "é"
£ g
-
2 4000 - 4175 =2
£ I
3 lso
a 2000 - _
—— Peak Intensity 4125
—— FWHM
0 1 . L . L " 1 . L 0
0 2 4 6 8 10
Time (h)
Fig. 11. Time variations of peak intensity and

FWHM of vertically focused beam.

incident beam size was restricted to 1 mm (X) x 1
mm (Y) by the four-quadrant slit. Accounting for
the continuous scanning in the z-direction between

41.25 mm, gives a critical incident power density of

2

over 20 pW/mm?*. When the incident power den-

sity approaches the critical power density, the dose
rate can be easily reduced by increasing the scan-
ning range. We intend to investigate the details of

the resistance to radiation damage in the future.
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Mixture Formation of Er,Yb,_,SisO; and Er,Yby_,.O3 on Si for
Broadening the C-band in an Optical Amplifier

Hiroo Omil»?

INTT Basic Research Laboratories, NTT Corporation,
2NTT Nanophotonics Center, NTT Corporation

Abstract : Thin films composed of polycrystalline Er;Yba_,Ogs grains and crystalline Er, Ybs_;Si2O7

layers were formed on a Si(111) substrate by RF - sputtering and subsequent thermal annealing in Ar gas

ambient up to 1100 °C. The films were characterized by synchrotron radiation grazing incidence X-ray

diffraction and micro photoluminescence measurements. In the annealed film of 950 °C it is observed

that the I ;5,2 — Liz/2 Erdt photoluminescent transition exhibits simultaneously maximum intensity and

peak width at room temperature. This effect satisfies the requirements for broadening the C-band of an

optical amplifier on Si.

Keywords ! Grazing incidence X-ray diffraction, Erbium silicate, thin film, silicon

Introduction

Erbium silicates (e.g. ErsSiO5 and ErsSisO7) and
erbium oxide (EryOjs) have great potential as op-
tical amplifier materials in silicon photonics [1-15].
Recent research has shown optical gain in waveg-
uide erbium - doped amplifiers [4,5]. However, the
luminescence is limited by concentration quenching
mechanisms, such as energy migration and up - con-
version between Er®T ions. Therefore, yttrium (Y),
which has almost the same ionic radius as erbium
(Y3* of 0.9 A, Er®t of 0.89 A) and is optically in-
active is incorporated to increase the luminescence
efficiency of the Er ions in the silicates and oxides
by forming Er,Ys_,SiO5 and Er,Ys_,O3 [4-7]. In
addition, for further enhancement of the emission,
ytterbium (Yb), with an ionic radius of 0.99 A in
YDb3T, has been incorporated in silicates and oxides.
The incorporation of Yb effectively promotes the en-
ergy transfer from the Yb ions to Er ions, which
results in high efficiency of the Er ion luminescence
when pumped at a wavelength of 980 nm [3,12]. Sig-
nificant gain has been demonstrated in Yb-Er silicate

slot waveguides [4, 5].

In order for these materials to be used as gain me-
dia for optical amplifiers, they have to fulfill the re-
quirement of broadband luminescence at the region
of the C-band telecommunication transmission wave-
lengths (1530—1565 nm).

peaks in the photoluminescence spectrum are re-

Flat regions and broad

quired for broadband amplification. However, it is
well known that the photoluminescence of Er3t ions
within crystalline materials exhibits sharp, but not
broad peaks due to the regular crystal fields [15].
This implies that the single crystals of such materi-
als are not suitable for broadening the C-band. To
that end, one of the next steps for implementing an
optical amplifier on Si is to broaden the C-band by
incorporating Er into a crystalline host material such
as Yb, which allows better Er concentrations and re-
duces the non-radiative mechanisms in rare-earth ion
doped crystals.

In this report, I
Er,Ybs_,SisO; and Er,Yby_,O3
mixtures on Si(111) substrates.

fabricated by RF - sputtering of Ery03, YboO3 on

report the growth of
crystalline

The films were

Si and subsequent annealing in Ar atmosphere. 1
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propose that this mixture formation simultaneously
enhances and broadens the photoluminescence of the

Er3T ions in the C-band at room temperature [16].

Experimental

The Erbium-Ytterbium composed products were
obtained by RF- magnetron sputtering at room tem-
perature in oxygen atmosphere. A 10 nm thick film
of EryO3 was sandwiched between 80 and 20 nm
thick films of YbsO3 on Si(111) substrates. The de-
posited films were thereafter annealed in an anneal-
ing furnace under Ar ambient for annealing time of
(t) = 1—3 hours at temperatures (T, ) in the range of
900—1100 °C. Prior to the photoluminescence (PL)
measurements, synchrotron grazing incidence X-ray
diffraction (GIXD) experiments were performed to
the thermally annealed samples at the BL24XU in
SPring-8 using an X-ray wavelength of 1.24 A and

an incidence angle of 1.0° [8]. PL measurements were

performed with a Ti: sapphire laser at 980 nm with
an excitation power of around 10 mW and at tem-
peratures between 4 and 300 K. The excitation laser
was focused to spot size of 2-um diameter through
objective lens with a numerical aperture of 0.42. The
PL spectra were detected using a 0.5-m spectrometer
and cooled InGaAs detector [8,10].

Results and Discussion

Figure 1 shows the typical X-ray powder diffrac-
tion patterns obtained from the as-grown samples
[Fig. 1(a)] and the samples annealed in Ar ambi-
ence at 900, 1000, and 1100 °C for ¢ = 2 h [Figs.
1(b)-(d)]. 1(b), (c) and
(d) are assigned to (211), (222), (123), (400), (411),
(422), (134), (440), and (611) reflections from the
bixbyite structure of LnsO3 (Ln = Yb or Er), ac-

The main peaks in Figs.

cording to the joint committee on powder diffraction
standards (JCPDS) cards no. 41—1106 for YbyO3

@ WP i

(200)

Er,Yb, Si,0,(001) /\(-111)
(c)
Wi ‘m [Mn
rYb, O

21

Intensity (a.u.)

'\':ﬁbrﬁkﬂ" pal) Mﬁ”fﬁr*ﬂ

) W\(
nMWMm M(m (MKWM

(440)

(123) (411)(422}(134} f\ (611)

T
0 10 20

(a) m wwmwm Wpr,ww

50
20

Fig. 1. 6—26 X-ray powder diffraction pattern obtained at the incidence angle of 1.0° from the samples (a)
as-grown at room temperature and annealed at (b) 900 (c¢) 1000 and (d) 1100 °C in an Ar ambient. The

X-ray wavelength was 0.124 nm.

— 45 —



Status Report of Hyogo-Beamlines with Research Results, Vol. 2 (2013)

and no. 43—1007 for EryO3. From the diffraction
peaks, the lattice constant is estimated to be 10.5071
A, which is between the lattice constant of YbyOs
(10.4854 A) and EryO3 (10.5672 A). This indicates
that the thermal annealing produces mixed polycrys-
talline Er,Ybs_,O3 on Si(111), which means that
the Er ions of EryOg are partially incorporated into
the lattice sites of YboO3z and/or the Yb ions of

YhbOg3 are incorporated into the lattice sites of EroO3.

The size of the polycrystalline Er, Ybs_,Og is around
20 nm for T, = 900 °C according to the analysis of
the diffraction peak width at T, = 900 °C.

The increase of T, from 900 to 1000 °C induces
the appearance of additional peaks at 15.11°, 18.46°,
21.18°, and 26.12°, as seen in Fig. 1(c), which cor-
responds to the (001), (-111), (200), and (130) re-
flections of LnySi;O7 (Ln = Yb or Er), according to
the JCPDS cards of YbsSioO7 (no. 25—1345) and
ErsSisO7 (no. 25—1416). This suggests the forma-
tion of polycrystalline Er,Ybs_,SisO7 in addition
to polycrystalline Er,Ybs O3 at T, = 1000 °C.
The formation of the silicate indicates that Si dif-
fuses into the oxide film and reacts with Yb, Er,
and O during the thermal annealing for tempera-
tures T, > 900 °C, as was reported in H. Ono et
al. work [17], which is expected to be confirmed in
the following TEM/EDS, experiments. With further
increase of the T, up to 1100 °C, the GIXD peaks
become the same as those at T,= 900 °C, indicat-
ing the presence of the oxide. The polycrystalline
sizes of Er,Yby_,O3 are estimated to be around 20
nm at T, = 1000 °C and 33 nm at T, = 1100 °C.
Note, however, that the optical microscope images
show the surface covered by two types of islands (the
oxide and silicate) at T, = 1100 °C but not by uni-
form layers as in the case of samples annealed at 900
°C. This is confirmed by micro-PL, even though the
diffractions from the silicates are not seen in Fig.
1(d). The absence of the diffraction from the sili-
cates in Fig. 1(d) is probably due to the fact that
the island formation at T, = 1100 °C reduces the
total volume of the silicates which are formed at the

interface between the films and Si substrate at T,

< 1100 °C. Therefore, I determined that the crys-
talline Er,Ybo_,O3 and Er;Ybo_,SisO7 coexist in
the films annealed between T, = 900 and 1000 °C.
Figures 2(a) and (b) show the PL spectra and their
peak intensities obtained from samples at 4 K as a
function of T,. For T, = 900 °C. The PL spectrum
has two sharp peaks at 1535 and 1548 nm, which are
due to the transition between the *Iy5/5 — *I13/ lev-
els at the lattice sites of Cy and Cs; of the bixybite
LnyO3 (Ln = Er or Yb) structure [9,11,14]. Note
however, that the spectrum is similar but not identi-
cal to that of the EroO3. These results indicate that
the thermal annealing at 900 °C causes Er®* ions of
Ery03 to be partially incorporated into the two dif-
ferent sites of YbyOg, which supports the formation
of Er; Ybs_,Og grains evident from the GIXD. Inter-
estingly, at T, = 950 and 1000 °C, new main peaks
appear at 1529 and 1530 nm, in addition to those at
1535/1548 nm, which is coincident with the emer-
gence of Er,Ybs_,SioO7 evidenced by the GIXD.
Additionally, the PL spectrum obtained from an is-
land on the surface of the sample annealed at T, =
1100 °C, has a principle peak at 1529 nm, which is
in agreement with the peak of the Er,Ybs_,SisO7
films on Si waveguides [4,5]. The results indicate
that the emergence of the 1529/1530 nm peaks from
the samples annealed at T, = 950 and 1000 °C are
due to the formation of Er,Ybo_,SisO7 in the film.
In Figure 2(c), I show typical PL spectra obtained
from the samples at 300 K. It is evident that Er —
PL becomes maximum in intensity at T, = 950 °C
when the PL spectra are integrated at the C-band. 1
also plot the effective bandwidth (Aegr) of PL spectra
obtained at 300 K in Fig. 2(d) and those at 4 K as a
function of T},. The effective bandwidth is defined as
Aett = [ I(X)dN/Iiax where I()) is the PL intensity
at wavelength A and I,y is the maximum peak in-
tensity [18]. As can be seen in Fig. 2(b) and (d), not
only the intensity but also the effective bandwidth
of the PL spectrum are maximum at 950 °C with
respect to Ty. In the spectrum at T, = 950 °C, two
different maxima of the main peaks 1529/1530 nm in
Er,Ybs_,SisO7, and those at 1535 and 1548 nm in
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Er,Ybs_, O3 are significantly overlapped, producing
inhomogeneous broadening at the C-band at 300 K.
The maximum Aqg of the spectrum is about 36 nm at
T, = 950 °C, which nearly corresponds to the band-
width of the C-band (35 nm = 1565—1530 nm). It is
worth noting that the bandwidth at 300 K is approx-
imately three times larger than that at 4 K for the
sample annealed at T, = 950 °C [Fig. 2(d)]. This
can be attributed to the fact that more transitions
between the 4115/2 - 4113/2 levels of Er3t ions in
Er,Ybs_,SisO7 and Er,Ybs_,O3 become available

as the temperature increases [9].

ErYb, 5,0

20{ (a)

Intensity (a.u.)

w0 0 1560
Wavelength (nm)

C-band

Intensity (a.u.)
=3

v T
1500 1520 1540 1560

Wavelength (nm)

Conclusion

Mixtures of Er, Ybo_,O3 and Er, Ybs_,SioO; were
synthesized on a Si(111) substrate by means of RF-
sputtering and subsequent thermal annealing in an
Ar ambience at temperatures between 900 °C and
1100 °C. I found that the uniform interfacial single-
crystalline layers of Er, Ybs_,SioO7 beneath the lay-
ers of polycrystalline grains of Er,Ybs_,O3, which
are formed simultaneously at T, = 950 °C, exhibit
a strong and broad PL spectrum from the Er3* ions

in the film in the C-band at room temperature.
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Fig. 2. Photoluminescence spectra from samples annealed at T, = 900, 950, 1000, and 1100 °C, obtained
at (a) 4 K and (c) 300 K with excitation wavelength at 980 nm. (b) PL intensity measured at 300 K as a
function of T,. (d) Effective bandwidth of PL spectra measured at 4 K and 300 K as a function of T,.
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Table 1. A}
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My (K) My /M, (%)
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HPBO03 1,070 3.74 99.4 fEelr (650%) -
HPB04 1,090 2.86 96.9 Tl 72 L -
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HPBI11 1,710 3.00 98.6 T 7 L O
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Fig. 2. Uniaxial strain-WAXS in situ measurement with HPB13.
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Fig. 1. X-ray diffraction patterns of Cr-bearing MgO

samples.
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Fig. 2. X-ray diffraction patterns of Cr-bearing di-

calcium silicate samples.
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Fig. 3. Cr-K edge (a) XANES, (b) FT-EXAFS spec-
tra of Cr-bearing MgO samples.
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Fig. 4. Cr-K edge (a) XANES, (b) FT-EXAFS spec-

tra of Cr-bearing Dicalcium silicate sample.
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Fig. 3. High temperature furnace. The synthesized
powders of eletcrolyte were calcined at 1400°C for
10 hours.

Fig. 4. The calcined powders were pressed to pel-
lets and high-temperature sintering process was per-
formed. The bottom picture shows a sintered pellet

sample.
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