u

) <

The University of Osaka
Institutional Knowledge Archive

Title Development of a glue-free bimorph mirror for
use in vacuum chambers

Author (s) iih;{' Yoshio; Okada, Hiromi; Nakamori, Hiroki

Review of Scientific Instruments. 2019, 90(2),

Citation 0. 021702

Version Type|VoR

URL https://hdl. handle.net/11094/86962

This article may be downloaded for personal use
only. Any other use requires prior permission of
the author and AIP Publishing. This article

rights appeared in (citation of published article) and
may be found at
https://doi.org/10.1063/1.5066105.

Note

The University of Osaka Institutional Knowledge Archive : OUKA

https://ir. library. osaka-u. ac. jp/

The University of Osaka



Instruments

] [of

G
o)
S
95
=

Development of a glue-free bimorph mirror
for use in vacuum chambers

Cite as: Rev. Sci. Instrum. 90, 021702 (2019); https://doi.org/10.1063/1.5066105
Submitted: 12 October 2018 . Accepted: 13 January 2019 . Published Online: 11 February 2019

Yoshio Ichii, Hiromi Okada, Hiroki Nakamori, Akihiko Ueda, Hiroyuki Yamaguchi, Satoshi Matsuyama,
and Kazuto Yamauchi

PrdnN *
L A |
L ]
N
View Online Export Citation CrossMark

ARTICLES YOU MAY BE INTERESTED IN

Installation and commissioning of the European XFEL beam transport in the first two
beamlines from a metrology point of view

Review of Scientific Instruments 90, 021701 (2019); https://doi.org/10.1063/1.5055208

In situ metrology for adaptive x-ray optics with an absolute distance measuring sensor
array

Review of Scientific Instruments 90, 021703 (2019); https://doi.org/10.1063/1.5060954

Effective protocol for realizing contamination-free X-ray reflective optics
Review of Scientific Instruments 90, 021704 (2019); https://doi.org/10.1063/1.5063262

JANI—

Janis Dilution Refrigerators & Helium-3 Cryostats

for Sub-Kelvin SPM

Click here for more info www.janis.com/UHV-ULT-SPM.aspx

Rev. Sci. Instrum. 90, 021702 (2019); https://doi.org/10.1063/1.5066105 90, 021702

© 2019 Author(s).


http://oasc12039.247realmedia.com/RealMedia/ads/click_lx.ads/test.int.aip.org/adtest/L16/534481757/x01/AIP/Janis_RSI_PDF_Mar_2019/JanisResearch_PDF_DownloadCover_banner_RSI_2019.jpg/4239516c6c4676687969774141667441?x
https://doi.org/10.1063/1.5066105
https://doi.org/10.1063/1.5066105
https://aip.scitation.org/author/Ichii%2C+Yoshio
https://aip.scitation.org/author/Okada%2C+Hiromi
https://aip.scitation.org/author/Nakamori%2C+Hiroki
https://aip.scitation.org/author/Ueda%2C+Akihiko
https://aip.scitation.org/author/Yamaguchi%2C+Hiroyuki
https://aip.scitation.org/author/Matsuyama%2C+Satoshi
https://aip.scitation.org/author/Yamauchi%2C+Kazuto
https://doi.org/10.1063/1.5066105
https://aip.scitation.org/action/showCitFormats?type=show&doi=10.1063/1.5066105
http://crossmark.crossref.org/dialog/?doi=10.1063%2F1.5066105&domain=aip.scitation.org&date_stamp=2019-02-11
https://aip.scitation.org/doi/10.1063/1.5055208
https://aip.scitation.org/doi/10.1063/1.5055208
https://doi.org/10.1063/1.5055208
https://aip.scitation.org/doi/10.1063/1.5060954
https://aip.scitation.org/doi/10.1063/1.5060954
https://doi.org/10.1063/1.5060954
https://aip.scitation.org/doi/10.1063/1.5063262
https://doi.org/10.1063/1.5063262

Review of
Scientific Instruments

ARTICLE scitation.orgljournal/rsi

Development of a glue-free bimorph mirror
for use in vacuum chambers

Cite as: Rev. Sci. Instrum. 90, 021702 (2019); doi: 10.1063/1.5066105
Submitted: 12 October 2018 « Accepted: 13 January 2019 -

Published Online: 11 February 2019

Yoshio Ichii,’® Hiromi Okada,' Hiroki Nakamori,'? Akihiko Ueda,’ Hiroyuki Yamaguchi,? Satoshi Matsuyama,?

and Kazuto Yamauchi?

AFFILIATIONS

1JTEC Corporation, 2-4-35 Saito-Yamabuki, Ibaraki, Osaka 567-0086, Japan
2Department of Precision Science and Technology, Graduate School of Engineering, Osaka University, 2-1, Yamadaoka,

Suita, Osaka 565-0871, Japan

2 Author to whom correspondence should be addressed: yoshio.ichii@j-tec.co.jp

ABSTRACT

PZT (lead zirconate titanate)-glued bimorph deformable mirrors are widely used in hard X-ray regimes; however, they have not
yet been used in soft X-ray regimes because they are less compatible for usage under high vacuum. In this study, we developed a
glue-free bimorph deformable mirror, in which silver nano-particles were employed to bond PZT actuators to mirror substrates.
Under an appropriate bonding condition, the bonding layer was confirmed to be uniform and the mirror’s bending characteristics
were demonstrated to be sufficiently stable; its gas emission rate was also shown to be acceptable. Piezo responses before and

after additional heating at 200 °C showed the thermal stability of its bonding and bending properties.
Published under license by AIP Publishing. https://doi.org/10.1063/1.5066105

I. INTRODUCTION

Third- and fourth-generation synchrotron radiation
sources'~3 provide extremely bright and coherent X-rays with
a wide wavelength range, including soft and hard X-rays,
and are used in various research fields of physics, chemistry,
and biology. The field of precision optics is indispensable in
enhancing the quality of X-ray analysis methods; it makes the
X-ray beam as bright as possible and/or controls the flexibil-
ity of the beam’s size. One of the mechanisms used for this
purpose is a mirror with a mechanical bender; they have been
used in beamline optical systems. However, the quality of their
generated shape has been found to be insufficient due to the
lack of controllability and instability of their bending devices.
To overcome this issue, bimorph mirrors driven by piezo actu-
ators are being developed since the 1990s.® These mirrors
can equip a sufficient number of piezo actuators to finely
modify the surface’s shape to meet the necessary accuracy
requirements. Accordingly, these newly developed deformable
mirrors can generate nearly the exact shapes required to
focus X-rays and/or to control the wavefront. As a practi-
cal example, Diamond Light Source (DLS) developed a method

for using X-ray wavefront modification to change the beam
size by using a deformable mirror that was nearly elliptically
pre-shaped.”'! At SPring-8, a compensation optical system
was developed that uses a bimorph mirror to realize an ulti-
mate beam size of 7 nm. In this work, the diffraction-limited
operation was realized in a compensational way, although the
employed multi-layer coated'#'* Kirkpatrick-Baez (KB) mir-
rors'41° did not fully satisfy the Rayleigh criterion.?® Fur-
thermore, a two-stage focusing optical system was used at
SPring-8 to change the beam size, in which diffraction-limited
performances were realized at all beam sizes.?! 22

In these examples, epoxy glues were used in the fabrica-
tion of the bimorph mirrors to bond the piezo actuators (made
of lead zirconate titanate, PZT) and the mirror substrate. This
bonding method is suitable for use in hard X-ray optics, per-
formed in ambient atmospheres. However, in the soft X-ray
regime, the optics of which require high vacuum compatibility,
glue cannot be used because of the gas emissions and denatur-
ing of materials that occur at high temperatures. In this study,
therefore, we have developed a glue-free bimorph mirror that
can be used across a wide X-ray wavelength range, including
soft X-rays.
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FIG. 1. Schematic image of the glue-free bimorph mirror developed in this study:
(a) top surface (optical surface), (b) back side, and (c) cross-sectional view.

Il. EXPERIMENTAL

The usual baking temperatures of vacuum chambers can
be as high as 200 °C. For a bimorph mirror to maintain
the characteristics at this temperature, the bonding mate-
rial between the PZT (lead zirconate titanate) piezo actuators
and the mirror substrate must not melt, become denatured,
or emit gases at the baking temperature. In addition, bond-
ing should be able to proceed at a lower temperature than
Curie’s temperature for PZT, which ranges from 280 to 330 °C.
To meet these requirements, we employed silver (Ag) nano-
particles, which were first covered by alkoxide to give them a
paste-like nature. They melt at ~250 °C (below Curie’s tem-
perature of PZT), after which they behave as a bulk-like metal,

ARTICLE scitation.orgljournal/rsi

the melting point of which increases to 962 °C (i.e., signifi-
cantly higher than the baking temperature).

Figure 1(a) shows the bimorph mirror developed in this
study. The substrate is made of Si, with dimensions of 160 mm
length, 50 mm width, and 10 mm thickness. X-rays are
reflected at the center area of the upper flat surface, and the
optical area is 150 mm in length and 10 mm in width. PZTs
are bonded separately on both sides of the optical area, and
the same PZTs are also bonded on the backside, as shown
in Fig. 1(b); they are symmetrical in shape, so as to reduce
unstableness due to thermal deformation. A schematic of the
cross-sectional view of the stacking is shown in Fig. 1(c). The
PZT and Ag layers are 1 mm and 50 um thick, respectively.
For bonding, both the surfaces of the PZT and the mirror sub-
strate were coated with a 30-nm-thick gold (Au) film. This film
enhances the bonding strength through the mutual diffusion
of the Au and Ag layers. There are 18 electrodes on the PZTs
on the upper surface, allowing for precise shape modification,
and there is a large electrode on the back surface for global
bending. Each electrode is wired to a DC multi-channel power
supply, as shown in I'ig. 2. Electrodes from Ch. 1to 18 are on the
upper surface, and the electrode of Ch. 20 is on the opposite
surface. The electrode of Ch. 19 is on the backside of the PZTs
that are to be grounded. The maximum applicable voltage of
the PZTs is +500 V.

Several bonding experiments were conducted under
pressure conditions from 0.2 MPa to 10 MPa. The process tem-
perature and time were 250 °C and 30 min, respectively. If
void formation occurs in the Ag layer, then this could lead to
the degradation of the bending characteristics. We, therefore,
employed scanning acoustic tomography (SAT) to evaluate the
uniformity of the Ag layer, and we evaluated gas emission
properties via thermal desorption spectroscopy (TDS). In
the TDS measurements, the temperature was increased to
200 °C during the first 15 min and was then kept at 200 °C
for further 120 min. Each sample was kept at an ambient
atmosphere for more than a week prior to the measurement.
The piezo response relating to the uniformity of bonding lay-
ers was observed using a Fizeau interferometer (ZYGO GPI).
In this observation, 500 V was applied to each electrode in
sequence from Ch. 1to 18; the electrodes of Ch. 19 and 20 were
grounded. To understand the relationship between the applied
voltage and the induced global curvature, we simultaneously
applied the same voltage to the electrodes from Ch. 1to 18 and
observed the shapes recorded by using the Fizeau interferom-
eter. The applied voltage was then increased sequentially from

I

CH18

FIG. 2. Circuit image of the bimorph mirror. Ch 19 is
grounded, and each electrode can be applied up to
+500 V.
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20 V to 500 V, and the piezo response was also observed after
additional heating to evaluate its influence.

lll. RESULTS AND DISCUSSION
A. Bonding properties

Figures 3(a)-3(c) show the SAT images of samples pre-
pared under pressure conditions of 0.2 MPa, 5 MPa, and
10 MPa, respectively. Figure 3(d) represents the positions of
the PZTs relative to the mirror substrate. In Fig. 3(a), the uni-
formity of the Ag layer was relatively low due to a void for-
mation; these voids were still observed at 5 MPa, as shown
in Fig. 3(b). By contrast, no voids formed at 10 MPa, for
which a uniform Ag layer was observed [Fig. 3(c)]. We there-
fore selected the pressure of 10 MPa for the following piezo
response investigations.

B. Outgas characteristics

The obtained TDS spectra for carbon related gases are
shown in Fig. 4. The profiles for mass-to-charge (m/z) ratios
of 15, 18, 28, and 44 showed similar behaviors during the first
15 min, after which the signal intensities decreased signifi-
cantly under the constant temperature of 200 °C. The organic
molecules relating to alkoxides that were used as surface
decoration materials for the Ag particles were not observed,
implying that they had decomposed and/or desorbed during
the bonding process at 250 °C. The final degree of vacuum

(d) PZT electrode

FIG. 3. SAT images of the Ag layer between the Si substrate and PZT, under
pressure conditions of (a) 0.2 MPa, (b) 5 MPa, and (c) 10 MPa. (d) Position of the
PZT electrode relative to the substrate. The arrow marks indicate the position of
voids.
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FIG. 4. TDS spectra of carbon-related gases throughout the experiment.

obtained for the TDS observations was 173 x 107 Pa;
the gas emission rate estimated from this result was 5.2
x 10~8 Pa m3/s. The sample size was 2 x 10~* m?, This result,
while not excellent, would be acceptable for practical usage,
and heating at 200 °C for 2 h could be used as a cleaning
procedure for this bimorph mirror.
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FIG. 5. (a) Piezo responses when 500 V is applied to each electrode in sequence
and (b) the local ROCs estimated at each electrode (solid line with circles) and
those calculated by FEM (dashed line).
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C. Piezo responses

Figure 5(a) shows the piezo responses when 500 V was
applied to each electrode in sequence. In elementary beam
theory, the relationship between the moment, M, Young’s
modulus, Yn, moment of inertia, I, and the induced radius
of curvature (ROC), R, can be expressed as follows:

Yo In
M= ()

The bending moment induced by a given electrode is pro-
portional to the voltage applied to the electrode and is also
proportional to the induced curvature at the position of
the electrode. Accordingly, in the piezo responses shown in
Fig. 5(a), the local ROC at the position of each electrode should
be the same. The local ROCs estimated from Fig. 5(a) and those
calculated via the finite element method (FEM) are shown
in Fig. 5(b). There was good agreement for both ROCs, and
nearly constant ROCs of ~1.12 km were observed at electrodes
from Ch. 3 to 16. The deviation was smaller than 0.9%. How-
ever, the ROCs at electrodes of Ch. 1, 2, 17, and 18, which
are placed at both ends of the substrate, increased signifi-
cantly compared to those of the center area. This is due to
the existence of stress fields at both ends, which are signifi-
cantly different from those of the center area. Nearly 80% of
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FIG. 6. (a) Mirror shape when the same voltage was simultaneously applied to
all electrodes from Ch. 1 to 18. The applied voltage was from +20 V to +500 V.
(b) Relationship between the applied voltages and induced curvatures of (a).
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FIG. 7. The comparison between local curvatures before and after additional heat-
ing at 200 °C. The blue circles show the curvature before heating, whereas the
black diamond patterns show curvature after heating.

the mirror can deform as expected and can therefore be used
as an effective area. The effective area widened with decreas-
ing thickness of the substrate, until the rigidity of the sub-
strate became unacceptably low. Figure 6(a) shows the shapes
formed when the same voltage was simultaneously applied
to all of the electrodes from Ch. 1 to 18. The applied voltage
was changed sequentially from 20 to 500 V in this experi-
ment, and the electrodes of Ch. 19 and 20 were grounded.
Figure 6(b) shows the relationship between the applied volt-
ages and the induced curvatures. A linear relation can be
clearly seen as expected from the theoretical calculations.
The piezo response was measured again after being heated
at 200 °C for 60 min to evaluate the influence of heating
on the bending characteristics. A comparison between the
local ROCs before and after heating is represented in Fig. 7.
The mutual agreement is quite good, showing that heating
at 200 °C did not affect either the bonding or the bending
characteristics.

IV. CONCLUSION

We developed a glue-free bimorph mirror that could be
applied to X-ray beam steering in a high vacuum. Silver nano-
particles were employed as a substitute candidate material
to bond PZT piezo actuators and the mirror substrate. Under
appropriate bonding conditions, no voids were observed in the
bonding layer, meaning that theoretically reasonable and sta-
ble bending characteristics were confirmed. Piezo responses
before and after additional heating at 200 °C for 2 h demon-
strated that our bimorph mirror is sufficiently stable under the
heating required in soft X-ray regimes. We also evaluated its
outgassing properties and confirmed that it is acceptable for
usage in vacuums.
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