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We have developed a method of fabricating speckle-free channel-cut crystal optics with plasma chem-
ical vaporization machining, an etching method using atmospheric-pressure plasma, for coherent
X-ray applications. We investigated the etching characteristics to silicon crystals and achieved a small
surface roughness of less than 1 nm rms at a removal depth of >10 µm, which satisfies the require-
ments for eliminating subsurface damage while suppressing diffuse scattering from rough surfaces.
We applied this method for fabricating channel-cut Si(220) crystals for a hard X-ray split-and-delay
optical system and confirmed that the crystals provided speckle-free reflection profiles under coherent
X-ray illumination. Published by AIP Publishing. [http://dx.doi.org/10.1063/1.4954731]

I. INTRODUCTION

The advent of third-generation synchrotron sources and X-
ray free-electron lasers (XFELs) has opened new opportunities
in various fields of science. Perfect crystal optical devices
based on Bragg diffraction have been widely used to control
beam conditions as monochromators, collimators, and phase
retarders in the hard X-ray region.1,2 The crystal optics, particu-
larly with multiple crystal elements, are increasingly important
for performing advanced applications with these advanced
X-ray sources. For example, the combination of four crys-
tals in highly asymmetric reflections provides an X-ray beam
with an extremely narrow bandwidth for high-resolution X-ray
spectroscopy.3 Also, a split-and-delay optical (SDO) system4

utilized for an XFEL source generates two X-ray pulses in a
time interval controlled with sub-femtosecond accuracy, which
enables the investigation of ultrafast atomic dynamics.

All optical devices should preserve the coherent wave-
front without introducing any instability in order to fully utilize
the unique capabilities of these advanced, low-emittance X-
ray sources. However, it has been difficult to satisfy these
requirements with multiple crystal optics. One can combine
independent blocks of Si crystals with high-quality surface
finish for preserving the coherent wavefront without speckles,
whereas the use of a large number of independent crystals
tends to yield instabilities in output beam properties, such as
pointing and intensity, with increased complexity.

To improve stability with reduced complications in mul-
tiple crystal arrangements, the employment of a channel-cut
crystal (CC),5 which is a monolithic crystal with a groove
separating two diffraction surfaces, is highly useful. Here, an
X-ray beam is reflected twice at the two inner-wall surfaces

a)Author to whom correspondence should be addressed. Electronic mail:
hirano@up.prec.eng.osaka-u.ac.jp.

with parallel lattice planes in the single crystal block. The
direction of the exit beam from the CC is thus collinear to that
of the incident beam with an extremely high accuracy that can
potentially reach the nanoradian range.

However, it has been difficult to preserve the wavefront
with CC devices owing to the difficulties in performing high-
quality surface finishing of the inner walls using conventional
techniques such as chemical mechanical polishing (CMP) or
wet etching methods. The former method provides smooth and
flat surfaces, although subsurface crystallographic damage that
generates unwanted speckles in the reflected beam can be intro-
duced for inner-wall processing. Note that some efforts toward
improving the crystal perfection of CMP-finished surfaces
have been reported.6,7 The latter method can reduce subsurface
damage, while inducing considerable surface roughness and
undulation.8–10 An undulated diffraction surface could distort
the temporal structure of X-ray pulses, which becomes a
serious problem for ultrafast X-ray sources, such as XFELs.

In this paper, we report a new method for fabricating high-
quality CC optics with plasma chemical vaporization machin-
ing (PCVM), which is an etching method using atmospheric-
pressure plasma.11 PCVM is a purely chemical method that
results in a crystallographically damage-free process. One can
localize the plasma area to the specific processing area at
ambient pressure. The utilization of localized plasma is use-
ful for correcting figure errors by scanning the plasma with
computer-controlled scan speeds. Also, the utilization of fluo-
ride molecules as an etchant gas enables the isotropic removal
of Si atoms with independence of crystal orientations owing
to the high reactivity of the fluorine radical. By using this
method, high-quality Si crystals with a thickness of ∼10 µm
and a surface roughness of ∼0.1 nm rms, which can act as X-
ray beam splitters, have been successfully fabricated.12,13

In this study, we applied PCVM to the fabrication of
channel-cut Si(220) crystals utilized in an SDO system. We
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FIG. 1. (a) Dimensions of the channel-cut crystal (units: millimeters). The
treated areas of inner-wall surfaces are highlighted by the green lines.
(b) Schematic drawing of the equipment used in the inner-wall treatment.
The electrode is inserted into the channel groove of the crystal and scanned
along the Y-direction. The plasma was generated between the electrode and
channel walls in a high-purity etchant environment (He and SF6).

report on the details of the fabrication process and results of
performance characterization of the crystals using coherent
X-rays from SPring-8 and SPring-8 angstrom compact free-
electron laser (SACLA).14

TABLE I. Typical removal conditions.

Pressure of ambient gas (kPa) 100
Ratio of He and SF6 99.5:0.5
Gap between sample and electrode (mm) 0.2
Rotation speed of electrode (rpm) 5000
Electric power (W) 24

II. CRYSTAL FABRICATION

A. Crystal design and fabrication equipment

Figure 1(a) shows the dimensions of the CC employed
in this study. Two CCs with symmetric shapes were prepared
from a floating-zone (FZ) Si(220) single crystal ingot by
cutting a groove with a width of 30 mm. The CC covers a
photon-energy range of 6.5–11.5 keV. The as-received inner-
wall surfaces were finished using conventional techniques
with a roughness value of approximately 1 nm rms, involving
scratches and defects. Empirically, the layers with a depth of
at least 3 µm should be removed for the inner-wall surfaces
in order to eliminate subsurface damage introduced with the
fabrication processes before PCVM.12 Note that more rough
surfaces can be also smoothed to less than 1 nm rms via PCVM
with more removal depth. Also, a removal width of >3 mm is
necessary to ensure sufficient lateral spatial acceptance of the
CC. The flatness of the diffraction surfaces is also important
for maintaining the temporal structure of the incident X-ray
pulses because path lengths of the reflection beams could be
varied within the X-ray footprint. The geometric time delay∆t
of the reflected beams can be written as

∆t = −2∆z sin θB

c
,

where ∆z, θB, and c are the difference in height within the X-
ray footprint, the Bragg angle, and the speed of light. A target
value of the maximum surface undulation should be much
smaller than 1.5 µm peak-to-valley (PV), corresponding to
∆t = 3.2 fs at 10 keV, which is equivalent to the pulse duration
determined from the Fourier limited condition of the Si(220)
diffraction. The equipment used in the PCVM process is sche-
matically depicted in Fig. 1(b). Ambient air in the chamber was
evacuated to a pressure of 10−4 Pa and subsequently purged

FIG. 2. (a) Averaged roughness for CZ-Si wafer as a function of removal depth with two scan methods. The results of the single-scan and multi-scan methods
are shown as open black circles and closed red circles, respectively. (b) Measured surface morphology on the bottom of the removal profile with a depth of
∼15 µm using the multi-scan method. The roughness is 0.535 nm rms in a 71×53 µm2 area.
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FIG. 3. Schematic diagram of experimental setup for X-ray topography
measurements.

with a high-purity mixture of He and SF6 gases. We used a
cylinder-shaped electrode with a height and a diameter of 6
and 10 mm, respectively. A sample crystal was mounted on a
grounded X-Y stage that allowed us to adjust the process area
and the gap between the sample and the electrode. Rotating
the electrode produced an one-directional laminar flow in the
gap because of the high viscosity of the atmospheric-pressure
gas. Accordingly, the etchant gas was precisely introduced into
the plasma area while the reaction products (SiFx) flowed out
from the plasma area. Surface roughening caused by the re-
deposition of the products can also be suppressed owing to the
stable laminar flow.

B. Processing characteristics and fabrication results

The processing characteristics of PCVM were inves-
tigated using commercial Czochralski (CZ)-Si(001) wafers
with roughness values of ∼0.2 nm rms. Removal profiles and
roughness values of the processed area were measured with a

microscopic interferometer (Zygo, NewView 5032). Typical
removal conditions are listed in Table I. A high proportion
of He gas (99.5%) was required in order to stabilize the
atmospheric-pressure plasma. The narrow gap and the high
rotational speed of the electrode contributed to the generation
of laminar flow with a high flow rate of ∼1 m/s. A low electric
power of ∼30 W was applied in order to prevent an excess
supply of energy from reaching the charged particles in the
plasma. The scanning direction was the same as the direction
of the gas flow in order to reduce the amount of re-deposition
onto the finished surfaces.

Two approaches can be used to achieve sufficient removal
depth: a single-scan method in which the scan speed of the
electrode slowed down to 1–10 mm/min or a multi-scan
method in which the scan speed was maintained at a relatively
high value of 10 mm/min. Figure 2(a) shows a comparison of
the surface roughness values associated with these methods.
We found that the single-scan method provides significant
surface roughness for increased removal depth, while the
multi-scan method keeps a smooth surface roughness of
<0.5 nm rms over a wide range of removal depths. The reason
for the larger roughness in the single-scan method is considered
to be the high amount of re-deposited contaminations on the
surface around the plasma area. In the multi-scan method, the
surface roughness introduced by one scan is small owing to
the relatively high scan speed. Furthermore, the roughness
decreased during the following scans. As a result, we were
able to achieve a smoother surface, as shown in Fig. 2(b).

FIG. 4. Four-bounced Si(220) reflection topographs of channel-cut crystals arranged in a (+, −, −, +) geometry, measured ((a)–(c)) before and ((d)–(f)) after
the inner-wall treatment. Topographs shown in left, center, and right columns were measured at photon energies of 7, 9, and 11 keV, respectively. The scale
bars represent a length of 1 mm. The reflection images are normalized by the intensity profiles of the incident beams and displayed on optimized color scales
with the same dynamic range. Low-frequency contrasts in all images were induced by intensity variations of the incident beams due to the vibrations of the
double-crystal monochromator. Line-shaped (A) and dot-shaped (B) shadows correspond to subsurface damage. Dark and bright spots (see labels (C) and (D),
for example), which originate from dust on the polyimide window of the beamline vacuum tube, were formed in pairs because of the positional translations of
the reflected beams from that of incident beams in the horizontal direction due to imperfect angular adjustments of the crystals. Inset in panel (d) shows enlarged
images of the pair as indicated by a dashed rectangle with a size of 1×1 mm2 in panel (d).
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All inner-wall surfaces of the two CCs were processed
under optimized removal conditions. Since the FZ-Si crys-
tals have a higher specific resistivity compared with that of
the CZ-Si, we employed a lower gas pressure of 75 kPa
and a higher electric power of ∼40 W, as compared to the
conditions shown in Table I. A trench-like removal profile
with a width of ∼4 mm was obtained, corresponding to the
height of the electrode. The removal depth for each inner-
wall surface was >3 µm, thus satisfying the requirements for
eliminating the subsurface damage. The surface undulation
was less than 200 nm PV within a typical XFEL footprint of 0.5
× 1.8 mm2 at 11.5 keV in SACLA. The roughness of the
finished inner-wall surfaces was less than 1 nm rms over the
entire area.

III. EVALUATION WITH COHERENT X-RAYS

We measured X-ray reflection profiles with a pair of CCs
operated in a (+,−,−,+) arrangement (a setup used in the SDO
system) at the 1 km long beamline BL29XUL of SPring-8.15

The experimental setup is schematically shown in Fig. 3. An
X-ray beam from the Si(111) double-crystal monochromator
was transported to the first crystal located 1 km downstream
from the source. The long beam transport enhanced the trans-
verse coherent area over the sample area and suppressed beam
divergence to the level of several microradians. Four-bounced
reflection profiles were captured with a CCD camera (Hama-
matsu, ORCA-RII, effective pixel size: 13 µm) at various
photon energies within the range of 6.5–12.0 keV.

Figure 4 shows the four-bounced Si(220) reflection to-
pographs around peak reflectivities, taken before and after the
PCVM process, with photon energies of 7, 9, and 11 keV. A
number of spots and scratches originating from the subsurface
damage were observed in the whole photon energy range
before the PCVM process, as shown in Figs. 4(a)–4(c). After
the process, we obtained almost uniform intensity distribu-
tions in the processed area [Figs. 4(d)–4(f)]. Note that pairs
of dark and bright spots (see labels C and D in Figs. 4(a)
and 4(d), for example) are caused by dust on the polyimide
window of the beamline vacuum tube, and that most of the
spots in Fig. 4(d) are assigned as these pairs. This result indi-
cates that the subsurface damage was successfully removed via
PCVM.

FIG. 6. Rocking curve measure with rotation of the second channel-cut
Si(220) crystal at 10 keV. The crystals were arranged in the similar setup as
shown in Fig. 3. The divergence of the incidence was ∼2 µrad in full-width
at half maximum. Experimental points and calculated curves are shown as
closed black circles and red solid lines, respectively.

We also tested the performance of the crystals at BL3 of
SACLA, operated with a repetition rate of 30 Hz at 10 keV.
The XFEL pulses provided excellent transverse coherence
and a divergence of ∼2 µrad in full-width at half maximum
(FWHM). Figure 5(a) shows an averaged profile of the inci-
dent XFEL beam without the CCs taken with a comple-
mentary metal oxide semiconductor (CMOS) camera (Hama-
matsu, ORCA-Flash4.0, effective pixel size: 1.2 µm), placed at
∼100 m and ∼1 m downstream from the undulator exit and the
second CC, respectively. The averaged beam profile reflected
on un-treated areas of the CCs displays some shadow lines and
dots owing to the residual damage [Fig. 5(b)]. In contrast, at
the treated parts, we obtained a good reflection profile without
damage-induced speckles, as shown in Fig. 5(c), which is
similar to that of the incident beam. At some treated parts,
weak speckles were observed in the reflection profiles, which
were considered to originate from small residual defects.
Although the removal depth of 3 µm may be insufficient for
eliminating damage, further removal up to ∼10 µm without
surface roughening can be achieved by means of the multi-
scan method. Figure 6 shows a rocking curve measured with

FIG. 5. Averaged beam profiles measured at SACLA. (a) Direct beam without channel-cut crystals. Monochromatic beams from channel-cut crystals with
(b) un-treated and (c) treated parts.
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rotation of the second CC. The experimental result agreed with
the theoretical curves calculated using the dynamical theory
of diffraction, indicating excellent diffraction qualities of the
treated inner-wall surfaces.

IV. CONCLUSION AND PERSPECTIVE

We have developed a new fabrication method using the
PCVM technique in order to produce speckle-free channel-
cut Si(220) crystals for utilization in the SDO system. We
achieved a successful removal of the subsurface damage while
maintaining high smoothness by means of the one-axis multi-
scan method, which resulted in the preservation of the X-ray
wavefront at SPring-8 and SACLA. This result confirms the
feasibility of using CCs in coherent applications that require
speckle-free X-ray beams with extremely stable beam condi-
tions. More precise measurements will be performed to eval-
uate the reduction of the diffused scattering via PCVM from
low-reflectivity tails of the rocking curves.

The PCVM technique can be applied to various types of
monolithic crystal optics,16–19 such as inner-walls of narrow-
channel crystals with a channel width smaller than a few
millimeters, by using a dedicated electrode; this expands the
range of applications that utilize CCs for quick scanning X-ray
absorption fine structure studies,20,21 multi-bounce monochro-
mators for decreasing spectral tails,5 and compact monochro-
mators for self-seeded XFELs with reasonable chicane lengths
below 10 m. PCVM can also address the deterministic pro-
cessing (e.g., high-precision surface flattening and thinning) of
inner-wall surfaces by means of the two-dimensional scanning
of highly localized plasma. As one of the interesting applica-
tions of this technique, a multi-blade crystal monochromator
(a so-called “comb crystal”)22 for micro-electronvolt energy
resolution could be realized by imposing strict requirements
on the thickness, flatness, roughness, and spacing. This study
represents an important step towards the development of these
complex optical devices.
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