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Diamond planar refractive lenses for third-
and fourth-generation X-ray sources
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The fabrication and testing of planar refractive hard X-ray lenses
made from bulk CVD diamond substrates is reported. The lens
structures were generated by electron-beam lithography and
transferred by reactive-ion etching into the diamond. Various lens
designs were fabricated and tested at 12.4 and 17.5 keV photon
energy. Efficiencies of up to 71% and gains of up to 26 were achieved.
A line focus of 3.2 ym (FWHM) was measured. These lenses should
be able to withstand the extreme flux densities expected at the
planned fourth-generation X-ray sources.
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1. Introduction

High-brilliance third-generation synchrotron X-ray sources have
proven to be outstanding tools for the study of condensed matter
(Laclare, 2001). While new storage-ring sources of this type are being
commissioned, under construction or planned, a new fourth-genera-
tion of X-ray sources based on self-amplification of spontaneous
emission (SASE) inside a long undulator placed in a linear accel-
erator is being studied (Hasnain et al., 2001). These sources are
expected to give extremely intense ultra-short pulses of highly
coherent radiation with a peak brilliance of up to ten orders of
magnitude above today’s third-generation synchrotron sources
(Sonntag, 2001). Such SASE-based free-electron laser (FEL) projects
in Hamburg (Materlik & Tschentscher, 2001) and Stanford (Nuhn et
al., 2002) have been described very recently. Both types of sources
have an extremely broad range of applications (Freund, 2001).
Amongst many other scientific and technological challenges, the
development of suitable focusing X-ray optics capable of with-
standing very intense radiation, which causes an extreme heat load
and photodissociation of the lens material, is a major issue. This
problem is of vital importance for the fourth-generation sources and
has been addressed in many recent conferences, specific workshops
and studies (Tatchyn et al., 1997, 2001; Mills et al., 2000; Materlik &
Tschentscher, 2001; Wootton et al., 2001). In this context, compound
refractive lenses (CRLs) for X-rays, such as the lenses proposed by
Tomie (1994, 1997, 1998) and those experimentally studied by
Snigirev et al. (1996), may provide advantages compared with
diffractive or reflective optics (Schroer, Tiimmler et al., 2001; Pantell
et al., 2001). First versions of these devices were produced by simply
drilling holes into a low absorbing material, for example, aluminium
or beryllium (Snigirev et al, 1996; Lengeler et al., 1998). For micro-
focusing applications the circular shape of the holes led to strong
aberrations. More recently, an advanced technology has been
developed to fabricate aluminium CRLs with surfaces close to the
ideal parabolic shape and greatly improved performance (Lengeler et
al., 1999). These CRLs have been shown to work very well for X-ray

energies above about 18 keV. For example, a gain exceeding three
orders of magnitude and a spot size of 0.55 x 5.5 pm have been
obtained at the ESRF at 19.5 keV (Schroer, Lengeler et al., 2001;
Lengeler et al., 2001). However, at medium and lower X-ray energies
a lot of radiation is absorbed in these optical elements because of the
relatively high atomic number of aluminium (Lund, 1997). Although
recent results are very encouraging (Lengeler, 2002), the pressing
technique that is used is not easily transferable to lens materials that
are more suitable, such as Be, B or C.

Recently, a planar fabrication technology has been applied to
obtain silicon devices with minimized absorption that are capable of
focusing hard X-rays in one direction, i.e. to a line focus (Aristov et
al., 2000; Snigireva et al., 2001). These refractive lenses are designed
in such a way that passive parts of the lens material, i.e. parts that
merely cause phase shifts of multiples of 2, are removed. To obtain
diffraction-limited focusing, the remaining parts of the lens have to be
in phase. Consequently an optimum optical performance can only be
expected for certain photon energies (each of them representing a
different phase shift of some multiple of 27). Two-dimensional
focusing can be obtained if we use two such devices in series with
orthogonal orientation (Aristov et al., 2001).

We used this approach to design planar refractive lenses made of
diamond. Besides other materials like Li and Be (Bionta, 2000),
diamond is one the best materials to meet the extreme requirements
of an FEL source (Freund, 1995; Materlik & Tschentscher, 2001;
Wootton et al., 2001) because diamond has a very low absorption
coefficient, high thermal conductivity, a low thermal expansion
coefficient and thermal stability. Moreover, the geometry of planar
refractive lenses provides efficient heat dissipation by the substrate.
Therefore, the described combination of material and geometry
appears to be a promising approach.

2. Lens fabrication

The planar refractive lenses were made from 200 pm-thick synthetic
CVD diamond substrates by electron-beam lithography and reactive-
ion etching according to the fabrication steps illustrated in Fig. 1. For
two purposes, we deposited a 1 um-thick layer of chromium on the
substrates. On one hand, it provided sufficient electrical conductivity
to avoid electrostatic charging during the electron-beam lithography
step, and, on the other hand, it served as a hard mask during the
reactive-ion etching (RIE) into the diamond. The lens patterns were
written into a 150 nm-thick layer of electron-beam resist (Fig. 1a) and
transferred into a 50 nm-thick layer of aluminium by a lift-off process
(Fig. 1b). The aluminium layer was used as a mask for the patterning
of the chromium layer using a chlorine-based plasma etching process
(Fig. 1¢). The chromium structures can then be used as a hard mask in
the deep reactive-ion etching of diamond by an oxygen plasma
(Fig. 1d). We were able to obtain an etched depth of 40 pm, which
was limited by erosion of the chromium mask.

Some examples of the resulting lenses can be seen in Fig. 2. The top
micrograph shows a set of lenses each with an aperture of 100 pm.
The curvature of the refracting surfaces increases from left to right,
while the number of lenslets put in series decreases accordingly, so
that the focal length of all five devices is 250 mm for 12.4 keV and
500 mm for 17.5 keV photon energy. A larger lens with an aperture of
500 um and a focal length of 500 mm and 1000 mm (for 12.4 and
17.5 keV, respectively) is shown in the centre image.

For the highest performance, the side walls of the etched structures
must be vertical and smooth. The lower scanning-electron micro-
graph reveals the limitations of the deep etching process used.
Although the lower half of the side wall appeared to be of good
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quality, the upper half showed increased roughness and a slope angle
of about 80°. A kind of ‘wrapping paper’ structure can also be seen
around the lenses, which causes a step of about 1 pm between the
upper and the lower part of the lens. These kinds of effects appeared
in all our samples and can be explained by a lateral erosion of the
chromium hard mask during the deep reactive-ion etching. Such
phenomena are known in microfabrication technology as facetting
[see, for example, Schutz (1988)] and can be reduced by optimization
of the applied mask materials and process parameters.

3. Measurements

The diamond planar refractive lenses were tested at the Optics
Beamline BMS5 of the European Synchrotron Radiation Facility.
Dipole radiation monochromated by a double-crystal Si(111)
monochromator was used. The horizontal and vertical source sizes
were 300 pm and 80 um (FWHM), respectively. We oriented the
lenses to focus in the vertical direction. For a lens-to-source distance
of 40 m the geometrical image size of the source was approximately
0.5, 1 and 2 pm for 250, 500 and 1000 mm focal length, respectively.
The efficiency of the lenses, i.e. the fraction of the incident radiation
going into the focal spot, was measured by scanning a 20 pm-wide
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Figure 1

Top: fabrication process to generate the planar diamond refractive lenses (a—
d). Bottom: schematic sketch to illustrate the one-dimensional focusing by a
planar refractive lens with minimized absorption (lower figure).

vertical slit through the image plane of the lenses. The measured data
were processed according to a routine previously developed for
characterizing diffractive lenses (David & Souvorov, 1999). We
obtained a transmission of 78% for a 100 um aperture and 67% for a
500 pm aperture, respectively, for 17.5 keV photon energy. For lower
energies a small decrease in transmission was observed (72% for a
100 pm aperture at 12.4 keV), which can be explained by higher
absorption losses in the diamond sample. However, theoretical
calculations have shown that absorption plays only a minor role.
Taking into account photoelectric absorption and losses due to
Compton scattering (Chantler, 1995) and making a numerical

100 um

100um

Figure 2
Scanning electron micrographs of planar refractive lens structures etched
40 pm deep into a bulk diamond substrate. See text for details.
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average of the transmission across the lens (see also Aristov et al.,
2000), we found that the efficiency should be higher than 93% for all
lens designs at 17.5keV photon energy. The main losses were
supposedly caused by elastic scattering due to the polycrystalline
structure of the diamond substrates and by scattering due to distor-
tions and roughness of the lens surface. The former can be avoided by
the use of single-crystal diamonds. The latter should be sufficiently
decreased by the use of improved mask materials and process para-
meters.

To investigate the spatial resolving power of the lenses we scanned
two crossed slits that formed a pinhole of size 2 pm x 0.5 pm in the
horizontal and vertical directions, respectively, through the image
plane of the lenses. Fig. 3 shows a grey-tone plot of a two-dimensional
intensity map of a lens with a 500 pm aperture and 1 m focal length
taken at 17.5 keV photon energy.

The (horizontal) length of the line focus is about 15 pm, which is
significantly less than the etch height of the lens (40 pm). We believe
that this mismatch occurs because the main contributions to the line
focus originate from the lower high-quality part of the lens. The upper
part has non-vertical side walls and therefore acts like a prism, which
not only focuses in the vertical direction but also causes a deflection
in the horizontal direction. This deflection leads to a faint elongation
of the left part of the line focus, as can be seen in Fig. 3. In addition it
is very likely that the sample’s roughness (a few micrometers), which
is caused by the RIE process, also plays a role, as this roughness can
cause scattering (and therefore the loss) of parts of the X-ray beam
close to the sample surface.

The vertical FWHM of the line focus (taken in the region with
maximum intensity) was 3.2 um. For an aberration-free lens this
width is given by a convolution of (i) the geometrical source image
(2 um), (i) the vertical pinhole size (0.5 pm) and (iii) the diffraction-
limited width of the focus for the case of coherent illumination
(140 nm). Assuming Gaussian distributions we can therefore estimate
a FWHM of the line focus of about 2.1 um. We believe that the
discrepancy between the experimental and theoretical line width is
mainly caused by deviations from the ideal lens shape. Mask erosion
and non-vertically etched side walls lead to the original parabolic
mask shape being distorted, which results in lens aberrations and
therefore in a broadening of the line focus.

As mentioned previously, all parts of a planar refractive lens have
to be more or less perfectly in phase to reach a diffraction-limited
spot. If, according to Rayleigh’s quarter-wavelength rule (Born &
Wolf, 1999), a phase-mismatch of /2 is tolerable, the energy has to be
adjusted with an accuracy AE/E of about 1/3000 for the particular
lens that was used to obtain the line focus shown in Fig. 3. The
refractive index (which is directly proportional to the density § of the
diamond) must also be known to this accuracy. This requirement is
beyond the capabilities of the density measurements that we
performed on our CVD diamond (error Ad/§ >~ 1/200). Actually, in

Figure 3

Image of the line focus of a diamond planar refractive lens with 500 pm
aperture and 1 m focal length recorded at 17.5 keV photon energy. The
vertical FWHM of the obtained spot was 3.2 um.

the experiment the accuracy requirements were less stringent, as the
width of the line focus was strongly determined by other influences
(e.g. the size of the geometrical source image, see above). Never-
theless, some of the observed broadening of the line focus may result
from a mismatch of the chosen photon energy.

The gain of the lens was calculated from the ratio of the peak
intensity in the focal spot to the intensity measured in regions
unaffected by the lens. We obtained a gain of 26 from the data shown
in Fig. 3. This is about a factor of nine less than would be expected
from theory, if we assume an ideal lens in the same experimental
situation.

4. Conclusions

The present study showed that planar microfabrication technology
provides a viable route for the fabrication of refractive diamond
lenses that should be capable of withstanding extreme photon flux
levels. Although these first results are encouraging, improvement of
the patterning process with respect to the obtainable structure height,
side-wall roughness and pattern fidelity are needed. A more accurate
knowledge of the density and therefore the optical properties of our
CVD diamond could completely eliminate a loss in lens performance
that is due to a mismatch of the used X-ray energy. Altogether, this
should result in a considerable enhancement of the resolution, effi-
ciency and gain that are obtained with such lenses.

We would like to thank B. Patterson and his colleagues for
providing the diamond substrates used in this work and M. Kuhnke
for letting us use his reactive-ion etcher for the diamond structuring.
This work was funded by the Swiss National Science Foundation.
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