Available online at www.sciencedirect.com

@ DIAMOND

\ SCIENCE DIRECT® AND
RELATED
ergelas , . MATERIALS
ELSEVIER Diamond and Related Materials 12003) 1793-1799

www.elsevier.com/locate/diamond

Microstructured diamond X-ray source and refractive lens

Carolina Ribbing *, Bjorn Cederstrdm , Mats LundqgVist

2The Angstrom Laboratory, Uppsala University, Box 534, Uppsala SE-751 21, Sweden
PRoyal Institute of Technology, SCFAB, Stockholm SE-106 91, Sweden

Abstract

This paper treats microstructured CVD diamond in two X-ray applications, a miniature X-ray source and a refractive X-ray
lens. The X-ray source consists of boron doped diamond membrane electrodes and an intermediate insulator. The cathode has ¢
pyramidal shape, which is field-emitting and the anode is a metal film on a diamond membrane. Anode radiation emerges through
both membrane electrodes. The source has not been vacuum sealed, therefore, all measurements so far have been made in
vacuum chamber. The refractive X-ray lens has saw-tooth geometry and a tunable focal length. It was made by microwave plasma
assisted CVD of diamond onto anisotropically etched silicon masters. The lens has been used for one-dimensional focusing of a
synchrotron beam to 1.@m line width.
© 2003 Elsevier Science B.V. All rights reserved.
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1. Introduction source construction and field emission applications,
desirable properties of a material for lithography. The
Diamond is a candidate material for various X-ray combination of high thermal conductivity and low ther-
applications, such as carrier membrane in X-ray litho- mal expansion yields an excellent thermal shock resis-
graphy[1] and LIGA [2] masks, as X-ray detectds], tance, important for synchrotron applications.
as window on X-ray tube$4] and detectorg5], as X- Most of diamond’s properties are due to the excep-
ray beam profile monitor[6], as synchrotron X-ray tionally high bond strength of the covalent C—C bond
monochromatof7] and as phase plaf@]. Diamond is  which anchors every atom to four others. With the
today more and more often replacing traditional mate- advent of the CVD techniques low-cost reproducible
rials in common X-ray components like windows and diamond growth has become possible on large as well

monochromators. This article describes two new mem- as on microstructured substrates. Furthermore, the dia-
bers in the family of diamond-based X-ray associated mond can be polished and cut.

components: A miniature X-ray source and a refractive  Beryllium and silicon are prevalent materials in a
X-rqy Iens., _ o _ variety of X-ray applications. Selected material proper-
Diamond'’s usefulness in X-ray applications is due to ties of beryllium and silicon are compared to properties
a combination of properties. The low atomic number of CvD diamond in Table 1. Beryllium and silicon are
yields a low X-ray attenuation, Fig. 1. All elements with ot as mechanically and thermally stable as diamond.
lower atom number suffer from machining difficulties. The low-Z materials beryllium and diamond have a
Together with the high elastic modulus and wet chem- higher ratio of refraction to absorption than silicon.
istry inertness the low attenuation enables the fabrication Beryllium has long been a common material for X-ray
of X-ray lithography masks and sub-micron thick dia- windows and refractive X-ray lenses. However, it suffers
mond windows for X-ray tubes and detectors. Further- from its toxicity; growth and machining are relatively
X-ray fluxes and highly resistant to ion erosion, X-ray sijlicon and diamond, microstructure technology supplies
" +Corresponding author. Tel.-+46-18-4717255: fax: +46-18- superior manufacturln_g possibilities regarding precision
555095. as well as cost. Beryllium has a lower X-ray attenuation
E-mail address: carolina.ribbing@angstrom.uu.§€. Ribbing). than diamond but diamond windows can be made
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Some major application areas utilizing X-rays are
Wavelength (A) medicine (treatment and imaging materials analysis
43 2 1 (elemental and structural analysis like X-ray fluores-
cence, photoelectron spectroscopy and diffradtiand
lithography (high resolution, thick resist and LIGA
Within these areas there is a need for microstructured
components, e.g. smaller X-ray sources and refractive
lenses. Diamond was not our first choice for these
applications but was tested because of the properties
discussed above. Today, it is one of the most promising

0 5 10 15 20 materials for our applications.
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2. Miniature X-ray source

Fig. 1. Transmission of 0—-20 keV radiation through @én thick o . ) )
beryllium, diamond and silicof9]. The initial aim with the X-ray source project was to

construct a mm-sized source for irradiation of dilated

coronary arteries in vivo. The source was to have a
thinner because of its mechanical properties. Therefore field-emitting cathode to diminish the need of cooling
the performance of diamond windows is comparable to and a high-Z anode to give a high bremsstrahlung yield.
beryllium ones. The first prototype was made by vacuum brazing grinded

Diamond and silicon have the same cubic crystal tungsten electrodes onto a dense-sintered alumina tube

structure, the diamond structure. One advantage of[14]. However, initial cathode tests showed that micro-
silicon is its technological maturity, thanks to decades structured diamond cathodes gave more stable field
of industrial development within the field of microelec- emission currents than microstructured silicon and tung-
tronics. Other simplifying features are relatively low sten cathodeg15]. Since diamond is also a good
melting point and the presence of a chemically and material for X-ray transmission, work on a chip source
structurally stable, solid-state oxide. It can be grown in with diamond membrane electrodes was initiafaé]
large high-quality single crystals and well-defined pro- (Fig. 2).
cesses for patterning, etching and doping exist. Silicon The source has a 2@m thick microstructured dia-
has been tested for X-ray lithography masks and its usemond membrane with a pyramidal tip as cathode and a
in monochromators for synchrotron radiation is com- 20 wm thick flat membrane with a thin metal film as
monplace. However, the performance of silicon mono- an anode. Source fabrication and assembling has been
chromators varies with the X-ray beam power density, described previously [16]. As electrical insulator
mainly due to thermal deformation of the crystal. between electrodes boron nitride, alumina, sapphire and
Single crystalline diamond is also used as a monochro-fused quartz have been tested. Acceleration voltages of
mator material for synchrotron radiation. The relatively up to 20 kV have been applied over the electrodes. The
weak X-ray absorption of diamond together with its diamond-based source is not vacuum encapsulated and
high thermal conductivity and low thermal expansion consequently all measurements so far have been con-
make the cooling requirements less severe. However,ducted in a vacuum chamber.
due to the lack of sufficiently large perfect diamond Field-emitting diamond cathodes have been extensive-
crystals, diamond monocromators are rare. ly tested in diode and triode set-ups. The most common

Table 1
Selected material properties of CVD diamond in comparison to beryllium and silic»nl3

Property Beryllium Silicon CVD diamond
Atomic number 4 14 6
Density (g cm™3) 1.85 2.33 3.52
Thermal conductivity W m~* K1) 230 170 500-2600
Thermal expansion @ 300 KO~ ® K1) 115 2.5 1.1
Young's modulus(GPa =Elastic modulus 300 100 1220
Poisson’s ratio 0.18 0.28 0.2
Bond strength(kJ/mole) Si-Si, C—C sp 220 330-380
Refractive indexs at 10 keV(x10~°) 3.4 5.0 7.4
Refractive indexd at 20 keV(x1079) 0.9 1.2 1.8
Attenuation length at 10 keYmm) 9.4 0.13 1.3

Attenuation length at 20 ke\VVmm) 28 1.0 7.7
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Fig. 2. Design of the diamond membrane based miniature X-ray
source(not to scalg.
Fig. 3. Current-voltage characteristic of a diamond membrane based
X-ray source. The inset shows a Fowler—Nordheim plot.

goal is the construction of flat panel displays, which

require a low operating voltagEl7]. On the contrary, Apart from the coronary application the source may
in the X-ray source a high enough acceleration voltage be used in other applications of invasive radiotherapy
to produce X-rays in the anode must be applied. to replace radioactive isotopes which typically give

A current—voltage characteristic of a diamond-based radiation of unnecessarily high energy. The range in
source is shown in Fig. 3. The electrode distance of thetissue depends on the energy of radiation and the
set-up was 1 mm and the anode metal was silver. Theacceleration voltages discussed here are adequate for
base pressure of the vacuum chamber wa4.Q’ torr. irradiation of small volumes only. For such short-range
Field emission currents generally follow the Fowler— irradations, the miniature X-ray source would spare non-
Nordheim relationf=av2e 'V [18]. The solid line in target tissue as compared to radioactive sources.

Fig. 3 is a fit of this relation to the measured values. @~ MATLAB simulation of tissue doses administered
The inset in Fig. 3 shows a linear Fowler—Nordheim with the diamond-based source make it possible to
plot simply indicating the field emissive origin of the decide if it is feasible for therapeutic ug®4]. A source
current. The turn-on voltagégiving 1 nA) was 13 kV encapsulated in 20p.m alumina and 30Qum Teflon
corresponding to a macroscopic field of 13 )Mm. For was used for dose calculation at 2 and 5 mm distance
construction of the Fowler—Nordheim plot the values from the source which is operated at @3 and 10, 20
below turn-on were disregarded. The turn-on voltage and 30 kV during 100 s, Fig. 5. For the simulation, only
can be tailored by variation of electrode distance or the bremsstrahlung part of the radiation emerging
cathode tip radius. through the anode was considered. Variation of the

Anode spectra from different diamond-based sourcesacceleration voltage is possible by adjusting the elec-
are shown in Fig. 4. The anode metals used were silver,trode distance or cathode tip radius. For the coronary
tungsten and gold. application, 10—-20 Gy need to be delivered to the artery

22k

| Through cathode

Silver anode

14k

Tungsten anode

(a)

Fig. 4. Spectra collected through the electrodes of miniature X-ray soui@esollected through cathodes at an acceleration voltage of 10 kV,
tungsten and silver anode, respectivély) collected through both electrodes at an acceleration voltage of 15 kV, gold afmds. reprinted
from Ref.[16].
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Fig. 5. Simulated tissue doses administered with a miniature X-ray source conducted inside a vessel ¢aufriemn dose was calculated at
two distances from the source centre(dbtted line and 5 mm(solid line), at three different acceleration voltages, 10, 20 and 30(k\. The
source is being held still to radiate for 10 s at 10 consecutive stops. The resulting doses are obtained for a total treatment time of 100 s.

wall in less than 20 min. According to the simulations, 3. Refractive X-ray lens
this dose could be administered with a miniature source
operated at 20 kV and 1gA in approximately 5 min. Because of the weak refraction of X-rays in materials,

For some in vivo applications, management of the refractive lenses for X-rays were long considered unfeas-
generated heat is vital. Temperature simulations indicateible and applicable lenses were not realized until in the
that heating of the source operating at 20 kV and 15 late 1990s. A new lens design, the saw-tooth refractive
WA can be managefll4]. Source geometry and mate- lens, was proposed in 204aQ0] (Fig. 6). Since then it
rials could be worked upon such as to dissipate the has been fabricated by conventional machining in beryl-
generated heat in volumes not in contact with tissue. If lium as well as microfabricated in silicon and epoxy.
necessary, the anode could be cooled by flushing phys-When tested in a synchrotron set-up the lenses gave
iological saline onto its base. The solution could be sub-micron focal lines and provided gains of up to 40
injected in a tube inserted along with the electrical [21,29.
cable. In the X-ray range, the complex index of refraction

Besides in vivo applications a miniature X-ray source is n=1—58+i8, whered is the deviation from unity of
could also serve a purpose in materials analysis. Thisthe refractive part angs is the absorptive parts is
could be useful for a portable X-ray fluorescence device typically 10-° for 12 keV radiatiorf1 A), corresponding
for field investigations of soil, rock and for satellite to very weak refractior(cf. Table 1. Since R¢z] <1
born equipment. Initial X-ray fluorescence tests have in the X-ray regime, collecting lenses for X-rays will be
been made using the diamond-based source for excitaconcave quite opposite the more familiar case of visible
tion of elemental sampleld9). light.

In vivo insertion of a device powered by tens of kVs In the lens, rays travelling far away from the center
is not trivial, but it is really the current that would need will pass through more surfaces and hence be refracted
to be limited. Therefore, an external current limitation to a greater extent than more central rays. The tilted
is necessary to prevent injury at ground failure. Safety saw-tooth structure approximates a planar concave par-
regulations for cardiac interventions amount to the max- abolic lens with a radius of curvatur®=yqy,/L~ <1

imum current allowed50 p.A in the US). pwm, where 2y, is the gap between the lens halves,
Parallel ¥=0.1-0.2 mm . Converging
X-rays O . O = - L ; R X-rays
- diustable r —¢
— adjustable G
SRR = 9V Vv & L S
= ~ Path length
h L=30-80 mm "~ projected
onto y-axis

Fig. 6. Geometry of the saw-tooth refractive lens.
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Fig. 7. Derivative of knife-edge scan in the focal plane showing a
focal line width of 1.9um FWHM at 20 keV. The derivative of a
scan of the unfocused beam is included for compari&geut ens= Fig. 8. Surface stylus profiler scan along the lens edge.
96.6 pA/um andlyin 1ens= 1208 pA/pm.
to 60x 100 pm?. The reason for the vertical collimation
is the tooth height and is the length of the lens. The was that the use of more than the outermos60 part
focal length isF=R/ 6 [20]. The saw-tooth lens focuses of the teeth gave larger focal line widths. Only half of
in one dimension only, i.e. give a focal line. Focusing the lens in Fig. 6 was used in order to avoid alignment
in two dimensions can be achieved by combining two problems using two lens halves. The lens was mounted
lenses in series, with the second lens being rotatéd 90 s,=40 m from the source. The energy was selected to
around thex-axis. Besides the tunable focal length the 20 keV. After alignment the beam profile was measured
lens has the advantage of simplified fabrication only by scanning a knife-edge in the focal plane at a distance
involving flat surfaces. It is also more tolerant to surface s;=0.62 m after the lens while measuring the transmitted
errors than a single parabolic lens would be, due to theintensity 7 with a Si-PIN diode, Fig. 7. The beam
addition of uncorrelated deviations from each surface. intensity I imnou 1ensWas measured to 1208 gAm. The
The diamond lenses were fabricated by diamond focal length of the lens was 0.61 m, the focal line width
replication from structured silicon masters. After depo- was 1.9 um FWHM and the gain wass =1, jens/
sition the silicon was sacrificially removed and the free- Iinhout 1ens—= 1208/96.6=13.
standing diamond replicas were glued onto flat glass Theoretically, a focal line width off,=d,s;/so=80
substrates. The silicon masters were fabricated by stan.mx0.62 ny40 m=1.24 um and a gain of 42 would
dard lithographic patterning and anisotropic wet-etching be expected22]. The discrepancy can be explained by
as described in previous woi2]. lens bow. The flattest lens had a bow amplitude of 15
The diamond lenses were grown onto the silicon wm after mounting, Fig. 8, due to internal stress from
masters by a commercial vendor using microwave plas-the deposition causing twists on silicon removal.
ma assisted CVD from a mixture of hydrogen and Because of the large diamond thickness flat mounting
hydrocarbon. The resulting diamond lenses had 160 of the lens was difficult.
high teeth, were 0.4 mm thick and of sizeX@0 mn¥. Scanning electron micrographs of a cross-section of
The lenses were tested in a synchrotron set-up atthe diamond lenses gave an explanation to the difficul-
beamline BM5 at the ESRF in Grenoble. The vertical ties to use of more than the outermost ot part of
source size wag,=80 wm and the beam was collimated the teeth, left micrograph in Fig. 9. Each tooth has a

Fig. 9. Scanning electron micrographs showing a cross-section of a diamond lens.
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50-100um high channel in its lower part, which must by growth parameter optimisation to reduce stress and
evidently impair the focusing properties of the lens. The by making the lenses thinner to allow for flatter mount-

right micrograph shows the outermost tip of a tooth. Its ing. The channels should be possible to avoid by
sharpness reveals satisfying filling of the silicon master. lowering of the deposition rate or by sample biasing

Microspot Raman spectroscopy showed a significant during deposition. Thus, a few simple changes in the
sp* content at the outermost microns of tooth tips but deposition process would improve lens performance
otherwise mainly sp . The small $p content should be substantially.

of minor importance for lens performance.
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