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LSO-based single crystal film scintillator for
synchrotron-based hard X-ray micro-imaging
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Abstract— X-ray detector systems are powerful tools: in
combination with tomographic methods they provide volumetric
data of samples in a non-destructive manner which is of high
interest for, e.g., biology, medicine or materials research. The
detector able to provide images with submicrometer spatial
resolution frequently consists of a scintillator screen, light
microscopy optics and a digital camera. Here, the scintillator
converts the X-rays into a visible light image which is projected
onto the camera by the light optics. In order to perform high
resolution imaging Single Crystal Film (SCF) scintillators 1 um to
30 pm thin are required due to the limited depth of focus of the
microscopy optics. Thin SCFs can be obtained via liquid phase
epitaxy (LPE). A drawback is that a detector working with SCFs
suffers from low efficiency (2% at 50 keV) owing to their limited
thickness. The detective quantum efficiency (DQE) is here mainly
limited by the low absorption of X-rays and the light yield in the
thin scintillator layer. Performances, i.e absorption, light yield,
afterglow of operational systems at the European Synchrotron
Radiation Facility (ESRF) using YAG:Ce (Y3Al50,:Ce),
LAG:Eu (LuzAls0;:Eu) and GGG:Eu (Gd;Gas0y;,:Eu)
scintillators [1] will be presented and compared to new LSO:Tb
(Lu,SiO5:Tb) scintillators developed in the framework of an
European project [2], [5]. A new concept to improve the efficiency
of detection in the 20 keV - 40 keV energy range with 1 um spatial
resolution will be presented. This concept based on multilayer
scintillators is realised by the LPE process as well. First results
will be illustrated with X-ray images and will demonstrate the
absorption efficiency improvement of the X-ray detector. The
expected performance is 7 times better than the LAG-based
scintillators.

Index Terms—micro-imaging, submicrometer resolution,
micro-tomography, thin screen scintillator, LSO:Tb, synchrotron
instrumentation , X-ray detector, luminescence.

Manuscript received June 30, 2008.

T. Martin is with the ESRF, 6 rue Jules Horowitz, 38043 Grenoble, France
(+33 (0)4 76 88 20 52; fax: +33 (0)4 76 88 25 42; e-mail: tmartin@esrf.fr).

P.-A. Douissard is with the ESRF, 6 rue Jules Horowitz, 38043 Grenoble,
France (e-mail: douissar@estf.{r).

M. Couchaud is with the CEA/LETI, 17 rue dew Martyrs, 38054
Grenoble, France (e-mail: maurice.couchaud@cea.fr).

A. Rack was with the Forschungszentrum Karlsruhe GmbH — ANKA,
Karlsruhe, Germany. He is now with the European Synchrotron Radiation
Facility, Grenoble, France (e-mail: arack@snafu.de).

A. Cecilia is with the Forschungszentrum Karlsruhe - ANKA, Postfach
3640, 76021 Karlsruhe, Germany (e-mail: Angelica.Cecilia@iss.fzk.de).

T. Baumbach is with the Forschungszentrum Karlsruhe - ANKA, Postfach
3640, 76021 Karlsruhe, Germany (e-mail: tilo.baumbach@iss.fzk.de).

K. Dupré is with the FEE GmbH, Struthstr. 2, 55743 Idar-Oberstein,
Germany (e-mail: dupre@fee-io.de).

I. INTRODUCTION

HIRD-generation  synchrotron light sources offer

possibilities for hard X-ray imaging with micrometer and
sub-micrometer resolution employing different contrast
modalities, due to their partial coherence and high brilliance.
Typical applications are e.g. micro-tomography, topography,
analyzer based imaging, fast radiography (radioscopy) or
holography [8]-[15], [20], [28].

Charge-Coupled Device (CCD) cameras as well as hybrid
pixel detectors which are commonly used in direct X-ray
detection imaging are limited in terms of pixel size, radiation
resistance and X-ray stopping power (10% absorption @
15keV) [16], [21].

A solution to improve the X-ray absorption are indirect

detectors where the CCD camera is optically coupled to a
phosphor [18], [19]. The common phosphor consists of fine
grain powders deposited on a substrate. Here, the scintillation
photons suffer from multiple light scattering as a result of the
powdered scintillator grains. Hence, the maximum reachable
spatial resolution degrades [17].
X-ray imaging with crystal scintillators and microscope
objectives has shown to be a successful approach to obtain
(sub-)micrometer spatial resolution [1], [6]. The detectors
equipped with a single crystal scintillator and CCD camera can
reach close to the diffraction resolution limits of visible light
due to the indirect detection. Based on the CCD camera, lens
combinations and single crystal film, the ESRF has developed
various high-resolution X-ray detectors. Spatial resolution of a
micrometer and sub-micrometer in the energy range between
5keV —100 keV and with an applicable large field of view
was achieved by combining the microscope objective with an
eyepiece, in order to magnify the X-ray image onto a CCD
chip. The scintillator converts the X-ray image into visible
light which is relayed to the CCD. The spatial resolution is
mainly limited by the thickness of the X-ray to light converter,
the numerical aperture of the optical coupling, the scintillators
wavelength of maximum emission and finally the pixel size of
the photoreceptor. While the spatial resolution of a system
based on a scintillator and a 2D photoreceptor cannot be
improved owing to the diffraction limit of the optics (~0.4 pm
Rayleigh limit at 550 nm), a strong effort on the Detective
Quantum Efficiency (DQE) improvement can be made.

The DQE is defined as [6]:
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Where 77, 1is the absorption efficiency, 77,,, is the quantum

efficiency of the photoreceptor, 7., is the collection

efficiency of the optic, £ is the X-ray photon energy, F is

the photon energy and 77, is the conversion efficiency. All

these parameters can improve the DQE at different orders. The
main parameter is the absorption efficiency which is directly
linked to the material lattice and is roughly proportional to
p-Z 4 (where p is the density and Z the effective atomic
number). The second order parameters are the collection
efficiency and the conversion efficiency and the last one is the
quantum efficiency of the photoreceptor [22].

II. SCINTILLATOR REQUIREMENTS

A. Material

Thin film scintillators are considered essential in high-
resolution X-ray imaging. They allow one to reach for better
spatial resolution and show an excellent adhesion to their
substrate surface. Different materials allow applications for X-
ray micro-imaging. To resolve the compromise between X-ray
stopping power and spatial resolution, single crystal layer
fashions it into a thin screen [1], [6].

There are several methods to obtain single crystal thin layers
on a substrate. The two main methods are:

1) The deposition of a scintillator wafer single crystal on a
substrate by bonding; then the scintillator and substrate are
thinned by grinding and polishing [29].

2) The growth of a thin scintillator layer directly on a
substrate. Several techniques can be used to produce these
films: sputtering, ion diffusion, implantation, sol-gel, liquid
phase epitaxy or pulsed laser ablation [30], [31].

There is also a need for fast X-ray detectors and a short
exposure time in order to reduce the radiation dose to the
samples or to investigate in real time fast processes. In
parallel, an increasing number of experiment requests are
allocated for X-ray imaging at the synchrotron light sources
world wide. As the available beam time at light sources is
limited, the challenge is now to reduce the required time for a
micro-tomography sequence in order to perform a larger
number of experiments [10], [13], [20], [23]. In this context,
an improvement could be provided by increased absorption
efficiency, increased luminescent efficiency and an emission
wavelength optimised for detection by the CCD camera. For
various reasons the frequently applied YAG:Ce (Y;Al504,:Ce)
and LAG:Eu (Lu;Al;O,,:Eu) are less and less attractive: light

yield produced by LAG:Eu is low and the undoped YAG
substrate for YAG:Ce and LAG:Eu layers emits some
undesired luminescence [1]. GGG:Eu (Gd3Gas0,,:Eu) is very
attractive in terms of light emission but provides only a X-ray
absorption equivalent to LAG:Eu [7]. This has motivated us to
search for higher efficient scintillators in terms of absorption
and light yield for high-resolution X-ray imaging.

B. Characteristics of the scintillator

The basic requirements for high-resolution X-ray imaging
are [24], [6]:

- High X-ray absorption: to maximize the X-ray stopping
power by coupling a high-density (>5g/cm’) with a large
atomic number (>50).

- Light emission: high conversion efficiency (>20 visible
photons/keV), emission wavelength well matched to the CCD
read out (550 — 650 nm) and low afterglow (<4 decades of
magnitude after 2 ms) and high linearity of the light output
with the X-ray flux.

- Optical properties: high transmittance and no scattering.

- Technical aspects: machining, non-toxicity, radiation
hardness and mechanical strength.

- Thickness available from 1 um to 500 pm.

C. Fabrication of the scintillator

The liquid phase epitaxy (LPE) process has allowed for the
growth of Eu substituted LAG layers on undoped YAG [1], [3]
and GGG:Eu on undoped GGG for micro-imaging applications
[7]. Lutetium oxyorthosilicate (LSO) doped with Tb has been
investigated by LPE on an adequate undoped substrate, see [2]
(a patent application is pending). The substrate material
chosen is very attractive owing to its absence of luminescence
under X-ray excitation and its lattice parameter which allows
one to grow crystal LSO layers on it by the LPE technique.

III. SAMPLE PREPARATION

We have grown Tb and Tb co-doped (Gd, Ge, Pr, Sm, Eu)
LSO layers using LPE. The material for epitaxy (Lu,O; + SiO,
+ lanthanide oxide used as doping) is dissolved in a solvent
(PbO-B,03). The solution formed by the solvent and the solute
is placed in a crucible and heated above 1000°C to melt the
materials. This operation is performed in a dedicated LPE
furnace [3], [4].

Then the substrate is placed on a platinum holder, lowered in
the melt (solute + solvant in fusion) and rotated in the latter.
The solution formed by the solvent and the solute has a given
equilibrium at a given temperature. We call this equilibrium
the sur-saturation point. If the temperature is set below this
sur-saturation temperature, the crystallisation of the LSO
material on the substrate occurs. The film thickness is
determined by weighing. It is an approximation where we
consider that the two layers on top and bottom of the substrate
have the same thickness and the growth on the substrate
section is insignificant.

Page 2 of 13
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IV. ABSORPTION EFFICIENCY

The efficiency of the overall system to detect X-ray depends
on the ability of the scintillator to absorb X-rays. LSO was
chosen because of its high density (p = 7.4 g/cm’) and high
effective atomic number (Z = 66).

The gain in absorption with LSO compared to a standard
scintillator made out of YAG:Ce as used on beamlines can be
as high as a factor of 2.4 below 10 keV, 10.5 between 10 keV
and 17 keV, 2.2 between 17 keV and 63 keV and ~10 from 63
keV to 100 keV.

The absorption efficiency of LSO:Tb was measured
experimentally (see figure 1) between 20 keV and 60 keV: the
absorption of the film is quantified by measuring the
transmission of the substrate, transmission of substrate + film
and then by calculating the experimental absorption of the
film. The experimental results are closely matched to theorical
results of LSO absorption efficiency calculated with XCOM
[32].

Fig. 1. Absorption efficiency of 5 um thick SCFs as function of the X-ray
energy (calculated for LSO, LAG, YAG; experimentally verified for LSO).

V. CONVERSION EFFICIENCY

The emission spectrum of thin films is determined by the
activator ions added to the host lattice. For our investigations,
the emission light is detected by an Oriel monochromator with
I nm resolution and a photomultiplier tube. The detection
system is driven by LabView. Three front-illuminated CCD
cameras mainly used for high-resolution systems at the ESRF
are the FReLoN 2k14bit (ESRF) [25], the Sensicam SVGA
(PCO AG, Germany) [26] and the Dalsa 1M60 (Dalsa
Corporation, USA) [27]. Figure 2 shows the quantum
efficiency of these cameras. The CCD chips do not have the
same sensitivity. Standard fast scientific CCD cameras are
shielded by polysilicon gate electrodes, thin films of silicon
dioxide and silicon nitride passivation [33]. This CCDs chips
are illuminated on the front-side through these structures
which absorb wavelengths of the blue region and reduce the
sensitivity below 500 — 550 nm (see FReLoN and Dalsa
spectral sensitivities in figure 2). The polysilicon gate
electrodes of interline-transfer CCDs are of a bit different
structure. Their design involves a reduction of interference
effects while increasing the sensitivity in the blue region by
coating an anti-reflection layer [33] and thus achieving a more
suitable spectral response for visible light (see the Sensicam
response in figure 2).

The dopant Tb was chosen because it is known for its green
emission which is efficiently detected by the three front-
illuminated CCD cameras we use. The spectra measured are

Fig. 2. Scintillation emission spectrum examples of GGG:Eu and LAG:Tb
under x-ray excitation of 8 keV. The maximum quantum efficiency (QE) of
fast CCD cameras (FReLoN 2k14bit, Dalsa 1M60) is in the red region while
interline-transfer CCD cameras (e.g. Sensicam) have commonly a QE at
shorter wavelengths.
corrected for the grazing wavelength response and the
photomultiplier quantum efficiency. For concentrations (in the
melt) of Tb below 8 atomic-%, additional lines (blue emission
in the region 350 —470 nm) appear in the spectrum, which
correspond to the electronic transitions Dy =>F,.

Co-doping of LSO layers with Ce’" ions is efficient. The
Ce’" ion adds a contribution peaked at 420 nm in the emission
spectrum (without quenching the emission due to Tb). This
corresponds to the transition from the 5d excited state to 2F
ground state of the Ce’* ion. As shown in the figure 3, the
conversion yield (compared to LSO:Tb) is increased. LSO:Tb
scintillating crystal films with Tb concentrations above 8% in
the melt present four lines under X-ray excitation. These four
lines correspond to the Tb*" electronic transitions *D, => 'F,
(x=6,5,4,3).

The concentration of Tb was varied from 3 to 15 atomic-% in
the melt. Figure 3 shows a comparison of LSO:Tb to current
scintillator materials used for imaging with high spatial
resolution. Layers of different materials were measured with
the CCD camera Sensicam SVGA. The Iluminescence
efficiency was determined using an X-ray generator equipped
with a Cu anode operated at 20 keV and 40 mA. The emitted
radiation was filtered with a 25 pm thick Cu foil. The light
intensity was recorded with a microscopic objective, 4x
magnification and the Sensicam CCD. Measurements were
corrected for the absorption efficiency of the scintillator and
the quantum efficiency of the CCD. The tested scintillators
were a mono-crystal of YAG:Ce (500 pm thick), bulk LSO:Ce
(500 um thick), LAG:Eu on undoped YAG substrate, LAG:Tb
on undoped YAG substrate, GGG:Eu on pure GGG crystal,
LSO:Eu, LSO:Tb, annealed LSO:Tb and LSO co-doped with
Tb and Ce. The luminescence efficiency of the YAG:Ce
mono-crystal is set equal to unity and used as a reference; the
efficiency of the other scintillators is expressed in units
relative to the YAG:Ce mono-crystal's efficiency.

Optimization of the LPE growth parameters (rotating
movement and specially the temperature) and annealing have
allowed the conversion efficiency of the LSO:Tb layers to be
improved up to 140% of a bulk YAG:Ce.

VI. AFTERGLOW
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The time response of the scintillators down to relative
amplitudes of 10~ — 10™ has been examined since a dynamic
range of up to 14 bit for successive images is required in some
applications. Furthermore the decay will depend on the

Fig. 3. Luminescence efficiency of different SCFs and bulk single crystals.
Intensities have been measured with a CCD camera, corrected for the
absorption efficiency of the layer and the quantum efficiency of the CCD,
and normalized to the value of a bulk YAG:Ce single crystal [29].

exposure time [3], [4]. Typical exposure times on
synchrotron sources are 0.1 — 10s (monochromatic X-ray
beam of 10'> photons/s/mm?). The measurements were done
with the X-ray generator source using a Cu anode at intensities
of approximately 10° photons/s/mm’, considerably lower than
the synchrotron beam intensity. The signal decay was
measured with a PMT 2020Q coupled to a SR400 gated
photon counter from Stanford Research Instrument working in
counting mode, sampled at intervals of 8 ms via a SR445
Stanford Research amplifier. The dark signal of the PMT was
about 400 counts/s, the counter was operated at
30 x 10° count/s maximum count, thus allowing a dynamic
range of up to 75000 gray-levels which corresponds to ~16.2
bit in a single set of measurements. The dependance of the
decay vs. exposure time and co-doping was measured and also
compared to available YAG, LAG and GGG scintillators. As

Fig. 4. Decay curves of annealed LSO:Tb after different X-ray exposure
times. Intensity: 10® photons/s/mm? at 8 keV.

displayed in figure 4, the afterglow of LSO:Tb depends on the
exposure time. The annealed LSO:Tb reached 0.1% at 12 ms
for exposure times ranging from 0.1 s to 10 s.

A comparison of the afterglow behaviour of different
scintillators is shown in figure 5. LSO:Tb can be used with a
16-bit CCD camera. Although annealed LSO:Tb shows a
better light yield, its afterglow limits the dynamic range to ~11
bit. Co-doping LSO:Tb with Ce reduces the slow component
of the afterglow and annealing increases the afterglow.
YAG:Ce shows a strong afterglow which limits the dynamic
range to 8 — 10 bit. LAG:Eu shows a very strong afterglow in
the second component. GGG:Eu and LSO:Tb show both an
excellent fast decay and allow a 16-bit CCD camera to be
used. The absence of afterglow is an important parameter in
fast X-ray imaging.

Fig. 5. Decay curves (after 10 s exposure time) of different scintillator
materials used in high resolution X-ray imaging: a) YAG:Ce; b) LAG:Eu; c)
GGG:Eu; d) LSO:Tb; e) annealed LSO:Tb; f) LSO:Tb,Ce.

VII. X-RAY IMAGING

A LSO:Tb screen was coupled to an imaging system at the
BMS5 beamline (ESRF). The experiment was performed with a

photon energy of 25 keV (monochromatic). The detector is
based on a microscope objective (40x / numerical aperture
NA =0.4) and a PCO Sensicam CCD camera. The input pixel
size is 167 nm. The spatial resolution is measured with a gold
target with a finest feature of 500 nm (X-radia test pattern
X500-200-30). Figure 6 shows the spatial resolution reached
with a 6 um LSO:Tb screen. The resolution achieved is closed
to the diffraction limit at 800 nm as defined by the wavelength
and the numerical aperture of the objective.

VIII. MULTI-LAYER SCREENS

Our concept of applying multi-layer screens aims at
developing more efficient scintillators in the 20 keV — 40 keV
energy range with ~1 pm spatial resolution. Thin scintillators
with different dopants are layered, which results in light of
different wavelengths being emitted depending on the depth of
absorption. If every wavelength is detected separately via
dichroic mirrors, optics, filters and CCD cameras, the ~1 um
spatial resolution corresponding to each individual layer can
be obtained while the detection efficiency results from the total
thickness of all layers. Each scintillator layer has its own

Fig. 6. Left: sketch of the X-ray detection set-up; Right: image of a part of
the Xradia resolution test pattern X500-200-30 done at 25 keV. Inset: a
smallest feature of 800 nm in size can be distinguished (167 nm input pixel
size, 0.4 NA).

optical imaging set-up. The single layers have to be kept thin
enough in order not to deteriorate the resolution by means of
X-ray scattering. A test was done with a structure consisting of
two layers (LSO:Tb and LY SO:Ce). The measured spectrum is
shown on figure 7, we can distinguish the two emissions: blue
coming from LYSO:Ce and green coming from the LSO:Tb
layer.

The blue component is selected by a blue filter
(A <480 nm) and the green component is selected by a long-
pass filter (A >495 nm). We record one image selecting the
LSO:Tb emission line at 550 nm and the second image with
the LYSO:Ce emission at 420 nm. The summation of both
images reaches 6450 ADUs (Analog to Digital Units or grey
levels) whereas one LAG:Eu layer provides 1825 ADUs, and
the LSO:Tb layer provides 4175 ADUs without filter and
3135 ADUs with filter. We note that the optical filter is not
very well matched with the combination LSO:Tb and
LYSO:Ce because 25% intensity of LSO:Tb is lost due to its
cut-off frequency (Schott glass FGL495). Nevertheless, we
have demonstrated that by stacking LSO:Tb and LYSO:Ce, it
is possible to improve the detector efficiency by a factor of 3.6
compared to one layer of LAG:Eu and 1.6 compared to one
layer of LSO:Tb.

The spatial resolution of the system based on two layers was
verified with a X-ray pattern (Xradia X500-200-30). Figure 8
shows the resulting image which is the summation of the
LSO:Tb image and LYSO:Ce image. The finest feature
observable is 1 um in size. Our future objective is to stack
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three layers, blue, green and red color emission to improve the
absorption efficiency while still reaching a ~1 um spatial
resolution.

Fig. 7. Scintillation emission spectrum of a bilayer SCF: LSO:Tb and
LYSO:Ce under X-ray excitation of 8 keV.

Fig. 8. Demonstration of the spatial resolution achieveable with a scintillator
stack consisting of two layers (15x magnification / NA = 0.3 objective). The
image ® is a summation of image @ and @ detected by selecting the
different emissions of the scintillator multi-layer via optical filtering.

IX. CONCLUSION

The present generation of high-resolution X-ray imaging
detectors based on LAG:Eu or GGG:Eu screens are limited in
terms of efficiency when working with micro-resolution due to
the required use of very thin screens which emit visible light.
LSO:Tb single crystal film has improved the performance
compared to LAG:Eu scintillators, i.e. the absorption
efficiency and the conversion efficiency are better and the
undoped substrate used does not show any luminescence under
X-ray excitation. The situation is less interesting when
comparing LSO:Tb to GGG:Eu. LSO:Tb is more efficient than
GGG:Eu layer when coupled to an interline CCD chip which is
very sensitive at 550 nm. The situation is different with a
front-illuminated CCD chip because the GGG:Eu shows a
strong emission line at 715 nm and is very well matched to the
quantum efficiency of the CCD. In conclusion, the LSO:Tb
will be more efficient when coupled to an interline CCD chip
and GGG:Eu will preferred when a front-illuminated CCD
camera is used.

A multi-layer scintillator screen has been produced by the
LPE process. This scintillator structure has been tested with
X-ray images: an absorption efficiency improvement of 3.6
times compared to a single LAG layer was demonstrated while
the resolution was conserved. Our objective is to develop a
system based on three layers / three colors where we can
expect an improvement by a factor 7 with respect to current
LAG scintillators.
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