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ABSTRACT
Soft x-ray detection has proven to be especially challenging in comparison to hard x-rays detection due to the
intrinsic lower signal per photon and short penetration depth of soft x-rays. These, together with advances in
modern light sources, have created a need for detectors in the soft x-ray regime with high quantum efficiencies,
high frame rates, and high spatial resolutions. Researchers at the Lawrence Berkley National Laboratory (LBNL)
have advanced soft x-ray detection by developing novel direct-detection, soft x-ray imaging cameras based on
CCD technology. Two of the camera systems resulting from this work are the Spectro CCD, which has been
optimized for soft x-ray RIXS spectrometry by employing a 5 µm x 40 µm pixel geometry and the Fast CCD,
which is capable of soft x-ray imaging at rates up to 120 frames per second. These cameras utilize fully depleted
CCDs with novel architectures and leverage sensor processing techniques developed at the LBNL. The soft xray performances of both camera systems have been tailored to fit their particular applications and further
optimized by processing techniques the have yielded sensors with quantum efficiencies from than 75-95% in the
range from 200 eV to 1 keV.

THE FAST CCD
The brightness and pulse width of x-ray light sources have significantly improved over the past few decades,
opening the way for new research possibilities. As synchrotron radiation experiments become more
sophisticated, advanced detectors exhibiting high count rates, high energy resolutions, high repetition rates and
high spatial resolution, and large detection areas will be necessary to leverage the capabilities of modern light
sources and enable scientific discovery.[1] The soft x-ray detection is especially challenging due to the low
photon energy, and hence low signal. The Fast CCD addresses these issues by being capable of direct detection
of soft x-rays at frame speeds well beyond the current state of the art. [2] This capability takes a significant step
towards closing the gap between the capability of light sources and detection technology for soft x-rays.
Traditional CCD readout speeds have been limited by their architecture, which has made their use on fast frame
rate applications difficult. Higher readout speeds on conventional CCDs can be achieved by increasing
digitization frequency and clock speeds, however, this results in an increase in noise and a reduction of
bandwidth. An alternative approach to increasing clock speed is to increase the amount of readout ports. The
Fast CCD utilizes this strategy by employing a readout port for every 10 columns, significantly increasing readout
speeds. The current design uses two sets of 96 output ports on two sides to read the pixel array (Figure 1a).

LBNL implemented innovative design features on the sensor to achieve this small pixel size. Current
manufacturing techniques applicable to the Spectro CCD sensor limit the minimum pixel size to approximately
10 μm. To overcome this size limitation, LBNL designed the Spectro CCD sensor to shift charges in opposite
vertical directions for adjacent columns, thus reducing the linear density of pixels in the horizontal (shift)
register by a factor of two (Figure 4b). In addition, the new CCD does not utilize channel-stops in order to
further reduce the inter-column distance. Channel stops are commonly used in standard CCDs to avoid charge
spilling onto neighbor columns.
In addition to having a small pixel size, the Spectro CDD sensor is fully depleted, built with high-resistivity ntype silicon and employs thin back entrance window in order to maximize charge collection. The back entrance
window is single contact 10 nm layer on the opposite side of the pixel gates which is used to bias the sensor in
order to achieve full depletion and is the incident sensor surface for x-rays.
A RIXS spectrum image of a graphite sample acquired by the Spectro CCD is shown on the top of Figure 5 [3]. Pixels are
shown here with square proportions while in reality they are elongated 9-fold vertically. The image captures the first order
diffraction from the grating on the right. The projected spectrum (bottom of Figure 5) shows the bright elastic peak and the
broad inelastic features. The solid line in the inset shows the spectra obtained with the Spectro CDD which shows clear
evidence of an oscillatory pattern for energies below the peak. For comparison, the dotted line is the same spectrum taken
with a commercial 13.5 x 13.5 micron pixel camera.

Figure 5: RIXS spectrum of a graphite sample. Spectrum obtained with Spectro CCD (solid line) shows more
detailed spectral features than spectrum obtained with commercial 13.5 μm pixel camera (dotted line).

BACK ENTRANCE WINDOW DEVELOPMENT
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Figure 1: (a) Fast CCD utilizes a readout port every 10 columns. (b) Fast CCD frame store.

The Fast CCD and Spectro CCD utilize fully depleted sensors with contacts on the X-ray incident side of the
sensor (back entrance window). From Figure 6, is clear that it its crucial to minimize the thickness of the back
entrance window to increase the quantum efficiency of the sensor. This is especially important below 500 eV,
where the absorption peaks for new emerging materials within superconductors, semiconductors, energy
storage, solar energy, and catalysts are being exploited.

The Fast CCD can operate in two readout modes, full frame and frame store mode to further increase its frame
rate. In the former mode the entire pixel matrix is used to collect data. When operating in frame store mode the
sensor is divided in to three areas. The center area (half the size of the total pixel matrix area) is used to collect
data. The other two areas (each one a quarter of the total pixel matrix area) are used to store a frame transferred
in two halves from the imaging area after each exposure cycle (figure 1b). In order to differentiate the imaging
area from the frame store area, a mechanical light block is added to the camera. This enables the CCD to
acquire at the maximum of 120 fps.
In addition to having a fast frame rate, the Spectro CDD sensor is fully depleted, built with high-resistivity n-type
silicon and employs a thin back entrance window in order to maximize charge collection. The back entrance
window is a thin contact layer on the opposite side of the pixel gates which is used to bias the sensor in order to
achieve full depletion and also is the incident sensor surface for x-rays. This camera is been used in several
facilities including the NSLS II (Figure 2).

Figure 6: Theoretical quantum efficiency of Si sensor of different thicknesses and back
entrance window thicknesses.

A thin ~10 nm back entrance window was been developed using In-Situ Doped Polysilicon processing and
tested in the Spectro CCD. A dedicated measurement of the CCD quantum efficiency as a function of energy was
performed. For the measurement, the CCD was operated as a single large diode with a beam that illuminated the center of
the CCD with a spot of about 0.5 mm diameter. The energy of the beam was scanned from 100 eV to 1 keV with small gaps
near 220 eV and 850 eV. With the absolute beam power and the current measurement. The quantum efficiency remained
above 75% in the range from 200 eV to 1 keV.

Figure 2: Fast CCD installation at the Coherent x-ray Scattering (CSX) beamline at the NSLS II.

THE SPECTRO CCD
Resonant inelastic scattering spectroscopy (RIXS) in the soft x-ray regime is a powerful technique to probe
the electronic structure of mater. The technique utilizes energy dispersive spectrometers to disperse a
scattered x-ray beam from a sample in such a way as to translate each x-ray energy into a corresponding
position on a detector active area (Figure 3). Thus, in these spectrometers energy resolution is dependent
on the position resolution of the detectors used. To increase the energy resolution of a detector, either the
distance between the dispersive element and the detector is increased, or the detector pixel pitch in the
energy dispersive axis is reduced.
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Figure 7: Calculated quantum efficiency of the CCD versus energy in the soft x-ray regime, which is
larger than 75% in the 200 eV-1 keV region.

Ultra thin windows have been also been developed utilizing Molecular Beam Epitaxy (MBE). This technique is
being refined and is to be main technique for deposition ultra thin windows in the future.

CURRENT DEVELOPMENT
The Sydor Fast CCD is commercially available and utilizes Sydor’s upgraded interface. The Sydor Spectro
CCD is in the final commercial development stages. Future projects expect to account for a rotational
mount and tilting for enhanced operation and performance.

Sydor
Spectro CCD

Figure 3: Energy dispersive spectrometer operation.

Centroiding is a technique utilized to increase pixel resolution beyond a sensors pixel size. It utilizes the relative
differences of the collected charges between adjacent pixels to determine the position of an incident x-ray to
subpixel dimensional accuracy. This technique could be quite accurate for measurements with high photon
counts. However, the accuracy of this technique is compromised for low photon count measurements since the
difference in the collected charge between adjacent pixels could be comparable to the intrinsic statistical
fluctuations or noise level of the measurements.
The Spectro CCD is a novel direct-detection, soft x-ray imaging camera with up to 3 times better position
resolution than the current commercial offering, not considering centroiding. It employs a 5 µm x 45 µm pixel
geometry to increase resolution in the energy dispersive axis (5 µm direction) eliminating (or enhancing)
centroiding (Figure 4a).
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Figure 8: (a) Fast CCD installation. (2) Spectro CCD.
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Figure 4: (a) Spectro CCD sensor format. (b) Spectro CCD interdigitated architecture.
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