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ABSTRACT: The PixFEL project aims to develop an advanced X-ray camera for imaging suited for
the demanding requirements of next generation free electron laser (FEL) facilities. New technolo-
gies can be deployed to boost the performance of imaging detectors as well as future pixel devices
for tracking. In the first phase of the PixFEL project, approved by the INFN, the focus will be on
the development of the microelectronic building blocks, carried out with a 65 nm CMOS technol-
ogy, implementing a low noise analog front-end channel with high dynamic range and compression
features, a low power ADC and high density memory. At the same time PixFEL will investigate
and implement some of the enabling technologies to assembly a seamless large area X-ray camera
composed by a matrix of multilayer four-side buttable tiles. A pixel matrix with active edge will
be developed to minimize the dead area of the sensor layer. Vertical interconnection of two CMOS
tiers will be explored to build a four-side buttable readout chip with small pixel pitch and all the
on-board required functionalities. The ambitious target requirements of the new pixel device are:
single photon resolution, 1 to 104 photons @ 1 keV to 10 keV input dynamic range, 10-bit analog
to digital conversion up to 5 MHz, 1 kevent in-pixel memory and 100 µm pixel pitch. The long
term goal of PixFEL will be the development of a versatile X-ray camera to be operated either in
burst mode (European XFEL), or in continuous mode to cope with the high frame rates foreseen
for the upgrade phase of the LCLS-II at SLAC.
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1. Introduction

After the success of first generation X-ray free electron lasers (FEL) in the investigation of the
microscopic structure of organic and inorganic materials in many fields (i.e. biology, chemistry,
material science, atomic and molecular science), many reaserch centers worldwide have started
studying, designing and building new FEL facilities with unique X-ray beam properties, in term
of peak brilliance, short pulse duration, high repetition rates [1, 2, 3]. Table 1 shows the main
features of some existing and planned FELs. Repetition rates differ widely between facilities, with
the European XFEL producing bursts of high repetition rate (4.5 MHz) packets separated by a
100 ms interval (burst operation mode) while the Stanford-based LCLS is operated at a constant
pulse rate of 120 Hz (continuous operation mode). Several beam lines differing in photon energy
and intensity are normally present to address different experimental requirements and techniques.

To fully exploit the potential of next generation FEL facilities, new X-ray imaging detectors
need to be developed in order to match the very demanding requirements such as space and ampli-
tude resolution, input dynamic range, frame rate and frame storage capability.

The PixFEL Collaboration has been recently approved by the INFN to carry on a research
program for the development of a two-dimensional pixelated imaging camera for application at
future FEL facilities, with the aim of advancing the state-of-art of imaging instrumentation by
exploiting innovative solutions and new technologies also being explored in the HEP community
for charged particle tracking pixel detectors.

The final goal is the development of a large area seamless X-ray imager for FEL applications
based on hybrid multilayer tiles made of active-edge high resistivity pixel sensors bump-bonded
to two-tiered 65-nm CMOS front-end ICs. The ICs are interconnected using through silicon vias
(TSV) to build four-side buttable readout chips with a small pixel pitch and all the needed func-
tionalities on board.
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Table 1. Main features of some existing and future FEL facilities.

Project Start of
operation

Electron
energy
[GeV]

Photon
energy
[keV]

Frame/Burst
rate
[Hz]

Pulses
per

burst
FLASH@DESY 2005 1.25 0.03-0.3 5 800@1µs
LCLS@SLAC 2009 14.5 0.3-10 120 1
Fermi@ELETTRA 2010 2.4 0.01-0.06 10 1
SACLA@Spring-8 2011 8.5 4.5-15 60 1
Eu-XFEL@DESY 2015 17.5 0.25-25 10 2700@220 ns
SwissFEL@PSI 2016 5.8 1-12 100 2@50 ns
LCLS II@SLAC >2020 4-14.5 0.2-25 120 - 106 1

In the initial three-year phase, the PixFEL project plans to realize a demonstrator to verify
some of the proposed technologies, with the main focus on the development of the microelectronic
building blocks, the exploration of the enabling technology for the multilayer tile, and the study of
readout architectures for application at FEL facilities operated with high repetition rates in burst
and continuous mode.

2. FEL detectors requirements and challenges

We will concentrate here on the measurement of the diffraction pattern generated by the scattering
of coherent X-rays on a sample under test. A summary of the main requirements and the existing
development projects follows, while a complete review can be found in [4].

FEL pulse structure: for many applications the camera should be able to digitize single shot
images within the FEL repetition rate, which for the Eu-XFEL, is 220 ns. For burst operation
mode, a series of frames (ideally the complete bunch train of 2700 pulses for Eu-XFEL) should be
locally stored during the burst, to be read out later during the longer inter-train time. For continuous
operation mode, frames must be read out continuously. For some applications at next generation
FELs, the repetition rate may be as high as 1 MHz.

Energy range: ideally the same system should be able to cover the large photon energy range
available at each facility, 0.25-25 keV for Eu-XFEL.

Dynamic range: a dynamic range extending from single photon detection up to 104 photons
from a single pulse is required to properly reconstruct the diffraction pattern down to small angles.

Radiation tolerance: very large doses up to 10 – 1000 MGy over 3 years are expected in some
part of the detector; the sensor will be struck directly by the scattered photons receiving the full
dose, while the readout electronics will be partly screened by the sensitive layer.

Space resolution and area coverage: the overall dimension of the sample and the minimum
feature size drive the requirements on the angular resolution and coverage of the focal plane. Pixel
sizes ranging from 700 to 20 µm depending on the application and on the focal plane distance
are required, while with a photon wavelength of about 0.1 nm, a 60◦ coverage is needed to detect
substructures of the same dimension. This large angular coverage calls for a large area camera
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Figure 1. PixFEL matrix layout showing 9 four-side buttable modules, each consisting of a multilayer device
resulting from the vertical interconnection of the sensor to a dual-tier front-end chip. The chip, in turn, is
bump bonded to a hybrid board.

(about 400 cm2), typically composed by several adjacent tiles. The dead area must be minimized
since the missing data can lead to ambiguities in the reconstruction of the sample image from the
diffraction pattern.

Several instruments are under development to meet the growing demand from FEL machines.
For instance for the Eu-XFEL: the AGIPD Detector [5], the LPD Detector [6], the DSSC Detec-
tor [7]. All these projects are well advanced and plan to build a large area camera of about 20×20
cm2, based on detector modules with a dead area of about 10−15%.

3. PixFEL project overview

The PixFEL project aims at improving the performance of X-ray imaging systems for FEL facil-
ities by using cutting-edge microelectronic technological developments. The main points of per-
formance improvement are: small pixel pitch while retaining high speed readout and local frame
storage; large dynamic range with high resolution in-pixel analog-to-digital conversion; reduced
module dead areas allowing large area tiling without missing data issues.

An overview of the proposed technologies is shown in figure 1 representing a PixFEL matrix:
Active edge sensor: fully depleted high resistivity silicon pixel sensor guaranteeing high quan-

tum efficiency for hard X-ray conversion.
Dual-tier 65-nm CMOS readout ICs: essential to enable enough density to include the required

amount of on-board intelligence in a target pitch of 100 µm; a dual-tier approach is envisaged to
provide enough space for the in-pixel Analog to Digital (A/D) conversion and data storage.

Vertical interconnects: various types of 3D vertical interconnects are required to connect the
sensor to the chip, the two tiers together, and the sensor-chip assembly to the readout hybrid.
Bump-bonding, through silicon vias, and small pitch vertical integration techniques will be used.
The combination of active edge sensor and vertical integration technology will allow the realization
of four-side buttable modules with minimal dead area.
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Table 2. Main specifications for the PixFEL demonstrator tile.
Pitch: 100x100 µm2 Dead area: 2%

Photon energy: 1-10 keV Dynamic range: 1-104

Memory: 1k frame depth A/D conversion: 200ns, 10 bit ADC

Readout:
in burst mode, 4.5 MHz frame rate, 1% duty cycle
in continuous mode, 15 kHz

The initial three-year phase of the PixFEL project will be concerned with: investigating the
enabling technologies leading to a 4-side buttable elementary chip and to an almost zero dead-
area detector, resulting from the assembly of these elementary blocks; developing and optimizing
the microelectronic building blocks to be included in the front-end chip for a 2D X-ray camera;
studying the architectures for high performance in-pixel storage and readout of the data.

Table 2 shows the main specifications for the PixFEL demonstrator tile.
For the full system, the goal is to obtain a 20× 20 cm2 detector composed of tiles of 2.56×

5.12 cm2, each assembled from a single high resistivity sensor and 32 (4× 8) square readout ICs
with 64×64 pixels.

4. Active edge sensors

In PixFEL, the minimization of the dead area of the sensors will be pursed by adopting active edge
technology, first introduced at the Stanford Nanofabrication Facility as an extension of 3D detector
technology [8]. To extend the sensitivity of the sensor up to a few micron from its physical edge,
in active edge sensors the cut lines of each detector tile are obtained with etched and heavily doped
deep trenches, realized by Deep Reactive Ion Etching (DRIE), to act as wall (ohmic) electrodes.
Active edge planar sensors have been also developed at other processing facilities (SINTEF, VTT,
FBK) and a review of recent results can be found in [9].

The PixFEL active edge sensors will be developed in collaboration with the Fondazione Bruno
Kessler (Trento, Italy), taking advantage of the activities already going on for the pixel sensor for
the ALICE and ATLAS upgrades with optimization for the specific X-ray imaging application for
FEL instrumentation. A relatively thick sensor is needed (about 450 µm) to achieve a good detec-
tion efficiency for photons in the energy range from 1 to 10 keV. Furthermore, one peculiar aspect
for applications at FEL is the impact of the so called plasma effect: in case a large number of pho-
tons (up to 104) hits a single pixel, the resulting high charge density reduces the collection electric
field and affects charge collection, point spread function and response time of the sensor. This ef-
fect can be mitigated by increasing the bias voltage [10] but early breakdown voltage then becomes
a limiting factor for the detector operation. For this reason, specific TCAD device simulations have
been performed to investigate the plasma effect and to optimize the edge termination in order to
reach the best trade off between the minimization of the dead area and an acceptable breakdown
voltage.

The simulated device is a p-on-n sensor with 100 µm pitch pixel on a high-resistivity (n-)
substrate, 300 or 450 µm thick, with n+ ohmic contact regions at the back-side and along the
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Figure 2. Simulated time and distance from the injection point, for 95% charge collection, as a function of
bias voltage applied. Charge released in the active edge sensor was equivalent to 104 photons at 12 keV.
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Figure 3. Schematic cross-section of the simulated active edge sensor (left). Breakdown voltage of the
simulated device as a function of the surface oxide charge density and with various junction depths (right).

trench at the edge. To study the plasma effect 2D simulations with cylindrical coordinates have
been carried out, using an optical model to mimic the energy released by a X-ray photon beam. The
backside of the sensor was illuminated, varying the distance of the injection point with respect to
the pixel center. Multiple narrow electrodes were also insterted within the 100 µm pitch to evaluate
the point spread function. Results shown in figure 2 are in good agreement with experimental data
reported in [10], and indicate that collection times below 20 ns and collection distance below 90
µm can be achieved with a bias voltage of about 300V, even in the worst case condition, with up to
104 photons of 1 and 12 keV.

To increase the breakdown voltage above these values, different edge sensor designs have been
simulated, tuning the most sensitive parameters, like edge distance, number and shape of floating
guard rings, field plate dimension, oxide thickness and junction depth. Best results have been op-
tained with an oxide thickness of 300 nm, a junction depth of 2.4 µm and an edge termination with
four guard rings with external field plates, resulting in a total gap of about 155 µm between the last
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channel width W . For high energy photons, the output voltage is expected to exceed the threshold
thus showing a maximum Cf which is mainly given by the gate-to-channel Cgc capacitance

Cf ,max ≈Cgc = WLCox. (2.2)

Therefore, in the high energy range, the gain depends on the MOS gate area WL and can be set
with a suitable design of the MOS channel length L (once W has been properly chosen for the low
energy gain setting).

The simulated input-output trans-characteristic of the charge sensitive amplifier is shown in
Fig. 2, b) where the CSA output voltage is intended as the difference with respect to the DC value.
The inset shows the initial, high gain portion of the characteristic. The device dimensions have
been chosen to have a low energy gain of about 0.4 mV/ph and to fit the input range of 104 photons
at 1 keV in an output dynamic range of the amplifier of 500 mV.

3. Readout channel for FEL applications

The schematic diagram of the full readout processor is shown in Fig. 3. It includes, beside the
charge sensitive amplifier with signal compression, the shaping stage and a 10-bit successive ap-
proximation register ADC. Since the readout channel will be bump-bonded to a hole collecting
pixel sensor [5], an NMOS has been used as the non-linear feedback capacitor of the charge pream-
plifier. Starting from the compression idea proposed above, a more complex feedback network has
been worked out in which the MOS is split in two devices with the same channel length and with
a channel width which is W in one transistor and 9 times W in the other. Such feature makes the
channel able to switch from 1 keV to 10 keV operation mode. Moreover, an additional capacitance

SR

!"#$%&'()"**'"+*
,-.#&'/()"*,#'%$

+

-

S1

S3

CF

S4S0

S2

01#)1!
2)"3$&,4)"

25'&%$*6$",4(3$*789:4;$&
<4#5*64%"':*2)89&$,,4)"*

-

DDV

b0

b9

=>1.4#*
67?*7@2

10-bit
ADC

C f0

W/L

1 keV / 10 keV
gnd

9W/L

inQ

Figure 3. Schematic diagram of the full readout channel including a charge sensitive amplifier with dy-
namic signal compression, a transconductor for voltage-to-current conversion, a time-variant filter realizing
a trapezoidal weighting function and a 10-bit SAR ADC.
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Figure 4. Schematic diagram of the full readout channel

pixel and the physical edge of the sensor. A schematic drawing of the proposed edge termination
is shown in figure 3, together with the breakdown voltage results from TCAD simulations: values
above 400 V have been obtained for the entire operation lifetime, even with an accumulated sur-
face oxide charge density of 3×1012 cm−2, which is expected after the exposure to 1 GGy of total
ionizing dose.

With the small dead area achieved in this design, corresponding to only about 2% of the sensor
tile, these active edge pixel sensors could represent a significant improvement with respect to other
pixel devices presently under construction for FELs. First prototypes of the PixFEL active edge
sensors will be submitted for fabrication at FBK by the end of 2014.

5. Front-end electronics & multi-layer (3D) system architecture

Front-end Electronics. The development of the readout electronics, is carried out with a 65 nm
CMOS technology to take full advantage of the synergy with similar activities starting in the HEP
comunity for future detector development and at the same time to get increased in-pixel function-
ality and storage capability while reducing the pixel pitch.

The low noise front-end channel with wide input dynamic range is implementing a novel signal
compression technique [11] based on the non-linear capacitance of a MOS used in the feedback
network of the charge sensitive preamplifier (CSA), as shown in figure 4. The gain of the CSA
is proportional to the inverse of the feed-back capacitance between the gate of the MOSFET and
its source and drain, shorted together. When the signal collected is small (i.e. the gate-to-source
voltage is much smaller than the threshold voltage) the capacitance of the MOSFET is very small,
due to the sum of the gate-to-source and gate-to-drain overlap capacitances. For large signal, when
the threshold voltage is exceeded, the MOS is operated in inversion mode, with source and drain
channel linked, and the capacitance is dominated by the larger gate-to-channel capacitance. Such
capacitance may increase even by a few order of magnitude, depending on the channel size. This
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non-linear feature of the MOS capacitor is exploited to dynamically change the sensitivity of the
CSA with the input signal amplitude, then providing a dynamic signal compression.

With respect to other solutions proposed [4], the PixFEL channel has the advantage of being
realized with standard CMOS technology and with a single amplifier with dynamically changing
gain, instead of a parallel cofiguration with different switchable gains.

Digital data storage has been chosen for the PixFEL imager, since it provides a higher stor-
age capability w.r.t. the analog approach [5]. The A/D conversion will be in-pixel with a 10-bit
successive approximation register (SAR) ADC. This solution provides an acceptable compromise
between clock frequency and resolution; with 10 bits it provides both single photon resolution at
small signal and quantization noise smaller than the Poisson noise for large signals, while retaining
some margin for parameters dispersion and noise.

The full front-end channel, schematically shown in figure 4, is described in details in [11]. It
includes the CSA, a transconductor for voltage-to-current conversion, a time-variant filter realizing
a trapezoidal weighting function and a 10-bit SAR ADC. The channel has been implemented in a
first prototype chip, with an 8x8 pixel matrix, with 110 µm pitch, submitted in Autumn 2014.

For operation with 50 ns integration time, results from post layout simulation give an Equiv-
alent Noise Charge (ENC) of about 60 e−, corresponding to a signal-to-noise ratio of about 4.6
for a single photon with an energy of 1 keV. The total power consumption of the channel is 350
µW/pixel, at 5 MHz sampling rate.

System architecture. The PixFEL imaging camera will be a multi-layer device, based on 3D
integration technology [12],[13], with a dual-tier readout chip with the first tier dedicated to the
analog signal processing and digitization, and the second layer hosting the digital memories and
the specific readout architecture.

In imaging detectors no sparsification is possible and the readout needs to deal with a large
amount of data to be read out in a relatively short amount of time, depending on the time structure
of the X-ray beam, which may change significantly from one FEL facility to the other.

A versatile design of the PixFEL architecture may include the possibility of selecting the
readout method between a direct readout mode (for continuous operation FELs) and a store locally
& read-out-later mode (for burst mode operation typical of the Eu-XFEL).

Burst Operation Mode. When the FEL is operated in burst mode with a very high repetition
rate inside the train of photon pulses (e.g., at the Eu-XFEL), direct and complete data readout would
require impractical bandwidths. In this case the common approach is to store as much information
as possible in the pixel during the pulse train period and to send it out during the long inter-train
period. Devices presently under contruction for the Eu-XFEL are able to store up to 650 frames,
with a pixel pitch of about 250 µm [7]. To improve the storage capability in the small pixel pitch of
100 µm, the second layer of the PixFEL front-end chip, envisioned for the future evolution project,
will be largely devoted to the integration of the digital memory, whose capacity may be close to
1 kword in a 65 nm CMOS process. The bandwidth needs for such readout architecture, operated
in burst mode at the Eu-XFEL, are 0.6 Gb/s/chip and 20 Gb/s/ladder, calculated for the present
modularity of the PixFEL camera, that could be further optimized.

Continuous operation mode. For the relatively low repetition rates, of the order of 100
Hz, foreseen in most of the FELs to be operated in continuous mode, direct readout of data of
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a megapixel imaging camera is within the reach of present technology. On the contrary the readout
for devices to be operated at future FEL facilities with continuous repetition rates as high as 1 MHz
will be extremely challenging.

6. Conclusions and outlook

The PixFEL project is exploring the application of innovative technologies such as active edge
sensors, 65 nm CMOS, through silicon vias, and vertical integration, to develop pixelated imaging
camera for application at future FEL facilities. Beyond the initial demonstrator phase already
approved by INFN, the long term ambitious plan is to develop a large area focal plane instrument
with significantly improved performance beyond the state of the art especially for application at
future machines with high repetition rates.
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