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§  Develop	
  high	
  performance	
  X-­‐ray	
  imaging	
  instrumentation	
  for	
  
experiments	
  at	
  the	
  next	
  generation	
  Free	
  Electron	
  Laser	
  facilities	
  	
  

§  Use	
  innovative	
  solutions	
  &	
  technology,	
  now	
  explored	
  in	
  HEP	
  comunity,	
  
to	
  improve	
  performance	
  of	
  pixel	
  device	
  for	
  photon	
  science.	
  

§  Key	
  technologies:	
  active	
  edge	
  sensors,	
  65	
  nm	
  CMOS	
  process,	
  vertical	
  
integration	
  	
  

§  Important	
  synergy	
  with	
  other	
  activities	
  of	
  the	
  groups	
  involved:	
  LHC	
  
upgrade	
  (65	
  nm,	
  active	
  edge	
  sensor),	
  AIDA	
  (3D	
  vertical	
  integration).	
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§  X-­‐rays	
  have	
  been	
  a	
  fundamental	
  probing	
  tool	
  in	
  
many	
  fields	
  since	
  their	
  discovery	
  

§  The	
  advent	
  of	
  free	
  electron	
  laser	
  (FEL)	
  facilities	
  
opens	
  up	
  new	
  possibilities	
  to	
  probe	
  matter	
  
with	
  X-­‐ray	
  beams	
  of	
  unique	
  features:	
  
§  very	
  high	
  intensity,	
  coherent,	
  ultrafast	
  pulses,	
  

large	
  energy	
  range	
  	
  

§  Broad	
  science	
  program	
  accessible	
  at	
  FELs:	
  
§  Structural	
  biology,	
  Chemistry,	
  Material	
  science	
  

Atomic	
  and	
  molecular	
  science	
  (AMO)	
  

§  A	
  number	
  of	
  facilities	
  already	
  operational	
  
(LCLS,	
  FLASH,	
  SACLA,	
  FERMI),	
  other	
  being	
  built	
  
(Eu-­‐XFEL,	
  SwissFEL)	
  or	
  upgraded	
  (LCLS!LCLSII)	
  

X-­‐FELs	
  as	
  probing	
  tool	
  

~9 order of 
magnitude 
increase 
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§  FEL	
  Pulse	
  Structure	
  
§  Single	
  shot	
  imaging	
  within	
  220	
  ns	
  (4.5MHz-­‐pulse	
  

repetition	
  rate	
  Eu-­‐XFEL)	
  
§  Burst	
  operation	
  mode	
  	
  (Eu-­‐XFEL)	
  
§  Continous	
  operation	
  mode	
  (LCLSII	
  up	
  to	
  1MHz!)	
  	
  

§  Dynamic	
  Range	
  
§  Single	
  photon	
  counting	
  	
  
§  Up	
  to	
  104	
  ph/pixel/pulse	
  

§  Many	
  measurements	
  based	
  on	
  scattering	
  of	
  
coherent	
  X-­‐ray	
  pulses	
  and	
  detection	
  of	
  
diffraction	
  pattern	
  with	
  a	
  large	
  pixel	
  camera.	
  

2D	
  Imaging	
  X-­‐ray	
  FEL	
  detector	
  challenges	
  Protein imaging

Using extremely short and intense X-ray pulses to 
capture images of objects such as proteins before the X-
rays destroy the sample.


Single-molecule diffractive imaging with an X-ray free-
electron laser.


Individual biological molecules will be made to fall 
through the X-ray beam, one at a time, and their 
structural information recorded in the form of a 
diffraction pattern.


The pulse will ultimately destroy each molecule, but not 
before the pulse has diffracted from the undamaged 
structure.


The patterns are combined to form an atomic-resolution 
image of the molecule.


The speed record of 25 femtoseconds for flash imaging 
was achieved.





Models indicate that atomic-resolution imaging can be 
achieved with pulses shorter than 20 femtoseconds. 


Lawrence Livermore National Laboratory (LLNL)
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Particle injection 

One pulse/one 
measurement 

§  Sensitive	
  Energy	
  Range	
  
§  0.25-­‐25	
  keV	
  ideally	
  with	
  the	
  same	
  system	
  

§  Radiation	
  Hardness	
  
§  10	
  MGy-­‐1	
  GGy	
  over	
  3	
  years	
  operation	
  

§  Pixel	
  size:	
  	
  
§  700-­‐20	
  µm,	
  depending	
  on	
  distance	
  &	
  

angular	
  resolution	
  required	
  

§  Large	
  area	
  coverage:	
  	
  
§  multiple	
  tiles	
  with	
  no	
  dead	
  area	
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Eu-­‐XFEL-­‐Pulse	
  structure	
  	
  



Overview	
  of	
  Eu-­‐XFEL	
  
2D	
  imaging	
  detectors	
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§  Well	
  advanced	
  projects	
  based	
  on	
  highΩ	
  
hybrid	
  pixels	
  

§  Modular	
  detectors	
  with	
  dead	
  area	
  ~	
  15%	
  

§  PixFEL	
  aims	
  to	
  improve	
  on	
  dead	
  area,	
  pixel	
  
size,	
  storage	
  cells	
  with	
  new	
  technologies	
  &	
  
adopts	
  an	
  innovative	
  solution	
  for	
  a	
  dynamic	
  
signal	
  compression	
  in	
  the	
  front-­‐end	
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Good	
  efficiency	
  up	
  
to	
  10	
  keV	
  

wide	
  dynamic	
  range	
  (1	
  to	
  
10000	
  photons),	
  single	
  
photon	
  sensitivity	
  

9	
  bit	
  resolution	
  
(effective),	
  5	
  MHz	
  
sampling	
  rate	
  

1	
  kframe	
  

burst	
  and	
  
continuous	
  
mode	
  operation	
  

(450 um thick) 

§  Develop	
  a	
  four	
  side	
  buttable,	
  multi-­‐layer	
  module	
  for	
  the	
  assembly	
  of	
  a	
  large	
  
area	
  X-­‐ray	
  detector	
  with	
  minimum	
  dead	
  area 
§  active	
  edge	
  thick	
  pixel	
  sensor,	
  two	
  tiers	
  CMOS	
  readout	
  chip	
  (analog+digital/

memory),	
  low/high	
  density	
  TSV,	
  65	
  nm	
  to	
  increase	
  memory	
  and	
  functionality,	
  
smaller	
  pixel	
  pitch	
  of	
  100	
  µm.	
  

Long	
  term	
  goal	
  of	
  PixFEL	
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Single	
  tile	
  (2014-­‐2016)	
  
§  Pitch:	
  	
  100x100	
  µm2	
  	
  

§  Tiling	
  “without”	
  dead	
  area	
  
	
  à	
  active	
  edge	
  sensors	
  ~	
  2%	
  dead	
  area	
  
	
  à	
  low	
  density	
  TSV	
  to	
  connect	
  I/O	
  chip	
  PAD	
  to	
  hybrid	
  board	
  	
  

§  Single	
  photon	
  counting	
  &	
  Wide	
  dynamic	
  range,	
  1-­‐104	
  photons	
  (1-­‐10	
  keV)	
  	
  
	
  	
  àPreamplifier	
  with	
  dynamic	
  signal	
  compression	
  

§  A/D	
  conversion	
  in	
  200	
  ns	
  (Eu-­‐XFEL)	
  
	
  à	
  Successive	
  approximation	
  10	
  bit	
  ADC	
  (SAR	
  ADC)	
  	
  

§  Memory:	
  1k	
  frame	
  depth	
  
§  Readout:	
  	
  

§  Burst	
  mode:	
  Eu-­‐XFEL	
  4.5	
  MHz	
  frame	
  rate,	
  1%	
  duty	
  cycle	
  
§  Continuous	
  mode:	
  15	
  kHz	
  frame	
  rate	
  or	
  better?	
  	
  

System	
  (>2016,	
  still	
  to	
  be	
  optimized)	
  	
  
§  Tot.	
  area	
  ~20x20	
  cm2	
  
§  Chip	
  64x64	
  pixel,	
  ladder=sensor=2.56x5.12	
  cm2,	
  4x8	
  chips/ladder	
  
§  Bandwidth:	
  0.6	
  Gb/s/chip	
  &	
  20	
  Gb/s/ladder	
  

PixFEL	
  target	
  specifications	
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Time,	
  complexity	
  

Not	
  covered	
  in	
  
presentation	
  



§  Main	
  issues	
  for	
  FEL	
  applications	
  
§  Plasma	
  effect:	
  high	
  charge	
  concentration	
  from	
  huge	
  signal	
  (104	
  photons	
  1	
  keV	
  	
  à	
  

2.8x106	
  e-­‐/h	
  >	
  100	
  MIP),	
  reduces	
  collection	
  field	
  &	
  deteriorate	
  charge	
  Collection	
  
Distance	
  (CD)	
  and	
  Collection	
  Time	
  (CT)	
  

§  Thick	
  sensor	
  (450	
  µm)	
  for	
  good	
  efficiency	
  @	
  10	
  keV	
  
§  Thin	
  entrance	
  window	
  for	
  good	
  efficiency	
  @	
  1	
  keV	
  

Active	
  edge	
  sensors	
  

Bondanneal oxide

Support wafer

Field	
  plate

n/p	
  distancep+ n+ polysilicon

oxide
metal

passivation§  Active	
  edge	
  to	
  minimize	
  the	
  gap	
  between	
  the	
  
last	
  active	
  element	
  and	
  edge	
  of	
  the	
  sensor	
  but	
  
avoid	
  high	
  leakage	
  current	
  injection	
  from	
  the	
  
damaged	
  cut	
  region.	
  	
  
	
  	
  	
  à	
  Cut	
  lines	
  not	
  sawed	
  but	
  etched	
  with	
  DRIE	
  &	
  doped	
  to	
  
act	
  as	
  electrodes	
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TCAD	
  simulation	
  campaign	
  	
  
à  High	
  Bias	
  voltage	
  mitigates	
  

plasma	
  effect:	
  with	
  Vbias=400	
  V	
  
fast	
  collection	
  time	
  (<30	
  ns)	
  &	
  
collection	
  distance	
  <	
  100	
  µm	
  	
  

à  Edge	
  geometry	
  optimized	
  to	
  
increase	
  breakdown	
  voltage	
  

L. Ratti, “PixFEL: advanced X-ray pixel cameras for the next generation FELs”, 2014 IEEE NSS-MIC, Seattle, USA 6 

Active edge sensors 

Active edge to minimize the gap between the active 
region and edge of the sensor but avoid leakage 
current injection from the damaged cut region  

Main issues: 
•  plasma effect: large charge concentration due to huge 

signals (104 photons @ 1 keV=2.8x106 e/h pairs) ! 
degradation charge collection distance and time 

•  thick sensitive region for good efficiency @10 keV 
•  thin entrance window for good efficiency @1 keV 

 

model available within the Synopsys TCAD package. In 
particular, the light wavelength (1015 nm) and intensity have 
been tuned to emulate 104 X-ray photons of 12 keV energy, an 
approach that has already been proposed in [12]. Since the 
pixels will be bump bonded to the read-out chip, the X-rays 
(i.e., the light pulses) are impinging from the back-side.   

 
Figure 2  Simulated time and distance from the injection point for 95% charge 

collection as a function of bias voltage. 
 
Fig. 2 shows simulation results relevant to the time 

necessary to collect 95% of the generated charge, and the 
corresponding distance from the injection point, due to lateral 
diffusion. Results are in good agreement with the experimental 
data reported in [12], proving the accuracy of the simulations. 
As expected, a performance improvement is observed as the 
bias voltage is increased. However, while the collection time 
strongly depends on the bias voltage in the range of lower 
values (e.g., it decreases by almost a factor of 3 from 200 V to 
500 V), the collection distance is affected to a lower extent.  

These results indicate that operating the sensor at a bias 
voltage in the range from 200 to 300 V would meet the 
specifications in terms of frame rate and spatial resolution. 
These voltage values are in fact compatible with active edges, 
although a trade-off between the breakdown voltage and the 
size of the edge region (indicated by the n/p gap in Fig.1) 
should be carefully considered. 
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As can be seen in Fig. 3, for the device of Fig. 1, with a n/p 
gap of 30 µm, simulations yield a breakdown voltage larger 

than 300 V for oxide charge densities lower than 3x1011 cm-2, 
that are typical of a pre-irradiation case. These results are in 
very good agreement with our previous simulations and 
experimental results obtained from similar test devices, for 
which the oxide charge concentration was relatively low 
(~1010 cm-2) [8], [9]. However, as the oxide charge density is 
increased to account for post-irradiation conditions, the 
breakdown voltage decreases, and is lower than 90 V at 2x1012 
cm-2 (here assumed as a saturation value at high doses [14]), 
that is not high enough to ensure a good performance. 

In case a slightly larger n/p gap is considered, the edge 
region can be instrumented with one or more floating guard 
rings (FGR) that can help increasing the breakdown voltage. 
As an example, Fig. 3 also shows results relevant to two 
different edge designs, featuring i) an n/p gap of 50 µm with 
one floating ring, and ii) an n/p gap of 70 µm with two 
floating rings: it can be seen that the breakdown voltage for an 
oxide charge density of 2x1012 cm-2 is increased to more than 
200 V and more than 300 V, respectively.  

At the conference, we will present the main design and 
technological issues, and we will report selected results from 
the TCAD simulations. An X-ray irradiation of existing test 
structures at INFN LNL (Legnaro, Italy) has also been 
planned to check simulation results against experimental data. 
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104 photons @ 12keV  

High bias voltage mitigates the 
plasma effect: with Vbias=400 V, 
fast collection time (<30 ns) 
and small collection distance 
(<100 um) ! optimization of 
the sensor edge is required to 
maximize the breakdown 
voltage 

104 photons 

!"#$%##&%' "()$&

*+,,"-. /%0&-

!"#$%&'$()#

*+'&%",)(*-#'. *. '/$0,"$"-/*

/1"%#
2#)($

'(,,"3()"/* 

model available within the Synopsys TCAD package. In 
particular, the light wavelength (1015 nm) and intensity have 
been tuned to emulate 104 X-ray photons of 12 keV energy, an 
approach that has already been proposed in [12]. Since the 
pixels will be bump bonded to the read-out chip, the X-rays 
(i.e., the light pulses) are impinging from the back-side.   

 
Figure 2  Simulated time and distance from the injection point for 95% charge 

collection as a function of bias voltage. 
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§  Edge	
  geometry	
  optimized	
  to	
  increase	
  breakdown	
  voltage:	
  
§  Edge	
  distance,	
  floating	
  guard	
  rings,	
  field	
  plate	
  
§  Oxide	
  thickness,	
  junction	
  depth	
  

§  With	
  present	
  optimization	
  Vbreakdown	
  >	
  400V	
  for	
  entire	
  operation	
  lifetime:	
  	
  
§  4	
  guard	
  rings	
  with	
  external	
  field	
  plate	
  

§  2.4	
  µm	
  junction	
  depth	
  
§  300	
  nm	
  oxide	
  thickness	
  
§  max	
  QOX=3e12	
  cm-­‐2	
  	
  (=high	
  radiation	
  dose)	
  	
  

Sensor	
  optimization	
  for	
  FELs	
  

§  First	
  pixel	
  at	
  160	
  um	
  from	
  the	
  edge	
  
~2%	
  dead	
  area	
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§  The	
  first	
  PixFEL	
  sensor	
  batch	
  is	
  now	
  in	
  	
  
fabrication	
  @	
  FBK	
  (Trento,	
  Italy)	
  

§  More	
  details	
  in	
  	
  G.	
  F.	
  Dalla	
  Betta’s	
  Poster	
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Design and TCAD simulation of planar p-on-n active-
edge pixel sensors for the next generation of FELs
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Long and medium term goals of the PixFEL Collaboration

13th Pisa Meeting on Advanced Detectors, La Biodola, Italy, May 24-30, 2015

Develop a four-side buttable module for the assembly of large area detectors with no or
minimum dead area to be used at FEL experiments, by exploiting key technologies like active
edge sensors, 65 nm CMOS process, vertical integration

Abstract - Future experiments at Free Electron Laser (FEL) facilities will require silicon pixel sensors with demanding performance: a wide dynamic range from 1 up to 10^4 12-keV photons per pixel, a
small pixel pitch (~100 µm), minimum dead area and a radiation tolerance of 1GGy per 3 years of operation. Therefore, the development of four-side buttable tile detectors that meet such
requirements is challenging. Through this work, carried out in the framework of the INFN PixFEL project, design and TCAD simulations of planar p-on-n sensors with active edge are performed
with the aim of minimizing the dead area at the edge. The improvement of the breakdown voltage in order to reach at least the minimum bias voltage required to avoid plasma effects at high
charge concentration is achieved using different edge terminations with multiple guard rings. The methodology of the sensor design, the optimization of the most relevant parameters, and the
final layout are described. An alternative slim edge design is also presented, aimed at avoiding the use of a support wafer and optimizing the back-side entrance window for soft X-rays.

• First introduced at Stanford Nanofabrication
Facility as an extension of 3D sensor
technology [1].

• Later applied to planar sensors and now
available at several processing facilities [2-4].

• Sensitivity up to a few micrometers from the
sensor physical edge [5].

• Increased process complexity due to DRIE,
wafer bonding, etc.

• Proposed sensors are made on SiSi Direct
Wafer Bonded substrates (FZ n- on CZ n++),
with <100> crystal orientation and 450 µm
active thickness

• Thick substrates are necessary to obtain a high
detection efficiency at high energies (e.g., 87% at 12
keV for 450 µm thickness), causing larger depletion
voltages

• In addition, plasma effects should be carefully
considered in case many photons hit one pixel at a
time, resulting in high carrier densities [6]

• This could affect charge collection properties, with
influence on linearity, point spread function, and
response time, unless a high bias is applied.

• High voltage operation, especially after irradiation,
would call for multi-guard ring termination, with wide
dead-area at the edge [7].

• TCAD optimization is required, aiming at the best
trade-off between the minimization of the edge region
size and the sensor breakdown voltage

Sl
im

 E
dg

e 
ap

pr
oa

ch

0 0.5 1 1.5 2 2.5 3 3.5
x 1012

0

100

200

300

400

500

600

700

800

Oxide charge density, NOX[cm-2]

Br
ea

kd
ow

n 
vo

lta
ge

, V
BD

 [V
]

 

 

Xj = 1.5 um
Xj = 2.4 um
Xj = 3.4 um
Xj = 5 um

The PixFEL collaboration aims at developing a detector with the following characteristics (2014-2016):
• pixel pitch: 100 µm 65 nm CMOS and 3D integration (high density TSVs and interconnect) 
• dead area: as small as possible, 2% seems feasible active edge technology and low density TSV interconnects 
• wide dynamic range:    single photon resolution for small number of photons

full dynamic range of 104 ph @1 keV or 10 keV
• in pixel A-to-D conversion: 10 bit (9 effective) SAR ADC 
• memory: 1k frame/pixel 
• readout: burst mode (4.5 MHz as in the Eu-XFEL, 1% duty cycle) or continuous mode

System (>2016) 
• Area: ~20x20 cm2

• Chip=64x64 pixel, ladder=sensor=2.56x5.12 cm2, 4x8 chips/ladder 
• Bandwidth: 0.6 Gb/s/chip, 20 Gb/s/ladder

low noise charge preamplifier 
with dynamic compression

Analytical estimate of sensor active thickness for target 
absorption efficiency of X-rays at different energies.

Schematic cross-section of planar active-edge sensor 
using Si-Si Direct Wafer Bonded substrate.
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Active edge 
trench

Vbias

Target for 
back thinning

• Started with 2D simulation domain (with area factor 100µm)
• Optimized structure-case of 4 guardrings active edge p+-on-n sensor
• Injected charge corresponding to 104 photons at 1 keV and 12 keV
• Exponential charge distribution to account for photon absorption 

probability using optical generation model

• Strong decrease of collection time with bias voltage
• Collection time < 30 ns for 12 keV X-rays and 450 µm sensor 

thickness at Vbias = 400V.
• These values are adequate to meet PixFEL specifications in terms 

of frame rate and spatial resolution
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Simulated time for collection of 95% of the total charge as a 
function of bias voltage.

The depletion region of a 4-GR edge termination with (bottom) and 
without (top) overlapping rectangular Slim-Edges  

Conclusions
- TCAD simulations were used to 
design and optimize the most relevant 
parameters of active-edge pixels for 
FEL applications
- A 4-GR termination with an edge size 
of ~150µm withstands more than 400V 
in all oxide charge conditions
- Planar sensors with Slim-Edge 
approach seem also to be feasible
- The wafer layout of the first PixFEL
sensor batch is performed, first 
prototypes are expected from FBK 
later this year. 

TCAD 3D structure

Structure Layout

Advantages:
• Get rid of the support wafer (simpler 

technology)
• Entrance window at low energy can be 

optimized
Disadvantages and risks
• Additional dead space at the border
• Possible reduction of breakdown voltage

High Radiation 
doses

- No GR case: Edge distance 20µm
- The 4GRs case: Edge distance ~150µm.
- The 6GRs case : Edge distance ~ 240µm
- The 8GRs case : Edge distance ~ 320µm
- The 10GRs case : Edge distance ~380µm

Wafer layout

64x64 Pixel array

32x32 Pixel array

Test structures for 
irradiation

Standard test structures
15x15 arrays for 

capacitance extraction 8x8 arrays with 
overlapped slim Edge

8x8 arrays with Slim Edge

Large diodes with 
Active Edge

8x8 arrays with 
Slim Edge

Large diodes with 
overlapped Slim Edge

8x8 arrays with
Active Edge

Strip Sensors with 
Active Edge

8x8 arrays with 
Active Edge

Large diodes with 
Slim Edge

8x8 arrays with 
column trenches

Large diodes with 
column trenches

Large diode w/o Active 
Edge (6GRs)
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4 Guardring structure

8 Guardring structure

6 Guardring structure

10 Guardring w/o Active Edge

Contact holesActive 
Edge

Breakdown voltage versus the oxide charge 
density in a 4-GR edge termination with 

Junction Depth as a parameter 

Breakdown voltage versus the oxide thickness in 
a 4-GR edge termination with different oxide 

charge densities and Junction Depths

Breakdown voltage versus the oxide thickness 
in a 4-GR edge termination with different field-

plate lengths at Nox=3e12cm-2

Breakdown voltage versus the oxide charge 
density for different edge terminations
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Parameter optimization started with 2D-
simulation domain using TCAD-tools
• Goal: designing an optimized edge termination 

able to withstand at least 400V bias in all 
conditions (low and high oxide charge density 
[8]) while minimizing the edge size

• Fixed parameters:
• Guard ring width: 15 µm
• Substrate thickness: 450 µm

• Parameters to be optimized:
• Oxide thickness
• Junction depth
• Nr of guardrings
• Field-plate length

Best trade-offs

The edge 
region size

Breakdown 
voltage

Vs.

Columns
Scribe Line

Scribe Line Scribe Line

Scribe Line 

Rectangular Slim Edge trenches Columnar Slim Edge trenches

Structure layout of a planar sensor with different shapes of 
slim edge trenches, derived by 3D technology [9,10].

Cross-section window for 3D-
simulation using TCAD-tools
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Final layout of a full 6-inch wafer including the different structures of active edge and slim edge 
pixel sensors and other test devices, to be fabricated at FBK (Trento, Italy)

IV-curves of a 4-GR edge termination with Slim 
Edge for different oxide charge densities

Active edge sensor

low density 
peripheral TSVs

high density 
interconnects

Bond pads

low density 
bump bond

memory + digital readout

Bump bonding

high density TSVs

front-end + ADC

Readout 
chip

Active 
edge 

sensor

• Higher VBD with more Guardrings
• Optimum value for the oxide 

thickness, tox ~ 300nm and the 
Field-plate, lFP ~ 5µm

• Xj=2,4µm Junction depth allows 
for higher VBD at high radiation 
doses ( >400V)

Slim Edge trench shapes
1- Rectangular trenches (with and w/o 
overlaps)
2- Columnar trenches
• Rectangular overlapping slim edge 

trenches can better confine the depletion 
region inside, away from the edge of the 
sensor.

Structure layout and the considered 
simulation domain to investigate the 

Slim Edge approach with TCAD  

SLIM EDGE APPROACH

CHARGE COLLECTION PROPERTIESPARAMETER OPTIMIZATION AND STRUCTURE LAYOUT (ACTIVE EDGE SENSORS) 

PLANAR ACTIVE EDGE SENSORS
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Readout channel 

•  Charge sensitive amplifier - dynamic signal compression 
•  Transconductor - voltage to current conversion 
•  Time invariant filter – changeable gain and integration time 
•  Analog-to-digital conversion - 10 bit SAR ADC 
•  Technology – 65 nm CMOS 

SR

+

-

S1

S3

CF

S4S0

S2

in
-

V
b0

b9

10-bit
ADC

W/L

1 keV / 10 keV
gnd

9W/L

0.8 V

0.8 V

0.8-0.3 V

1.0 V

1.0-0.2 V

1.0 V
+

-
Gm

§  Charge	
  Sensitive	
  Amplifier	
  –	
  dynamic	
  signal	
  compression	
  
§  Transconductor	
  –	
  voltage	
  to	
  current	
  convertion	
  
§  Flipped	
  Capacitor	
  Filter	
  –	
  variable	
  gain	
  and	
  	
  integration	
  time	
  	
  
§  Analog-­‐to-­‐digital	
  conversion	
  –	
  10	
  bit	
  SAR	
  ADC	
  
§  Technology	
  –	
  65	
  nm	
  CMOS	
  (TSMC)	
  	
  
§  Two	
  test	
  chips	
  realized	
  now	
  under	
  test:	
  	
  

§  single	
  blocks	
  +	
  8x8	
  matrix	
  with	
  110	
  um	
  pixel	
  cell	
  
§  Post	
  Layout	
  Simulation	
  ENC=60	
  e-­‐	
  rms	
  à	
  SNR=4.7	
  	
  for	
  	
  1	
  keV	
  (280	
  e-­‐)	
  	
  	
  

Power	
  Consumption	
  

CSA 
FCF 

ADC 
V-I 



§  Wide	
  dynamic	
  range	
  front-­‐end	
  channel	
  
§  1-­‐104	
  photons	
  between	
  1-­‐10	
  keV	
  

§  Bilinear	
  Amplifier:	
  use	
  the	
  non-­‐linear	
  features	
  of	
  
MOSFET	
  capacitor,	
  	
  in	
  inversion	
  mode,	
  to	
  dynamically	
  
change	
  the	
  gain	
  with	
  the	
  input	
  signal	
  amplitude	
  

•  For	
  low	
  energy	
  à	
  High	
  gain	
  &	
  For	
  high	
  energy	
  à	
  Low	
  gain	
  

Dynamic	
  Compression	
  Dynamic compression with MOS capacitor
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Inversion-mode MOS capacitor

Drain and source shorted to form one capacitor terminal, the gate forms the other

Cg,sd

Vg,sdVth0

Vgs>Vth

STI STIn+n+

p-substrate

n+ poly

Vgs>Vth

STI STIn+n+

p-substrate

n+ poly

• 0 < VG ,SD << VTh → CG ,SD is set at its minimum and it is mainly due to the

overlap gate-to-source Cgs,ov and gate-to-drain Cgd,ov capacitances:

Cf ,min ≈ Cgs,ov + Cgd,ov = 2W∆LCox

W = channel width, ∆L = extension of the overlap region, Cox = gate oxide

capacitance per unit area

• VG ,SD >> VTh → CG ,SD shows a maximum value which is mainly given by the

gate-to-channel Cgc capacitance

Cf ,max ≈ Cgc = WLCox .

Basic idea: exploit the non-linear features of MOS capacitors to dynamically change the

gain of Charge Sensitive Amplifier with the input signal amplitude
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Cg,sd

Vg,sdVth0

Vgs>Vth

STI STIn+n+

p-substrate

n+ poly

Vgs<Vth

STI STIn+n+

p-substrate

n+ poly

Cmax

Cmin

CSA response simulation Gain & Feedback capacitance 
from simulation 

|ΔVOUT|<<VTHà	
  Cf=Cmin	
  ,	
  Gain=1/Cf=Gle	
  	
  	
  	
   |ΔVOUT|>>VTHà	
  Cf=Cmax,	
  Gain=1/Cf=Ghe	
  	
  	
  	
  

CSA 
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CSA Transient Response
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CSA Transfer function
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CSA response vs charge 

§  Charge	
  amplifier	
  (CSA)	
  	
  shows	
  the	
  expected	
  bilinear	
  
feature	
  in	
  the	
  gain,	
  in	
  agreement	
  with	
  simulation	
  (PLS).	
  	
  	
  

§  Fast	
  transition	
  and	
  reset	
  time	
  measured	
  (<30	
  ns),	
  
compatible	
  with	
  4.5	
  MHz	
  operation	
  of	
  Eu-­‐XFEL	
  	
  

§  Full	
  channel	
  response	
  measured	
  with	
  the	
  filter	
  	
  operated	
  
successfully	
  @	
  50	
  ns	
  integration	
  time.	
  

§  Full	
  analog	
  channel	
  operated	
  successfully	
  with	
  50	
  ns	
  integration	
  time	
  
compatible	
  with	
  Eu-­‐XFEL	
  time	
  structure	
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§  Requirements:	
  
§  Wide	
  dynamic	
  	
  	
  
§  Large	
  number	
  of	
  bits	
  	
  

§  guarantee	
  single	
  photon	
  resolution	
  at	
  small	
  signal	
  
§  small	
  quantization	
  noise	
  in	
  Poisson-­‐limited	
  regime	
  

§  5	
  MHz	
  sampling	
  rate	
  (for	
  Eu-­‐XFEL)	
  	
  

In	
  pixel	
  ADC	
  	
  !"#$%#&#'()#(*+$,#'$-./$0'(

(
(
(
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§  For	
  each	
  ADC	
  use	
  2	
  split	
  capacitive	
  DACs	
  that	
  work	
  
alternatively	
  in	
  a	
  time	
  interleaved	
  structure	
  

§  10	
  bit	
  SAR	
  (Successive	
  Approximation	
  Register)	
  ADC	
  
§  good	
  compromise	
  between	
  clock	
  frequency	
  and	
  

resolution.	
  
§  Clockfrequency=5MHz×11=55MHz	
  
	
  

§  Precharge	
  of	
  the	
  DAC	
  input	
  
capacitance	
  during	
  one	
  entire	
  
sampling	
  period	
  	
  

§  Conversion	
  during	
  the	
  following	
  
sampling	
  period	
  

§  Avoid	
  large	
  current	
  peaks	
  due	
  to	
  fast	
  charge	
  of	
  the	
  
DAC	
  capacitance	
  (~2.5	
  pF)	
  



10-­‐bit	
  SAR	
  ADC	
  Performance	
  	
  
§  ADC	
  Simulated	
  performance	
  

§  0.2V-­‐1V	
  input	
  dynamic	
  range	
  	
  
§  INL	
  and	
  DNL	
  <	
  0.5LSB	
  	
  
§  SNR	
  60	
  dB	
  (ENOB=9.6)	
  
§  Power	
  ~	
  70+15	
  µW	
  

§  ADC	
  Area	
  ~	
  5000	
  µm2	
  

Channel dynamic performance
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Full channel + ADC response - Simulation 

Channel dynamic performance
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•  See	
  L.	
  Lodola’s	
  Poster	
  for	
  details	
  on	
  
ADC	
  design	
  &	
  measurements	
  

•  Preliminary	
  measurement	
  of	
  the	
  ADC-­‐only	
  
response	
  shows	
  good	
  linearity	
  over	
  the	
  
full	
  range	
  (0.2V-­‐1V)	
  

§  ADC	
  dynamic	
  range	
  well	
  covered	
  
§  Well	
  detectable	
  bilinear	
  response	
  of	
  CSA	
  	
  
§  First	
  10	
  photons	
  well	
  detectable	
  

ADC measured response @ 20 MHz 



System	
  Noise	
  Analysis	
  
§  Electronic noise  

§  due to analog front-end 
§  ENC=60 e- rms @ t=50ns (1 keV = 280e-) 
§  Increases with increasing signal (Gain decreases) 

§  Quantization noise 
§  due to ADC  
§  negligible for small number of photons 
§  #photons per bin/sqrt(12) for larger signal  
§  Increases with increasing signal (Gain decreases) 

L. Ratti, “PixFEL: advanced X-ray pixel cameras for the next generation FELs”, 2014 IEEE NSS-MIC, Seattle, USA 13 

Noise analysis 

Electronic noise 
•  due to the analog front-end 
•  increases with increasing signal (the feedback 

capacitance increases) 
•  ENC=60 e- rms @ !=50 ns 

Quantization noise 
•  due to the ADC 
•  negligible for small number of photons 
•  #photons per bin/sqrt(12) for large numbers of 

photons 

Poisson distributed noise of the photon 
generation process 

System performance is dominated by Poisson 
noise 
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§  Poisson noise due to fluctuation of 
the number of photons that hit a pixel  
§  irreducible  

à System performance dominated 
by the Poisson noise 



§  The	
  PixFEL	
  project	
  is	
  adopting	
  several	
  new	
  technologies	
  to	
  
build	
  a	
  fine	
  pitch,	
  rad	
  tolerant,	
  multi-­‐layer,	
  fast	
  detector	
  
with	
  minimum	
  dead	
  area	
  for	
  X-­‐ray	
  imaging	
  at	
  future	
  at	
  FELs	
  
§  active	
  edge	
  sensors,	
  65	
  nm	
  CMOS,	
  TSV,	
  3D	
  integration	
  	
  	
  	
  

§  First	
  prototypes	
  (sensors	
  and	
  front-­‐end	
  chips)	
  realized	
  to	
  
evaluate	
  the	
  proposed	
  innovative	
  aspects	
  
§  Encouraging	
  results	
  from	
  preliminary	
  tests	
  on	
  the	
  front-­‐end	
  chips	
  	
  
§  Full	
  characterization	
  and	
  rad	
  tolerance	
  test	
  (sensor	
  &	
  electronics)	
  in	
  

2015	
  

§  In	
  2016	
  build	
  a	
  small	
  module	
  with	
  sensor	
  and	
  front-­‐end	
  chip	
  
§  Longer	
  term	
  ambitious	
  plan	
  to	
  develop	
  full	
  instrument	
  

Conclusions	
  &	
  Perspectives	
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DAC1	
  

DAC2	
  

Amplifier	
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CSA Transfer function
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CSA response 

CSA 1 keV mode vs 10 keV mode
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Channel sensitivity
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Type Mode Meas Sch Sim

NMOS 1 keV 1.56 1.82

10 keV 1.91 1.80

PMOS 1 keV 1.47 1.83

10 keV 2.29 1.80
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Full channel response with 50 ns integration time  
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§  Full	
  analog	
  channel	
  operated	
  successfully	
  with	
  50	
  ns	
  integration	
  time	
  

Baseline 
integration  
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Full channel response @ 50 ns 

§  Flipped Capacitor Filter (FCF) performs correlated 
double sampling (CDS) 
§  X-ray pulse arrives after first integration (Baseline)  
§  During second integration (Baseline + signal) filter 

capacitor has been flipped and baseline is subtracted  
	
  

compatible	
  with	
  Eu-­‐XFEL	
  time	
  structure	
  	
  	
  

Capacitor 
Flipped  

Baseline + 
Signal 
integration  
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Field-plate 

6-­‐inch	
  wafer	
  including	
  active	
  edge	
  &	
  slim	
  edge	
  pixel	
  sensors	
  	
  
&	
  test	
  devices,	
  to	
  be	
  fabricated	
  at	
  FBK	
  (Trento,	
  Italy)	
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  Slim	
  edge	
  approach	
  	
  
§  Advantages	
  w.r.t	
  active	
  edge	
  

§  get	
  rid	
  of	
  the	
  support	
  wafer	
  
§  Entrance	
  window	
  at	
  low	
  energy	
  can	
  be	
  optimized	
  

§  Disadvantges	
  &	
  risks	
  
§  Additional	
  dead	
  space	
  at	
  the	
  border	
  	
  
§  Possible	
  reduction	
  of	
  breakdown	
  voltage	
  

The Slim Edge Approach
15

18 February 2015

Structure Layout T C A D 3D Structure T C A D 3D structure
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Simulation results
16

18 February 2015

Advantages:
get rid of the support wafer
Entrance window at low energy can be 
optimized

Disadvantages and risks
Additional dead space at the border
Possible reduction of breakdown voltage
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Modules	
  of	
  limited	
  size	
  and	
  gaps	
  between	
  modules	
  

	
  è	
  lots	
  of	
  missing	
  data	
  èreconstruction	
  may	
  become	
  ambiguous	
  

2	
  single	
  shot	
  diffraction	
  pattern	
  images	
  of	
  a	
  
large	
  virus,	
  0.75	
  µm	
  diameter,	
  taken	
  with	
  
pnCCD	
  detector	
  at	
  LCLS.	
  	
  

Problem	
  of	
  missing	
  data	
  

As	
  a	
  comparison	
  the	
  virus	
  picture	
  taken	
  with	
  a	
  
transmission	
  electron	
  microscope	
  (30000	
  
images	
  averaged)	
  	
  

Autocorrelation	
  function	
  for	
  the	
  2	
  
diffration	
  patterns	
  

Possible	
  reconstructed	
  images	
  of	
  the	
  virus	
  with	
  
ambiguities	
  coming	
  from	
  missing	
  data:	
  	
  

§  dead	
  area	
  	
  

§  saturation	
  of	
  pixel	
  in	
  the	
  central	
  region.	
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§  Mature	
  technology:	
  	
  
§  available	
  since	
  2007	
  

§  High	
  density	
  and	
  low	
  power	
  
§  High	
  density	
  vital	
  for	
  smaller	
  pixel	
  and	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  

increased	
  data	
  buffering	
  during	
  bunch	
  trains	
  
§  Low	
  power	
  tech	
  critical	
  to	
  maintain	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  

acceptable	
  power	
  for	
  higher	
  pixel	
  density	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  
and	
  much	
  higher	
  data	
  rates	
  

§  Long	
  term	
  availability	
  
§  Strong	
  technology	
  node	
  used	
  extensively	
  for	
  

industrial/automotive	
  

§  Significantly	
  increased	
  density,	
  speed	
  and	
  
complexity	
  compared	
  to	
  previous	
  generations	
  

§  Important	
  sinergy	
  with	
  R&D	
  activities	
  for	
  LHC	
  
upgrade	
  	
  

PixFEL	
  technologies:	
  65	
  nm	
  CMOS	
  
readout	
  electronics	
  

SRAM Scaling (1) 

!"!#"#$% &'%()*+,-,%.%&%/012+,)3%2-%423)536%7682+,69% #:%
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PixFEL enabling technologies: 65 nm CMOS readout electronics 

  Mature technology: 
  Available since ~2007 

  High density and low power 
  High density vital for smaller 
pixels and increased data 
buffering during bunch trains 
  Low power tech critical to 
maintain acceptable power for 
higher pixel density and much 
higher data rates 

  Long term availability 
  Strong technology node used 
extensively for industrial/
automotive 

  Significantly increased density, speed, 
and complexity compared to previous 
generations! 

A 50 !m x 50 !m mixed-signal pixel cell 
readout for the phase II upgrade of LHC in 
65 nm CMOS 
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§  No	
  sparsification	
  possible	
  for	
  these	
  imaging	
  detectors	
  	
  
§  large	
  amount	
  of	
  data	
  to	
  be	
  read	
  out	
  in	
  a	
  relatively	
  short	
  amount	
  of	
  time,	
  also	
  

depending	
  on	
  the	
  structure	
  of	
  the	
  X-­‐ray	
  beam	
  

§  Burst	
  mode	
  operation:	
  data	
  need	
  to	
  be	
  stored	
  locally	
  and	
  read	
  out	
  in	
  
the	
  interval	
  between	
  two	
  bursts;	
  	
  
§  65	
  nm	
  CMOS	
  technology	
  to	
  increase	
  storage	
  capacity	
  	
  
§  Bandwidth	
  needs	
  for	
  XFEL:	
  4.5	
  MHz	
  frame	
  rate,	
  1%	
  duty	
  cycle,	
  1k	
  frames	
  stored	
  

over	
  3k	
  frames	
  à	
  	
  	
  0.6	
  Gb/s/chip	
  &	
  20	
  Gb/s/ladder	
  

§  Continuous	
  operation:	
  data	
  are	
  read	
  out	
  as	
  soon	
  as	
  they	
  are	
  
collected,	
  frame	
  by	
  frame;	
  
§  With	
  low	
  repetition	
  rate	
  (i.e.	
  120	
  Hz	
  @	
  LCLS)	
  continuous	
  readout	
  within	
  reach	
  of	
  

present	
  technology:	
  5	
  Mb/s/chip	
  &	
  160	
  Mb/s/ladder.	
  
	
  	
  	
  	
  	
  	
  	
  à	
  XFEL	
  bandwidth	
  needs	
  much	
  higher:	
  equivalent	
  to	
  continuous	
  operation	
  @	
  15	
  kHz	
  frame	
  rate	
  
§  Readout	
  for	
  future	
  LCLS	
  II	
  at	
  high	
  repetition	
  rates	
  (up	
  to	
  1	
  MHz)	
  very	
  challenging!	
  

§  Capability	
  of	
  switching	
  from	
  one	
  mode	
  of	
  operation	
  to	
  the	
  other	
  
may	
  be	
  an	
  important	
  asset	
  for	
  a	
  2D	
  imager	
  

Readout	
  architectures	
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FELs	
  in	
  operation	
  or	
  under	
  
construction	
  	
  

After	
  the	
  success	
  of	
  first	
  FELs,	
  new	
  facilities	
  &	
  upgrades	
  are	
  in	
  design	
  
phase	
  in	
  many	
  countries	
  (i.e.	
  LCLS	
  II)	
  	
  	
  

Project Start	
  of	
  
operation 

Electron	
  beam	
  
energy	
  [GeV] 

Photon	
  
energy	
  [keV] 

Frame/Burst	
  
repetition	
  rate	
  [Hz] 

Number	
  X	
  
pulses/burst 

FLASH@DESY 2005 1.25 0.03-­‐0.3 5 800@1us 

LCLS@SLAC 2009 14.5 0.3-­‐10 120 1 

SACLA@RINKEN 2011 8 4.5-­‐15 60 1 

Fermi@ELETTRA 2010 2.4 0.01-­‐0.06 10 1 

European-­‐XFEL 2016 17.5 0.4-­‐20 10 2700@220	
  ns 

SwissFEL 2016 5.8 1/12 100 2@50	
  ns 

LCLS	
  II >2020 4-­‐14.5 0.2-­‐25 120	
  -­‐	
  106 1 
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Beam	
  lines	
  with	
  different	
  photon	
  energies	
  
available	
  at	
  each	
  facility	
  
Very	
  different	
  beam	
  time	
  structure	
  from	
  one	
  
FEL	
  facility	
  to	
  the	
  other	
  
§  Each	
  X-­‐ray	
  pulse	
  is	
  always	
  very	
  short	
  
§  Continuous	
  mode:	
  	
  LCLS	
  @	
  120Hz	
  
§  Burst	
  mode:	
  Eu-­‐XFEL	
  220ns	
  spacing,	
  with	
  time	
  to	
  

readout	
  
§  Future	
  (i.e.	
  LCLS	
  II):	
  continuous	
  1MHz	
  spacing	
  

Beam	
  line	
  and	
  beam-­‐time	
  structure	
  

Eu-XFEL 

Beam-line structure @Eu-XFEL 

Tomorrow: LCLS II  

Today: LCLS, … 
Most	
  challenging	
  for	
  detectors	
  Eu-­‐XFEL	
  &	
  LCLS	
  II,	
  taken	
  as	
  target	
  for	
  PixFEL	
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Low density TSVs for chip to PCB bump-bonding   

No gaps, no need for 
complicate tiling 
(provided that the 
detector has minimum 
dead area) 

CEA-LETI 

T-Micro 

Enabling	
  technologies	
  for	
  a	
  4-­‐side	
  buttable	
  module	
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200 ns operation mode
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Phase 2 [50 ns]: Signal settling and flipping
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