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The Collaboration 
• PERCIVAL – Pixelated Energy Resolving CMOS Imager, Versatile 

And Large 
 

• Collaboration between: 
• Rutherford Appleton Laboratory (STFC) 

 
• Deutsches Elektronen-Synchrotron 

 
• Elettra Sincrotrone Trieste 

 
• Diamond Light Source 
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Design Goals 
• Free-Electron Lasers (FEL) and Synchrotron Storage 

Rings are dramatically 
improving in brilliance 
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Diamond Light Source "Ultraviolet and Soft X-Ray Free-Electron Lasers: Introduction to Physical Principles, Experimental Results, 
Technological Challenges"; Peter Schmüser, Martin Dohlus, Jörg Rossbach; Springer Tracts in Modern 

Physics, Volume 229 2009, ISBN: 978-3-540-79571-1, page 150 



Design Goals 
• Optimised for QE >90% between 250eV – 1keV 

 
• Total Noise < 15e- rms 

 
• Full Well > 107e- 

 
• Large pixel size for CMOS (27µm), while maintaining 

high pixel count (2Mpixels, leading to 13Mpixels) 
 

• 120Hz Frame Rate 
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Challenge: Energy Range 
• High QE between 250eV – 1keV 
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http://www.ll.mit.edu/mission/electronics/AIT/hisensitivityimage.html 



Challenge: Energy Range 
• With CMOS FSI, 

photons have to travel 
through metal and oxide  
layers 

• Absorption length for 
1keV X-Rays is only 
2µm, so most will be 
absorbed in the incident 
layers 

• 250eV absorption length 
is 50nm 
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Challenge: Energy Range 
• Using BSI, the incident 

x-rays now interact 
directly with the 
depletion region 

• Able to observe the full 
range needed 

• Massive improvements 
in QE 
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Challenge: Energy Range 
• Surface imperfections and microns of native oxide can 

trap charge at the incident surface 
• Molecular-Beam Epitaxy (MBE) compensates for these 

imperfections, and reduces the native oxide to only a 
few nm 

7 

Undoped BSI    Delta-Doped BSI 

Delta doping Technology for Back Illuminated CMOS and CCD Imagers, Shouleh Nikzad (JPL), IISW 2009 



Challenge: Low Noise 
• Need single photon detection over full energy range 
• Single photon detection requires SNR of 5:1 
• The lowest energy photon (250eV) produces ~70e- 

when interacting with the silicon 
• Need <15e- rms to detect single events 
• Achieved through partially-pinned 

photodiode and off-chip CDS 
 

• However, how do we then achieve 
the full well? 
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Challenge: Full Well 
• Full well > 107e- easily achievable with large diode 
• This makes the noise far larger than needed for single 

photon detection 
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Standard “3T” Pixel 
Additional Capacitors for increased full well 
Capacitance increases: C2 > C1 > C0 

Externally 
Controllable 
switches 



Challenge: Full Well 
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• During reset, all the nodes are set to the reset voltage, VRst 

D C0 C1 C2 S2 S1 S0 



Challenge: Full Well 
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• During integration switches S0, S1, and S2 are kept in overflow mode 
• Charge “fills” each layer from diode up 

D C0 C1 C2 S2 S1 S0 



Challenge: Full Well 
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D C0 C1 C2 
• Once integration is complete, the switches are then opened, “locking in” 

the voltages on the diode and capacitors 

S2 S1 S0 



Challenge: Full Well 
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D C0 C1 C2 
• The switches are then closed in turn, reading out all four voltages into 

the column chain 

S2 S1 S0 



Challenge: Sensor Scaling 
• 27µm pixels needed to accommodate capacitors 
• First sensor area 1408 x 1484 pixels 
• Pixel array at least 40 x 40mm 
• Design uses a stitched sensor arrangement 
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• Component areas of a stitched 

sensor: 
• E: Pixels, 704 x 742 pixels 
• A, D, H, G, I: Bond Pads 
• B, C, F: Power lines, buttable area 

 
 



Challenge: Sensor Scaling 
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• Example 2x2 array of 
pixel block E (2Mpixels) 

• Can tile any size (e.g. 
1x1, 2x3…) 

• Designed to be two-side 
buttable 
 

• Final sensor is 5x5 array 
• This gives a total pixel 

area of 3528 x 3717 
• 13Mpixels 
• 9 x 9cm 
• “Wafer Scale” 



Challenge: High Speed 
• Column chain leads to comparator and dual-ramp ADC 
• Comparator takes each reading, and only passes the 

first non-saturated reading 
to the ADC 

• Only 1 in 4 readings then 
need to be converted 

• ADC is dual-ramp and 
12-bit resolution 

• Sample and reset 
frames are converted 
for off-chip CDS 
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Challenge: High Speed 
• At full frame resolution, a data rate of 38Gb/s for the 

final sensor is required 
• To achieve this, there are seven ADCs per column 

operating within a 7µs conversion time 
• Then passed through a high-speed serialiser and LVDS 

readout at 400MHz, operating at 800Mb/s 
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Timeline 
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Percival Begins 
Test Structure 

1/2: Pixels 2013 

Test Structure 
1: BSI 2014 

Test Structure 
3: LVDS 2014 

2Mpixel Sensor 
Mid 2015 

13Mpixel Sensor 
Late 2015 
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Results: Test Structure 1  
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Measure Result 
Noise - diode (e-) 26 
Linear Full Well – diode (ke-) 31.0 
Max Full Well – diode (ke-) 40.0 
Full Well – C0 (ke-) 300 
Full Well – C1 (Me-) 7 
Full Well – C2 (Me-) 20 
Gain (ADU/e-) 0.08 

TS1 Pixel Type A (FSI) 

Measure Result 
Noise (e-) 18 
Linear Full Well – diode (ke-) 17.9 
Max Full Well – diode (ke-) 26.4 
Gain (ADU/e-) 0.111 

TS1 Pixel Type D (FSI)  

Measure Result 
Noise (e-) 21.9 
Linear Full Well – diode (ke-) 17.7 
Max Full Well – diode (ke-) 19.4 
QE @ 540nm (%) 45.9 
Gain (ADU/e-) 0.108 

TS1 Pixel Type D (BSI)  

• Taken using 540nm light 
• Splits are enumerated A-F, based 

on diode size, spacing, and 
capacitors 



Results: Test Structure 1 
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Conclusions 
• Designing PERCIVAL for FEL and synchrotron facilities 
• Currently have Test Structures for pixels, BSI, and 

LVDS output 
• All Test Structures work 
• Now designing full size sensor 
• Future work includes stitched sensor in two main sizes: 

• 2Mpixel sensor available FSI mid 2015 / BSI late 2015 
• 13Mpixel “Wafer Scale” sensor FSI late 2015 / BSI early 2016 

• Also plans for a combined module of 4x Wafer Scale in 
cloverleaf formation 

21 



End 
• Authors: 

• Rutherford Appleton Laboratory: B. Marsh, D. Das, N. Guerrini, I. Sedgwick, R. 
Turchetta 

• DESY: M. Bayer, J. Correa, S. Lange, A. Marras, I. Shevyakov, S. Smoljanin, 
M. Viti, C. B. Wunderer, Q. Xia, M. Zimmer  

• Elettra – Sincrotrone Trieste: G. Cautero, D. Giuressi, R. Menk, L. Stebel, H. 
Yousef  

• Diamond Light Source: J. Marchal, U. Pedersen, N. Rees, N. Tartoni, 
• DESY and Midsweden University: H. Graafsma 

 

• The CMOS group at RAL is hiring! 
• Search “Microelectronics Designer” in  STFC at www.topcareer.jobs  
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BACKUP SLIDES 
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CDS 
• Correlated Double Sampling (CDS) is the subtraction of 

the reset frame from its corresponding sample frame 
• Can be performed off-chip, provided frame number and 

readout is correctly maintained 
• Reduces noise in image by around half (39e- to 18e-, for 

pixel D) 
 

• Only effective on PERCIVAL when the diode is non-
saturated 
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Partially-Pinned Photodiode 
• Many types of CMOS pixel including Active 

Pixel Sensor (APS), subsets of which include 
Pinned Photodiode and Partially Pinned 
Photodiode 

• Pinned photodiode adds an n+ “Floating 
Diffusion” after the diode to  allow for on-chip 
CDS reduce and image lag and dark current 

• Partially Pinned Photodiode follows a similar 
principle, but laces the doping layer over the 
diode to create an area of different potential 

• This reduces the image lag and dark current, 
whilst reducing space requirements in the 
pixel 

• However on-chip CDS is no longer possible 
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Pinned Photodiode 
A Review of the Pinned Photodiode for CCD and 
CMOS Image Sensors, E. Fossum, IEE Journal of 
Electron Devices, May 2014 



Readout System 
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PERCIVAL: Soft X-ray imaging MAPS for (X)FELs and 
synchrotrons, C. B. Wunderer, iWoRID 2014 


	PERCIVAL�Design and Characterisation of a CMOS Image Sensor for Direct Detection of Low-Energy X-Rays
	The Collaboration
	Design Goals
	Design Goals
	Challenge: Energy Range
	Challenge: Energy Range
	Challenge: Energy Range
	Challenge: Energy Range
	Challenge: Low Noise
	Challenge: Full Well
	Challenge: Full Well
	Challenge: Full Well
	Challenge: Full Well
	Challenge: Full Well
	Challenge: Sensor Scaling
	Challenge: Sensor Scaling
	Challenge: High Speed
	Challenge: High Speed
	Timeline
	Results: Test Structure 1 
	Results: Test Structure 1
	Conclusions
	End
	BACKUP SLIDES
	CDS
	Partially-Pinned Photodiode
	Readout System

