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HV2FEI4 Concept 
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•  Use bulk of commercial HV/HR-CMOS process as sensor 
•  Deep n-well à collection electrode 

•  PMOS transistors unshielded from charges 
à design constraints 

•  p-well used for NMOS transistors 

•  AMS prototypes in characterization (HV2FEI4) 

10 – 15 µm 



•  Limited logic implementation in sensor: 
•  CSA + Discriminator 
•  Adjustable sub-pixel output pulse (for AC coupled signal to FE) 
•  Adding of sub-pixel pulses 

HV2FEI4 Sensor 

Tento Workshop 2014 - 
28/02/2014 Malte Backhaus 4 

+ 

250 µm 

50 µm
 

Readout Chip (FE-I4) 

Smart Sensor 
(HV2FEI4) 

FE-I4 pixel 
dimensions 



•  Limited logic implementation in sensor: 
•  CSA + Discriminator 
•  Adjustable sub-pixel output pulse (for AC coupled signal to FE) 
•  Adding of sub-pixel pulses 

•  Six sub-pixels connect to two FE pixels 

HV2FEI4 Sensor 
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Readout Chip – FE-I4 
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•  Use IBL readout chip: FE-I4 
•  Huge complexity 
•  Designed for passive sensor 
•  Pixel size 50 x 250 µm  

à area of 3 „sensor“ chips 
•  „Smart sensor“ glued to FE-I4 
•  Analog information (TOT) 

à Can be used for sub-pixel decoding 



Source Scan Occupancy 

7.3 First results with HV2FEI4

(a) (b)

Figure 7.4: The HitOR signal of the FE-I4 readout chip (top waveform), the Strobe signal used to issue an injec-
tion (middle waveform) and the preamplifier output waveform of the HV2FEI4 operated with USBpix (bottom
waveform). The response of the HitOR signal to a charge injection issued in the sensor by the USBpix system (a)
as well as by a particle originating from a radioactive source (b) is shown.

pixel column
0 10 20 30 40 50 60 70

pi
xe

l r
ow

300

200

100

0

0

5000

10000

15000

20000

25000

30000

(a)

pixel column
0 2 4 6 8 10 12

pi
xe

l r
ow
180

170

160

150

140

130

0

5000

10000

15000

20000

25000

30000

(b)

Figure 7.5: Occupancy maps of the HV2FEI4 glued to an FE-I4 readout chip obtained with electrons from a 90Sr
source. The full FE-I4 map (a) with entries in the HV2FEI4 position and a zoom into the region of the HV2FEI4
(b).
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Full FE-I4 Hit Map HVCMOS Hit Map 

à Full FE-I4 pixel matrix active 
à Charges generated in sensor transmitted to FE-I4 (AC coupled) 



AC Coupled Signal Transmission 

Chapter 7 New pixel concepts for the LHC Phase-II

on the discriminator output pulse height and thus can be used to get a sub-pixel resolution once the
FE-I4 is appropriately tuned. Additionally, the recorded TOT is influenced by the coupling capacitance.
As the plate size of the capacitors formed by the bump pads of the two chips is fixed, the coupling capa-
citance is mainly influenced by the thickness of the glue layer and the alignment of the chips. The TOT
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Figure 7.6: The TOT information recorded by the FE-I4 (a). The TOT is not correlated to the charge collected
in the sensor. The color coded mean TOT per pixel in the area covered by the HV2FEI4 (b) and the mean TOT
projection along the columns (c).

spectrum recorded by the FE-I4 does not show a single peak as is expected with a uniform discriminator
output pulse height (figure 7.6a). Furthermore, the calculated mean TOT per pixel presented in figure
7.6b reveals a geographical dependency. The mean TOT decreases from the left to the right. Figure 7.6c
visualizes this dependency. The projection of the mean TOT along the columns decreases linearly with
a slope of �0.53 (25 ns)/column. A very likely explanation is a slight tilt between the sensor and the
readout chip. The distance between the capacitor plates increases from left to right and the capacitance
decreases. The coupling strength is reduced, which results in a smaller signal recorded by the FE-I4.
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Mean ToT Map Mean ToT Projection 

à ToT indicator for AC coupling strength 
à Tilt of sensor or output pulse amplitude 



Source Hit Timing and Cluster 

7.3 First results with HV2FEI4

The hit detection time distribution within the sensitive time window of 16 times 25 ns is given in figure
7.7a. The FE-I4 HitOR signal is used in the scan to issue a trigger. The timing between the HitOR pos-
itive edge, which is in coincidence with the hit detection, and the trigger sent to the FE-I4 is fixed. No
entries are expect in any other bin than four and five. A long tail after these is observed. This originates
from hits detected in the readout chip after the hit issuing the trigger. Small hits close to big hits are
expected to be detected late due to the time-walk e↵ect. With the HV2FEI4 as sensor, the two time-walk
sources introduced in chapter 3.3.2 are present twice, in the preamplifier and the discriminator of the
sensor, and of the readout chip. A dedicated time-walk scan algorithm, sub-FE-I4-pixel resolution, and
a cluster algorithm considering the sub-pixel connection scheme are necessary to investigate the time-
walk in this configuration.
The present algorithm clusters the FE-I4 pixel information. A significant amount of multi-pixel clusters
is expected to be generated by the traversing electrons from a beta source. Multi hit clusters are expected
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Figure 7.7: The hit timing information within a time window of 16 times 25 ns (a). The cluster size in FE-I4 pixels
measured in the Sr90 source scan (b).

especially with the small pixel size of the HV2FEI4 pixels and the connection scheme with neighboring
HV2FEI4 pixels that are connected to neighbor pixels in the FE-I4 (figure 7.3). The cluster size de-
creases exponentially and cluster sizes up to eleven pixels are recorded, see figure 7.7b.
To prove that the sub-FE-I4 pixel resolution is achievable, the discriminator output amplitude is scanned
individually for the three sub-pixels while performing test charge injections into the HV2FEI4. The TOT
response of a single FE-I4 pixel is measured. The mean of the resulting TOT distribution is given in
figure 7.8a as a function of the discriminator output amplitude (set by the DAC VNOut) for all three
sub-pixels connected to this FE-I4 pixel. The RMS of the TOT histograms is displayed as a band. The
RMS of sub-pixel 1 is higher than for the other two sub-pixels. A repetition of this measurement on
more than this single FE-I4 pixel could reveal if this is a systematic result or present in this single pixel
only. Nevertheless a discriminator output amplitude can be selected from these data for each sub-pixel
so that the mean and RMS of the three sub-pixels do not overlap. The TOT spectrum as measured by
the FE-I4 when injecting into the HV2FEI4 with these settings is shown in figure 7.8b. Three distinct
TOT peaks appear and the sub-pixel can be reconstructed from the TOT information of the FE-I4.
The pixel to pixel spread of the discriminator output amplitude smears the TOT spectrum of the FE-I4,
if a large number of FE-I4 pixels is enabled at the same time. The resulting TOT spectrum does not
show any distinct peaks as observed in figure 7.8b. Therefore, a tuning algorithm to adjust the TOT
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Hit Timing Resolution Hit Cluster Size 

à Hits with significant delay recorded, time-walk sources present twice 
à Sub-pixel resolution + dedicated algorithm mandatory for investigation 
à Large hit clusters present 



Sub-Pixel Resolution 
Chapter 7 New pixel concepts for the LHC Phase-II
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Figure 7.8: The TOT response of a single FE-I4 pixel as a function of the discriminator output amplitude of the
HV2FEI4 and the three sub-pixels within the HV2FEI4 (a). The TOT spectrum measured by the FE-I4 with a
dedicated output amplitude setting for each of the three sub-pixels.

response of each individual FE-I4 pixel while injecting charges into the HV2FEI4 is necessary. This is
impossible with the setups consisting of two independent test systems for sensor and readout chip that
are used so far. The implementation of this tuning algorithm into the USBpix system is work in progress
at the time of writing.

7.4 Summary

The HV2FEI4 demonstrates that the high voltage CMOS technology is a promising candidate for the
outer layers of the planned ATLAS pixel detector upgrade for the LHC run Phase-II. The fabrication
in an industrial process and the connection of the sensor and the readout chip without the costly bump-
bonding process reduces the cost. Albeit the characterization of the HV2FEI4 assemblies is in an early
stage, the AC coupled signal transmission between the sensor and the readout chip, the detection of
ionizing particles, as well as the reachability of a sub-pixel resolution using the TOT information of
the readout chip could be demonstrated. More detailed performance investigations are simplified by the
use of the USBpix test system for both layers. The basic integration of the HV2FEI4 into the hardware
and software framework is finished. No di↵erence is made within the software structure between the
HV2FEI4 and the FE-I4 configuration items.
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Out-Pulse to ToT Calibration Sub-Pixel ToT Response 

à Distinct ToT peaks à sub-pixel resolution demonstrated 
à Tuning algorithm and test beam necessary for spatial resolution 

measurement 

à Convoluted scans possible with new HVCMOS support in USBpix 
à Puls adding disabled, test charge injections 



Test Beam Results – Introduction 
•  Tuning algorithm for “full matrix sub-pixel reconstruction” under 

development 
à Sinlge test system for “smart sensor + FE-4” mandatory  

 à USBpix integration 
•  No sub-pixel reconstruction serious challenge for test beam 

measurements (temporally): 
à Alternating pixel connection pattern à challenging alignment 
à Sub-pixel resolution mandatory for in-pixel efficiency measurements 

 ! Careful conclusions on radiation hardness from  
      test beam / lab results, although very promising 
      (Samples “alive” after up to 1016 neq cm-2) 
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Test Beam Results – Timing Resolution 

C09: Lvl1

Divided C09 in two regions:

Col 2-11, Row 165-187: region with normal pixels

Col 2-11, Row 190-210: Region with radiation hard pixels

Example plots from runs 110-122 (high statistics, Threshold = 928 mV)
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Some late hits for C09
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à DESY test beam, 4 GeV e 

Hit Timing Resolution Hit Timing Resolution 

à Hits with delayed detection 



Test Beam Results – Mean Efficiency 
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C09: E�ciency
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(b) radiation hard: 6.9%

Edges have a bit lower e�ciency ! might be some residual from
tbmon

Slight increase of e�ciency from lower to higher columns ! serial
powering during testbeam
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à Reduced efficiency at edges and around dead pixels to be investigated 
à Again column dependency à Powering of HVCMOS columns 
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Bias Voltage Scan 

à Bias voltage increases efficiency 



Test Beam Results – Column Efficiency 
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E�ciency vs. Column
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à Drop in efficiency for high threshold 
à Efficiency depends on column 

à Global threshold setting smaller than column threshold variation 
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Irradiation Studies – Bulk Damage 
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à Reasonable leakage current increase with 
- Dose, - Temperature 

à Need further results for CCE, hit efficiency, etc. 



Irradiation Studies – Electronics 
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à Decrease of Preamplifier gain with irradiation 
à Annealing periods observable 
à Parameter tuning recovers to 90 % gain after ~ 900 Mrad 
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Smart CMOS Pixel Submissions Overview 

Submissions targeting R&D with FE-I4 readout 
 
HVCMOS: 
•  AMS 180 nm – V1:  First prototype    In test 
•  AMS 180 nm – V2:  Radiation hard electr. design  In test 
 
HRCMOS: 
•  GF 130 nm:   First prototype    In test 
•  LFoundry 150 nm:  First prototype    In design 

       (à march/april 2014) 
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Conclusions 
•  Promising HVCMOS and HRCMOS prototypes submitted and in hand 
•  Large step towards on sensor analog signal processing + digital FE 
•  AC coupled signal transmission demonstrated 

à Research on gluing techniques started 
•  Sub-pixel resolution possible 

à Detailed characterization to come 
à Complicated tuning and reconstruction  
     algorithms under development 

•  Radiation hardness of process very promising 
à Physics hits detected after several  
     hundred Mrad (not shown here) 
à Radiation hard electronics for LHC environment  
     feasible 

•  A lot achieved – more work ahead! 
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HV2FEI4 IC 
• A HVCMOS sensor was produced compatible with: 

– ATLAS FE-I4 (both capacitive bonding and bump-bonding) 
– strip readout (with ABCN or Beetle). 

• sum all pixels. 

hit position along strip encoded by 
pulse height for analog readout IC 

HV2FEI4: 
- 2.2x4.4 mm2. 
- 60x24 sub-

pixels 33x125 
μm2. 

Tested as: 
- CCPD array. 
- strip detector. 
- standalone. 



ATLAS Smart CMOS Pixel Collaboration 

•  University of Bonn: 
L. Gonella, T. Hemperek, T. Hirono, F. Hügging, J. Janssen, H. Krüger, T. Obermann,  
N. Wermes 

•  LBNL: 
M. Garcia-Sciveres 

•  CERN: 
M. Backhaus, M. Capeans, S. Feigl, S. Fernandez-Perez, M. Nessi, H. Pernegger, B. 
Ristic 

•  University of Geneva: 
S. Gonzales-Sevilla, D. Ferrere, G. Iacobucci, A. La Rosa, A. Miucci, D. Muenstermann 

•  University of Göttingen: 
M. George, J. Grosse-Knetter, A. Quadt, J. Rieger, J. Weingarten 

•  University of Glasgow: 
R. Bates, A. Blue, C. Buttar, D. Hynds 

•  University of Heidelberg: 
C. Kreidl, I. Peric 

•  CPPM: 
P. Breugnon, P. Pangeaud, S. Godiot-Basolo, D. Fougeron, F. Bompard, J.C. Clemens, J. 
Liu, M. Barbero, A. Rozanov 

Tento Workshop 2014 - 
28/02/2014 Malte Backhaus 20 


