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Introduction: HV-CMOS sensor
High bias voltage forms a wide depletion region for charge generation. 

Depletion region and collection electrode (Deep NWELL) are in the same 
substrate of readout electronics (fully monolithic). 

Single layer structure → low material budget. 

Both NMOS and PMOS transistors can be implemented.
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Cross-section of a typical large fill-factor HV-CMOS sensor.



Motivation: radiation tolerance
Much higher luminosity (> 5×1034 cm-2s-1) in future experiments. 

To survive radiation damage after long operation, pixel detectors must have 
higher radiation tolerance. 

The table below compares the best achieved HV-CMOS sensor performance with 
the tracking detector requirements for future experiments.
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HV-CMOS 
performance

HL-LHC FCC-hh

Radiation 
tolerance

2 × 1015 neq/cm2 1016 neq/cm2/y 1016 - 1017 neq/cm2/y

Pixel size 50 × 50 μm2 50 × 50 μm2 25 × 50 μm2

Time resolution 3.7 ns 0.2* - 1000 ns** ~ 100 ps

Thickness 
(material budget)

50 μm 0.1%** - 2% 
X0/layer

1% X0/layer

*LHCb requirement; **ALICE requirement



Different biasing schemes

3 different schemes for high 
voltage biasing are studied: 

① HV biased from the topside 
only (commonly used); 

② HV biased from the backside 
with floating topside contacts 
(has been tested in H35DEMO 
[DOI: 10.1088/1748-0221/12/05/C05001]); 

③ HV biased from the backside 
only, with no topside contacts 
(has not been tested before).
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http://dx.doi.org/10.1088/1748-0221/12/05/C05001


I-V simulation
I-V curves from TCAD simulations for different biasing conditions: 

① topside biased only; 

② backside biased with floating topside contacts; 

③ backside biased only with no topside contacts. 

Breakdown voltage increases to around 900 V with backside biasing.
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TCAD simulated I-V curves (M. Franks).



Method: backside-only biasing
Distance D between high-voltage and low-voltage contacts of the sensing diode 
becomes the thickness of the substrate → higher breakdown voltage. 

Depletion depth . A high bias voltage maintains a wide depletion 
depth after severe radiation damage → potentially leading to a much higher 
radiation tolerance. 

An HV-CMOS prototype (UKRI-MPW0) was designed using the backside 
biasing scheme to achieve a high radiation tolerance.

d ∝ ρ . Vbias
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UKRI-MPW0 layout.



Backside processing

Wafer 1: p+ on the backside was implanted 
using beamline and activated with RTA 
(Rapid Thermal Annealing). 

Wafer 2: p+ was implanted by plasma and 
activated with laser annealing. 

Investigation is to compare these two 
backside processing methods. 

Both wafers were metallised with titanium 
and aluminium on their backsides. 

After all the backside processing, wafers 
were diced.
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wire-bonded UKRI-MPW0.

TAIKO ground wafer. 

UKRI-MPW0 was fabricated in the LFoundry 150 nm 
HV-CMOS process. 

Two wafers with resistivity of 1.9 kΩ·cm were ordered. 

Both wafers were thinned to 280 μm using TAIKO 
grinding and etched to remove defects.



Chip components
UKRI-MPW0 is composed of: 

I. A 20 × 29 pixel matrix with 3 pixel flavours 
(using traditional linear transistors); 

II. A copy of matrix I, with 2 ELT (Enclosed 
Layout Transistor) inside each pixel for 
better TID tolerance; 

III. Test structures for I-V and Edge-TCT 
measurements; 

IV. Test structure for measuring I-V of pixels 
with different corner shapes; 

V. Test structures for evaluating ELT 
characteristics; 

A seal ring is added around the chip, which 
also serves as a current terminating ring. 

Preliminary measured results have been 
achieved.

8Chenfan Zhang VCI2022 21-25.02.2022

UKRI-MPW0 layout.
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Passive pixel matrices
No topside HV contacts → Pixels can 
➤ either keep the same electrode size but smaller spacing → smaller pixel size, 
➤ or keep the same size but smaller spacing → larger collection electrode 

(shorter charge drift distance and more area for in-pixel electronics). 

Four 3×3 passive pixel matrices with different pixel sizes are implemented in 
the test structures III (on the top edge of the chip).
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III

42 μm

8 μm

42 μm

18 μm

42 μm

22 μm

18 μm

1. 2. 4.

Preliminary I-V of UKRI-MPW0 were measured using the 
central pixel of matrix 2.

28 μm 3.



I-V of samples before irradiation
Both leakage currents from the central pixel of test 
structure matrix 2 and chip seal ring are measured. 

A 4 mA compliance is set on the seal ring current.  

Preliminary I-V curves of unirradiated samples with 
the two backside processing methods:
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Seal ring collects a large amount of leakage current. 

Compliance on the seal ring current is reached at 560 V bias voltage.

Beamline + RTA. Plasma + laser annealing.

Preliminary Preliminary



I-V of irradiated samples
Samples have been irradiated with different neutron fluences in Ljubljana. 

Preliminary I-V curves of samples before and after irradiation have been 
measured for the two backside processing methods:
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Irradiated samples have higher leakage currents than those before irradiation. 

Breakdown voltages change differently for two backside processing methods. 

The unexpected positive leakage currents is not measured on samples after 
irradiation, which needs to be further studied.
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Pixel matrix
Pixel matrix has three pixel flavours: 

1. Continuous-reset pixel; 

2. Switched-reset pixel; 

3. Modulated-reset pixel. 

Pixel flavours 1. and 2. have been designed and 
fabricated in a previous HV-CMOS prototype 
(RD50-MPW2 [DOI: 10.22323/1.370.0045]). 

Pixel flavour 3. modulates the reset speed based 
on input charge.
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1 32

Continuous-reset pixel. Switched-reset pixel.

http://dx.doi.org/10.22323/1.370.0045


60 μm

Pixel and DAQ
UKRI-MPW0 pixels have a size of 60 μm × 60 μm with 
a collection electrode size of 42 μm × 42 μm. 

Measured results from the previous prototype show the 
continuous-reset and switched-reset pixels have the 
following performance:

13Chenfan Zhang VCI2022 21-25.02.2022
60

 μ
m

UKRI-MPW0 pixel layout.

42 μm

Continuous-reset Switched-reset
Cd ~ 200 fF

power < 22 μW

gain 65 μV/e- 80 μV/e-

ToT 75 ns (for 5 ke-) 45 ns (for 5 ke-)

ENC 150 e- 100 e-

time walk 9 ns 7 ns

DAQ for measuring UKRI-MPW0 pixel 
matrices has been designed based on Caribou.

DAQ for UKRI-MPW0.



Pixel matrix measurements
Each pixel a calibration circuit that allows 
evaluating in-pixel readout electronics with 
injection pulses. 

Pixels respond to injections with outputs from 
source follower and comparator. In the figure: 
➤ pink line: injection signal; 
➤ green line: source follower output; 
➤ blue line: comparator output.

14Chenfan Zhang VCI2022 21-25.02.2022

Pixel response to injection pulses.

Pixel response to a radioactive source.

Preliminary measured results agree with 
that from RD50-MPW2. 

Pixel response to a radioactive source has 
also been confirmed. The blue line is the 
output from in-pixel source follower.



Conclusion and outlook
Conclusions: 
➤ Preliminary I-V results show the backside biasing scheme implemented in 

UKRI-MPW0 increases the breakdown voltage of HV-CMOS sensors to more 
than 500 V after being irradiated to fluence of 1×1014 neq/cm2. 

➤ In-pixel readout electronics work as expected when compared to the previous 
prototype according to preliminary measurements. 

Outlook: 
➤ I-V and Edge-TCT measurements on samples irradiated to higher fluences 

(up to 1×1016 neq/cm2) are ongoing and will be presented in the future. 
➤ Further investigation to understand the high leakage currents in seal rings 

and positive currents in pixels before irradiation. 
➤ More sophisticated performance evaluation of pixel matrices will be made.
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