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Outline

Ø Comparison between UFSD2 and UFSD3, CV and Gain measurement;

Ø Effect of differet Carbon Doses on gain layer of not-irradiated 
sensors;

Ø Acceptor removal comparison between UFSD2 and UFSD3

Ø Acceptor removal study in UFSD on sensors with co-implantation of 
4 splits of Carbon doses into the gain layer
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Irradiation campaign on UFSD3  

Reference
Wafer

Wafers irradiated with Neutron in Ljubljana

UFSD3 UFSD2

• Wafer 1 (Boron Low Diffusion-dose0,98) is
the reference of the two FBK produc=ons 
UFSD2 and UFSD3

• 4 splits of Carbon doses to study the 
radia=on resistance (Carbon A/B/C/D)

IRRADIATION CAMPAIGN:
(AIDA2020) è thank you GK and friends!
• Neutron Irradiation in Ljubljana, fluences: 

4*1014 / 8*1014 / 1,5*1015 / 3*1015 neq/cm2

• Irradiated wafers: 
W1/W4/W5/W7/W9/W11

Irradiated structures

Couple LGAD -LGAD Couple PiN-LGADM
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Pre-irradia)on 
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Comparison between UFSD3 and 
UFSD2 on Wafer1 (B LD)

Same depletion Voltage (VGL) of 
the gain layer (~ 23V)

Agreement between the two
measurements of gain in UFSD2 

and UFSD3

CV measurement
(f = 3 kHz)

Gain Measurement
Gain = LGAD signal / PiN signal

Sensor area 3mm2

Sensor area 1mm2
Same acKve acceptor density

into gain layer
"#$ = &'()*+ ,-./
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Co-implantation of Carbon, effect on 
gain layer

NoCBD AC

CV measurements
(f = 3 kHz)

The Boron in the gain layer is captured by the Carbon during activation resulting
in a lower gain layer foot

This effect was already seen in UFSD2 for dose A  but it becomes more 
important for higher C dosesM
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Carbon effect on gain layer
• Non linear Carbon-Boron capture

as a func9on of the Carbon dose:

- Mild Boron capture for low
Carbon dose (Carbon A)
- Important Boron capture for  
high Carbon doses
(Carbon B/C/D)

• Linearity of Carbon-Boron capture
in Carbon doses range A-C

W5, W7 and W9 
equal Boron dose

No C
B

D

A

C

Carbon dose 
[a.u.]

Fraction
of gain

0 1

1 0,97

2 0,83

3 0,69
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Post-irradiation 
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UFSD3, improvements in radia8on 
hardness

CV measurements at
different fluences in 
B HD + C_A (UFSD2)

CV measurements at
different fluences in 
B LD + C_A (UFSD3)

Decreasing of 
acceptor density

Decreasing of 
acceptor density
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UFSD3, improvements in radiation 
hardness

CV measurements at
different fluences in 
B HD + C_A (UFSD2)

CV measurements at
different fluences in 
B LD + C_A (UFSD3)

Decreasing of 
acceptor density

Decreasing of 
acceptor density

!"#(%)
!"#(')

= )*(%)
)*(')

= +,-()* ' )%

Fraction of active acceptor density

CombinaAon of Boron Low Diffusion
and Carbon_A in UFSD3

improves the best result on radiaAon
hardness obtained in 
UFSD2 (B HD + C_A) 

./0 = 123456 289:

Steeper curves à lower radiation resistant

cUFSD2 = 2,1*10-16 cm2

cUFSD3 = 1,6*10-16 cm2

M
ar

co
 F

er
re

ro
, I

N
FN

, 3
3rd

RD
50

 W
or

ks
ho

p,
 C

ER
N

 2
6-

28
 N

ov
em

be
r 2

01
8



Outline

10

UFSD2 – UFSD3 comparison

80%

Best UFSD2
80% @ ~ 1E15

Best UFSD3
80% @ ~ 1.5E15

UFSD3 extends by 50% the radiation resistance of UFSD2

M
ar

co
 F

er
re

ro
, I

NF
N,

 3
3rd

RD
50

 W
or

ks
ho

p,
 C

ER
N 

26
-2

8 
No

ve
m

be
r 2

01
8



Outline

11

Acceptor removal in UFSD3

!"#(%)
!"#(')

= )*(%)
)*(')

= +,-()* ' )%

Acceptor removal fits on UFSDs with 4 different Carbon doses co-implantanted in gain layer

Steeper curves à lower radiation resistant

Degradation in radiation
resistance at higher Carbon doses
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Acceptor removal coefficients in 
UFSD3 

Wafer Gain type cn [cm2]
1 B LD 3,77E-16

4 (Epi) B LD + C_A 1,55E-16
5 B LD + C_A 1,59E-16
7 B LD + C_B 2,48E-16
9 B LD + C_C 2,81E-16

11 B LD + C_D 3,63E-16

All Carbon doses (A/B/C/D) improve the gain layer radiation resistance compared to a 
not carbonated Gain layer

Best radiation resistance obtined with Carbon dose A

Acceptor removal coefficient get worse at the increasing of Carbon doses

Same radiation resistance in Float Zone and Epitaxial wafers
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Acceptor removal coefficient at 

different Carbon doses

Degradation of 
radiation hardness

Effect of Carbon-Boron
capture on the profile of 

active Boron density

Relationship between c coefficients and 

Carbon doses in UFSD3

Two possible reasons:

• Effect of Carbon on active initial
acceptor density into gain layer;

• Dependence of c coefficient on 

active initial acceptor density due 
to Carbon-Boron capture
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Acceptor removal coefficient at 

different Carbon doses

Degradation of 
radiation hardness

Effect of Carbon-Boron
capture on the profile of 

active Boron density
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Relationship between c coefficients and 

Carbon doses in UFSD3

Two possible reasons:

• Effect of Carbon on active initial
acceptor density into gain layer;

• Dependence of c coefficient on 

active initial acceptor density due 
to Carbon-Boron capture

The degradation of radiation hardness in high doses
carbonated sensors can be only explain by 
combination of Carbon-Boron Capture and 

dependence of c coefficient on 
active initial acceptor density? 
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Acceptor removal parameterization 

Points on this line differ in acceptor removal 
rate  only due to the initial acceptor density
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Acceptor removal parametriza4on: 
zoom on 1E16-1E17 n/cm3 range
Boron parameterization:
• c coefficient for Boron Low Diffusion in UFSD3 in agreement with the UFSD2 

parameterization

B LD in UFSD3

B HD&LD in UFSD2
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Comparison model-data
Boron + Carbon A parameteriza9on 

Boron + Carbon A parameterization:
• Boron + carbon A have a different parameterization compared to Boron
• Same parameterization for B HD + C_A (UFSD2) and B LD + C_A (UFSD3)

B LD + C_A in UFSD3
B HD + C_A in UFSD2

Difference in 
radia9on hardness
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Comparison model-data
Boron + Carbon X parameterization 

Boron + Carbon X parameterization:
• Different parameterization for Carbon A and Carbon X
• Same parameterization for Carbon B, C and D
• At same initial acceptor density UFSDs with co-implantation of Carbon B, C and 

D less radiation hardness than UFSDs with Carbon A 

B LD + C_X in UFSD3
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Density Corrected “c” values

C_A

C_B C_C C_D

No C

After correcting for the different initial B density:

• C_A shows the best radiation resistance (both Epi and FZ are the same)

• C_B, C_C, and C_D doses are equally radiation hard 

UFSD4: we need to explore around C_A
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Summary and considera4ons

Ø Co-implantation of Carbon induces a  lower activation of the Boron 
implanted to form the gain layer (Boron-Carbon capture?);

Ø Boron-Carbon capture happens only above a certain critical Carbon density 
(dose A)

Ø Boron-Carbon capture mechanism is linear for Carbon doses > A;

Ø The radiation hardness improves with all Carbon doses
Ø Boron Low Diffusion + Carbon A is the most radiation hard configuration of 

gain layer until now;
Ø Boron Low Diffusion + Carbon B/C/D have the same radiation hardness, 

lower  B LD + C_A 
Ø UFSD3 B LD + C_A improves the radiation hardness over UFSD2 B HD + C_A 

by 50%
Ø UFSD3 B LD + C_A retains 80% of the gain layer up to 1.5E15 n/cm2

Next: UFSD4 will explore the region around Carbon_A to reach the most rad-
hard configuration. 
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Backup
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UFSD3 
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Wafer layout of UFSD3



CV measurements (laboratory setup) 

Keysight

B1505A Power Device Analyzer / Curve Tracer

Modules
• High Voltage SMU: Max Range (±3000V, ±4mA);

Min Range (200V, 1nA);

• CMU Modules: Range In frequency (1khz-1MHz);

Probe staWon
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Cf measurement on irradiated sensors
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Bias of the the Cf
measurements

(10V)

NoIrr

4E14

8E143E15 1,5E15



Extrapolation of VGL

25

C-V Measurement parameters:
• Measurement Model = Cp – RP

• Measurement Frequency = 1 kHz
• Measurement temperature = 

Room Temperature
• Sensors measured aGer annealing 

(80min @ 60°) 

Sensor W1_Irr(3E15 neq/cm2)

VGL Extrapolation method
Using the cusp on the Rp curve, in 
coincidence with the foot in the 1/Cp

2

curve

This method is precise even for 
fluences above 1015 neq/cm2
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Remind on parameterization of initial 
acceptor removal

The fluence needs
to have 1/e of the 

ini:al acceptor
densty
!(0)%

Nicolò Car*glia’s talk, 32nd RD50 Workshop, DESY, Hamburg
“A naïve parameteriza*on of ini*al acceptor removal» ” 
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Remind on parameterization of initial 
acceptor removal

Nicolò Car*glia’s talk, 32nd RD50 Workshop, DESY, Hamburg
“A naïve parameteriza*on of ini*al acceptor removal» ” 

Introduc7on into the 
parameteriza7on a 
density factor (Dn)

to consider low Boron
density cases

M
ar

co
 F

er
re

ro
, I

NF
N,

 3
3rd

RD
50

 W
or

ks
ho

p,
 C

ER
N 

26
-2

8 
No

ve
m

be
r 2

01
8



Outline

28

Remind on parameterization of initial 
acceptor removal

Nicolò Car*glia’s talk, 32nd RD50 Workshop, DESY, Hamburg
“A naïve parameteriza*on of ini*al acceptor removal» ” 

Fit with D2

∅" =
1
%
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