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Outline 

Carbon Implantation

Ø Overview on carbonated wafers in FBK-UFSD productions (UFSD2, UFSD3 and UFSD3.2)
Focus on wafer with Deep-carbonated gain implant in UFSD3.2;

Ø Carbon effects on un-irradiated UFSDs:
• Carbon-Boron Inactivation

Question to expert: “Why in carbonated implant less Boron is activated?”;
• Increase of leakage current:
• Reduction of the gain implant profile diffusion;

Ø Comparison between acceptor removal measurements on
Shallow- and Deep-carbonated gain implants;

Ø Optimization of the carbon dose to maximize the radiation
resistant of the gain implant;

Ø Discussion on the more intrinsic radiation resistant gain 
implant design;

Gain implant



Marco Ferrero, Università del Piemonte Orientale, 16th (Virtual) “Trento” Workshop on Advanced Silicon Radiation Detectors, 17 February 2021

Carbonated gain implants, roadmap at FBK
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2017

2018

2020

Shallow-gain implants enriched with carbon for the first time

R. Arcidiacono talk at 13th Trento Workshop on Advanced Silicon Radiation Detectors , 
Munich, 2018

Two carbon doses:
Ø Low = dose 1 a.u. (reference)

Ø High = dose 10 a.u.

UFSD2

Production as demonstrator of increased radiation resistant of 
carbonated gain implants
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Carbonated gain implants, roadmap at FBK
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2017

2018

2020

Shallow-gain implants enriched with four different carbon doses

Four carbon doses:
Ø A = dose 1 a.u. (reference)
Ø B = dose 2 a.u.
Ø C = dose 3 a.u.
Ø D = dose 5 a.u.

UFSD3

M. Ferrero talk at 33rd RD50 Works, CERN, 2018

Exploration of the effect of different carbon doses on the gain 
implant radiation resistance
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Carbonated gain implants, roadmap at FBK
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2017

2018

2020

Two gain layer designs:
Ø Shallow-carbonated (standard )
Ø Deep-carbonated (carbon infusion 

in deep implant for the first time)

Four carbon doses:
Ø 0.4, 0.8 and 1 a.u. co-implanted in 

shallow implant;
Ø Dose 0.6 and 1 a.u. co-implanted in 

deep implant

Two different Carbon-Boron 
implantation and diffusion schemes:
Ø CHBL = Carbon Implantation and 

diffusion + Boron implantation and 
diffusion (shallow Implants)

Ø CBL/CBH = Carbon and Boron 
Implantation and diffusion (deep 
implants)

UFSD3.2

Gain recovery capability of Vbias is stronger 
in deep implant than in shallow one
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Carbon-Boron inactivation (CBI) in un-
irradiated UFSD

Depletion voltage of the gain layer (VGL) 
used as parameter to show the 
inactivation of the active boron 

concentration (NB)

Carbon-Born inactivation observed in 
UFSD2, UFSD3 and UFSD3.2 productions

C(V) of un-irradiated UFSD3 sensors, 
enriched with different carbon doses

VGL ∝ NB

Si Si Si C Si

Si Si Si Si

Si Si Si B Si

B
C B

C

𝑆𝑖𝐶! + 𝐵"

𝑆𝑖 + 𝐵"𝐶"

Carbon and Boron implantation

Two possible mechanisms cause 
Carbon-Boron Inactivation

𝑆𝑖 + 𝐵 + 𝐶

Wafers with very similar 
implanted Boron dose
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Carbon-Boron Inactivation (CBI) in un-
irradiated UFSD

Fraction of active 𝑵𝑩 =
𝑵𝑩(𝑮𝑳 𝒄𝒂𝒓𝒃𝒐𝒏𝒕𝒆𝒅)

𝑵𝑩(𝑮𝑳 𝒏𝒐𝒕 𝒄𝒂𝒓𝒃𝒐𝒏𝒂𝒕𝒆𝒅)
= 𝑽𝑮𝑳(𝑮𝑳 𝒄𝒂𝒓𝒃𝒐𝒏𝒂𝒕𝒆𝒅)

𝑽𝑮𝑳(𝑮𝑳 𝒏𝒐𝒕 𝒄𝒂𝒓𝒃𝒐𝒏𝒂𝒕𝒆𝒅)

𝑽𝑮𝑳 ∝ 𝑵𝑩

V34 extracted from C(V) 
measurements

Cth=0.76 Carbon-Boron Inactivation 
depends by diffusion process

CHBL process:  
• CBI is a threshold mechanism
• Cth = 0.76C (from fit 

extrapolation)
• Saturation at high carbon doses

CBL/H processes:
• CBI for CBL/H processes is 

stronger than CHBL process
• CBI seems not to be a threshold 

mechanism

Data from UFSD2, UFSD3 and UFSD3.2 productions

Carbon-Boron 
Inactivation determines 
the sensor working bias

∆𝐩-dose of 1% 
is equivalent to
∆𝐕𝐰𝐨𝐫𝐤𝐢𝐧𝐠~12V
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Evolution of the fraction of active gain implant with carbon dose
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Leakage current in un-irradiated 
carbonated UFSDs 

Significative increase of 
the leakage current in 

carbon range 0.4-1 a.u.

Ileak is about constant
(small differences due to gain)

Higher leakage current in carbonated UFSD does not affect the temporal performances
See F. Siviero’s talk,
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Gain implant profile - carbonated vs not
carbonated

Co-implantation of 
carbon decreases the 
diffusion of the gain 
implant profile

Low-diffused carbonated 
profile is ~10% higher and 
narrower than not 
carbonated

W5 
(UFSD3)

W1 
(UFSD3)

Measured gain 
implant profile

CHBL implantation 
and diffusion 

processes
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Acceptor removal coefficients of shallow-
carbonated gain implants

Shallow Low Diffused gain implants
CHBL activation scheme

Acceptor removal measurements on ~40 gain layer designs, of which 20 carbonated: (i) Shallow and 
deep gain implant; (ii) carbonated and not carbonated; (iii) High and low activation thermal load; (iv) 
Different p-dose

Data from C(V) measurements

Steeper curves 

= 
less radiation resistance

Acceptor removal’s law

𝑉56 ∅ ∝ 𝑁7 ∅ = 𝑁7 0 𝑒89 :$ ∅= 𝑁7(0)𝑒
8 <∅ ∅%

⁄= 9 = ∅> = fluence to which the gain implant 
concentration is reduced by 1/e

Wafer C-dose [a.u.] c [10-16 cm2] ∅𝟎 [1015neq/cm2]

1 (UFSD3) 0 3.9±0.5 2.6±0.2

4 (UFSD3.2) 0.4 2.4±0.3 4.1±0.3

3 (UFSD3.2) 0.8 1.5±0.2 6.8±0.4

5 (UFSD3) 1 1.6±0.3 6.4±0.4

7 (UFSD3) 2 2.5±0.4 4.0±0.3

9 (UFDS3) 3 2.8±0.4 3.6±0.3

11 (UFSD3) 5 3.5±0.5 2.9±0.2

~15% error estimated on c and ∅𝟎
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Acceptor removal coefficients of shallow-
carbonated gain implants

Shallow Low Diffused gain implants
CHBL activation scheme

Acceptor removal measurements on ~40 gain layer designs, of which 20 carbonated: (i) Shallow and 
deep gain implant; (ii) carbonated and not carbonated; (iii) High and low activation thermal load; (iv) 
Different p-dose

Data from C(V) measurements

Steeper curves 

= 
less radiation resistance

Acceptor removal’s law

𝑉56 ∅ ∝ 𝑁7 ∅ = 𝑁7 0 𝑒89 :$ ∅= 𝑁7(0)𝑒
8 <∅ ∅%

⁄= 9 = ∅> = fluence to which the gain implant 
concentration is reduced by 1/e

~15% error estimated on c and ∅𝟎

• Lower c coefficient for gain implants 
carbonated 0.8 and 1 than that ones 
carbonated 0.4, 2, 3 and 5

• c coefficients of Shallow LD carbonated 
gain implants in range 1.5 - 3410-16 cm2

• cShallow LD + 0.8-1C ~ 1.5410-16 cm2

Wafer C-dose [a.u.] c [10-16 cm2] ∅𝟎 [1015neq/cm2]

1 (UFSD3) 0 3.9±0.5 2.6±0.2

4 (UFSD3.2) 0.4 2.4±0.3 4.1±0.3

3 (UFSD3.2) 0.8 1.5±0.2 6.8±0.4

5 (UFSD3) 1 1.6±0.3 6.4±0.4

7 (UFSD3) 2 2.5±0.4 4.0±0.3

9 (UFDS3) 3 2.8±0.4 3.6±0.3

11 (UFSD3) 5 3.5±0.5 2.9±0.2
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Acceptor removal coefficients of deep-
carbonated gain implants

Deep Low Diffused gain implants
CBL/H activation scheme

Acceptor removal measurements on ~40 gain layer designs, of which 20 carbonated: (i) Shallow and 
deep gain implant; (ii) carbonated and not carbonated; (iii) High and low activation thermal load; (iv) 
Different p-dose

Data from C(V) measurements

Steeper curves 

= 
less radiation resistance

Acceptor removal’s law

𝑉56 ∅ ∝ 𝑁7 ∅ = 𝑁7 0 𝑒89 :$ ∅= 𝑁7(0)𝑒
8 <∅ ∅%

⁄= 9 = ∅> = fluence to which the gain implant 
concentration is reduced by 1/e

Wafer C-dose [a.u.] c [10-16 cm2] ∅𝟎 [1015neq/cm2]

HPK2 Split4 0 5.6±0.6 1.8±0.2

13 (CBL)
0.6

1.6±0.2 6.1±0.4

19 (CBH) 1.9±0.3 5.3±0.4

12 (CBL)
1

2.1±0.3 4.9±0.4

18 (CBH) 2.1±0.3 4.9±0.4

~15% error estimated on c and ∅𝟎
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Acceptor removal coefficients of deep-
carbonated gain implants

Deep Low Diffused gain implants
CBL/H activation scheme

Acceptor removal measurements on ~40 gain layer designs, of which 20 carbonated: (i) Shallow and 
deep gain implant; (ii) carbonated and not carbonated; (iii) High and low activation thermal load; (iv) 
Different p-dose

Data from C(V) measurements

Steeper curves 

= 
less radiation resistance

Acceptor removal’s law

𝑉56 ∅ ∝ 𝑁7 ∅ = 𝑁7 0 𝑒89 :$ ∅= 𝑁7(0)𝑒
8 <∅ ∅%

⁄= 9 = ∅> = fluence to which the gain implant 
concentration is reduced by 1/e

~15% error estimated on c and ∅𝟎

• Comparable c coefficients for gain 
implants carbonated 0.6 and 1

• c coefficients of deep L/HD carbonated 
gain implants in range 1.5 – 2.1410-16 

cm2

• Acceptor removal in deep-carbonated
gain implants is comparable with 
acceptor removal in shallow-
carbonated gain implants

Deep gain implants successfully enriched 
with carbon

Wafer C-dose [a.u.] c [10-16 cm2] ∅𝟎 [1015neq/cm2]

HPK2 Split4 0 5.6±0.6 1.8±0.2

13 (CBL)
0.6

1.6±0.2 6.1±0.4

19 (CBH) 1.9±0.3 5.3±0.4

12 (CBL)
1

2.1±0.3 4.9±0.4

18 (CBH) 2.1±0.3 4.9±0.4
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Minimization of the c coefficient -
relationship between c and C-dose

𝒄 =
𝒄(𝒄𝒂𝒓𝒃𝒐𝒏 𝒅𝒐𝒔𝒆 𝒙)
𝒄(𝒄𝒂𝒓𝒃𝒐𝒏 𝒅𝒐𝒔𝒆 𝟏)

0.6C – 1C

Minimum of the acceptor removal 
coefficient  (maximum of the 

radiation resistance)
in the carbon range 0.6 - 1 a.u.

Two factor determine the c(C-dose) 
trend:
• The relationship between the 

acceptor removal coefficient and 
the initial acceptor density;

• The intrinsic radiation resistant of a 
gain implant design

Data from UFSD2, UFSD3 
and UFSD3.2 FBK-
productions
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Acceptor removal parametrization

𝑐 𝑁7 =
𝑁A" ∗ 𝜎A" ∗ 𝐷B
𝑘CDEDF. ∗ 𝑁7(0)

𝐷B =
𝑘9DC ∗ 𝑁HIJ

1 + 2.5 4 10=K
𝑁7(0)

<B L

CBL/H gain implants have a 
higher intrinsic radiation 

resistance compared to CHBL 
ones

Differences in radiation 
resistance of gain implants 

carbonated 0.6C, 0.8C and 1C 
are only due to carbon-boron 

inactivation

Radiation resistance 
im

proving

CBL/H

Moving along a parametrization àsame intrinsic radiation resistance, acceptor 
removal differs due to different initial acceptor density

Moving through parametrizations à different intrinsic radiation resistance



Marco Ferrero, Università del Piemonte Orientale, 16th (Virtual) “Trento” Workshop on Advanced Silicon Radiation Detectors, 17 February 2021 16

Shallow-CBL gain implant
Next step in radiation resistance improvement

Expected radiation resistance 
improvement: 

Deep-CBL –> Shallow-CBL 

Shallow-CHBL –> Shallow-CBL 

From deep to shallow CBL

From CHBL to
CBL

𝑐 𝑁7 =
𝑁A" ∗ 𝜎A" ∗ 𝐷B
𝑘CDEDF. ∗ 𝑁7(0)

𝐷B =
𝑘9DC ∗ 𝑁HIJ

1 + 2.5 4 10=K
𝑁7(0)

<B L

Moving along a parametrization àsame intrinsic radiation resistance, acceptor 
removal differs due to different initial acceptor density

Moving through parametrizations à different intrinsic radiation resistance
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Shallow-CBL gain implant
Next step in radiation resistance improvement

Advantages in radiation resistance of a Shallow-CBL gain layer:
• Higher initial acceptor concentration and narrower gain implant compared to deep implants
• Higher intrinsic radiation hardness given by CBL process compared to CHBL process

Disadvantages in radiation resistance of a Shallow-CBL gain layer:
• Worst gain recovery than deep-gain implant, using external bias

∅>_shallow−CBL− ∅>_shallow−CHBL =
∆∅𝟎= ~𝟐 4 𝟏𝟎𝟏𝟓neq/cm2

∅>_shallow-CBL

From Shallow-CHBL to 
CBL gain implant

∅> increasing of 
~𝟐 4 𝟏𝟎𝟏𝟓neq/cm2

CBL process should 
improves of ~30% the 

acceptor removal 
coefficient compared to 

CHBL process

𝑁7(∅)
𝑁7(0)

= 𝑒89∅
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Expected acceptor removal difference between Shallow 
CHBL and CBL gain implants

∅>_shallow-CHBL
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Summary

Ø Carbon-enrichment of deep implants for the first time in FBK-UFSD3.2 production

Ø Leakage current increase and Carbon-Boron Inactivation (CBI) have been mapped at different 
carbon doses, in un-irradiated UFSDs with deep and shallow-gain implants:
• CBI is stronger in deep-carbonated implants

Ø Acceptor removal coefficients of deep-carbonated gain implants are comparable with shallow-
carbonated ones:
• Carbon-enrichment of deep implants was successful
• c in range 1.5-2.1410-16 cm2

Ø Carbon dose in range 0.6C-1 a.u. maximizes the radiation resistance of deep- and shallow-gain 
implants

Ø Gain layer’s radiation resistance depends upon the diffusion process on the gain implant: the 
intrinsic radiation resistance of CBL/H gain implants is better than CHBL ones

Ø Shallow-CBL is expected to be 30% more radiation resistance than Shallow-CHBL gain layer design,
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Backup
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Deep and shallow gain implant width

Implant width as a function of  the depth (energy) of implantation

Deep implants are wider than shallow ones

From measured gain implant profile
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Carbon-Boron inactivation (CBI) in un-
irradiated UFSD

CBI of about 2%
∆𝐕~𝟐𝟓V

Carbon-Boron 
Inactivation determines 
the sensor working bias

∆𝐩-dose of 1% 
is equivalent to
∆𝐕𝐰𝐨𝐫𝐤𝐢𝐧𝐠~12V
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Irradiation campaigns with neutrons

Irradiation campaign with neutrons at TRIGA reactor in Ljubjana

FBK production Wafer Fluence [1014 neq/cm2]

UFSD2 1, 6, 8, 14, 15, 18 2, 4, 8, 15, 30

UFSD3 1, 4, 5, 7, 9, 11, 12, 13, 
14, 15, 18, 20 1, 4, 8, 15

UFSD3.2 3, 4, 7, 8, 10, 12, 13, 14, 
18, 19 1, 4, 8, 15, 25

Each irradiated sensor has been annealed 80 min @ 60℃, 
before testing
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V_GL extraction method

Legend:
- Cp
- Rp
- 1/Cp2

Vgl

Good correspondence between the cusp in Rp curve 
and the slope variation in Cp and 1/Cp curves 

C(V) measurement parameters:
• Cp-Rp model (equivalent to Cs-Rs)
• V-step of 0.2V
• AC signal ~50mV
• Measurements at room 

Temperature
• Sensors annealed 80min @ 60°
• AC signal frequency from 

Capacitance-frequency 
measurements

W4(UFSD3.2)-2.5E15

Depletion voltage of the gain 
layer (VGL) proportional to the 
active acceptor density of the 
gain implant

VGL ∝ NB
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CV on irradiated UFSDs

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

Decreasing of 
acceptor density

Minimum acceptor removal

Maximum acceptor removal
Minimum and maximum acceptor 
removal curves take into 
consideration the uncertainty of p-
dose on the wafer and of irradiation

F𝒓𝒂𝒄𝒕𝒊𝒐𝒏 𝒐𝒇 𝒂𝒄𝒕𝒊𝒗𝒆 𝒈𝒂𝒊𝒏 = 𝑵𝑩(𝝓)
𝑵𝑩(𝟎)

= 𝑽𝑮𝑳(𝝓)
𝑽𝑮𝑳(𝟎)
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Acceptor removal parametrization

𝑐 𝑁( =
𝑁)* ∗ 𝜎)* ∗ 𝐷+
𝑘,-.-/. ∗ 𝑁((0)

𝐷+ =
𝑘1-, ∗ 𝑁234

1 + 2.5 7 1056
𝑁((0)

7+ 8 𝑁)* à Silicon density
𝜎)* à Cross section
𝑘1-, à capture coefficient
𝑁234 à Number of defect created
𝐷+ à density function


