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Outline

» Gain uniformity on FBK-UFSD3 and HPK-Exx28995-Type3.1 productions:
* gain layer depletion voltage non-uniformity
* Collection charge

» Characterization of FBK-UFSD2 50um + 1um thick PiN diodes
irradiated at high fluences, 10%>-10%6 n,,/cm?
» Acceptor creation
* Gain at high Electric field >100 kV/cm
* Charge collection efficiency
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Active acceptor density into gain layer
from C-V measurements

Depletion voltage of gain layer (V) is proportional to amount of the active doping
of the gain layer

UFSD2 - Boron 2
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Gain uniformity measurement on single wafers is based on C-V measurements
on a set of sensors
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Voltage foot and gain layer position

Voltage to deplete the gain layer of thickness w: 4 4
n++ electrode
_ Ngw? ¥
GL = 2es;

Electric field at the end of the gain layer
Gapd

dVGL NqW
= 2 %
dw 2851'

E¢ =

In the gap d the Electric field is a constant (assuming no

doping) while the voltage increases linearly:
-/ Gain layer w I
dVGap _ NqW >

2 -

h 4

Gap — dw N 2£Si
Veuy = Egay +d =2+ 254 q
Gap = Bgap *d = 2 m
11V 20V
The voltage to deplete the foot is: HPK Type 3.1 = — 36V
Yy :
d
Vioor = VoL * (1+2 ) HPK Type 3.2 7.5V 49V 57.7V

The voltage of the foot is mostly use to create the field in the gap!



TCAD simulation of VGL,,, Vs GL depth

Same gain layer implanted at increasing depth:

the depletion voltage of the gain layer is linear with depth

C(V) curves
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Gain uniformity on HPK and FBK UFSDs

FBK

* Measurements on UFSD3 production
(50 um thick)
* Three wafers measured W1/W2/W4

Wafer # | Dose Pgain| Carbon | Diffusion
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——

= - A ARRARRREAR
H H BEEEE8EEEE

x|x|x|x |z ||z |||~ |~|~|~|~|~|~]|~]|~]|~

(4
C

« Different gain layer dose in wafer
under test
* Measurement performed on array 2x2

HPK

Measurements on production
EXX28995 (type 3.1) (45 um thick)

Five wafers measured
W1/W2/W3/W4/W8

equal gain layer shape and dose in all
wafers

Measurement performed on single pad
(1x3 mm?)

(1x3 mm?2)
-

Gain uniformity on single wafer

Gain uniformity on single wafer

Gain non-uniformity in a multi wafers
production
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FBK gain uniformity on single wafer
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Wafer layout

Sensors tested are
distributed uniformly
on the wafers

Sensors located in
peripheric area on top of
the wafers contributed
with higher depletion
voltage of gain layer
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The three wafers tested show a non-uniformity of
depletion voltage of gain layer of about 2%

AV, fy ~2%

The non-uniformity is lower than 2% when excluding

sensors at the periphery of the wafers




HPK gain uniformity on single wafer
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HPK gain uniformity on multi-wafers
production

Gain uniformity_HPK - Exx28995 Type 3.1
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In a multi-wafers production a non-uniformity of p-gain dose between the wafers
is summed to the non-uniformity on the single wafer

HPK shows an overall non-uniformity of ~2.7%
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Effect of gain non-uniformity on charge
collection in HPK UFSD
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for charge collection
measurements
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A bias increment of 30V is
required to collect the same
amount of charge in UFSD
with lower p-gain dose

30V/2.7% = 11 V/%
It takes ~ 11V to compensate
for a 1% doping difference
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Effect of gain layer doping variation on
charge collection in HPK UFSD

HPK Type 3.1 - relative collected charge Vs fractional GL doping
Bias = 200V
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Fraction of gain layer doping

Fraction of collected charge

Gain layer doping variation of few % induces a charge collection variation of
10s%

Marco Ferrero, INFN, 34th RD50 Workshop, Lancaster, UK, 12-14 June 2019

12



Marco Ferrero, INFN, 34th RD50 Workshop, Lancaster, UK, 12-14 June 2019

Simulation of gain vs doping
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Relative collected charge vs fractional GL doping
Bias =150 V, Q ~ 5.5 fC at GL doping =1
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Very good agreement of data and simulation
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Outline

» Characterization of FBK-UFSD2 50um + 1um thick PiN diodes
irradiated at high fluences, 10%>-10%6 n,,/cm?
» Acceptor creation
* Gain at high Electric field >100 kV/cm
* Charge collection efficiency
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Measurement setup

Reference diode

BB Amplifier

cividec Hv

nnnnnnnnnnnnnnn

IN >>>
2 GHz /40 dB

H Serial Number: G2HV0081

Y VV YV

Y VY

Particulars TCT setup:

IR pulsed laser 1064nm —> 10-20 um spot diameter

Chiller Lauda Eco Silver Re1050 for cooling

InGaAs Reference diode + laser splitter 10%-90% to check laser
stability

CIVIDEC Broadband amplifier > 40dB

Lecroy Oscilloscope (BW 4GHz, 40Gsample/s) for data acquisition

A
fis

Lecrov oscilloscone
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Irradiation campaign

» FBK UFSD2 single pad PiN sensors:
FZ bulk with active thickness of 50um + 1um (from CV measurements)

» Neutron irradiation in Ljubljana (2018 irradiation campaign)
(AIDA2020) =>» thank you GK and friends!

> Fluence steps: 0,8/1,5/3/6/10*10%% n,/cm?

Leakage current @-20 degrees

100

Pairs of I2x1mm?PiN-LGAD

10

Current [pA]

LGAD

0.1

—e—Nolrr
—o—8.00E+14
1.50E+15
—e—3.00E+15
——6.00E+15
1.00E+16

PiN ’s operating range @-20°C:
* Notirradiated and irradiated at 8E14 = Breakdown at ~ 400V
* |rradiated above 8E14 - Breakdown at ~ 750V
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Gain in irradiated 50um PiN diodes

Collected charge @-20°C)

y
[| Collected charge normalize T=-20°C :
- @ 400V !
1.5 [ '
—_ | Measurements performed : —e—Notirr
= [|  attwo laser intensity !
= I A ——8E+14 n_eq
g 1 s TR o cabad ‘
N ! Onset of gain | ——3E+15 n_eq
£
5 : above 600V —+—6E+15 n_eq
0.5 ]
: 1E+16 n_eq
I
0 1 1 | 1 1 1 1 ‘ 1 1 1 1 ) 1’5E15 n_eq
0 200 400 600 800
Bias [V]

> Onset of gain at 600V in irradiated sensors above fluences of 1.5E15 n.,/cm?
» Same gain appears in sensors irradiated at 6E15 and 1E16 n,/cm?
> Higher gain occurs at fluence 3E15 n.,/cm2than at 6E15 and 1E16 n./cm?




Acceptor creation in irradiated 50um
FZ bulk

1E+17 ¢

s | N4(0) = Je ff(z) g ~ 0.02 cm?
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Expected linear acceptor creation as a
function of fluence

Acceptor Concentration [N/cm*3)
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Collected charge in PiN(3E15 neq) @ -16/17 degree
14

Assuming an uniform acceptor creation b Full depletion voltage from

in 50um thickness, the acceptor density g1 [—collection charge measurements .

is proportional to full depletion voltage i i /;_;_w,,.,..:: ---

. . o 6 [ =
(VFD) of PiN diode %j \ _ on
/U/Z- 2
NA(¢) “ VFD 0Ol"“.;‘llillol‘‘‘1I5‘,‘‘2I0““2I5llll3I0
sqrt(Bias) [sqrt(V)]
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Full depletion voltage in irradiated
50um PiN diodes

Collected charge @-20°C)

y
| Full depletion T=-20°C
15 | voltage increase
— =2 [| with the fluences —e—Notlrr
-3 u
5, =" ad —+—8E+14 n e
v 1 AVA:*VQV’”MW _€q
E Collected charge normalize 1,5E15n_eq
o 0 @ 400V ——3E+15 n_eq
- Measurements performed —+—6E+15 n_eq
at two laser intensity a
0 1 1 1 1 1 1 1 1 1 1 1 1 J 1E+16 n_eq
0 200 400 600 800
Bias [V]

Full depletion voltage in PiN diodes (50um thick, -20°C) irradiated at 6E15 and 1E16
neqg/cm? are very close, not in agreement with the expected trend by acceptor creation
law.

L9
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Acceptor creation in 50um PiN diodes

Acceptor creation
3.5E+14
i — 1
[ ----g(2%)*fluence 8efr= 0.03 cm
3E+14 | -
— [ — - -g(3%)*fluence 7
o0 I s
T 2.5e+14 [ ® laserintensity 1 pe
- s
‘i‘ A Laser intensity 2 pa Boff = 0.02cm1
9 N e .
® 2E+14 ¢ Measurements at P2 o
= - | two laser intensity R
[ o % .-
S 1.5+14 . —
c - / . A
S I e .
S 1E+14 | e i
2 : P S What happens up
SE+13 | et to 106 n.,/cm? ?
et
A
0 - 1 1 1 1 1 1 1 1 1 1 1 1 1 1 J
0 5E+15 1E+16 1.5E+16
Fluence [neq]

Acceptor creation saturation above 6E15 n,,/cm??




Marco Ferrero, INFN, 34th RD50 Workshop, Lancaster, UK, 12-14 June 2019

Charge collection efficiency in 50um
PiN diodes

z Band of measurements ¢ weighted average Preliminary

CCE = CC(®)/cc(0)

()
o
£
o
T
v
T
L]
E]
S - | Measurements conditions:
€ 04 [l . Room temperature All measurements are performed
B || Measurements with laser 1064nm hundreds volt higher the full depletion
g 0.2 | » Measurements at 3 laser intensity
C | = Reference diode to check laser stability VOItage of the sensors and below 600V
0 L 1 | 1 | 1 | 1 | 1 J
0.00E+00 8.00E+14 1.50E+15 3.00E+15 6.00E+15 1.00E+16

Fluence [neq/cm”2]

» CCE decreases until fluence 3E15 ne,/cm?
> CCE of about 60%-80% at 1E16 n.q/cm?
> CCE saturation above 3E15 n.,/cm?
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2D calculation of superposition

« Define a particle hit on the surface by a small square a, (for example 1 A2 )

* Calculate the probability for the (n+1)™ particle to hit an empty square

Probability of hitting an empty square of area 1 A2
1.2
1.0 - orlE-16x
___,J v/ : 0.8 |
W/ 6 |

. 4 0.0
/ / 1.00E+14 1.00E+15 1.00E+16 1.00E+17
Fluence [n/cm2]

Probability
[=)
o

1) Probability for a particle to hit a square =a, / cm2 = 1E-18
2) Probability for a particle to miss a square: 1 — 1E-18
3) Probability for a particle to hit a square that has been missed by the previous n = (1 — 1E-18)"

4) This is a Poisson probability problem, with parameter a,

After 5E15 n/cm2, the probability of hitting an Amstrong square already hit is 50%
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Conclusion

Gain uniformity:
» FBK-UFSD3: gain layer implant uniformity on single wafer ~ 2%

» HPK-Type3.1: gain layer implant uniformity on single wafer 0.5%-1
gain layer implant uniformity on production ~ 2.7%

» Variation of ~ % on fraction of gain layer doping is equivalent at tens% of
variation in collected charge

Irradiated PiN diodes:
> Onset of gain above 600V, up to fluences of 3E15 n.,/cm?, at -20°C

» Same gain in PiN diodes irradiated at 6E15 and 1E16 n.,/cm?, lower than
sensors irradiated at 3E15 ngq/cm?

> Onset of acceptor creation saturation above fluence of 6E15 n,/cm?

» Onset of CCE saturation above fluence of 3E15 ngq/cm?
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Capacitance [F]
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Extrapolation of active acceptor density

into gain layer (Method)

UFSD2 - Boron

1.E+24
_1E+23 | —WsBoron e Vg, = Depletion Voltage for
~ | .
E 2 £e22 W6 Boron + Carbon | \ Gain Layer
= W1 Boron Low Diffusion V FD Vip = Full Depletion Voltage of
< 1.E+21 } B
L sensor
16420 } , — V.6l
1.E+19

0 5 10 15 20 25 30 35 40

Bias [V]

Vg, is proportional to the amount of the active doping of the gain layer

N, = Active doping concentration
w = thickness of the gain layer (~1 um)
% w g = electron electric charge

€ = Dielectric constant of Silicon
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Effect of gain layer doping variation on charge

collection in HPK UFSD @ different bias

Fraction of collected charge
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Effect of gain layer doping variation on charge
collection in HPK UFSD @ different bias

HPK Type 3.1 - relative collected charge Vs fractional GL doping
All Bias
o 1.4 -
?; 1.2 )
5 1 - B e 200V
- it
g 0.8 A & o225V
K ® O
§ 0.6 0 + 100V
‘5 0.4 A 125V
5 0.2
2 o 150V
S 0
. 0.98 0.99 1 1.01 1.02 SISV
Fraction of gain layer doping
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Effect of gain layer doping variation on charge
collection in HPK UFSD @ different bias

Collected charge [fC]

Collected Charge (24 MIP)

Charge collection at room
temperature
1
01 ¥ : : : : , x
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