Ultra-fast Silicon Detectors UFSD
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SCIPP - UC Santa Cruz
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Timing Resolution [ps]

2012....go thin, young man!
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..Still not done yet: are testing now 20 pm



Low-Gain Avalanche Detectors (LGAD)

Principle:
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S Add to n-on-p Silicon sensor an extra thin p-layer below th
@ junction which increases the E-field so that charge
= multiplication with moderate gain of 10-50 occurs without
§ . breakdown.
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R&D in UFSD

Manufacturers of LGAD (30 pm — 300 pm):

CNM Barcelona (arrays)
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Average pulse Shapes

HPK Hamamatsu (thickness) s +
| i T ik
FBK Trento (doping profile) te 50um +++ 0
Micron - p ot e
BNL ] 50|J-m+:f “+.:r+ ——— W5 trigger 190V
40:— ++ ++
At 50 um thickness, very similar behavior n 35“,-_‘:‘
with exception of breakdown voltage. C
35 um thickness promises of faster pulses. e i S ST === = =SSt

Time (ps)

ATLAS-HGTD Beam test CNM 1.3x1.3 mm?
S. Sacerdoti et al, Torino ps-timing Workshop
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Investigating radiation performce of UFSD:
Lab charge collection: lasers and sources
C-V measurements: covered by Marco Ferrero

Multi-pad sensors: beam test CERN, FNAL, DESY, SLA(;
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Timing with Silicon
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% » Maximize slope dV/dt (i.e. large and fast signals)

» Signal ~ gain, expect jitter ~ 1/G

» Gain = Collected charge in UFSD/ Collected charge in PIN (no gain)
» Minimize noise N

> Time walk is corrected by using constant-fraction discriminator CFD,
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Time Resolution vs. Gain

B-source : explore LGAD performance without position information in-house and in time

wrt process parameters, geometrical variations, operating bias & temperature..

Collected Charge vs. Bias Voltage

40 +
+ 50D 20C
g2 T wso00c - Strong bias and temperature dependence of the gain
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Investigate resolution vs. temperature: s & & HPK SOD +20C res
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0 - ; - , Investigate resolution vs. thickness
0 20 40 60 80 100
Gain .
...... but only for the same thickness:
N lrise N observe Landau fluctuations at large

Ojitter =W ~ E "'trlsea )
N gain.
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Limiting the resolution: Landau Fluctuations

WF2 Simulation
Time uncertainty due to Landau non-uniform charge deposition
BBA amplifier, G ~ 20, various thicknesses

0.2 0.4 0.6 0.8 1
CFD fraction

Contributions of Landau fluctuations to the time resolution as a
function of the Constant Fraction Discriminator value for different
detector thicknesses. Based on simulations.

Beam Tests show that we can
correct for time walk quite well
using a constant fraction
discriminator method.

At large gain, Landau fluctuations
become the time resolution floor
which we can’t go below.

They depend on the sensors
thickness.

Both thin sensors, and low
noise (for low threshold) are
required for good timing
resolution.



Carbon Infusion in CFD scan of FBK LGAD
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< CFD Scan, FBK 60 pm W6 Boron At low fluences, i.e. high gain, the time resolution is
® 80 [ ' 1 optimized at very low CFD threshold = “Resolution
= 70 - ! dip”: Landau contribution minimized
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Trapping in 60 um FPK PIN

—t/t — —B*D*t

i(t)Measured = i(t)Generated * e i(t)Generated *x e

=>» The current should be exponentially suppressed both vs time and fluence

Trapping vs time Trapping vs fluence

Charge collection vs. Neutron Fluence FBK 60 um PiN
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= we measured that the current is linearly suppressed vs time and fluence.
Why? Is it a thickness effect?
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Gain

Gain

NIEL Violation in Gain

HPK B35 Gain vs Bias: Neutrons (n), 28 GeV prot. (GP), 16 MeV prot. (MP)

Bias Voltage [V]
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Collected UFSD charge
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HPK 35 um UFSD

Irradiation:
JSI neutrons (n)
CERN 28 GeV protons (“GP”)
BERN 18 MeV protons (“MP”)

Gain =

Compare fluence of neutrons and protons
which results in the same radiation
damage and extract damage constant «.

Fluence(neq) = k*Fluence(p)

Particle Fluence | K(obs) | « (NIEL)
MP (18 Mev) | 1.6E14 |2 3.7
GP (28 GeV) | 1E15 0.9 0.6
GP(28 GeV) | 1E16 <0.3 0.6

Less damage from protons than

expected from NIEL
10



FBK: Carbon-infusion & B->Ga Replacement
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HPK B35: Time Resolution vs. Gain

B35 Optimized Time Resolution vs Gain

(e0)

8 70 r

(QV

= %

S 60

= x %o

B

D | x 4 X

n: 50 X N

:“ ? .

o) S ’

= = o

= i) 40 m N

= 5 - o

a) 2 .

7 £ 30 | o rA e .

5 £ %o +g © °

z [ E:[:I + N °

% 20 - +‘:3 o
(- +
8

5 10

@©

0p)

; 0 1 1 1 1 1 I T | 1 1 1 1 1 T T |
L 1 10 100
5 Gain

£

S

I

O HPK2 B35 PRE RAD -20C

® HPK2 B35 PRE RAD -27C

+HPK2 B35 NEU 1E14 -20C

+HPK2 B35 NEU 1E14 -27C

/A HPK2 B35 NEU 2E14 -20C

HPK2 B35 NEU 2E14 -20C

OHPK2 B35 NEU 1E15-20C

OHPK2 B35 NEU 1E15-27C

< HPK2 B35 NEU 1.6E15 -20C

< HPK2 B35 NEU 1.6E15-27C

X HPK2 B35 NEU 3.2E15-20C

X HPK2 B35 NEU 3.2E15-27C

{.HPK2 B35 NEU 6E15 -20C

HPK2 B35 NEU 6E15-27C

Landau Fluctuations limit time

resolution to about 20ps
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Time Resolution vs. Particle Fluence

(00) .

= Time Resolution (Opt. CFD%) vs. n & p Fluence Measurements were done with

o 60 - the UC Santa Cruz B-telescope
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E 10 r ©  HPK 50D -30C 3E15 neq/cmz

;I' ¢ HPK50D -20C

LL- O 1 T A T B B | 1 T A T B B | 1 TN A T B B | A HPKB?}SPRO

5 1.E+13 1.E+14 1.E+15 1.E+16 CERN
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HPK 50um: Z. Galloway et al, https://arxiv.org/abs/1707.04961
Comparison HPK 35 & 50um: Z. Zhao et al, https://arxiv.org/abs/1803.02690
FBK Gallium and Carbon S. Mazza et al, https://arxiv.org/abs/1804.05449
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Bias Voltage vs. Particle Fluence

(o0}

= Bias vs. n or p Fluence: HPK B35 & 50D, FBK 60pum
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| 8 300 i’ o HPK B35 -20C HPK 50D: 700 V
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S 100 O No difference in protons

n

= 0 R Lower temperature allows
T 1.E+13 1.E+14 1.E+15 1.E+16 , .

= higher bias voltage

g Particle Fluence [p/cm? or n/cm?]

% Low Initial increase of bias

HPK 50um: Z. Galloway et al, https://arxiv.org/abs/1707.04961 Wlth r n
Comparison HPK 35 & 50um: Z. Zhao et al, https://arxiv.org/abs/1803.02690 Ca bO
FBK Gallium and Carbon S. Mazza et al, https://arxiv.org/abs/1804.05449
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Signal-to-Noise Ratio vs. Particle Fluence

O FBK W6 B-C -20C
S/N vs. n & p Fluence
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i 1 1 I N | 1 T N | 1 T [ | SOIUtionS: 50 lJm’ -30 C’ Carbon
E 1.E+13 1.E+14 1.E+15 1.E+16
a
I

HPK 50um: Z. Galloway et al, https://arxiv.org/abs/1707.04961
Comparison HPK 35 & 50um: Z. Zhao et al, https://arxiv.org/abs/1803.02690
FBK Gallium and Carbon S. Mazza et al, https://arxiv.org/abs/1804.05449
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Hartmut F.-W. Sadrozinski,

Conclusions

Very active R&D in UFSD: acceptor removal main problem

 Thinning sensors:
needs improved breakdown behavior: at 35 um a bias brickwall of 500V limits
the performance;
iIssue capacitance: limitation of pixel size

 C-infusion:
very promising, requires to be used with thin sensors to exploit reduced
acceptor removal;
narrow bias voltage window as a function of fluence could be very useful in
large-scale applications

« B ->Gareplacement:
ro advantage wrt to B even with C-infusion;
requiring Ga would be an issue with some manufacturers

* Proton irradiation:
Lower acceptor removal than with neutrons at 28 GeV, %2 the NIEL fluence at
18 MeV.

« Trapping:
Trapping in 60 um UFSD PIN diodes without gain is measured to be linear in
time and fluence.
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