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Fig. TCT measurement setup

TCT: Transient Current Tchnique

= illuminating the sensor (from
front/back/side direction) with Laser etc.
to induce the electron/hole pairs inside
at desired position

Laser (in this paper) :

“Red” (A=660 nm ) from the front/back side
which can absorbed (created pairs) immediately

“Infra-red” (A=1064 nm ) from the front side
which can penetrate the whole sensor
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(a) Electron injection [6].
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Velocity ( mobility ) of the hole is generally
~ 3 times slower than the electron.



“Hole” Injection
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Arriving time of the holes at p++ electrode between

the initial one & created by the multiplication layer is
the same order



leakage current [uA)
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Measurements for unirradiated LGAD devices |I.

0 100 200 300 400 S00 600 700 @800 900 10
bias voltage [V]

(a) IV measurement.

capacitance [pF)

P
B
':_,' ]

=k =k 3 P2
@ S M
]

[
[T

-""-"-:E;;h.;r'.'-' e Lo J
etV -

T mAMmmmmmin

-

=

s p

—a— PIM dinds

—a— LG3AD W DT

—i— LGAD W1 DB
s— LEAD W B4

ThizL

" T T

100 200

300 400 500 600 TOO 800 900 1000
bias voltage [V]

(b) CV measurement.

IV & CV measurement



Measurements for unirradiated LGAD devices Il.
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“.... The mean charge for voltages > 500V was used as the reference to calculate the gain of the LGAD ”



Measurements for irradiated LGAD devices |I.

Table 1
Table of irradiated samples tested in this study indicat-
ing the collected fluence for each type of irradiation.

800 MeV protons Reactor neutrons
9.87x10" 1'1,,“1_,.-“1:3112
1.36x10" n,,/em® 1x10" n,/em®
1.04x10" n,, /em* 1x10" n /em?
9.19x10™ l'J,M_,--’{:m2 1x10'° ]'1“1;"{31'12
2.30x10'* n,, /em? 1x10'® n,/cm?

The gain will be lower
from 1014 n_,/cm?
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Measurements for irradiated LGAD devices Il.

charge [pC]

For neutron
irradiation, the
gain will be lower
from 10%° n_,/cm?
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Measurements for irradiated LGAD devices Ill.
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Gain VS fluence
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Uniformity of the gain

-- the 2D plots are obtained from the electron injection

charge [pC]

59.8
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(a) 50V. (b) 200V.

It is explained in the figure caption that the metal grid on the backside for the
electrical contact is visible . ..

### Markers ( “X” ) show the 4 points for the additional voltage scan ( next slide )



Position dependence

fluctuation between A/B/C & D
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Waveform after irradiation
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They conclude that the form (under 200V <--> above 300V ) is
similar to that of “D” position



Summary |.

- LGAD detectors with a gain of ~ 4 have been investigated before
and after irradiation.

- The focus was towards the intrinsic charge multiplication and
gain of the devices, based on TCT.

- Up to 10%° n_, the gain is comparable to that of PIN.

eq’

- Acceptor removal effect works faster for charged hadrons than
neutron.



Summary |I.
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Fig. 10. Thermally stimulated current (TSC) measurement on unirradiated LGAD devices
with high and low leakage current. The high leakage current device shows a peak in the
TSC signal at 40K.

“It remains necessary to investigate this behavior on irradiated
LGAD structures of future lots” .



Questions



Question from Xin :

Could you elaborate the two proposed reasons for the gain degradation in LGAD
devices?

“Measurements on LGAD samples with leakage current in the range of few u A
showed that the voltage needed to deplete the multiplication layer after irradiation
decreases. This effect was associated with an acceptor removal due to the removal
of boron in the multiplication layer [6,11] which would also explain the observed
gain degradation. An alternative explanation for the gain degradation in LGAD
devices is based on the simulation of LGAD structures which showed that the
effect could be caused by charge trapping in the device [17].”

Basically, the acceptor removal makes the material (Silicon) pure
than before, it can explain the decreasing of the current. But it might

‘ not so simple, since there would be “defect” in the silicon which can
increase the current.



'_
How does it behave with irradiation?

The excess current changes with irradiation — gets smaller with irradiation, but
doesn’t disappear - the reduction of total leakage with fluence

high current device

7.0E-05 -
W7 diodes - leakage currentat -10°C ———WT-C9

6.0E-05 \ ——W7-Gd
'E‘ ——W7-C3 [1eld)
e
£ 5.08-05 7 —-W7-G4 (1e14)
g ——W7-C3 (Se14)
=1 408051 —-\W7-G4 (Se14)
) 3.0E-05
g *
m
2 2.0E-05 -

1.0E-05 \

= o w - "l._ I td -
e oW current aevice
0.0E+00 @cocss—o—o—o——o—o>—2b 5 o
0 500 1000 1500

bias voltage [V]

If it remains substantial it can effect the space charge and this should point to
what it is

* hole current

« electron current

20.11.2014 G. Kramberger, Effects of irradiation on LGAD devices with high excess current, 25th RD50 Workshop, CERN, November 2014




But they also discussed that the temperature dependence of the leakage

current is not big, , ,
which means the main source of the leakage current might not be that of bulk.

"
Conclusions

m |t seems that the excess current is dominated by hole current
the origin is not known, but it is not localized at a hot spot
It is not dependent on temperature (not a generation current?)

m Excess current in LGAD influences the space charge after irradiation
It can lead to SCSI which requires higher voltage to deplete the
multiplication layer.

Space charge is heavily influenced by temperature. which can be
explained by almost independent hole concentration (constant current)
and strongly dependent de-trapping times

m The behavior is independent on irradiation particle type

20.11.2014 G. Kramberger, Effects of irradiation on LGAD devices with high excess current, 25th RD50 Workshop, CERN, November 2014 15



Reference [17] : R. Dalal et al., NIMA, 836 (2016) 113-121

the E-filed change due to the irradiation is simulated with TCAD !
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Question from Yuhang :

My question: The reason about comparing the results for neutron and
proton irradiation but also with previous measurements in the fluence
range below 10715 neqg/cm”2 showed that the effective acceptor removal
works faster for charged hadrons.

This is one of hot topic for the study of radiation damage, and one
of summary of this paper.



32nd RD50 Workshop, Hamburg, June 4-6 2018

Effects of protons and neutrons irradiation to
the gain layer and bulk of 50-micron thick FBK
LGAD sensors doped with Boron, Boron Low
diffusion, Gallium, Carbonated Boron and
Carbonated Gallium
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Marco Ferrero, INFN/Universita di Torino, 32" RD50 Workshop, Hamburg 4-6 June 2018

Evolution of active acceptor density
with fluence

Na(o) = Gefr@ + Ni(dp=0)e “?

@ = fluence
N, = active acceptor density at fluence @

g5 = empirical constant (~0,02 cm™?) 2 to compare with the measurements on
irradiated PiN diode

C = coefficient of the acceptor removal—=> Dependent upon the irradiation type, the
acceptor type and the initial acceptor density

For More detail on the acceptor removal
model see the N. Cartiglia talk on thin
workshop



rrrero, INFN/Universita di Torino, 32" RD50 Workshop, Hamburg 4-6 June 2018

Coefficient

(o ll

Neutrons and Protons

comparison between

Proton Proton
Neultron (NcilEL) (l\iEL)
Gain Layer | ¢, [10'° em?] | ¢, [10'® em? Ea/Co ¢, [10'¢ em?] Cu/Cy
(No NIEL) (No NIEL) (NIEL) (NIEL)
Ga 1210 9. 1.5 0.79 £+ 0.22 102 1D 0.47 + 0.08
B 904 +1.0 6.5+ 1.5 0.83 = 0.29 108 = 1.5 0.50 = 0.11
B LD 4.7 +£1.0
Ga+ C 4.0 £1.0 42+ 1.5 0.95 £+ 0.43 70+ 1.5 0.57 = 0.19
B+ C 21219 3.3 1.5 0.63 + 0.66 2.0 £ 1.5 0.38 = 0.54

Considering the real value of proton fluence (p/cm?) the ¢, coefficients

(proton) and the ¢, ones (neutron) are compatible with each other.

If the NIEL factor was applied the c, coefficients are almost twice c,




Question from Suyu :

We can easily see the influence on the gain of the devices, but what
can we learn for intrinsic charge multiplication?

| agree. From the histograms in the paper, the decreasing of the gain by the
multiply layer & the other part is not clearly separated.
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Although we can get
information from
“hole/electron”
injections,,, the Two
Photon Absorption
TCT might give us
further clue ( or not)

From my past special
topic on March 2018.

Two Photon Absorption TCT

. E-RDSO TCT — Transient Current Technique @A‘\]

* TCT: Pulsed laser induced generation of charge carriers in the detector
s Study of: electric field in sensor, charge collection efficiency, homogeneity,..
® Benchmarking of simulation tools, measure physics parameters from mobility to impact ionization

* New TCT technology: TPA-TCT — Two Photon Absorption TCT

I = short penetration length (650nm = 1.9eV)
= carriers deposited in a few um from surface
Si
—

Concept: TPA TCT

* TCT (red) 2-Photon
= front and back TCT Sper_:ime\ .
= study electron and hole drift separately e paNEa '
. ocal plane

2D spatial resolution (5-10um)

* TCT (infrared) Confocal
® long penetration (1064nm =1.17 eV) (1-Photon)
similar to MIPs (though different dE/dx) '

|| Si . Photcgraphy Ciceron Yanez, Unsver sty of Centra Mera
- | = top and edge-TCT
= 2D spatial resolution (5-10pum) Example: HV-CMOS
100x100 pm?, 10 pam depleted
v * TPA-TCT (far infrared) |, I ’
* No single photon absorption in silicon -
'-— si | = 2 photons produce one electron-hole pair
e — = Point-like energy deposition in focal point
= 3D spatial resolution (1 x1 x 10 um?3)

[M.Fernandez. TCT Workshop, Ljubljana, 10/2016) G.Casse and M.Moll, RD50 Status Report, May 2017 -10-



Question from Amit ;

Question: What is the guard ring structure in the design and why due
to the absence of a guard ring structure in the design
it is impossible to distinguish surface from bulk current contribution?

Guard Ring locates

| was trying to find out the schematic for the guard ring ... any rate, around the peripheral
position
| — |bu|k + |side N* cathode /
o/ )

o = N

T 300 pm \ |

P-type multiplication layer S I d e

|bulk

P-type (n)substrate

—_——————

P* anade




Question from Kai :

My question is:

In Fig2., what caused the left side of the signal increased more sharply compared

with the righthand side? it seems more clear on plot (b), and there's a small tail on
the right side.

valtage [mV]

Maybe , the total amplitude (by the

multiply layer) as well as the
enhanced E-field.

20 25
time [ns]

(b) Hole injection.



