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Motivation/Outline

The focus of this presentation will be on:
|

1 its change with irradiation

1 reasons for degradation of gain

m TCT measurements used to study properties of p* implant layer
after irradiation

m Leakage current and noise after irradiation

Diodes were irradiated with reactor neutrons in steps with 80 min
annealing at 60°C between irradiation fractions :

1 W8 from 1,5,20,100-10%4 cm

1 W7 from 1,5, 10-10** cm=2
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LGAD Samples

Avalanche multiplication already

N cathoda before irradiation — APD concepit.
n** - p*-p—p* stucture
T soowm P-type layer:Different B d i :
RS SRR RS 10%6-17 ¢cm-3 — much larger than in the
bulk. Large N« provokes avalanche
P-type substrate: p = 5-15 kQ-cm multiplication by impact ionization.
**
Marta BASELGA, 8th Trento Workshop, 2013 P* anode . .
M The LGAD diodes processed by CNM exhibit
10* good gain My~3-10 and uniform multiplication

10" over the diode surface.
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Setup — measurements technigue

20Sr Setup:

« Measuring absolute charge
collection for MIP with LHC-type
electronics

« Measuring noise performance

NSy CCE Setup

Tex2440
oscilloscope

Samples CS preamplifier

AN

water cooled heat sink

+25 ns shaper

thermal
isolation

cold plate

Scintillator+PM
=trigger
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TCT Setup (red light):

» Measures the induced current pulse
shape and its time evolution

* Insight in the gain mechanism

TCT Setup

Fast {»1GHz) digiizing oscilloscopel

Bias-T
o
. . top side
“E“ : W§-E10
current "
arnplifier l"l - ! _—l_
hi 1.5cm
voltage
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Current of diodes from W7 and W8

W7 diodes - non irradiated at -10C —+—W7-C9 1.E-04
1.E-04 T W8 diodes - non irradiated at -10 C
-+-W7-G3
——W7-G4
— —--W7-D11 —_ -
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= 1.E-05 ——W7-G9 '_E'
g —w7D3 @
§ —W7-H3 §
2 TR
(4] —— - vl . :
E o M W7-F4 E WEES
- W7-14 = = \W8-E2
W7-110 o g —+—W8-K7
—WS8-E10
1.E-07
—-W8-H11 (T=19C)
1.E-08 1.6-08
0 200 400 600 800 1000 1200 0 200 400 600 800 1000
bias voltage [V] bias voltage [V]
The current of the devices differ for almost 3 orders of magnitude for both wafers:
m [tis not correlated with gain
m The excess current for high current devices is not bulk related — almost no temperature
dependence
m Itis probably homogenously distributed over the surface (IR images)
27.2.2014
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Charge collection of diodes fromm W7 and W8
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Wafers have different gains:
m  Good uniformity of gain over the wafer
m Very good stability of some diodes up to >1000 V.

m  For W8 samples the gain at >900 V is difficult to measure — amplifier saturates due to too
large signals — note steeper increase of gain for U>500V.
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Charge collection - spectra

2328-10 - standard micron n-p diode W8-E10 diode
o
4 C o C Spectrum
£200 - Spectrum £160— Entries 2496
“180F- Entries 2499 wo Hean ppioid
= Mean 0.1283 140 — 2 1 ndf §4.05/ 51
160 :_ th:?sdf 0.04659 C p0 0.04989 + 0.00250
140E- x/n 106 /72 120— p1 0.6817 + 0.0030
= PO 0.007254 + 0.000391 - 200V n2 50374 1.06
120 ;_ :;; 010?5()111%022 100— p3 -0.05473 + 0.00465
100 p3 0.01296 + 0.00071 C
80 — 80 C
; at 150 V o
60— -
sob Vbias >> Vig a0k
= -
- ~ 20—
05050005 01 015 02 0.5 %n gg» - 1
. : . IR | B B (AN N T T AT A T O A Y Y L1l
anal 10050 m 0-==0 02 04 06 08 1 12 14 1.6 1.8
Signal [1000.0 mV]

m Spectra are Landau — 100 mV corresponds to signal of 25ke

m For comparison the spectrum taken with standard micron n-p diode if 300 um is
shown. NOTE the difference!

27.2.2014 G. Kramberger, Radiation hardness of Low Gain Amplification Diodes (LGAD), 9th Trento Workshop, 2014, Genova



'_

CC

CE OF Irradiatted dle

m Selected detectors from wafers with different initial currents: W7-C9 (~1 pA), W7-16 (~10 pA), W7-G4
(100 pA) and W8-H11 (<1 pA)
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I I f
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roughly the same (or slightly more) as for
standard diode

m There is almost no influence of CCE of devices
on the initial current for W7— some difference at

lower bias voltages at 5104 cm™.

27.2.2014
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1 Trapping (not severe enough at low fluences to explain decrease)
1 Decrease of multiplication?
m initial acceptor removal
m trapped holes reduce the field in the multiplication region

27.2.2014

Charge multiplication measured at ~V, (similar for W7 and W8) decreases with @,
Decrease of charge collection:
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How

to probe the field ?

C-V offers a way to profile N4 (unfortunately not reliable after irradiation)

L aEson R — depletion of the p-bulk (V¢~80 V)
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g
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Probing multiplication layer with TCT

In similar way as C-V one can determine the V,, from the signal.
Front illumination with red light is exploited — illumination of n**-p* contact

£ 18- T 18
» 1.8 4a -
s F W8-E3 $ ,¢f Integration time 20 ns W7-J10
g 1.6:_ g * ~ §0'12 E .
S = . £ 142 o4 =59 ¥
O 14 = o gz ‘ b=%8 v
- 12 “% 0 =
12 — — 0.06- H= %i ¥
08— 0.8 002- e _ S
- - oo M.~2 - 4
- ~ 0%?‘.‘”\”“\...|....|mmﬁ
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— L t[ns]
0.4 04
0.2 02F-
e =
:u | | | | 1 | | R | L 0 | | 1 |
0 10 20 30 40 50 60 70 80 90 5 10 15 20 25 30 35 40 45
U[v] U]

m Clear onset of depletion region growth in p bulk — coincides well with CV
m Strong dependence of multiplication on N . (~7 V in V, difference between W7 and W8)

V., <N
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Dependence of V.. on fluence

E 30 ] %_
E L 1 =
> g W7 wafer | 1 5 Vi = Vo - €xp(—c - ®gq)
- low current devices -
20— 08 c=8.1-10"17 cm?
1sE —o.6
10— =04 Assuming linear relation between
- - Vo @nd Neg; o, ONe can compare ¢
5 _lo.2 toold data on high res Si
- ] (R. Wunstorf, NIMA 377 (1996) 228.))
B 1 1 1 | 1 1 1 | L 1 1 | 1 L L | 1 L L | 1 1 L ] —
% 2 4 6 8 10 1 c=2-10"13 cm?

@, [10" cm?]

m  After removal of 50 % of effective acceptors the gain in signal due to amplification is of the
order of My~1.2 (for W7)

m For the W8 samples at 1e14 cm2 the removal is only marginal ~10% (32 V — 30 V) which
is in accordance with reduction of My=8 to M5=5 .

m  Removal constant is much smaller than one would expect from high resistivity
measurements.
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What is the reason for reduction of V7?7

m Decrease of shallow acceptors concentration ( B )->
no temperature dependence (in the investigated range)
weak dependence of N ;. on enhanced free carrier concentration (achieved by higher
frequency of pulses)
m  Moderation of field by trapped holes -> G-R processes can lead to dependence of
V., on temperature and free carrier concentration

= = , 8 010
50.18_ EM; ".t'”'“ % 0-75 5_1 014 Cm-2
Eo.w;— ._.',.y g 0.65—
So.1af S 0.5
0.121 u/ 0.4 f— ——f=500 Hz
0_1:— o100 200 ‘300 400 ﬁ)nviléum - +f=1 kHZ
- 0.3 —+—f=5 kHz
0.08— T=150C - ——f=10 kHz
0.06— 0.2— ——f=50 kHz
004: T=0°C -
. — 0.1—
C —__ (0} -
0.025 T=-15°C \: W7-C9, T=-15°C
- . W7-C9, f=500 Hz o=
OJM’“"Q‘;';‘ R R B RS B B
[ S O S T I A 0 20 40 60 80 100
0 10 20 30 40 50 Vias [V]
vbias [V]

It seems that removal of shallow acceptors is responsible for gain degradation.
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Amplification after 10'° cm?
No visible V. — indicates that “highly doped” p* layer has vanished. This is in

accordance with observation of almost no difference between standard and LGAD
diode

T 08
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Leakage current after irradiation

7.0E-05
4.5E-05 W8 diodes leakage current
W7 diodes leakage current
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) — J.UL" =514, anneal.,-20C
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Y 3
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o
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0 500 1000 1500 0] 500 1000 1500
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Leakage current increase is not linear with fluence.
Increase with fluence in smaller due to degradation of multiplication
Ileak — MI ] Igen:]/wl " CD\
decreases with irradiation Increases with irradiation
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Multiplication factors

M,
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a(=20°C )=5.1e-19 A cm-L P
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Multiplication factors M, and M,

9 ’/

T=-20°C Mq= M, -7

7 (i.e. no trapping in 25 ns) P
-,

» 7 ~230V, 10 m?

1 % 1000V.|1-101‘5cm'2

1 3 5 7 9
|
M= Qws—p11 whole bulk active (1000 at high )
e I M, = = —
st.diode Igen Q@

: a(-20°C =5.1e-19 Acm
Qst.diode from: ( ):
G.Kramberger et al.,21st RD50 workshop, CERN 2012

G.Kramberger et al., NIMA 612(2010) 288.
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Leakage current of irradiated W7 detectors

m The leakage current increases as expected (reduction of M, and increase of |,,) for
W7-C9 device

m For the “high current” devices the |leakage current decreases at moderate fluences:
1 reduction of M,
1 deactivation/decrease of injection centers ???

. _high current device

7.0E-05
W?7 diodes - leakage currentat -10°C\ ——W7-C9
6.0E-05 ——Wres
E / \ ——W7-C9 (le14)
-nué; 5.0E-05 / \/ —-W7-G4 (1e14)
= 40505 P ——W7-C9 (5e14)
3 * ——\W7-G4 (5e14)
(]
B0 3,0E-05 - —
fﬂ M
2 2.0e-05 W ’Y\
1.0E-05 M A O O k> —>
B low current device
0.0E+00  ®BH000—————6———6—0—6——0—9 |
0 500 1000 1500
bias voltage [V]
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Calculation of the noise

¢ 8000
Z

- O - 2 _ 2 2
& 7000 = Mg-5at ENC* = ENC p; +ENC g

B 230V ENC s=2300 e — series noise
6000|—

- o ENC 4; = MI -\F - ENC,
5000 "
4000 = - ENC,=¢e/2 -,/Igeneor

| m o
3000 Z_DD . . Mg ~1.6 at ENC ; —noise due to generation

g 1000 V current without amplification —
20001 short noise (CR-RC shaping)
1000 Red open markers — calculated F =72 for M>»1, F=1 for M~1

- Black solid markers - measured

9020 30 a0 50 e 70 ' 2°NS

| [uA] lyen =" Poq M, ~ Mg

Good agreement between measured and calculated noise.

S M,Q S/N improves with multiplication if:
N e2F e e’Fe,T
\/ENC P 1\/1,21%,,144E ENC s* » M?1,, 7 .
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Conclusions

27.2.2014

Diodes with gain perform formidably before the irradiation with gain of up to
~20 for °°Sr electrons

Gain decreases significantly with neutron irradiation (for 2e15 cm2 My~1.5 @
1000 V)

Effective acceptor removal in the p* layer is responsible for gain degradation
TCT was used to determine the rate of effective acceptor removal

It seems that removal of initial acceptor dominates over changing the occupancy
of deep traps

Leakage current:

behaves accordance with expectations for “low current” devices
decreases with irradiation for “high current” devices

Noise agrees well with calculation taking into account multiplication factors
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