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=
Motivation/QOutline

The focus of this presentation will be on:

its change with irradiation — neutrons and 800 MeV protons

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 :

w8 from 1,2,3,5,20,100-10%4 cm-2

W7 from 1,2,3,5,10,20, 30-10%4 cm-2
Diode irradiated at Los Alamos with 800 MeV — were not intentionally annealed

W8 fluences ~5e12, 5e13, 5e14, 8e15 cm™

W9 — control wafer (without amplification layer) - 5e12, 5e13, 5e14, 8e15 cm-2

For setups and procedures please have a look at last workshops...

13.6.2014 G. Kramberger, Radiation hardness of Low Gain Amplification Detectors (LGAD), 24th RD50 Workshop, Bucharest, June 2014 2



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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Current of diodes from W7 and W8
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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).
13.6.2014
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CCE

oF irradvated detectors (rea

ctor neutrons

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), W8-E3 (<1 pA)
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m W8 around 6000 e collected at 1016 cm
roughly the same (or slightly more) as for
standard diode

m Thereis almost no influence of CCE of devices
on the initial current for W7— some difference at
lower bias voltages at 5104 cm™.

, Which is
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CCE ofF irradiaited detectors (rea
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(st. nirr. diode)

Mo~1.5

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

1 Trapping (not severe enough at low fluences to explain decrease)
0 Decrease of multiplication?

m initial acceptor removal
m trapped holes reduce the field in the multiplication region

13.6.2014
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CCE of irradiiated detectors (600 VieV p)

30000 1.2€-04
W8 (%°Sr setup) - 800 MeV p irradiated W8 (°°Sr setup) - 800 MeV p irradiated
s oooBfoontb R
25000 -lD £ 1.0E-04 | A
T - T A% mw8-B7 (813 p cm-2)@-10C
d o) — A
© 20000 " 0 o ° © 2 ¢ oE.05 &A‘ © W8-E4 (8e14 p cm-2)@-10C
© o 5 © o A A 4 W8-B6 (1.25¢16 cm-2)@-20C
S - o 5 ° = W8-B7 (8e13 p cm-2) 5 AAA . 7 W9-C9 (7e13 p cm-2)@-20C
% 15000 o b o W8-E4 (8214 P cm-2) : 6.0E-05 - A W9-C6 (8e14 p cm-2)@-10C
8 o ° 4 W8-B6 (1.25e16 cm-2) 2 " 4 W9-D2 (1.25e16 p cm-2)@-20C
E 10000 o - © 0 W9-C9 (7e13 P Cm'Z) E 4.0E-05 - ‘/_\ A o—o o)
g— o o o ~ W9-C6 (8e14 p cm-2) A e®®% o0 O O o ©
3 e 0 W9-D2 (1.25e16 p cm-2) maee%%0 °
g 5000 , <o 2.0E-05 8-°
* A A AnnA 4 ‘ 'ﬁi
0 .AAAA‘A‘.‘A‘AAA 0.0E+00 .?..DDDDDDDDDDDD _
0 200 400 600 800 1000 1200 0 200 400 600 800 1000 1200
bias voltage [V] bias voltage [V]
m As irradiated — no intentional annealing.
m Stronger decrease of gain than with neutrons — almost no gain at 8:10%3 p cm
(Peq~5-10% cm2).
m Measured current for control and LGAD devices are similar. For higher fluences there
is almost no gain.
m  Currents are very high for 8:10%3 p cm2 (d,~5-10*3 cm) — also for ®,,~5-10'? cm2
sensor ? W8-B7 shows gain at higher voltages!
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IcrT signals - o
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Significant decrease of amplification with fluence.
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T'CT signals — back injection (1)
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Similar TCT signals, but the difference in fluence is a factor of 4.
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How

to probe the field ?

C-V offers a way to profile N4 (unfortunately not reliable after irradiation)
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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
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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)
er X I\Ieff,p+
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TCT probing of V_,

W7 wafer irradiated with neutrons Difference: neutrons/800 MeV p
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m V . decreases with fluence
m V . decreases more for 800 MeV protons than reactor neutrons
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Dependence of V.. on fluence
35
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150 Cywg = 1.6 101> cm?
n Assuming linear relation between
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- low current devices only

i T i % 2 c=2 10V
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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.

m  Removal constant for 800 MeV p is much larger (note: a single point)
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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
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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
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Leakage current after irradiation
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Leakage current increase is not linear with fluence.
Increase with fluence in smaller due to degradation of multiplication
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Multiplication factors M,
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Multiplication factors M, and M,
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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
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Calculation of the noise
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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

13.6.2014

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

Gain decreases significantly with neutron irradiation and even more with
800 MeV p irradiations

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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