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Motivation

Transient current technique (TCT)

Methods to determine the life time:
* Charge Correction Method (CCM)
 modified Charge Correction Method (mCCM)
Comparison of CCM and mCCM on model calculations and on data

* Model calculations of TCT pulses

Conclusion
Outlook
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LHC upgrade: 10 x higher radiation damage after high luminosity upgrade

— radiation hard material needed

Radiation induced trapping centers = charge losses, signal reduction

Aim: understand and describe signal reduction in irradiated silicon

(HL-LHC fluences)

Find a standard method to extract life times in irradiated silicon

(e.g. for HPK-campaign)
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.
p+ d n n+

. light pulse
red laser light pulse:
qoN(t)

* 670 nm, 3 um penetration depth
d ) vdr(E)l vdr — M(E) ) E

* FWHM 40 ps
Q =f1(t) dt, CCE = Qirradiated Q

—> induced current (pad sensor) : I(t) =

e generates N =~ 1 million e-h pairs
Qnon irradiated QO

readout:
* digital oscilloscope (bandwidth 1 GHz, 512 averages)
* 10 x Phillips current amplifier

* diode capacitance of ~4 pF for used diodes with d=150 um
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imulated electric field
Trapping probability 1/t depends on: 0

V. Eremin
* Density of traps N (”/;322;3 |
* Occupation probability of traps :

* Density of free electrons E

* Density of free holes %

* Temperature

* Electric field

* Capture cross section Gtrap

* Velocity of charge carriers
* Electric field

(b)

Electric field not known

= Model assumptions to estimate an effective trapping time t

Time constant of the electronics: O(charge collection time
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Number of drifting charge carriers N reduces due to trapping:

dN 1 _t
W=—;dt:»N(t)=N0-e T, for T = const
» Drift velocity field dependent = charge collection time voltage dependent
= Q=Q(\V)

« Trapping corrected signal: I.(t,7,,) = I(t) - et/
 Trapping fully corrected: Q.(t,.) = Q¢ = const (full charge collection, CCE=1)
* Correct all voltages with the same 7, until linear fit of Q (V) gives slope =0

* No reference measurement (Q,) needed! T NN P S
(i.e. no knowledge on CCE needed) & o, o
T - f _—
5 8 6.5 ns
g —
<§ '-',n"'-FTAI.B ns T
CCM was used for fluences up to 6 ) as measured

a few 10'* cm neq. and voltages close to V4 |
150 um, n-Typ, epitaxial

after 10> cm neutrons

1 1 L | L 1 1 | L 1 L ‘ L L 1 ‘ 1 L
0 200 400 600 800

38_||\|||\\\\\‘||\|||\‘\

Cs

CCM by G. Kramberger. Doctoral Thesis, Ljubljana, 2001.
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1.) CCE calculated:
with © fronlﬁ. CCM Comparison of CCE from CCM and CCE=Q/Q, measured
(lines) w A 3.10"4 cm-2
30.9"
2) CCEmeasured: 0.8 a0 1015 cm?2
CCE = Q/ QO 0 7i ............
(Symbols) \meg
: :—\A
_ 0.5
Comparison: -
using CCM leads to 0.4 ) z:;:;zf:,
overestimation of 0.3| & @,=1%10"cm?
T B, =4x10"°cm?
charge losses at 0.2| * ew=rxaviom: +
VO|tages >>V ) U Dpq = x10"°cm2 TCT with O particles
fd simulation after 23 GeV proton irradiation
0'1 ------------- error margin of simulation J. Lange, 2008
»x simulated CCE maximum (v =v,} | | | | | | |,

= 1t=1V)?
00 100 200 300 400 500 600 700

U[V]
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non-irradiated

\ Charge Collection Efficiency
I\I‘ f‘I\II‘III‘II\I‘I\I‘\I\I'\II

Collected charge: Q = [ I(t)dt

Use collected charge of non-irradiated diode Q, R G e g
- 1=4ns | ns

Charge collection efficiency CCE=Q / Q, 08 R -
0.6 '-1015 cm-2 -

For each voltage independently: 0.4 ;
I(8) = I(t) - et/ i

Current I(t) is corrected until Q. = Qg [ .

_ % 100 200 300 400 500 ‘é&d"l'rtu')d' 800
(i.e. CCE;, = 1) voltage [V]
Life time 7 [ns]

UREURE \ [ R B

T
o
'
Ll

Toy [NS]
2]

LR 2:1015cm™

= Extracted life time depends on voltage:

t=1(V), 7T~linearinV

; .

N
\I\\l"'l\ll\ll\‘l\\lll\\ll\
W .

[

o oL

=1

B .
\I\\l\l\g\ll\‘l\\ll

S

N

life time field dependent: T = T(E) ?

v e b b b bov v b bov i Loy
G0 100 200 300 400 500 600 700 800
voltage [V]
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Comparison of CCM and mCCM
e for model calculated TCT signals

Model calculation:

- I(t) = qOZ(t) -u(E) - E, electronic distortions calculated in SPICE

- Vi =100V, N = const, d = 200 pm

a) T = const b)T=T0+ Tl-E=2ns+O.6ns-Vu 1
average input life time [ns]
12 600 V , . ) ]
A 5 | |
10 -
E 8- CCM _ 'E' 4 .
E N\ °
£ e - 2
-] = 7
3 ~ mCCM 3
5 4 - ®
s I ]
2, —
Evangelos Nagel Evangelos Nagel
0 ! ! ! ! ! 1 I I I I
0 2 4 6 8 10 12 200 400 600 800 1000
input life time [ns] S|m u Iated voltage [V] S| mu Iated

—> CCM underestimates 7 for T = T(E), mCCM give proper results.
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8
£ 150 um n-type epi-DO Silicon

7 ——g—A / ‘[ A modified CCM with syst.

6 ;4 \ \ uncertainty (electronics)
— N modified CCM (600 V) V¥V N
L5 7
£ 4 A
& 3 + i
- 5 ™~ cem i

- A
1 + # Charge correction method (CCM)
0 T 1
0.00E+00 2.00E+15 4.00E+15

neutron fluence [1/cm?]

— CCM underestimates T
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Charge Correction time resolved current I(t) T = const
Method (CCM)

modified CCM time resolved current I(t) T=1(V)
non-irradiated Q

Life time determination of free charge carriers in Thomas Poéhlsen 11
irradiated silicon sensors thomas.poehlsen@desy.de May 2012



UH
smversiiit rameurgANSAtze for life time determination

DER FORSCHUNG | DER LEHRE | DER BILDUNG

Charge Correction time resolved current I(t) T = const
Method (CCM)

modified CCM time resolved current I(t) = 1(V)
non-irradiated Q
Model calculation with CCE =2 7= 1(V)
measured drift velocity Qo d
charge collection time cct Var =< Vgp > = — = const
) cct
sensor thickness d
Model calculation with CCE =2 7= t(V),
linear field E(x) Qo Vgr = Vgr(E)

sensor thickness d,
a) full depletion voltage Vi,
b) 1(t)

Model calculation with CCE =2 lower limiton 7 = 1,1, (V)

max. drift velocity v - Q Vi = Verr = 107 cm s™1
Y Vsat sensor thickness d o sat

b) VE < free fit par. from I(t)
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150 pum n-type epi-DO Silicon

8 & v =vsat = 1e7 cm/s with
7 / \,/ \ \ syst. uncertainty (3% CCE)
y VN

T3 modified CCVI (600 V)
g s & T
(<)) w

4 A . .
§ T — lower limit on < (600 V) (Vgr=Vear) * mOdlﬁeq CCM with SYSt'
o 3 uncertainty (electronics)
= N A
- CCM : 4 A

2 3 1

- w
1 =
0 T . # Charge correction method (CCM)
0.00E+00 2.00E+15 4.00E+15

neutron fluence [1/cm?]

Classical CCM underestimates t
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¢ v =vsat = 1e7 cm/s with

150 -t i-DO Sili
AmType v ricon syst. uncertainty (3% CCE)

8
7 ‘/ J’ \l \\ B v_dr=const, cct +- 0.1 ns
gr: v, = const (600 V)

T3t modified CCM (600 V)
L5 - N d V) 4 modified CCM with syst.
24 —— linear E(x), N from I(t) fit (600 V) uncertainty (electronics)
i T — lower limit on 1 (600 V) (v ,=v,,)
L3 W ® E(x) linear, Neff fitted
= Nocow ¢ %

2 * )

. ¢
1 rs # Charge correction method (CCM)
0 T 1
0.00E+00 2.00E+15 4.00E+15

¢ E(x) linear, Neff from Vfd
neutron fluence [1/cm?]

Classical CCM underestimates t.

All other methods: max. difference < 20 % in life time 1
= exact knowledge on electric field not neccessary to extract life time within 20% uncertainty
(if CCE known)
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* Classical Charge Correction Method fails at high fluences (> 10> cm™2) for electron
collection in studied sampled.

A modified Charge Correction Method was developed taking into account the charge
collection efficiency (CCE).

* Extracted life times are compatible with model calculations within systematic
uncertainties of ~ 20%

. . A
= even without exact knowledge on E(x): T can be estimated with % ~ 20%

* uncertainties of the charge collection efficiency must be taken into account
A
— Atlcce ~ 20%

T

» Effective life times are voltage dependent: 7 = (V)
(higher life times for higher voltages).
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T (V) can be extracted without knowledge on E(x).

Can we also extract 7 (V,x) if we know E(x) ?

May we then draw conclusions on field dependence? 7 =7 (E) ?

Will we see filled electron traps at the n+ side? 7 — oo ,for x > d ?

Combined study with both,

e classical TCT - I(t),CCE
* andedge TCT - v, (x),E(x)

25 : . o '
V (Vo) Simulated electric field B¢

| 1 1 x 10" n/cm?
20F =-=--- 100 t 290K
| = 150
=N == == 200 ’
£ 15F ===--300 Pl
= —400 "-"-
= | e et
w0 e ‘.—“’-,-ﬁ
--------------------- .—a".- ’,f".’ ’,'/
5 : ---------- et “-""-’- ‘d-"’ =]
] --_---__-_-_T:- _______ St / V. Eremin et al.
U L M L L L M L 1 M 2004
0 50 100 150 200 250
X (um)

within the frame work of the CMS HPK campaign.
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N at V=300 V

g extracted from I(t)
> .
non-irradiated 3 GeV protons (PS) (TCT, hole signal)
6 ¢/ / AN .
i / ™ A
— 4
E 2
g,a 2 1 = non-irradiated
& ) 4 # 23 MeV, 2.6e14 neq
20 f A 23 GeV, 3.9e14 neq
-2
¢ — I Nefr v
4 200 pm MCz n type 23 MeV protons (KIT)
0.1 1 10
Annealing time [80°C eq. min] (10 min @60°C = 1 min @80°C]) I T
t
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N at V=300 V

g extracted from I(t)
) ) 23 GeV protons (PS TCT, hole signal
non-irradiated P (PS) ( gnal)
6 ¢/ / AN .
= / N A
—_ 4 A . .
"-'E A A = non-irradiated
~ # 23 MeV, 2.6e14 neq
o 2 x —
= - ? A 23 GeV, 3.9e14 neq
Z"E 0 = CV, non-irradiated
f ¢ CV, 23 MeV, 2.6e14 neq
) I A CV, 23 GeV, 3.9el14 neq
S
4 | 200 um MCz n type T == 23 MeV protons (KIT)
0.1 1 10 |Neff| — Vfd ] 2880
Annealing time [80°C eq. min] (10 min @60°C = 1 min @80°C]) dZQO

V¢, from CV (0°C, 1 kHz)
sign according to TCT
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s qo N,
Electric field IVE| = 10 "Teff
€&
, : ok
Drift velocity Vdr = 173
(1+227) " N()
feat Induced current IO quTvdr{t)
) fin—t
# free carriers N(t) =No-exp| —
eff
TCT current signal Electronic circuit
i 7\ I T T ] T T ]
E 25 - = rms  nmes | VOItage source (with filter)
E C ] 2k 2k |
S - il Tie 1
L ] T Q\LE o
152— _ = ST oscilloscope
: . detector ol | 1
1o E i 2.2k0 é o
C ] 15 nH cable
5— — ) Faspr | oo cable . *‘? it -
B ] é . 2 pF —|_§Zf @ Zﬂ 0.5m su_n
a raw Wiy 255m 3 Gn cnnvol_uted
i Y T A A signal Lot l - Signal
1 2 3 4 5 6 Tme [ns] i | bias-t 1
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_ qo Negy

£ &, \

VE

Z'effT : Qo

ct N

; / N(t) = No - exp (t;:)

Reference diode with collected charge Q, => Teff

Extraction method: least y? fit of model calculation to measured TCT pulse

model calculation with N, = Q,/q, drifting charge carriers at t=0
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Least y2-fit results for MCz 200 um, after
3.9:10'% cm2 23GeV protons and 8 min @80°C

current [uA]

TCT current signal

n
Z Imeas Icalcl)
i=1

(—-area Qo O-i = 03 |JA

= least y? = 35

Data points used for least y?2 fit:
n=35
4 free fit parameters: 74 N4 to, d

— degrees of freedom: ndf = 31

time [ns]

35 (T T T T[T T T T[T T T T[T T T T [T T T T [T T T T[T T T T [T TTT T 1
: ........................... 6|72 nm rear, 0°C, 3.9 10™cm? 23 GeV protons, 8 min at 80°C :
30 } ---------------- :;'t;.apping corrected 1=5.5 ns {
- Negp=5.1- 107 2em=3 .~ 1
25/ ~N .
20— 7..=5.5ns } -
B eff —- 1
e S, d—ZOO m -
15 ]
10 L _
C to \ ]
5/ -
: V=300V i -
0 T T"’\ [ T B A B I B B \I 1
0 s 1 2 3 4 5 6 7 8

baseline before pulse:
= 0.25 pA

Life time determination of free charge carriers in

szo

Vra = |Negr|- 2eeg

= 158V7?

irradiated silicon sensors
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TCT:

pad
1 1 x10"n/cm

assuming const. space charge: 290K

slope of the electric field at V >
V¢ (e.g. 300 V)

- - : ’ A
....... - ) ’ad
CV [ --.-...—-—-_ ---------- ‘_,-“ / V. Eremin et al.
. . . : ) , . 2004

N, according to depletion 0 50 100 150 200 25
behaviour at V;; (< 150 V) X (um)

VPEEVE

=>
How to extract N ?

Or: what does N_s mean if
extracted via CV?

How to define the sign of N4 ?
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CCE

0.8

0.6

0.4

0.2

Charge Collection Efficiency

| ]

| oo _
i
Wt MeV protons
— ..I
. *n 80 min @ 60°C .
*u
T . V;4 goes down (from CV measurements) 7
— . u—
B . | _
. but: higher voltages needed to deplete rear side!
— « H —
— * m —
| o H —
| = L) MCZ200N/MCZ200N_01_Dicde_1/2011_10_28_16_00 672 nm OC rear, 3e14neq 23MeV protons 1
[
: | | MCZ200N/MCZ200N_01_Diode_1/2012_04_12_17_41 672 nm 0C rear, 3e14neq 23MeV protons N

' | | |
06 200

| | |
400

| | |
600

| | | |
800 1000

voltage [V]




v% matrices for MCz 200 um
AR after 4-101% cm2 23 GeV protons, 8 min @ 80°C

%2 at N;=5.11- 10'% em® 2 at ©=5.50 ns

N+ <->d correlated

d =200 um
(~198 pum from CV)

Additional
uncertainty in Q,

5 5.2 54 56 58 6 4.4 4.6 4.8 5 5.2 54 . 56
7 [ns] N, [10" em™]

¥? at d=200.00 um %2 vs. N, around minimum
Rgol T s
140:_* —:
r ] 12 -3
1201 * ] Neff [10 cm ]
m; * é =51+ O'3stati 0.3Q0
Bﬂf— * _f
sof— —f ? Vfd [V]
C - =158 + 10,,., + 10,
Caa T as a5 sz 54 '12‘5.‘5_
7 [ns] N, [10" em™]
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Einfangwahrscheinlichkeit = 1 / Lebensdauer

+ < Modellrechnung unteres Limit
CCm syst. uncertainty (3% CCE)

=
N
J

G. Kramberger [ = 4.1-10 cm?ns™? ]

=
1

Modellrechnung v=konst mit gemessener

o
0
1

. A modified CCM with syst. uncertainty
ober Grenze fiir 1/t (600 V) L4 (electronics)

—extraploation of data
by G.Kramberger
using 4.1e-16 cm?/ns
= Charge correction method (CCM)
zeroslope from Vfd to Vfd+200 V

*
&

o
D
|
(<2 4 \
Ee

1 / Lebensdauer [1/ns]
o
(@)

o
N
|

EPI 150 pm
0 . . Modellrechnung mit linearem E(x)

0.00E+00 2.00E+15 4.00E+15
Neutronenfluenz [1/cm?]

Up to fluences of 2:10'% cm2 according to G. Kramberger*: 1/t=0 ¢

here: 1/7 at fixed voltage not proportional to fluence!

* G. Kramberger. Doctoral Thesis, Ljubljana, 2001.
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Verschiedene Ansdtze zur Bestimmung der Lebenszeit
in 150 um n-typ epi-DO-Material ab 1e15cm-2 (200 um bei 3e14)

@ v =vsat = 1e7 cm/s with
syst. uncertainty (3% CCE)

8
7 — -
9 A gemessene mittlere Driftgeschwindigkeit (600 V) mv_dr=const, cct +- 0.1 ns
/
) 6 N Modifizierte CCM (600 V)
— | L H AVA)
- N — o . . .
Q4 A A modified CCM with syst. uncertainty
g ¥ — untere Grenze furt (600 V), aus CCE (electronics)
83 ®CCM A
3 2 * N
+ - L:‘ ' Charge correction method (CCM)
1 + zeroslope from Vfd to Vfd+200 V
0 | 1
0.00E+00 2.00E+15 4.00E+15

# E(x) linear, Neff from Vfd
Neutronenfluenz [1/cm?]

Classical CCM gives life times incompatible with CCE.

All other methods give consistant results for life time t, max. difference ~ 15 %.
At|cce > AT|ethog = €Xact knowledge on electric field not neccessary to extract life time
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HPK-campaign mixed irradiation

with protons and neutrons according to expected ratio between charged
and neutral hadrons. So far: 23 MeV protons from Karlsruhe (KIT)

Type inversion in MCz n-type material after 23 MeV proton irradiation
observed (not expected). Effect due to the proton energy?

|N | may be extracted from CV measurements via full depletion voltage V,,.
For non-irradiated diodes: well understood d2q,

* but: only the absolute value |N_¢| is accessible Vra = [Nerr| 2¢e¢,
For irradiated diodes further limitations:

* depletion behavior unclear (double junction), frequency and temperature
dependent

« VE=VE (V) (space charge is voltage dependent)
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TCT: extracted at

0°C, V=300V from
8
23 GeV (PS) dE/dx
6 / AN .
* e
— 4 . .
2 A A — non-irradiated
~ # 23 MeV, 2.6e14 neq
5 2 x
=, - ? A 23 GeV, 3.9e14 neq
Z"E 0 = CV, non-irradiated
f ¢ CV, 23 MeV, 2.6e14 neq
2 A CV, 23 GeV, 3.9el4 neq
& /
e
4 T — 23 MeV (KIT) CV: extracted at
01 1 10 0°C, 1 kHz 1‘rom2;/gfO|
Annealing [80°C eq. min] (10 min @60°C =1 min @80°C]) |Neff| - Vfd : dzq((),

sign according to
TCT fit result!
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TCT: pad
1 1 x10"n/cm?
assuming const. space charge: 290K
slope of the electric field at V >
V¢ (e.g. 300 V)
] R TETTPRPTLL L e ,
CV: [ -_-_'_""""":':-:: ____ T / V. Eremin et al.
. ) 0 . T . .| 2004
N ¢ according to depletion 0 50 100 150 200 25
behaviour at V¢, (< 150V) xm

VPEEVE

=>
How to extract N ?

Or: what does N_s mean if
extracted via CV?

How to define the sign of N4 ?
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N+ could be extracted from TCT current measurement and is found to strongly
depend on:

* annealing (1 minto 10 min @ 80 °C-> AN = 3.5 - 1012 cm?3)
* proton energy (23 GeV vs. 23 MeV)

Differences to |N | extracted from CV measurements observed
—> open questions:

* Impact of a voltage dependent space charge on CV and TCT interpretation?
(depletion behaviour unclear, TCAD simulation of double junction and CV?)

 How good is the assumption T =const for given voltage, i.e. position
dependence t(x) negligible? (combined edge-TCT / TCT study)

e Systematic impact of electronic circuit? (description improvable?)
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Collected Charge Q(U)
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TCT current signal TCT current signal
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%2 at N_,=35.00 [a.u.] +2 at t=9.40 ns
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TCT signal at U~200V

X

-

=)
&

- 2,5E14p (KA) + 80min@60°C, U=209.0V

-n
)

| [V/50Q]
||||I|||||||||||||IT||||||_|'

3,96E14p (PS) + 8min@80°C, U=209.0V

unirr, U=209.0V

0.8

0.6

0.4

0.2

AT T I T I I B B T

80 85
t [ns]

Life time determination of free charge carriers in Thomas Poéhlsen Seite 36
irradiated silicon sensors thomas.poehlsen@desy.de May 2012



UH
_i_i_'l
L2 ¥ Universitdt Hamburg

DER FORSCHUNG | DER LEHRE | DER BILDUNG

ClpF]
307

U,..,=105 V

dep

region of highest slope =

| C.ng=43PF

point of intersection >
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8@80°C

200 V Neg [1012cm3] =4
300V N.¢ [1012 cm™3] =5.140.3,,# 0.3, (d=200pum )
400 V N [10'2 cm3] =5.7 for d = 200 um fixed

6.5 for d = 196 um free

700V fit not possible with given electronic circuit & drift model

-> to optimize!
TCT current signal
— 672 nm rear, 0°C, 3.9 10"*cm 23 GaV pratans, & min at 80°C TCT current signal
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