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Macroescopic Radialions Damage in Silicon: Detectors

= Bulk (crystal) damage due to Non Tonizing Energy Loss (NIEL)
- displacement damage, crystal defects/microscopic defect

(Threshold energy 2 300 keV)

I. Change of effective doping concentration N ¢ (higher full
depletion voltage V)

IT. Increase of leakage current (increase of shot noise, thermal
runaway)

ITT.Increase of charge carrier trapping (reduced charge collection
efficiency (CCE

= Surface damage due to Ionizing Energy Loss (TEL)
I. Charge build-up in SiO, } (shift of flatband voltage V4,
IT. Traps of Si-SiO, interface ) breakdown of critical corners)

IIT. Surface generation current (increase shot noise)
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Experimental measurements (I/V and C/V)
L4 Universitat Hamburg

" B-Ne. Physical paramaters Values
1. Poping concentration(Ny) | 4.94 x102em-3
2. Oxide thickness (t.x ) 0.5 ym
Fx. Tunction depth (X;) 1pm
- |Guard ring spacing(6S) 10 pm
F. guard ring width (6W) 100 pym
. Device depth 280 ym
7. Thickness of (W, 1pm
B-

Fixed oxide charge(@;) |1 x 1072 em2

Device simulation

Aim: Detailed simulation of sensor (p* PAD Si with one guard ring with all useful
physical and geometrical parameters taken from measurements) including bulk
radiation damage effects (deep trap parameters; E;, N,, o, )

=Link between microscopic defects and macroscopic paramaters

Software: 2-D device simulation with synopsis T-CAD
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‘SRH (Shockley-Read-Hall) recombination statistics

= Recombination through deep level traps
‘Impact ionization

*Trap model

Doping dependent mobility and high field saturation model

‘Trap to trap interaction model for charge exchange

‘Interface physics model at Si/SiO, interface and rest all useful models

Simulation procedure

command|  |parameter
command| | boundary
_mdremd | _mdr.bnd _desomd| (- par
Procedure _ |
1 l grd | 1 I ‘ current
@ Design structure in MDRAW ey MG GPA L 1 dos.p
© Feed results into DESSIS MDRAW L DESSIS =
doping M= - 1
© Combine simulation of device ' l l _r:::zg, _ ool
(DESSIS) and circuit (SPICE) 4 L
< nmos | | nmos | outout output
_dio.grd| |_dio.dat | _mdr.log _dos log

=> Compare results to analytical calculations for cross-check
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Numerical modeling of radiation damage U .

. . . niversitat Hambur
of Si sensor based on emission-capture i
dynamics of deep trap

Ry o ey e oo coerrein
(i) = 1VfAHT)=qdW (epZn, (donors)+epZn_(acceptors))

(II) = ANefﬁND + E(l’lT (donors) — E(nT (acceptors)

e
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nT(T)=NT

e + e
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kpT

e (D=c, (N, (T)exp( )
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List of experimental observed deep trap
parameter in n-type MCz Si : four level

deep trap model for n-tpe MCz Si Sensor

UH
m
‘24 Universitat Hamburg

S.No. | Trap type Energy level (eV) 0 ., (cm?) from g, (cm?) o, (cm?) n (cm-1)
exp. *) *)

1. E5(-/0) E.-0.46 1.00x10-14, 3.00x10-15| 4.00x10-15> (0.6
1.00x10-13
(estimated) -

2. H152K/-) | E,+0.42 Unknown, 3.05x10-13 | 3.1x10-13 | 0.06
e towiee

3. co™  |E+0.36 2.05x10-18 1.64x10-14 | 2.24x10-14 1.1
1.64x10-14

4, E30K(©/+) E.-0.1 2.3x10-14. 2.77x10-15 2 0x10-15 0.017
2.7x10 -15

=

3 3

*o0, used as fitting parameter for H152K
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Comparison of data to simulation (I/V): —
Irradiated n-type MCz PAD Si sensor umve,sitamamburg
(as-irradiated)

No charge exchange taken in Ez(-/0) &---- (0/-)

2.50E-04
——Simulation@300K
—S—-Experiment@293K
&\ 2.00E-04 - Theoretical calculations Theoretical
— —=—Simulation calculation@300K (l)
- normalized@293K
Q - — . . .
= 1.50E-04 Simulation@300K Experiment@293K
O V\
Q - ] . .
g 1.00E-04 Simulation
r— normalized@293K
Y 5.00E-05 - .
Theoretical
normalized@293K (i)
0.00E+00 u w w \

0.00E+00 1.00E+14 2.00E+14 3.00E+14 4.00E+14

Fluence (n.,./cm?)
= Good agreement in current after simulation normalized @RT=293K(20°C) and
experimental result
= little estimation of theoretical current than simulated and experimental current(293K)
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Comparison of data to simulation UH
(C/V): II“I"C(dIC(Ted n’Type MCZ Universitait Hamburg
PAD Si sensor (as-irradiated)

No charge exchange taken in

400 - Es(-/9 & ----2>H152K©/-)
-+—=EXperimental
350 - -=-Simultion
Modelfit
300 -
= 250 -
5 10kHz
= 200 -
o
= 150 - Np,=4.94x10'2cm?
X.=1
100 - t;x=0%'?,m
GS=100um
50 - GW=20 pm
0 | I | 1

0.00E+00 1.00E+14 2.00E+14 3.00E+14 4.00E+14

Fluence (n.,/cm?)
= Good agreement in simulation,experimental and model (ii)
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(not-inverted)

350_: SpaceCharge [cm™-3]
3 B 4.9E+12
4 00— 4.0E+12
= 3.0E+12
45 00—
= 2.0E+12
5004 - 11E+12
= 1.0E+11
55 0—
T T T T I T T T T I T T T T I
Q 100 200 200
X [um]

=
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Space charge for 5x10'3 n, /cm? and 1x 10'* n,, /cm?

5x 10'3 n,, /em?

1 x10'4 n,, /cm? (inverted, double junction)

SpaceCharge [orm - 3]
P 4.SE+ 12

3.9E+ 12

2.6E+12

1.5E+12

- 3I.5E+ 11
-9.CE+ 11

190 Z2aa =300
X [urm]

= Space charge sign inversion (SCSI) observed in 1x10!4 n_,./cm?
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Effect of E; cluster on I/V

UH
m
For 1 x1014 neq /cm? a3 Universitat Hamburg
1 1E-2 :
2 =P, Peq :
Tn p ’p ) - TotalCurrent_Pcontact_theorticalaspects_n-typeMCz_fourlevelmodeling
’ - -@- TotalCurrent_Pcontact_ie14_n-type_MCz_fourevelmodeling_experimentalparameterized
1 =i TotalCurrent_Pcontact_ESdefect_1e14
. — 1E-3-

overestimated < :
=
-
o
=
> Exp. fit
o 1E—4_:. ..0+H+0¢0*4‘*+H“‘H*HH*.*.“MM
O ]
(o)
4]
=
8 E; cluster
- 1E-51| >

Mf6 44—
0 20 40 60 80
Bias (V)

= E5 cluster relevant for increase of leakage current in n-type MCz Si PAD sensor
* Max. contribution from E; and rest due to surface current

pq’eq ,overestimation may be due to number of deep level trap/Si

|
= =B
Tn’p h
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For 1e14 n,, /cm?

Charge Exchange
MeChanism _ (2% Universitat Hamburg

1 t-4__ = = TotalCurrent_Pcontact_E5+H152K_Charge Exchange
\ === TotalCurrent_Pcontact_E5+H152K_NoChargeExchange
E | Conduction Band |
¢

Ets

E(-/9 &---->H152K ©/-)

<
e B 'No charge Exchange
\ &
Er O 1E5-
0 4
(0]
S
X
E o
v
Valence Band ~

1E-6|||-|.|..|

= Charge exchange model included in the program
= No enhancement in leakage current

= we can say ho charge exchange observed in
Es(-/0 €---->H152K0/-)
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Effect of generation life time on EF UH
pr'Ofile fOf‘ 1 X1014 ne /sz Universitét Hamburg

_ n MCz Si sensor (Exp fit)
Cut X =160 ym ,~ 4.5 x 107 sect

Concept of Double Peak electric field
8000 - E:E?eﬁm”ﬁm”ﬁ%'EE‘[?”‘“"”‘?E disfriquon
eFie ul ultifi=1 BUOMQINS q a
correleted trend 5!:5.3'3&3.?'?"
heavily irradiated
t:,6000— pt| Sisensor ot
o n+ E
[ E, 2
g - E(V/cm) - 1
34000_- ==
L B
’ . Epy oo N ___]
¥ 20008 In base region,
= EF -> 100 w, | W, W,
OO N l5|OI L .1(I)OI L .1|50. L .2(|>0. L .25IO‘ — 1000 V/Cm depend on CL -
Y
b SR ookt et = Double junction observed for fluence of
13 )b
10 :h tve | | e e —“ 1 X1014 neq./sz
g 1011'_ \..::: :’f‘— =ve :
£ ] = Generation life time (deep traps)
2 e it ': affects the EF on rear side of junction
R ll and in the base region of Si sensor
€ = Generation life time (deep traps)
10} also affects the AN, ¢/Vgp
0T B0 00 80 200 780
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=Good agreement observed in experimental data and simulation results for n-type
MCz PAD Si sensor

* Leakage current

* Full depletion voltage

* Double junction observed at fluence of 1x10'4 n,,./cm?

* E5 cluster relevant to increase of leakage current

* Generation life time (deep traps) changes the EF on rear side
of junction and in base region

* Generation life time (deep traps) also affects the AN ¢/Ve;

= Detailed study ongoing for understanding of microscopic defects on macroscopic
parameters

Next step

=Detailed CV,f simulation for four trap model for n -type MCz PAD Si sensor
= Donor removal mechanism/Hamburg model will be implemented in synopsis
T-CAD
as -irradiated
Time-kinetics (annealing)
= Detailed EF analysis in heavily irradiated Si detector (through a TCT @5MeV)
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Device structure and Physical model

Table.1 List of geometrical parameters used in the
present simulation work

S.No./Geometrical paramaters  |Values
1. [P width(W) 200pm
2. Pitch of structure (P) 320pm
3. [W/P 0 .625

), Default length=1pm Y=280pm

3. Eull volume of Si sensor (2-X=320pm
iode area=200um?

4.  |Active are of p* 0.25 cm?
2-D _
Biy ~ 0.5 pm Qi
IX o=
— P
X T s ]
280 um L
i n - bulk S mm
o i N
y 4.‘\1 contact N
Ground T
SIDE VIEVW TOP VIEW Al

not to scale
not to scale

Cross-section of PAD Si sensor structures used in the
present simulation work (normalized p* active area)
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Table.2 List of Physical

parameters
S.No.IPhysical Values
aramaters
1. [Oxide thickness 0.5 pm
(tox )
2. HJunction depth [lpm
(Xi)
3. |GS 10 pm
4.  IGW 100 pm
3. [Metal-overhang|0 pm
width ()
5.  [Thickness of |l pm
(W)
7. [Bias voltage 100-500 V (I/V),
(Vbias) 100 -500V(C/V)
depend on V.,
8. |AC voltage 50 mV
(VAC)
9. [Fixed oxide 1 x 102 cm-2
charge(Q,)
10. |Frequency (f) [10kHz/for CV,f
@RT=300K [analysis- up to
1MHz
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Physical model used

‘SRH (Shockley-Read-Hall) recombination statistics
= Recombination through deep level traps

‘Auger recombination with generation

‘Impact ionization

-Surface recombination

*Trap model

Doping dependent mobility and high field saturation model,
‘band to band tunneling

‘Trap Assisted Tunnelling

‘CW model for carrier carrier scattering

*Trap to trap interaction model for charge exchange
Interface physics model at Si/SIO2 interface
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il e ol
n | 1 1 m
@ Design structure in MDRAW | | % I —.1 S
@ Feed results into DESSIS MDRAW _ DESSIS |
doping % > plot
© Combine simulation of device [ | ] l —mdr.dat _des dat
(DESSIS) and circuit (SPICE) nmos | | nmos | outout [
- _dio.grd| |_dio.dat | _mdr.log _des.log

Mixed-model simulations: Device using DESSIS and circuit (SPICE)

AC analysis: to obtain small signal admittance (Y) matrix-current response at a
Node to a small signal voltage (v) at another of the form

2 i=Yxv=AXxv+ JwC x v

Where i- small signal curent vector (at all nodes), v- voltage vector
DESSIS output is conductance (A) matrix and capacitance (C) matrix.

Parallel mode capacitance and conducfance-

=> Compare results to analytical calculations for cross-check
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Numerical modelling of radiation damage of Si sensor

based on emission-capture dynamics of deep trap

R g S, 1 e g cocrrain e
NT = Pegn

2Cosh(Ey — Ej) /KT

1

> =5 @ T =
Tn,p mp o vthOpNT
_ & T)=0o (T)v (7)
ﬁn,p _Vth,n,panap’7 "y P " n.p
B = (T)——) o
np ' onp 0 T0 nT(T)=NTe + e
n p
= K =2.86+0.06 ECI(T)_EC’V
K ==1.5220.07 en’p(T)=cn,p(T)NC,VT)exp(w_~ o )
2
T E; 1 1]\
> [(T)=I1T,))| = exp| —-———|=—— i.e. I(300K) =1.76 x I(293K)
T, 2ky |T T,

(l) = MefﬁND + E(nT (Donors) — E(nT (accep tors)
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Shockley-Read-Hall statistics

Occupation of a defect states wth concentration N, , energy level £, and
average occupation probability P,
density of occupied defects 7 = N b

density of non occupied defects p, = N, —n,

Change of a defect occupancy possible by & ®) © @

electron capture with rate R. =c.n electron  electron hole hole
.. ) n nP1 capture  emission capture  emission
electron emission with rate G,, = e,,n, conduction
hole capture with rate ~ Xp = CpDH £, IS l T
hole emission with rate G » =€pD; E o I S i U PR o
. 2 (I
Defect parameters (besides £, ) that are |
determened by DLTS or TSC method: S | !
L valence
capture coefficients —c¢, , =v, ,0, , band
emission probabilities — €np
hole excess electron excess

generation rate  generation rat

The rate of change of the defect dn, _ ZGp iRpj - (G, ian

ocupancy dt
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Shockley-Read-Hall statistics

Thermal equilibrium
P, = Fermi function
steady state — dn, /dt =0
no current — no net flow of electrones or

holes between conduction and valence band
N R =G,, R =G,

Relatlons ﬁetween €np and Cnp remain valid non-equilibrium conditions — defect
is fully ’

described by £, and Oy p

Space charge region in steady state extr a?;t]lon ofIP t_’.ﬁij.apts like
carrier concentration negligible: p,n ~0 Ep In thermal equifibirium
— capture processes can be

neglected :
steady state — dn, /dt =0 conduction
! band EC
electron
traps predominantly empty defects
generation e E
centers _
(leakage current) predominantly occupied defects
hole valence I
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Traps in Synopsis T-CAD

For each frap level, dessis simulates:
Proportion of trap states occupied by electrons and holes
- NB - "not filled by electron”="occupied by hole"
- This affects charge distribution, and so has to be included in Poisson equations

Rate of trapping / emission between conduction band and trap, and between valence
band and trap

- These then have to be included in the carrier continuity equations

Poisson 8sV.E =0 = Q(p —-n+ pDOI”lOI”TI’clp _nAcceptOrTrap + ND _ NA)
Electron 1 on
continuity _;V{n -GSRH +RSRH + "'nlrap * m =0
Hole 1 B ap
continuity g Lp ~OSRH *RSRH +pTrap*=-=0
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Preliminary simulation result of n MCz PAD Si sensor
(C/V.f) for fluence 1el4 n,, /cm2

1E-14 l [— Capacitance_10kHz

~— Capacitance_100kHz
—— Capacitance_10kHz

=Capacitance decreases with increases
10 kHz frequency

1E-154

= Flattening of C/V curve observed at

Capacitance (F/micron)

high voltage
V
1E-16- =~
J 100kHz
1 MHz
1 2 /20—
20 40 60 80 100
Bias (\’) 23

r
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Defect cluster source for dark current

1e14 n,, /cm2

1.60E-04 -

1.40E-04 -

1.20E-04 -

1.00E-04

8.00E-05

6.00E-05 -

Leakage Current (A)

4.00E-05 -

2.00E-05 -

0.00E+00

correlated trend

0.00E+00 6.00E+15 1.20E+16 1.80E+16 2.40E+16

Defect concentration (cm-3)

= Leakage current increases with E; defect concentration increases

03-05 june 2009

Ajay K. Srivastava, Uni-Hamburg

24
24



The total defect occupancy of four level defects

For 1 x10'* n_, /cm?
Cut X=160 M

no charge exchange taken in E;(-/0) <---->H152K(0/-)

— | i bar( 1A RAUI T X =180
(o= o = = [ rChar( 1 ARAUlti A RAUITI A X = 16803

g [emA-3]
0 0 0 O
N (W B

poedCharg

—
—

F—10

hTra

3

1010

A3

O 0 O
N0

aTrappedCharge [cm?-

] 1 ] ] 1 ] ] 1 1 1 ]
O 100 200
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Generation lifetime versus fluence in four level deep trap
n-type MCz Si sensor

1.00E-06 -
© .00E.07 4 —&— 1/efftaun,p=1/taun,p1+1/taun,p2+...
8.00E-07 -

~#— Experimental trapping time constant
7.00E-07 - @300K
6.00E-07 -
5.00E-07 -

Exp/simulation fit

400807 1 ynderestimated

generation life time (s)

3.00E-07 -
2.00E-07 -
1.00E-07 -
0.00E+00 T T T .. Y
0.00E+00 5.00E+13 1.00E014F 1 SOE 14 200E014 2 2.50E+14 3.00E+14 3.50E+14
luence (neq/cm?)

= Generatetion life time decreases with fluences
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1E-94

=== Capacitance_Cgeom_Area_0.25cm2
— Capacitance_Cgeom_Area_0.24cm2

unirradiated

1E-101

Capacitance (F)

1E-111

1E-12 L e LI A a2
100 200 300 400 500

Bias (V)

= 6ood agreement in theoretical calculations and simulation result for unirradiated
sensor

> Cyeom = 9-2 pF (when no surface charges and no deep level trap)
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