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Physics topics
Unexpected phenomena
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Radiation Damage I Py

MOS-Structure

l

Tonization in SiO,

|

Interaction with electronic structure of atoms by photoelectric, Compton & pair-production

v v v
Carrier injection e-h pair creation > Bond breaking
from contacts in Si0O,
I T |
e-h transport l l
in Si0,
l —— Defect generation Release of mobile
l Impurities

. (H, OH, Na, etc.)

Hole ‘r}r:appmg Defect migration l

in strained region

Electron capture Migration of

l / impurities

Oxide charge _’, Interface trap

|

Accumulated TID reach its tolerance limits

}
* Device degradation or failure




* + .
i = -+

Radiation Damage II D
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Radiation damage in MOS-Structure:

Surface damage due to Ionizing Energy Loss (IEL)

accumulation of charge in the oxide (SiO,) and Si/SiO, interface

Oxide charge - shifts of flat band voltage, (depleted > enhancement)
= annealing at RT

Interface traps > leakage current, degradation of transconduction,...
= no annealing below 400 °C

S/N Ratio deteriorated!
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lonizing radiation (positive oxide charge) Damage mechanisms:. interface state mscalnis
Excitons
Radiation induced Interface ho — { free  Holes h* — STH (sdf trapping holes )
trap free  Electrons (removed from the Oxide )
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Interface state
Shiftsof flat band voltage: ~ N, Stretch-out of CV curve: ~N;,
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Long-term Hole trapping
near Si/SiO, Interface

Hopping Transport of Holes

through localized states in ~ Electron/Hole Pairs Low Freq. N

i Generated by ionizi S0)
Sio, Bulk ener?a%iati);rl‘onlzm (Q)p>0) ,y
C
N, positive oxide charge and positively (+Q¢)
charged oxide traps have to be compensated f

by a more negative gate voltage - negative
shift of the threshold voltage (~t.,2)

—
High Freqg. (Qy=0)

N, increased density of interface traps -
higher 1/f noise and reduced mobility (g,,)

(Invarsion) +
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Saturation mechanism

_ uilibrium _
Begin - _eq_ - — = = » Saturation

Recombinatio
n

Trapp
filling

* Reservoir: holetrapsare not exhausted, unlessa larger biasvoltage is applied on the gate!
» Saturation: equilibrium between trapped filling and recombination

-Generated holes are pushed away!

-Recombination of trapped holeswith electrons

- Recombination of tunneled electrons from silicon into interface with trapped holes!



Experiment Conditions and Methods

Irradiation (X-Ray):
*Co%0 (1.17 MeV and 1.33 MeV)
*GSF — National Research Center for Environment and Health, Munich
*CaliFa (17.44 KeV)
*Max-Planck-Institute Semiconductor Labor, Munich
*Roentgen facility (20 KeV)
*Research center, Karlsruhe
*Dose: irradiation up to 1 Mrad with different dose rate (1rad=0.01J/kg)
*Process: No annealing during irradiation ~ irradiation duration from 1 day to 1 week
*Radiation levels at the ILC VTX: D, = 100 .. 200 Krad

ionization

® =107°..10" neq(1MeV )/cm?
«Comparison of different semiconductor devices

DEPFET MOs-C
Nox AV, AV
(method) (IV-Measurement) (CV-Measurement)

N Subthreshold slope Stretch-out
(method) (Subthreshold (High-low frequency
technique) based on the CV)
Other Om

parameters (IV-Measurement)
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Bias during irradiaton:
empty int. gate, in ,off" state, Vgs= 5V, Vpin=9V 2> E =0
empty int. gate, in ,on" state, Vgs=-9V, Vp,in=-5V =2 E,, =-250kV/cm
s T T T T T — |10
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Drain current [pA]

transconductance [uS]

Transconductance and Subtreshold slope

Halbleiterlabor

. re—irradiation
all transistors: 0:912 krad 102 P :
100 F T T ‘ ‘ 7 | \ |
C \ \ \ N 7] <
BO- oy Y .
i RN 1 = I s=85mV/dec |
60 — \ \ - o
C v Y 7 = 10727
40 AR 4 3
B AR ] T i
20E A 4 5 0t Vi=-0.2V
L NN 1 o AT B!
o e ‘ 4 0P ‘ ‘
-15 -10 -5 0 5 -2 -1 0 1 2
Gate voltage (V) Gate voltage (V)
all transistors: gm for W/L=3 : 0:912 krad 5 ‘ after 912 krad
S50E ‘ ‘ ‘ ‘ E 10 R
g 3 < 1
40E 4 3 q°
30E = 5 s=155mV/dec |
20E - 2 3 L ]
g 1 < 04
10E 4 E 0T Vi=-4.5V ]
0F ‘ ‘ ‘ ‘ 1076 ‘ ‘
0 10 20 30 40 50 -6 -5 -4 -3 -2
Drain current [uA] Gate voltage (V)

‘ Nit=[c°x KT 1n(10)}(502‘5m)

No change in the

transconductance g, 300 krad > N,=2:-10'" cm2

912krad > N=7-10" cm? | itarature:

After 1Mrad 200 nm (SiO,):
N;= 10" cm=2



Results for MOS-

CV-Poly2(HF) CV-Poly2(LF)

—e— Okrad
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For MOS-C s L

B. B. Abhaengigkeit

#DIO318A A
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DEPFET® n=1.8%0.1 thickness dependence d =1
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Radiation hardness by Nitride-layer - - .-
For MOS-C :;‘-‘jc{f.?_. mﬁﬁam

Nitride/Oxide

40

20
Nitride/Oxide

0 Nitride thickness (nm) 10




Damage mechanism (MNOS) I ;e
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Energy band diagram of MNOS structure

Vg>0 Vg<0
Me Nitride Oxide S Me Nitride Oxide Si
Jn To
g ﬂQﬁQr

Vo | ) > e

Mobility of electron is faster than hole in SiO,, and reversely in Nitride

Discontinuity of current density J,-J in short fime lead to charge carriers accumulation & trapping in N/O strained interface
field dependence of current density & thickness of the dielectrics plays an important role!
charge in Si/SiO interface donot affect the field distribution in dielectrics!
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Nitride

Sio,

NI

Recombination



Anneal

ng for surface damage

Oxide char ge decrease with time:

(Tunnel annealing @ RT)

2.00E+012 -
Annealing-Al
1.90E+012 4
1 —m— measurement data
1.80E+012 linear fit of data

N’\
£ 1.70E+012
o yscale(Y) = A + B * xscale(X)
< 1 where scale() is the current axis scale function.
o

1.60E+012 - Parameter Value Error

A 3.05658E12  5.47588E10

B -2.84185E11  1.08554E10
1.50E+012
R SO N P
-0.99637 1.75366E10 7 <0.0001
1 .40E+0 1 2 L] L] L] L] L] I L] L] L] L] L] L] L] L] I L] L] L] 1
10000 100000

Time (s)

MPI
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Conclusion

Radiation experiment

Study of saturation effect for surface damage
(equilibrium between generation and recombination)

Wwow W W W W

Study of bias dependence("+","0","-")

Study of different semiconductor devices, which are
with different oxide thickness - to see the kind of
relation between Vg, and oxide thickness (d,," )

Radiation hardness r=n_ /(s,xt)<5% (~1Mrad)

Reduced oxide thickness improves radiation hardness

Additional Nitride layer serve as a good protection
against ionizing radiation (electron trapping!)

Surface damage can be reduced through annealing
process with time
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Results for gated diode w»
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Shifts of generated current: I ncrease of maximal current:

-2.90E-08 —e—vor Bestr.
—=—nach 189 krad Bestr.
poly nach 360krad Bestr.
~ polynach 963krad Bestr.

-3.40E-08
-15 -13 11 -9 -7 -5 -3 -1 1 3 5
V poly (V)

I ncrease of surface generation velocity & decrease of lifetime dueto radiation:
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Mathematics Expression

Chip thickness (nm) Elecfricagy Pre-Rad | post-Rad | Post-Rad | Post-Rad | Post-Rad | Post-Rad
Equivalent | Oxide/Nitride equ?\‘/z?es:: ixide Vea(V) Ves(V) Ves(V) Ves(V) Ves(V) Ves(V)
Oxide thickness thickness ~IMrad | ~1Mrad ~1Mrad ~1Mrad ~1Mrad
thickness (V) Vg=-10V | Vg=-5V Vg=0Vv Vg=+5V Vg=+10V
86 86 76% 2 -0,6 6 5,3 41 18,6 19
91 86/10 85+ 2 -14 4,4 3,3 2,3 16,4 227
100 100 95+ 2 -0,7 71 6 55 16,6 29,4
105 100/10 103*1.5 -14 5 34 2,6 21,3 315

MPI

Halbleiterlabor
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Mathematics Expression IT D
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onx th ox

dD = dD = I:h fT = {7h,ox (on )dox }{O-h,ox (on )(Tox - Qh,ox )}= ﬂh,ox (h—ox - Qh,ox )

dQ ni dQ h, ni dQ e,ni

dD = dD - dD = ﬁh,ni (T_ Qh,ni )_ ﬂe,ox (Qe.ni - Qe.ni )

Qe,ni (1 o exp(— ﬁe,ox D))

‘AVFB{ ) [ (FQu +Qu +Quil+QLe Qe - Qe

d deq - d —+ d Vg = ondeq,ox Ceq,ox = dgox A ﬂh,ox (on ) = 7h,ox (on )O-h,ox (on )
8ox ni 8n|

Qox Qh oX 1 CXp( ﬂh OX )) Qni = Qh,ni (1 o exp(— ﬂh,ni D))_

771+
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Mathematics Expression ITI MPI
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D : dose Assumption (positive gate bias)

eqox  €QUIiValent  oxide  thickness Recombination at interface (Si/SiO or N/O) should be neglected
d,, :oxide thickness Electron or hole trapps are distributed approximately homogen at
d_ :nitride thickness interface

V, :gate voltage There are no trapped charge at interface (pre-Rad)

Eiox . PEYMittivity of nitride/ oxide
A:gate area

Coox - EQuivalent  oxide capaci tance

Qi o :trapped charge in nitride/oxide

E. . :€lectric field in oxide/nitride

F.,.: fluence per unit dose for radiation—generated hole or electron

f; : fraction of trapped charge for radiation—generated hole or electron

AV : flat band voltage shift

Yhoxeounn - fi€ld —dependent charge generation coefficient for hole or electron in oxide/nitride

Ohox/eni/hn - CAPtUre cross section of hole/electron in oxide/nitride

N :trapp density of hole/electron in oxide/nitride

h,ox/e,ox/h,ni

(approximately homogen distributed in interface S/90 or O/N)
ﬁh,ox/e,ox/h,ni : fleld _dependent faCtOT
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vV, (V)

Annealing for MOS-C (PXD4)

Annealing for Al-Structure under OV

m  measured points
— fitting curve

Data: Data1_B

Model: ExpGro1

Equation: y = A1*exp(x/t1) + yO
Weighting:

y No weighting

Chi"2/DoF =1.04481
R = 0.96629

yo 24.65756 +0.61048
A1l 13.3868 0.89247
t1 -126727.17537 +24099.02704

Tau= 35h

0

200000

T
400000 600000 800000 1000000 1200000
Annealing time (s)

Annealing for Al-structure under -5V

28 = measured data
e Data: Data1_B
flttlng data Model: ExpGro1
1 Equation: y = A1*exp(x/t1) + yO
Weighting:
26 y No weighting
1 Chi*2/DoF =0.1429
24 R"2 = 0.99288
yo 19.26974 +0.21813
1 A1 11.5246 +0.34892
t1 -203869.42496 +16821.92098
22
1 Tau= 2.4day
20 [ ]
] L ]
18 T T T T T T T T T |
0 200000 400000 600000 800000 1000000

Annealing time (s)

Vo V)

6.7

5.6

54

52

5.0

4.8

+
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Annealing for poly-structure under OV

=  measured data
7 Data: Data1_B

flttmg data Model: ExpGro1

Equation: y = A1*exp(x/t1) + y0

Weighting:

y No weighting

Chi*2/DoF =0.00099
R"2 = 097965

yo 6.05497 +0.03188
A1 0.56032 +0.03233
t -281569.98508 +43754.94842

Tau= 3.3day

o

T T T T T
400000 600000 800000 1000000 1200000

Annealing time (s)

T
200000

Annealing for Poly-structure under -5V

=  measured data
i Data: Data1_B
fitting data Model: ExpGro1
Equation: y = A1*exp(x/t1) + y0
Weighting:
y No weighting

Chi*2/DoF =0.00128
R2 = 0.98809

yo 4.80353 +0.02847
A1 0.84045 +0.033
t -276420.46773 £33847.03536

Tau= 3.2day

T T T 1
400000 600000 800000 1000000

Annealing time (s)

T
200000
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Dose rate effect P
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Radiation Damage

Two types of radiation damage in MOS-Structure:

Surface damage due to Ionizing Energy Loss (IEL)
accumulation of charge in the oxide (SiO,) and Si/SiO,
inferface

Oxide charge - shifts of flat band voltage, (depleted >
enhancement)

Interface traps - leakage current, degradation of
transconduction,...

Bulk damage due to Non Ionizing Energy Loss (NIEL)

displacement damage, built up of crystal defects
Increase of leakage current - increase of shot noise,...

Change of effective doping concentration = higher depletion
voltage,...

Increase of charge carrier trapping - signal loss!

S/N Ratio deteriorated!
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For surface damage: 20084012
Annealing-Al
1.90E+012
—m=—measurement data
1.80E+012 linear fit of data
Oxidechargedecrease with time: T 0,01 . )
vx J {vshC:rI: sYcalze/a :s?h;fzsl.lcr?;tixis scale function.
(Tunnel annealing @ RT) C NV [ —
{8 eassen et
1.50E+012
R SD N P
1 40E+012 -I0.9963I7 . I1.75366E10 I 7 <0.0I001 ——
10000 100000
For bulk damage: Time ©)
L eakage current decrease with time: “Beneficial annealing” & “Rever se annealing”
- ~6
=) 80 min 60°C 15 —
o C?E
2 14 o
= —
2 e ]
Py =
e 12 ot i
S e oxygen enriched silicon [0] =210'7 cm™ < g Pq |
— parameterisation for standard silicon 1 Y
[M.Moll, PhD thesis 1999, Uni Harburg]

[M.Moll PhD Thesis]
| | TR

“lo 100 1000 10000
annealing time at 60°C [minutes]

10100 1000 10000
annealing time at 60°C [min]



