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Introduction

 What means surface damage?
Damage effects induced in silicon-oxide layers grown on
silicon wafers and at the SiO,-Si interface by ionizing
radiation (charged particles, X-rays)

- Where one has to take into account?
- Silicon tracker in HEP Collider-Experiments (LHC,
S-LHC, ILC,...), damage effects in sensors and electronics
- Silicon Detector-Arrays in X-ray Free Electron Laser
(XFEL) experiments — sensors and electronics
- Space experiments

 Typical dose values in different areas
S-LHC: ~ 4.2 MGy at r = 4 cm for an integrated luminosity of
2500 fb1

XFEL: up to 1 GGy in about 3 years of continuous operation
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Typical Devices under Study

MOS test-field Strip Sensor CMS Pixel sensor

bias grid

AGIPD readout chip in 130 nm IBM CMOS
N-channel MOSFET
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Properties of thermally grown SiO,

Property

Density

Dielectric constant
Refractive index

Dielectric strength

Energy gap

Linear expansion coeff.

Specific heat
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Value

2.27 glcm?®

3.4 (dry), 3.9 (H,0 ambient)
1.46

5-10x10% V/cm

3.8 eV

5 %107 cm/K

10-3 J/(kgK)
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Defects/Impurities in SiO,

Mobile lonic Charge Q,,
affected early stage MOS
structures, not an issue today

\

Metal

Mobile ionic charge ((0,,)
\ "-"_'_ —

Oxide Trapped Charge Q,;
defects in the SiO, network, but
difficult to communicate with
free carriers

Fixed Oxide Charge Qq
due to the hole trapping, ~ nm from
interface, highly disordered region
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, ©
Oxide trapped charge (€,} " Fixed oxide charge (O)
I';___‘ + + + - + : 4
.I_

510,

Interface trap Q;
due to dangling Si-O bonds with
energy states in the forbidden band
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S10,-SI Interface

Structural imperfections between Si bulk and SiO, layer = interface states D,

Pro Poi
x j Ille II; ; : : »
L? E: i“:' :I ; |I

Silicon (100} Silicon (111}
Example for structural model of (100) and (111) Si A: Acceptors, D: Donors
interface
P, center on (111) Si surface (detected by ESR): D, represent a
interface trivalent Si atom with dangling bond aimed into a continuum of states in
vacancy in the oxide the band gap and is

P,, and P,, on (100) Si surface: given in units (eVcm?2)

chemically identical to Pb center but different configurations

D.K. Schroder, Semiconductor Material and Device Characterization, Jon Wiley & Sons, Inc., 2006
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Classification of Interface Traps

Capture/emission of charge carriers - Schockley-Read-Hall statistics

\\
acceptors---———------- Er shallow electrons
"""""" + deep
donors - holes
--------------------- Er shallow
N
Ev

acceptors negatively charged
if below Eg, otherwise neutral

donors positively charged if
above E, otherwise neutral

E. Fretwurst, Uni-Hamburg

Shallow traps - “fast” traps, responsible
for frequency dependence of MOS C-V

Deep traps = generation/recombination
centers, responsible for surface current
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Summary Oxide - Interface Charges

Mobile oxide charge Q,, : positive ions e.g. Na* (negligible)
Trapped oxide charge Q,: defects in SiO, network (+ or -)

Fixed oxide charge Q;: traps near to the interface (trapped
holes, Qs positive)

Interface-trapped charge Q;: interface states with acceptor-
or donor-character, occupation
with electrons/holes depends on
Fermi-level E¢ at the interface
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Experimental Techniques

10

= MOS capacitor
Capacitance-Voltage characteristics (C-V) at different frequencies
- information: flat band voltage Vg, Q; (N;), Q; (N,)
Thermally Dielectric Relaxation Current (TDRC) for different bias voltage
-~ information: D(E;) distribution in the band gap

Other technigques not presented here:
Conductance method G(w), quasi-static C-V, Deep Level Transient
Spectroscopy (DLTS), Electron Spin Resonance (ESR or EPR)

= Gate controlled — Diode

Current-Gate Voltage characteristics for different junction bias voltage
—> information: surface recombination velocity S, or D, at mid gap
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MOS Capacitor (ideal)

n-type silicon
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S— Chos —
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MOS Capacitor (real)
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Gate Controlled Diode

Surface current density J, due to deep interface states N,

- —_;— Accumulation ¢ Vi \%
—Jdiode =-12V e Vgate

n bulk

IH&-

-2.0E-11

-2.5E-11 r . accumulation

-
— e - - -

i depletion
1= | I o I

Is [A]

’ | 8% holes
o . L]
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Qo - Iy
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14 12 40 B B 4 2 0 Surface recombination velocity: S, =

-16
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13 E. Fretwurst, Uni-Hamburg 4th Detector Workshop of the Helmholtz Alliance, March 15-th 2011



Thermally Dielectric Relaxation Current TDRC

TDRC [pA]

14
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Cooling down: /

Vg120V L i Jr_

Electron accumulation  Vg;

Interface traps filled
with electrons /

At T = 30 K:
Vg, <0V, depletion

Heating up with
constant rate >
trapped electrons will
be emitted, depending
on DyE)and T =

lrore(T)
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Radiation Damage

Basic effects induced by ionizing radiation (X-rays, charged particles)

(1) e-h pair creation

(2) hole transport

- most e-h pairs recombine

- electrons escape

- holes are much slower and

get finally trapped

(3) hole trapping near SiO,-Si +
interface Q; ++;.
Si0, 3
(4) Build up of interface states Vs Vot +
Nig - NEAR Si/SiO,
W% INTERFACE
Sio,

U = 20 cm?/(Vs)

Uy, = 5x10°° cm?/(Vs)

E. Fretwurst, Uni-Hamburg

=

depends on E-field in SiO,

(4) RADIATION-INDUCED
INTERFACE TRAPS
WITHIN Si BANDGAP

¥

(2)HOPPING TRANSPORT
OF HOLES THROUGH

LOCALIZED STATES
Si0, BULK

GATE
A*‘ -

(1) ELECTRON/HOLE PAIRS
GENERATED BY IONIZING
RADIATION

T.R. Oldham, lonizing Radiation Effects in MOS Oxides, World Scientific, 1999
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Unrecombined holes

Buildup of N
AN

f,ox

f,ox =D Kg 1:y 1:t,h tox

D = total dose

Ky = e-h pair density per dose unit
fy = fractional e-h yield

ft,h = hole trapping efficiency

t,x = oxide thickness

Buildup of AVg
AV oc t,, AN

2
f,ox oc t (0)¢

16 E. Fretwurst, Uni-Hamburg

FRACTION OF UNRECOMBINED HOLES
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H.J. Barnaby, IEEE TNS 53, NO.6, 3103, 2006
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X-ray irradiation at DESY DORIS Il

17

| NormalisedEnergySpectrum |
= 0.01

ity |=!arl:;,u ni

.008

L [I]

0.006

Photon intensi

0.004

0.002

| |
20 40 60 B0 100
Energy (keV)

Energy spectrum of photons:
*Typical energy: 12 keV
*Flux density: 1.08 X101 /(s -mm?)

Beam profile:
Beam spot: 4 mm X 6 mm

Dose rate:

« Beam centre: 200 kGy/s
« 2D scan: 500 kGy/scan
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X-ray energy spectrum

2D Beam Profile | |

Beam profile at beamline F4
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Flat Band Voltage Shift

<10° | Capacitance Measurement
—
- w - +  Before irradiation
—
- TeSt fl el d 8 - *  After irradiation
c 015
© B
b=
U |
©
s B
] B
o 0.1—
i |
0.05— - 1
i I AVeg |
| I
e e e e : J’: 1
o ‘ L 1 1 II | 1 L L L | 1 1 1 1 ‘I L L 1 1 | 1 1 L L
-25 20 -15 -10 -5 0

Gate voltage (V)

Flat band voltage shift:

= Buildup of fixed oxide charge Q, and interface

Q Q.O'O”Or Qcceptor charge Q, with dose
AV = =f it it
B C C C =Q, > 0, trapped holes, shift to more negative V4
0X 0X 0X

=Q, > 0, if interface states donors > larger Vg shift
=Q, < 0, if interface states acceptors - less Vg, shift

= C-V stretch out caused by Q;, (depends on D,-
distribution in the band gap and the surface potential
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AV Dose Dependence

(%]
o

capacitance [F]
S

—h
o

— L I

’<W|12 | QIV .:at 1|0k||-|z | a 80- ]
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- ] E 601 o B
r N o i o aid .
L o | it 40__ . ! POl
C . ] [1+] i e results for 9 gated diodes
L f ] ~ L H e  dose rate < 3%
ot 2 2 20? o ! 3% < dose rate < 10% |
L . | . L i J__ >| | 8 s dose rate 100%

-8 -40 -20

s 0 ol vl vl vl vl ol ]
voltage on 2nd/3rd gate [V] 10 102 10° 10° 10° 10°

dose [kGy]
Flat band voltage shift with accumulated dose of 12 keV X-rays
« Strong increase up to about 1 MGy
« Maximal value between 1-10 MGy

» Decrease by about a factor of 2 at 1 GGy

How to disentangle fixed oxide charge and interface charge from
measured MOS C-V
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C-V Frequency Dependence

Capacitance (F)

20

MOS (100 KGy)
1 B0E-010

Equivalent circuit for depletion (simplified)

1.50E-010 -
o

1.20E-010 4

9.00E-011 o

] o —
§.00E-011 (= J1kdz || ? 7‘/é Ro
AV (CO) * 3JkHz
G 4 10KHz |
3.00E-011 ¥ 30kHz ||
« 100 kHz
T MHz | /
Vv Rs
0.00E +000 . : : : : : : : . G
25 -20 -5 -0 -5 0 (L
Vaoltage (V)

depend on Dy(E,,y,) and frequency o, y, = surface potential

C,; xR;; represent a time constant of the continuum of the interface traps
—> capture and emission of majority carriers of trap levels

Bulk series resistance R, has to be included (high ohmic material) - responsible for
lowering C,,os in @accumulation at high frequencies

Depletion capacitance C, and parallel conductance 1/Ry independent on o if bulk
traps can be neglected
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C-V Hysteresis

| CD23-50, 1 MGy |

11 10 kHz
3.5x10™" 1
] )
3.0x10"] H3rd=6.5V ¥ a o
_ L7 SiO, .
50" K H2nd=2.5V 2 ! Border traps
M OX N
= - H1st=5 V | £
Q 2.0x10™" 1 | c
c _ VA e
'S 1.5x10™" | :\\\ ]
| S
Q 1 0.2s waiting time ' o E
O 1.0x10™ 4 / / —m— st ' @ k
1 . —o—2nd !
7~ | .4—
5.0x10™" -paresemamanaetestaet: 60 s waiting time i o % Ey
J —A— 3rd 1 h I
1 oles
0.0 — T ' 1 T T T 1T T T T T T T T T T T 7
60 -55 -50 -45 -40 -35 -30 -25 -20 -15 -10
Vs (V)

Biasing into deep inversion

- high concentration of holes at the interface

—> injection of holes into border traps

- increase of positive oxide charge (depends on injection time)
—> increase of flat band voltage shift

21 E. Fretwurst, Uni-Hamburg 4th Detector Workshop of the Helmholtz Alliance, March 15-th 2011



Interface Current — Dose Dependence

22

. o

current [A]

. O0KGy(V, =4V)
Lo+ 2KGY (V,,,=20V)
. 4KGy(V, =20V)

S v
8 kGy (Vbias= 20V|) .

Lo N B
-60 -40 -20

voltage 1st gate [V’

Recombination velocity S, o I /A

10:1::'9.:n| T IT| I'I'I'| I'I'I'| LLLLL| IT|__
N : ; i
5 .. .
: ‘- doss rade < T
: * :ﬂ:;mmnbnm‘li ]
| . dizzss rae 1009
10 102 10° 10* 10° 10°
dose [kGy]
gate oc Dit,mid gap

Near mid-gap interface states responsible for surface (interface) current

Strong increase up to 1 MGy
Maximum between 1-10 MGy

Extraordinary decrease for higher dose values, only ~ 20-30 % of max. value

E. Fretwurst, Uni-Hamburg
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Interface States D, (E,) from TDRC

TDRC (pA)

Border traps

16
14 1| —m— 10min@80c 2.0x10"?{ —=— unirradiated
] shallow - 10min |
124 —— deep-10min —~—100 MGy
|| — fast-10min < 1.5x10"- —+—1GCy
104 | ——summ >
] N
8 \
| S 12 ]
5] S 1.0x10
4_- (]
1 5.0x10"" 1
5] X
04
] 004 §
_2 T T T T T T . 1 T T T T T T T T
] ] 100 150 200 250 300 0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7
T [K] E_-E(eV)

TDR-current density J;pg = 0o-Di(Ep)-B-f(T)
B=heating rate, f(T) function of capture cross section ¢, thermal velocity v, and density
of states in the conduction band N

Transformation T - energy E.-E, depends also on o

D, decreases between 1 MGy and 1 GGy
as expected from | .. and AVeg
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Summary for N,, and N,

Extraction of N, and N,:

- D;; (N;) from TDRC

- N, from V5 of C-V at high frequency
(first guess)

- Fit frequency shift of C-V with D, and
adjust N,

- Compare surface current I with N

it, deep

—

o
£ 2 50E+012 4

Results:

- N, saturates (2.8x10'? cm2),
all oxide traps filled with holes
- Ni 101 maximal at 10 MGy

- Nit geep maximal at ~10 MGy
( 5x10" cm2), decrease D>10 MGy
- Nit shalow Maximal at = 10 MGy
(1.6%x10"2 cm2), decrease D>10MGy

(2.3x10'2 cm2), decrease D>10 MGy

Surface charge density (C

24 E. Fretwurst, Uni-Hamburg
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- !!I’Ip Sensors

e 80 um S
A A
250 Si0,75Ns
nm

p © on n Si strip sensor:

» <100> n-substrate

* High resistivity: 2 - 5 kQ-cm

* Thickness: 285 + 10 um

» Active area: 0.62 cm?

* “Oxide™: 300 nm S10,+50 nm Si;Ny
* Strip length: 7.8 mm

* Strip pitch: 80 pm

* Strip number: 98

X-ray irradiation environments:

* @DESY DORIS III beamline F4

*» Typical energy 1s 12 keV

* Dose rate in S10,: 200 kGy/s

* Doses: 1 MGy

* Irradiated sensors:
sensor 1: irradiated without bias
sensor 2: irradiated with 35 V bias

(enough to depleted surface)
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Strip Sensor

Characterization of p+ on n strip sensor up to 100 MGy:

| Total Leakage Current |

&

— 05310
S— B + Before irradiation
c r| ¢+ Dose=1MGy
g 04f| - Dose=10 MGy
3} L DosonT00 MOV “::;;:II-':::F 9 u Alcm?
0.3 ..-»"i.. (gated diode)
- L :'; o
0.2 :_ ...’.._..o::::.. ’:::.o
0.1 } - :::: ;.-‘;.:«”w.,.o.n o
— : = o 50 40 60 80 100
p+ on n strip sensor Bias voltage (V)
200010" | Measured Total Capacitance |
€T 11 .........,J
< [f=100 kHz .
= Non-saturating leakage current (I-V) Q 5ol gl BN
- surface depleted area S, : omGy 0 1
- Rt AV
. 1000 o dep
= Change of full depletion voltage Vg, i o
- electron accumulation layer at the i Aot 1810MGy
Si'Si02 interface 5007A/merge..;;;, + Before irradiation
I + Dose=1 MGy
B ‘;;i' +  Dose=10 MGy
i y + Dose=100 MGy
T2 @ e 8000

Bias voltage (V)
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Simulation

27

Synopsis-TCAD simulation

| Total Leakage Current

x10°
surface depleted area accumulated electrons < o5t Weasurement for 0 MGy
- B Measurement for 1 MGy
0 5 | + M_easur?menl for 10 MGy
£ £ oo | Smisterromey -9 u Alcm?
= 5 [ |__*__ Simulation for 10 MGy ..“,..-:i (gated diode)
E 0_3; «..’.wo:::...u o }
= 20 C ..”...0:::::’“:..:“0 - -
] o2l IMGy .= /
= - .,,:.--:.j::-ﬂ"" Simulation
o eDensity [crn*-3] B .,."'..,.-"".
£t 40 B 7.EE+11 04 e 10 MGy
:']; B.1E+11 ;:-
4.BE+11 - ) ) - ) s A
3.0E+11 0 20 40 60 80 100
50 1.5E+ 11 Bias voltage (V)
C.0E+D0
| Simulated Si-SiO, Interface Depleted Area |
— 0.4
Horizontal position (um) E  [Ny=0cm
o [Ne=2x10%cm-?
@ 0.03 e
L .--..____,...-
Simulation describes voltage dependence of current - "
- -~
. . 0.02— -F’j
- current proportional to depleted interface area - e
- Decrease of current (I-V) for doses > few MGy ol
- . ISEI-TCAD sl_imulatipn
% 20 T a0 60 80 100

E. Fretwurst, Uni-Hamburg

Bias voltage (V)
Fig 8. Simulated 5i-5i0, interface depleted area
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Influence of N, on Breakdown

Strip sensor: 200 uym pitch, 20 ym gap, 5 um Al overhang, 500 um thick
2D TCAD - simulation of E-field

N =1x10" cm=2 N,, = 2x10'2 cm™
e 5 MGy
Y Nox=2E12 cm™? —— jexiE e

<« E,,,=4.5E5 V/cm \
\

€
=,
K N, =1E11 cm™
E,...=5E4 V/cm
3.0E+05 3.0E+05
- OE+0 o | | - | | . OE+Q
24E+00 Se= T RS g0 g% 100 105 110 115 2.4E+05
BE+05 X [um] 1.8E+05
ZE+05 1.2E+05

5 . 5.0E+04
0.0E+00

5 B.0E+04 ] _
Py E-field 100 nm below the interface
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Charge losses near to SI1O,-SI Iinterface

Readout signal Laser injection Laser:
A =660 nm
: : 3 pm absorption length Translogt st 243urs |
SI0p | ) ~ 3 um focus : AMALRRRE
\ 2 1 2 ! Pulse width ~ 60 ps : — v
I I — 70V
1 1 100V
—— T Laser between strip 1,2 o
v PySi readout strip 1 o
a b — 500 v
o (a) (b) ]
(a)
+_S‘ ! | i i Lo e
- nt-al P 30 35 ] 45 I
A
Ve 0 (bi ‘Al
> 0 (bias voltags) .
Laser between strip 2,3
readout strip 1
“Ieighﬁilg filed Weighting potential
Il :—q-?-Ei—(r):—q-?-L-@'CDl(f) Ramo's theorem oy (b]
\fi \[1 2 3 38 w0 w [nf]'s

Virtual voltage applied to electrode 1 (while the other electrodes grounded)
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Collected Charge versus Position

Strip

1007

[~}
o

[=2]
(=]

T

A
= T

20—

collected charge [electrons or holes]

x1 Df’

Non-irradiated sensor

1

2

PSI02, red, frent

3

. 0D3, position scan 500
g : 3

to 0, humid, RT | zoom=1, int=50
dllE il

4

“- 100V
~-200V
“300 Vv
—400 V

— 500V

strip

strip

strip |

100

Full charge collection
independent on bias voltage
if sensor in steady state > humidity ~ 45 %

in dry condition = electron or hole losses

| |
150

200

position of injection [um]

Charge collected at strip 1 and 2 summed up

depending on V,;,. ramping up or down

30
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n - (=13 (=]
o o o (= o

collected charge [electrons or holes]

X
=)

Irradiated sensor, D = 1 MGy

Strip 1 2 3 4
%1 03 PSHM1, red, front, OD3, position scan 500 to 0, humid, RT | zoom=1, int=50
] T T T | T T T T | T T T T T 'l T
|Gy, Pa : 100 v |
:_ N : 200V 5
| 1 1] 3oov
i lf l —400V -
3% I
5l | =
| |
| | =
| |
| |
| |
| | =]
| [ |
| ¥ |
| b |
| 1 | E
| i) e
RN = T et
strip strip -. ? strip strip
_I 1 1 1 1 1 1 | 1 1 | 1 1 1 |_
0 50 100 150 200

position of injection [um]

Full charge collection only for V,,;,.>500 V
V,ias<000 V = strong electron losses
if sensor in steady state
otherwise electron losses lager

Physics origin of this effect so far unclear
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P-Channel MOS-FET

PMOS transistor, before and after 2.8kGy
Cob60-irradiation |

0 ' .....
_,I J'.
< 2 i/f - unirradiated ;g
2 - irradiated
5 -3
s/ f
21/ ;
: -6 T Vi ' ' ' ' [ Tvin
Para_meter. -80 -y0 60 -50 40 -30 -20 -10 O
W/L - 57 gate voltage / V
Vp=01V
fox = 600 nm — ﬂ . €oxo . . —
Np ~ 1%x10"? cm-3 for bulk los = Lt Vo (VG Vth)
0X
In sub-micron CMOS-technology: Threshold voltage shift (~Vg):
t, (Gate) ~ 2-3 nm Vy, = - 6.5 V before

- small V,, shift due to AV, oc t? V,, = - 62 V after 2.8 kGy 8°Co

but also degradation of channel conductivity
—> decrease of gain factor
—> increase of noise
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Summary

32

Surface damage effects:

» Increase of oxide charge Q., (N,y: Veg: Vi )
- saturation at few MGy, depends on t_,
- impact on interstrip-capacitance due to e- accumulation layer
- charge losses near surface (low E-Field between strips)
- breakdown

> Increase of interface charge Q,; (N;, D;,)
- maximal value reached between 1-10 MGy, decreases for D > 10 MGy
- impact on surface leakage current and noise
- frequency shift in MOS C-V
- gain-factor degradation in MOSFETs, etc...
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C-V Frequency Dependence

10" Capacitance Frequency Dependence (10 MGy)
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L | * 1kHz
= [ | * 3KHz M
O - 10 kHz
+~ 1500— | » 30kHz j
~ | * 100 kHz

1000

500

0 20 40 60 80 100
Bias voltage (V)

E. Fretwurst, Uni-Hamburg 4th Detector Workshop of the Helmholtz Alliance, March 15-th 2011



Inter-strip Capacitance

Results comparison for irradiations with and without bias:

40

Vertical position (pm)

&0

S

accumulated electrons Interstrip Capacitance - Series Mode
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Interstrip capacitance C;
Cin: decrease with surface depleted area Sy,
Irradiation with bias — larger leakage current and inter-pixel capacitance!
Tentative conclusion: more interface traps in the mid-gap were generated!
(oxide charges and interface traps close to conductance band need to be confirm)

Surface charges depend on electric field during irradiation!
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TDRC (pA)

C(F)

Annealing

Annealing: Relevant for long-term behaviour (+ to understanding test measurements ! ) + help to
understand physics of radiation damage
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anneal

e.g interface trap at 0.45eV quickly anneals at room temperature
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Activation energy and frequency-factor
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LC dry-=> humid->dry

| reversecurrent [A] |

-6

PSI1M1, red, front, OD3, position scans at 500, dry eq., humid, dry, RT | zoom=5, int=50
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