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Bulk damage in p-type silicon sensor
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I: Lattice Silicon atom (Sis) was knocked out by incident particle and Sis got recoil 

energy and turns to interstitial silicon (Si
i
)

II: Si
i
 diffusion in the bulk and impact on Lattice Boron atom (B

s
)

III: B
s
 was knocked out Si

i
 and turns to interstitial Boron (B

I
) and finally captured by 

interstitial Oxygen (O
i
)

Schematic of radiation damage in p-type silicon sensor
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Previous work (presented on RD50 workshop):

● 23 GeV Protons (4.3 × 1013 n
eq

/cm2, N
eff

 = 1012~1015 cm-3 – Doping dependent):

Comparing the decreases of N
eff

 with defect formation;

Current related damage parameter a (Hamburg model, cluster related defect);
Annealing behavior

● 6 MeV electrons (1013~1014 n
eq

/cm2 – Fluence dependent, N
eff

 = 1015 cm-3):

N
eff

, a and annealing behavior comparing with proton irradiation;

Comparing the Cz ([C] ≈ 2 × 1015 cm-3) and EPI ([C] ≈ 3 × 1016 cm-3) diodes
● 60Co – g ?T

yp
e 

of
 R
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ia
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+0.11) [4]

The observed results from both literature and our works(depend on initial doping, 
type of radiation and fluence):

‘‘The radiation damage induced defect in p-type silicon, B
i
O

i
 is investigated’’
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Sample information

Aims:
● Investigate B

i
O

i
 defect

● Other induced defects

Initial doping, bulk (cm-3) ~3.5  10× 10 12

60Co-g irradiation (kGy) 100(94±0.96) 200(189±3.9) 1000(924 27± ) 2000(1860 56± )

Area (cm2) 0.25

Thickness (mm) 150

Details of samples investigated (high resistivity ~3 kWcm p-type FZ material from Hamamatsu)

P+ implantation (~1011cm-3)
n+ implantation 

Metal
SiO

2

Guard ring

p-spray

p-stop
Pad
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     I-V measurements
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I-V measurements
Current density given by I-V and C-V (100 

kHz for p-stop diodes)
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Thermally Stimulated Current (TSC) measurement

● Forward bias filling, filling current I
fill
 = 0.8 mA, filling temperature at T

fill
 = 10 K for 30 s, heating rate b = 0.183 K/s and V

heat up
 = -200 V
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[B
i
O

i
] and N

eff
 (comparison to previous work)
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● Development of B
i
O

i
 concentration and N

eff
 with dose value (a), annealing temperature (b) and NIEL fluence transferred by 6 MeV electron (c)

● The decrease of N
eff

 given by CV measurement
● DNeff ≈ 2×D[B

i
O

i
] (for all figure presented in this slide)
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(b) 23 GeV proton, EPI, 50 Wcm, Feq = 4.3E13 cm-3 [7]

(c) 6 MeV electron, EPI and Cz, 10 Wcm [8]
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TSC (annealing behavior) 
(p-stop, 2000 kGy, Isochronal annealing)
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● I
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Unexpected results (2000 kGy)
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? Some unexpected results happened on I-V and C-V measurements. The stander 
results should similar as presented on slide 4 and 11
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Surface current

Surface damage due to Ionizing Energy Loss (IEL):
Oxide trapped charge – SiO

2
 captured the ionizing electrons or hole

Fixed oxide charge – E’ center
Interface traps in the region near to SiO

2

n+

p+

p

Aluminum
p type bulk (Boron doping, 1013~1015 cm-3)
p+ (Boron doping B

s
-, ~ 5 � 1019 cm-3)

n+ (Phosphorus doping P
s
+, ~ 1 � 1021 cm-3)

SiO
2

p+ (Boron implantation, P-stop or P-spray ~ 1011 cm-3)

n+ (Phosphorus implantation, guard ring)

- ---

g-ray

+++ ++++

Deposited positive charges on the SiO
2

Induced the free electron on the interface

As the accumulation of positive charges on the SiO
2
, The 

resistivity between guard-ring and pad are changed.
● Frequency dependent C-V
● Current goes to guard-ring
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Surface current

Electrometer 
Keithly 6517A

Reverse bias on the back
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σ=dI /dVThe definition of conductance(σ):

In semiconductor, σ was determined by: σ=q0(me n+mh p)

Where the n and p are the free charge carriers concentration
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Measurement results
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● Conductance increasing with Dose values
● Frequency depends on the conductance
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Annealing behaviors
(p-stop, 100 kGy, 15 min for each T

ann
)
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Conclusion

I. Results for FZ p-type diodes irradiated by 60Co g with dose value (100 kGy, 200 kGy, 1000 kGy and 2000 kGy):

● Introduction rate of defect increases with dose
● DNeff ≈ 2×D[B

i
O

i
]

● B
i
O

i
 was annealing out from 150 to 200oC. Meanwhile V

2
O was formed.

II. Surface current: 

a). Macroscopic measurement (I-V, C-V): 
● j

d
 linear increasing with dose value

● Frequency-dependent of C-V didn’t appear on p-spray diodes

b). Microscopic measurement (TSC): 

● Surface current increasing with Dose value
● For 1000 kGy g-ray irradiated diode, surface current can be annealing out when T

ann
 > 160oC
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