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Status of the work

-n-Si CZ

--p-Si FZ (Wacker)

n-Si FZ (Wacker)

IoffeIoffeHIPHIPBNLBNL

Current study:  
Ú detectors processed at three institutions
Ú Irradiated  by 1 MeV neutrons, Fn = 1⋅1010- 5⋅1015 cm-2

Types of Si
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Resistivity, kΩ·cm
n-Si FZ: 4-6
p-Si FZ: 2-6
n-Si CZ: 1



Experimental

Detectors irradiated by 1 MeV neutrons, Fn = 1⋅1011-5⋅1015 cm-2

Fn (cm-2) p-Si Wacker
F1 BNL-n-81 HIP-n-24 PTI-n1-A12 PTI-n2-C11* HIP-CZ-40 PTI-CZ-A13 BNL-p-83

1.0E+11 BNL-n-82* HIP-n-43 PTI-n1-B13 PTI-n2-D11 HIP-CZ-51 PTI-CZ-A14 BNL-p-118

F2 BNL-n-111 HIP-n-56 PTI-n1-A11 PTI-n2-A12 HIP-CZ-14 PTI-CZ-C12 BNL-p-78
5.0E+13 BNL-n-131 HIP-n-57 PTI-n1-B11 PTI-n2-B12 HIP-CZ-34 PTI-CZ-D12 BNL-p-95

F3 BNL-n-85 HIP-n-7 PTI-n1-B10 PTI-n2-B13 HIP-CZ-23 PTI-CZ-C11 BNL-p-79
5.0E+14 BNL-n-98 HIP-n-33 PTI-n1-C10 PTI-n2-C13 HIP-CZ-66 PTI-CZ-D11 BNL-p-94

F4 BNL-n-112 HIP-n-13 PTI-n1-A13 PTI-n2-C12 HIP-CZ-7 PTI-CZ-A12 BNL-p-92
1.0E+15 BNL-n-123 HIP-n-23 PTI-n1-A14 PTI-n2-D12 HIP-CZ-45 PTI-CZ-B12 BNL-p-96

F5 BNL-n-84 HIP-n-14 PTI-n1-A10 PTI-n2-A13 HIP-CZ-56 PTI-CZ-A11 BNL-p-97
3.0E+15 BNL-n-122 HIP-n-55 PTI-n1-C11 PTI-n2-A14 HIP-CZ-75 PTI-CZ-B11 BNL-p-106

F6 BNL-n-99 HIP-n-32 PTI-n1-B12 PTI-n2-A11 HIP-CZ-13 PTI-CZ-B13 BNL-p-82
5.0E+15 BNL-n-132 HIP-n-76 PTI-n1-C12 PTI-n2-B11 HIP-CZ-77 PTI-CZ-C13 BNL-p-107

n-Si Wacker n-Si CZ
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Experimental

Characterization:

Ú I-V measurements

Ú C-DLTS

Ú TCT using laser pulse generation of free carriers
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I-V characteristics    n-Si FZ Fn = 1⋅1011-5⋅1015 cm-2

Ú Saturation for F ≤5 ⋅1013 cm-2

Ú Current “bump” specific for SCSI 
for PTI at 5 ⋅1013 cm-2

Ú Difference can be obviously
seen in current density
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I-V characteristics    n-Si CZ

Results on current are similar (except 1 ⋅1011 cm-2)
F = 5 ⋅1013 cm-2 – saturation at lower V for HIP
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I-V characteristics: comparison between  n-type and p-type FZ Si
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At very high fluence the difference 
becomes negligible!

Current density vs. bias voltage
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Defects in FZ Si induced by processing and radiation

C-DLTS spectra BNLn-81: only RD

HIPn-24: TID (E) + RD

PTIn1-B13: TID+RD

no injection with injection
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1⋅1011 n/cm2



Comparison of defects in FZ and CZ

FZ, PTIn1-B13

CZ, PTICz-A14
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Table of defects

? TID – Thermally Induced Defects,
detected in HIP and PTI,
none in BNL, reproducible result

? RD3:  less in CZ than in FZ (PTI)

concentration (cm-3) 
n-Si FZ n-Si CZ 

Energy  
of level  

(eV) BNL-n-82 BNL-n-81 HIP-n-24 PTI-n1-B13 PTI-Cz-A14 

 
defect 

EC – 0.181 2.5⋅109 5.0⋅109 4.6⋅109 5.2⋅109 6.8⋅109 RD1: VO 
EC – 0.24 3.0⋅109 3.0⋅109   6.0⋅109 RD2: V2(=) 
EC – 0.27   5.4⋅1010 4.0⋅1011 4.0⋅1011 TID: E1 
EC – 0.42 7.5⋅109 8.0⋅109 6.0⋅109 2.0⋅1010 1.0⋅1010 RD3: V2(–)+VP 
EC – 0.555   3.1⋅1010 4.6⋅1011 3.3⋅1011 TID: E2 
EV + 0.36 9.0⋅109 8.0⋅109 1.0⋅1010 3.6⋅1010 7.6⋅109 RD4: CiOi 
 

Fn = 1⋅1011 cm-2
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Current pulse response, FZ n-Si, Fn = 5⋅1013 cm-2
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Technotest
 FZ Si BNL-n-131
Fn = 5e13 cm-2              
T = 296K
   n+ side   
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Ú Slope of pulse top different

Ú No SCSI in BNL
Ú SCSI in HIP and PTI,

Vfd different (lower for PTI)

77-186 V

40-84 V

116-205 V
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n+ side



Current pulse response, CZ n-Si, Fn = 5⋅1013 cm-2

E. Verbitskaya et al., 5 RD50 Workshop, Florence, Oct 13-16, 2004

Ú No SCSI in HIP and PTI

Ú SCSI fluence is higher for PTI (+Neff is larger)



Current pulse response, FZ n-Si, Fn = 5⋅1014 cm-2
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V = 48-488 V
V = 267-410 V

V = 290-364 V

Difference in DP pulse shapeDifference in DP pulse shape:

HIP: 1st peak dominates 
at all V 

PTI: 2nd peak increases with V
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All detectors are beyond SCSI



Current pulse response, CZ n-Si, Fn = 5⋅1014 cm-2
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Difference in DP pulse shapeDifference in DP pulse shape:

Ú CZ Si:
HIP: 1st peak dominates 

at all V 
PTI: 2nd peak increases with V

and becomes dominating
Vfd is lower in PTI 

Ú Comparison with FZ Si: 
Increase of the 2nd peak with V 
is larger in CZ Si

Detectors are beyond SCSI



Simulation of detector response and reconstruction of E(x)
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CZ n-Si, Fn = 5⋅1014 cm-2, V ≈ 350 VApproach: E. Verbitskaya et al, 5 RESMDD

 
exp

-1.0

0.0

1.0

2.0

3.0

4.0

5.0

6.0

7.0

-5 0 5 10 15 20 25

Time, ns

C
u

rr
en

t, 
m

kA

fit

W1 – major depleted region
W2 – minor depleted region
Wb – base region 

with electric field

exp

-1.0

0.0

1.0

2.0

3.0

4.0

5.0

-5 0 5 10 15 20 25

Time, ns

C
u

rr
en

t,
 m

kA

fit

PTI-CZ-C11

HIP-CZ-66

E. Verbitskaya et al., 5 RD50 Workshop, Florence, Oct 13-16, 2004

E(x) beyond SCSI



Reconstruction of E(x) from detector response
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Shape of response and E(x) depend on Si type, 
and for the same type of Si –
on detector processing          ⇒

Balance of DDs and DAs induced by radiation
is sensitive to the type of Si and detector
processing
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HIP-CZ-66 PTI-CZ-C11
tau_e (ns) 4 5
Neff1 (cm-3) 1.41E+11 1.09E+12
Neff2 (cm-3) 9.46E+12 9.51E+12
E_b  (V/ c m ) 500 1500

similardifferent

p+



CCE versus shaping time for p-on-n detectors
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CCE versus shaping time
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since E in minor depleted region W1
and Wb is low,
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2nd peak increases with V since more 
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Estimation corresponds to design of ATLAS strip detectors



Ú Evaluation of detectors irradiated at Fn ≥ 1015 cm-2

Ú Evaluation of detectors processed from p-type Si

Ú Evaluation of proton irradiated detectors

Ú Study of segmented (strip) detectors 

Strip detectors are already processed in PTI and irradiated
by protons

Future study
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Conclusions

1. As-processed detectors:
Ú difference in spectra of thermally induced defects is observed

2. Irradiated detectors:
Ú FZ Si detectors: SCSI fluence is higher for BNL detectors (as compared to HIP 
and PTI)
Ú CZ Si detectors: SCSI fluence is higher for PTI detectors (as compared to HIP) 

3. Double Peak shape response is observed for all detectors irradiated 
beyond SCSI

4. Treatment of DP response shows:
Ú the same E(x) distribution in depleted region extending from n+ contact

Ú higher E in depleted region extending from p+ contact in PTI detectors

5. Balance of DDs and DAs induced by radiation
is sensitive to the type of Si and detector processing
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