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« Luminosity in the CMS Phase-2 is up to 7.5 x 103* cm™2s™1.
« This causes a neutron equivalent fluence of 2.3 x 101¢cm™2 in the first layer.

» The range of fluences changes the properties of the sensors used in the inner tracker

The motivation of this talk
» Understanding the charge collection in highly irradiated silicon diodes
* Improve the determination of the free carrier lifetimes in irradiated detectors

The tool of study
» Transient Current Technique (TCT) measurements with alpha particles and red-light (660 nm) laser

The performed measurements
» TCT for irradiated and non-irradiated pad diodes to determine Charge Collection Efficiency (CCE)
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* [llumination of pad sensor with radiation with a short incident radiation
absorption length (alpha particles, laser light with a short
wavelength) I l
» The induced signal is dominated by one type of charge carrier ben06e T "= High Voltage
o p bulk
 Study trapping times of electrons and holes, separately
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Results of the trapping rate determination for electron and holes (Tl,ri) so far
e th

* Red laser TCT measurements (Kramberger et al Link): RN Ti
Th e

» Alpha TCT measurements (Beattie et al Llnk) — < —

Te

« Hamburg Penta Trap Model (HPTM) simulation: — < —

Te

There is a disagreement between different results which has to be understood

The purpose of this study:
« Systematic comparison between measurements with alpha and red laser TCT
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Sub nanosecond laser focused to 7 um

Cooling system including a chiller and a Peltier element

Americium-241 radioactive source with E, = 5.4 MeV and activity of 320 kBq *

Three dimension stage to set the position of the DUT H T

Amplifier with a bandwidth of 2 GHz and a gain of 100

Tektronix oscilloscope with 2.5 GHz bandwidth and sampling rate of 40 GS/s
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 Active thickness 150 um
« p—type (nTpp™ configuration)
e Area =~ 25 mm?

« Doping concentration = 4.5 x 1012 cm™3

« Depletion voltage 75V

Cross-section view

1 1 1 Al layer n*'rgi::lurd
* Irradiation with 23 MeV protons 0.9 um 1 mm J_

. . . _ .... . n* implant
» Irradiation to equivalent fluence ®,q = 2 x 10> cm™2 .

= 5.8 mm : : : | eV
(hardness factor of k = 2.2) [+ N O
E : E pT implant
0.7 pm
Al grid I
50 um 200 pm GND_L-
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« Atransient of the non-irradiated diode (u,(t)) at a bias voltage above
full depletion voltage is recorded

» The average of transients in the prepulse region is subtracted from the | e |
- - — After baseline correction
pulse (baseline correction) 1

» Collected chargte for the non-irradiated diode is given as
Lyuo(t
Qo=] 0()dt, R, =50Q,t; —ty = 20ns
t

u,(t) (V)

}
¥
|

0 RL 0.4
« The first three steps for the irradiated diode is repeated at several bias o PP,
voltages Vj; 45, In the range of 300-800 V, and Q4 (Vj;4s) IS calculated 0 Integration window
%% 25 30 35 40 e 5lo 55
Time (ns)
» CCE for the laser-measurement is determined as
CCEq L (Vpias) = Qa1 Whias) In this calculation, we assume that charge collection
' QoL efficiency in the active region of the non-irradiated
 CCE for the alpha-measurement is determi(ned as ) diode is 100%
Qo,a Vhias, E
CCECD,a(Vbias: Ea) = 50'0[ (12'1) .
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Measurement conditions

* [llumination type: laser light with 660 nm wavelength

« Illumination side: n*p region (holes induce most of the signal)

» Temperature: -20 °C
 Bias voltage: 50 - 300 V

Conclusion

» Charge collection of the non-irradiated diode is independent of
the bias voltage above the depletion voltage (in the range of 2%)
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0.75
-, . -l-Alpha(Eﬂ=2.8MeV)
Measurement conditions I e e e
- Alpha (E_ = 1.5 MeV) e e
 Illumination type: laser light with 660 nm wavelength and alpha particles with = = P S —
energy, E,, of 2.8 - 1.5 MeV y 08 A T
. - - . - . e 2 ,/—':;:: i i M
« Illumination side: n*p region (holes induce most of the signal) - ;,;;;;E:i*'
0.5 g
* Temperature: -20 °C syl
° Bias VOItage 300 - 800 V o 300 400 560 6(;0 7(;0 800
Bias (V)
bt -m E_=2.8MeV
Observations e rosar
1.2 ;\ .- " —
* CCEg increases with Vj,;, for both modes of illumination Jrm T g
» Atagiven V,;,s, CCEg measured with alpha particles increases with E, § N s S TR, L
O 1.05- e e BT GRRESYN
« AtE, =15 MeV, CCEg4 measured with alpha particles and laser light show LT e *‘w--*\*__*,,*\*
similar values 0.5
0.9 : : g
300 400 500 600 700 800
Bias (V)
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Simulated electric profile, non-irradiated diode

Simulation

« TCAD model

» Temperature: -20 °C

 Bias voltage: 100 - 500 V

« n* doping concentration: 101°cm™3

Observations

 There is a field-free region in the n*p transition

x10%

.(p)
w [3,]
|

»
(2]

Electric field (V/cm)
N

» The region remains field free independent of the bias voltage
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Profiles calculated from

« Alpha particles: stopping powers, %, from the National Institute of Standards

and Technology (NIST) tables (Link)

» Laser light: absorption length from the Green and Keevers paper (Link)

Observations
« The fraction of deposited energy of alpha particles between 0 and d,,

increases with decreasing E,

« AtE, = 1.5 MeV, fraction of charge deposited between 0 and d, for alpha

(%) ax o
particles (——Z25L ) js approximately the same for laser (1 — e %abs).

Deposited energy (a.u.)

——Alpha (E_ = 2.8 MeV)
——Alpha (E_ = 2.0 MeV)
== Alpha (E_ = 1.5 MeV)

w—|_aser
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Assumptions
« There is a V};,s —independent layer with zero charge collection of thickness d, followed by an active
region with V,;,s —dependent charge collection of CCE,¢tjve

do(dEa)
o Udx Sidx

¢ M(D,a(vbiasr Ea’) = QO,a(Ea) ) CC]E':active(Vbias) : (1 -

B )
__4do

* MQD,L(Vbias) = QO,L . CCEaCtive(Vbiag) . e “abs

CCEactive (Vbias)

Mg o (Vpias, Eq ) expected charge of the irradiated diode at V45 for alpha particles of E,
Mg | (Vpias) expected charge of the irradiated diode at V,,;, for laser light
Qo,«(E,) measured charge of the non-irradiated diode for alpha particles of E,,

Qo . measured charge of the non-irradiated diode for laser light

a

(%)Si stopping power of alpha particles in silicon ~

Aaps absorption length of light with 660 nm wavelength in silicon (4.5 um at -20 °C)
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Fit the model to the measured charge with d, and CCE,tive (Vpigs) as free parameters
« Charge measured with alpha particles as a function of V;, and E,,

ny nk

1 2
Ho=——> > (Mae(ViF}) = QaalViE}))
ETVi =1 i
» Charge measured with laser as a function of V;; "% CCEactive(Vhias)
2 1 N z
XL = n_VZ (MCD,L(VL') - QCD,L(VL'))
i=1
« The total y2-fitis — —

Xt =x&+xi
By minimizing x4, we determine the values of d, and CCEctive (Vpiqs) -
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Measurement conditions

100 - 1 T

 Illumination type: alpha particles with energy of 2.8 - 1.5 MeV ——Model (Bias = 800 V, d, = 1.15 um)
——Model (Bias = 500 V, d = 1.15 um)
« Illumination side: n*p region (holes induce most of the signal) 80 "' —Model (Bias = 300 V, d, = 1.15 um)
B Measurements (Bias = 800 V)
o . . oM Bias = 500 V
Temperature: -20 °C 5 60 ¢ M::z:m:::: EB:::=300 v;
©
 Bias voltage: 300, 500 and 800 V [
g 40

Conclusions 20

» The model provides a good description of the measured charge 0
as a function of E, and Vj; 4 ' E_(MeV)

» The thickness of region with zero charge collection, i.e. d is
estimated to be 1.15 um

* The CCE,jve as a function of ;s has been determined.
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110

Measurement conditions
* [llumination type: laser light with 660 nm wavelength e
« Illumination side: n*p region (holes induce most of the signal) =
« Temperature: -20 °C % 80
- Bias voltage: 300 - 800 V © 70 e

6o - — Model (d0 =1.15 um)

- Model (do =2.0 pm)

Conclusions 7 a0 400 500 600 700 800

Bias (V)
« The model provides a good description for the measured charge for dy =1.15 um

» The results from the model are very sensitive to the value of d,

» The uncertainty of d,, is estimated to be 0.1 um
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Measurement conditions

0.85 -

0.8

* Illumination type: laser light with 660 nm wavelength

0.75 s

0.7 - o

« Illumination side: n*p region (holes induce most of the signal) ol L

 Temperature: -20 °C U:;:: ./.—_4'__‘__,__*-*—-.
* Bias voltage: 300 - 800 V o ,'

Conclusions

Bias (V)

« CCE in the active region increases from 55 % at 300 V to 78 % at 800 V

« The average effect of the region with zero charge collection on the CCE measured
with the red light is 28 % RET

14

* Results can be used to check/tune simulations of irradiated sensors

1.3 |

activeICCEi)

CCE,

1.25 e o o o o o o o e e o e e o

Not taking into account the effect of this region underestimates CCE

1.2

This results in lifetime values which are about a factor of 2 low S " o
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TCT has been used in the literature to estimate the trapping times of Next steps

charge carriers inside the irradiated silicon detectors . Analyze data for alpha particles and laser light at the pp* side

There is a disagreement between different measurements and

simulations in estimation of trapping times » Repeat the procedure for different irradiation fluences

The purpose of this study is understanding the disagreement by * Repeat the procedure for other types of diodes

systematic comparison between laser and alpha TCT

The observations show there is a region with zero charge collection
in the n*p interface region

Not taking account the effect of this region underestimate the values
of trapping times by a factor of 2.
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Backup
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We have measured charge as a function of D;,..

By taking E, and K as free parameters, we fit the following
relationships to the measured charge.

Dgir dEa D a; dEa
E,=E,— j — dx — J — ] dx
dx air 0 dx Al

D a1

QO,a =K-E,

The result of the fit
E, = 4.9 MeV

K = 34 a.u/MeV

Charge (a.u.)

120

100 -

(]
o

[=2]
o
T

H
o

N
o

o

® Measurement
—fitted line

0 0.5 1 1:5 2 25

E_(MeV)
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Measurement conditions

 Illumination type: laser light with 660 nm wavelength and alpha 1
particles with energy of 3.1 - 2.5 MeV = Alpha (E_ =31 MeV)

. . . + . . . 0.8 | —¢-Alpha (E_=2.7 MeV) _— P $
 Illumination side: p™p region (electrons induce most the signal) -~ Alpha (E, = 2.5 MeV) = = =
 Temperature: -20 °C W' L™ |

9
- Bias voltage: 300 - 800 VV M e
Y
0.2
O bse rva’tl O nS 0 300 400 500 600 700 8(;0
Bias (V)

* CCEg increases with Vy;,¢ for both modes of illumination
» CCE4 measured with laser shows higher value at low bias voltages
» At high voltage, all results show similar values

No sign of an inactive region is seen
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0.14 .
Measurement conditions 012" e &
 Illumination type: alpha particles for E, = 2.8,1.5 MeV W
. . . . . . 0.08 - &
« Illumination side: n*p region (holes induce most the signal) E osl : :
« Temperature: -20 °C " o0s
- Bias voltage: 300, 800 V P
° E Integration window o é
-0.02 8
35 40 45 50 55 60 65 70 75
t (ns)
0.06 I : i 1 | :
: V=800V (E_ =15 MeV) E
0.05 —V, . =300V (E_ =15 MeV) E 7
0.04 2 =

0.01F J

Integration window

-0.01 1 L] 1 1 I . I
35 40 45 50 55 60 65 70 75

t (ns)
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Measurement conditions

 Illumination type: laser for a wavelength of 660 nm oosh | — Vo 7800V |
« Illumination side: p™p region (electrons induce most of the signal) 0.04) :
 Temperature: -20 °C 5o 008
« Bias voltage: 300, 800 V I
0.01 :
H Integration window -
-0.01 ) : ] . !
20 25 30 35 40 45 50 55 60
t (ns)
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Transients, irradiated diode

0.2 : i :
Measurement conditions ™ s | ©
. . . 015
 Illumination type Alpha particles for E, = 3.1,2.5 MeV
« Illumination side p*p region (electrons induce most of the signal) s ™ :
« Temperature -20 °C 0.05
* Bias voltage 300, 800 V 0 i A e NA
Integration window :
35 40 4-5 51) 5:5 66 6-5 7l0 75
t (ns)
0.12 . +
—V =800V (E_=25MeV) I
- V=300V (E_ = 2.5 MeV) E
0.08
S 0.06
% 0.04
0.02 - A .
0 s A
Integration Window
-0.02 z 0 0 g
35 40 45 50 55 60 65 70 75
t (ns)
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