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Study of the radiation tolerant semiconductors

ATLAS Experiment

Hadron Collider Experiment

High energy experiment (LHC) plans to construct LHC~ 0.7 MGy
the higher energy and luminosity accelerator for the new particle search.

- Giving.serious radiation.damége to .detec'tors. |

‘) Performance deterioration by radiation damage
defect | * Increasing leakage current

W, |  Increasing depletion voltage | |
M ® * Decreasing in collected charge from signal
particle
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Radiation hardness semiconductor (CIGS) f&

A CIGS is an alloy semiconductor of CulnSe, and CuGaSe,
* Developed as a solar cells

AIST)

b selar cells (

. High radiation tolerance '(recovered radiation damage by heat annéaling)

IZnockeddout Restored (recovered) e Observed current recovery
(attngee) J 0 —— A0 ManJen” by thermal annealing
L] current (in CIGS solar cells)
s L\ 3
ks 0.6 “t;:\ t:” 95C
g N annealing® .
§ 0.4 Radiatiori\l;:\ <> ______ O
g damage % 7 - -
o2 gL Challenging in development
conversion efficiency A
R o ra— arer  20h  soh of CIGS detector radiation
(pro_ton, K etg | Irradlatl.on Heat-llghtanneaflng hardness deteCtOI" Wlth CIGS
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Development of CIGS detector

Specifications of CIGS detectors

~p-type (CIGS), n-type (CdS)

thickness 2 um, 5 um (10 um developing)

Active area : 5 mm?/channel

Operétion Voltage -2V

2 um CIGS

September 6th, 2023
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wire/“ (+)

Al (electrode)

Zn0 350 nm

CdS (n-type) 30 nm

CIGS (p-type) 2 pm

Mo 0.8 um

Soda Lime Glass Sub. 1.1mm
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Irradiation experiment at HIMAC

SR HIMAC Beam Condition
ﬁr‘. ﬂ | - ,L ' e = |+ Beam: 32Xe%** jon

Scmtlllator (beam rate mo.nlltor) ';," ”"‘ ° Energy 400 (MeV/u)

) g -0y BEl e |+ Beam size (¢p) : 3-5 mm
* Fluence : 107 /3.3 s (ppp)

Measurement parameters

| Collected Charge : Depletion width
L by CV scan

132¢e54+ peak

P L - ]
= 8 B & 8 8 & §

el 0 L
singal ocutput [ch) -2 -15 -1 -05 Hv [VLI]

1. CIGS thickness dependence ( 2 um and 5 um thick CIGS detectors)
2. Recovery mechanism of radiation damage ( 2 um thick CIGS detector)
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Thickness dependence of CIGS detector peformances

The collected charge is proportional to depletion width (Q «< W).

Both of depletion width (V=-2V) are about 2 um, but collected charge of
5 um CIGS detector was 2.5 times larger than one of 2 um CIGS detector

132X7 CIGS (5um)

. — 132
2um CIGS : W =1.9 um ‘OSE /fg | CIGS (2 um) - Xe/ tlesS (2um)

Y Spm CIGS : W= 1.8 pm f : u = 0.15pC — L  —
g (i— . pedestal el C e Depletion width ¢ Depl;:io_nlw;dth
P \ N, E ‘°2§_. CIGS (5 um) e 1+ W~19 €3k ht - *
§ 1.4; : " -..\ < E u=0.42pC M € W
s o P v -
== ¢ CIGS 2um E" S “EmmgEmmy . pemmmmm——jy i ~ _—
S : CIGS 5um Y § = o e Collected charge Q= 0.15 pC Non depletion
;.:- _63 \ L MMI[ i . : : witdh W = 3.2
7] - 1 ¥ BRSEES | W
a % T s BT EREnEERE 1 e |1 J'

i 0 0.1 0 0.1 0.3 0.4 05

I -0. i 92
Voltage [V]  Charge [pC] - Collected charge Q= 0.42 pC

| Is it possible to collect charges in non-depletion region 7?7 \
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Enerav aradient of CIGS laver

CIGS is an alloy semiconductor CulnSe, and CuGaSe,.

Energy gap of CIGS changes with Ga composition ratio (GGI [Ga]/[ln] [Ga]).
1.01 eV [GGI = 0] < E, < 1.64-€V [GGI = 1]
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CIGS layer has GGI gradient for depth direction
= Promotlng electron diffusion

In- ”Ch ] — Ga rich Not need for full

e _——, _depletion_
o — It allows
depth low voltage operation!
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Study of the recoVery mechanism by thermal ahnealing

| rlannealin process 5T
| g b Thermal annealing
e o 130°C (2h)
§ 09F * Radiation damage Remaining factor 0.96
T o .
- Thermal annealing
07} 130 °C (1h)
" A I Remaining factor 0.92
s 0.6MGyirradiation ~ * ()
- Remaining factor - 0.51
TR R R T R TS TS
irradiated time [h]

: | §
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Heai\i'rig m— After 2 hours thermal annealing at 130 °C
w}l Re;overed tq the same level as before irradiation
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Study of the recovery system by thermal annealing (2)

. 130°C 90°C  130°C 2nd 130°C thermal annealing
2 F (+30 min, +20 min)
£ £ 0.97 0.94 0.79 - 0.94 (+50 min)
g k
€ of ‘
g F * 07 90°C thermal annealing
@ g8 N (+15 min, +30 min, +1h)
- 1925 irradiation Not sufficient recovery (insufficient annealing time)
0.7 0.8 MGy
U.GE 132X e irradiation : : :
- Thermal annealing mechanism has
0.5
C 051 * Strong temperature dependence
C . ¥ NETaEEaEenin f 1 y :
P46 18 20 22 24 26 28 30 3 34 - Continuity of thermal recovery

irradiated time [h]
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Remaining factor

Study of the recovery system by thermal annealing (2)

3 130°C 0C 130%C 2nd 130°C thermal annealing
i - (+30 min, +20 min)
11— o S

-/ To study recovery mechanism more detalil,

081 We performed CYRIC experiment ime)

E (proton irradiation to CIGS solar cells)

0.6 rerrrrar e aTy s sTrarrorr1a S
* Strong temperature dependence

16 18 20 22 24 26 28 30 32 34 ° Taldl
) radted ime Continuity of thermal recovery
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Proton irradiation experiment at CYRIC

CYRIC experiment : Irradiated 70 MeV proton to CIGS solar cells (7 x 10?° n,)

e

E Rt R
CIGS solar cells (AIST)

— Study the heating time and temperature dependences of recovery mechanism

Current [mA/cmz)

=- o
1l I Light shielding
with Al seals

JV-curve
B0 Before-irradiation .

B [) Temp. at 130 {Omin)

2&_ ........................................................................ J-V curve Temp. at 130 (150min)

B E J-¥ curve Temp. at 130 Before Irradiation
1|J__ ................................................................................................................................................................................
D__Radiation .................................................................................................................................

- damage

_-“j__ .................................................................................................................................................................................

- | P [ | P T R R NU S L AV I

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8

" Voltage [V]
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IV curve of CIGS solar cells

« J[mA/cm?] decreased due to proton irradiation
Jc(0V) : 35 - 20 mA/cm?

* Recovered J by thermal annealing (2.5 h) at 130°C
Jsc(0V) : 20 - 28 mA/cm?
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Current recovery dependence of annealing time

The measurement current with incident sunlight is including dark current.
Excluded dark current: J = Jiigar — Jpark

40 : s T = ") s 1
- | J~35mA/cm g
— & ' : ’ : : Y 095
N P : i i 5 : B
E g 0.9
9 £
< 2 o085
EI : : 0.8
E | 0.75
— ; i R = ! Current value at ov
1 Annealing Temp. for 0 min at 130 Celsius : : -
I i Arnealing Temp. for 15 min at 130 Celsius b A : : 065 e b
~ ) Annealing Temp. for 30 min at 130 Celsius ‘\ :
e 0 F Annealing Temp. for 45 minat 130 Celsius ... w9 ] -.\ __________________ T 1 S
T Annealing Temp. for 60 min at 130 Celsius : \ : e =
— ) Annealing Temp. for 90 min at 130 Celsius : \_._\ : —
'J I Anneaﬁnq Temp [or 15':' min at 13|:| Ge{sius k_ ) 0-55 __ ....................................................................................................................................................................................
e Y Before irradiation : \*_ TN T M N T TN T T N N N T T T T T M AN NN NN N RN |
—1UW ........ s o peyos (oo ey preees [ } ...... freees e i .| ...... e freees 0 20 40 &0 80 100 120 140 160
0.4 -0.2 0 0.2 0.4 0.6 TIME [m]

Voltage [V] i . e
. J recovered rapidly to saturation value (~1h)
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Heating temperature dependence of recovery speed

| annealed CIGS solar cells at three differential temperatures
(90C- 10130768

T 130°C annealing :]OV — 057 - 0.85 (1h)
s ¥ ——"|]90°Cannealing : Jo, = 0.50 - 0.57 (1h)
E T T Comparab[e with recovery speed of
A A 3 [ IMIN A LY. collected charge at HIMAC experiment
N - o . o . .
.T'_U 5_55; ........................................................... E 90 OC anneall.ng ............ 130 C anneallng Q — 079 N 094_ (1h)
C  osk 110°C annealing | ... _
5 st } 130°Cannealing | 90°C annealing: Q = 0.79 - 0.79 (1h)
S o

0. o S T e e e e e e | Recoveryspeed IS greatly dependlng

0 HE{]DI | I4'DDI IE{]DI IE.DDI I1I{]U1:'I]I1IEUE]I1I4U(EII{EDE]I{SD(I]IEIDDEIIELEDD On heating temperatur’e
Annealing time [min]
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Conclusion

» CIGS semiconductor has been developed as a solar cells.
. Observed recovery of radiation damage by thermal anneallng
«  We developed plot type of CIGS detector (2 um)

 Heavy ion irradiation experiment at HIMAC

. Observed recovery of collected charge and leakage current by 130°C anneallng
(— same level of before irradiation)

* Proton irradiation experiment at CYRIC
& Observed strong annealing temperature dependence of recovery speed
i C_omparable with recovery speed of HIMAC experiment
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Results of heat treatment at 130°Cin each parameter

Annealing results of three detector performances

. 1. Collected charge from Xe beam 2. Leakage current 3. Depletion width
51T 0.1x10° T . 2 - _
e ' o/ //B0Cannealing .} = Before irradiation
- o.gé @® ::: Time dependence of - ! i of
S E:Sjgfy < o (eakage current £ ( After annealing
07F- - ’ i aMEe ER
: - e R b RN .| = FNotenoug
CE BRI O S HadRtion Recavery |l § F recovery
0.5F Q . T
: O 2 o After irradiation
0'40_'Hzl"'i”'émala”'1‘0'”1|2H'15,"!1'5”'1;3“‘2|u'”22 - T i - e L
Irradiation time[hour] Irradiation time[hour] Voltage [V]

By 130°C thermal annealing for few hours
Recovered collected charge and leakage current — decreasing lattice defects
Not recovered depletion width —» Not decreasing lon (accepter) concentration
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Depletion width at each annealing time

Normalized factor

0.9
0.85F
0.8

0.75

0.7 | I ORI <ol | oot I 4 | = L1011 110 1CI RV

0.85

$ 90°C annealing

110°C annealing
4 130°C annealing

Annealing time [min]_

PSD13 Conference

[N N N S Y N S S I N N v e v Iy v |
200 400 600 800 1000 1200 1400 1600 1800 2000 2200

W [um]

WV-curve
D.E:—
D.E:—
9.4:—
03~ \
02 —*— 90°C annealing
110°C annealing

01| —— 1 130°C annealing 1, |

-3 —-2.5 —2 -15 I—1I = I—DEI = ID

Voltage [V]
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Current recovery dependence of annealing time

The measurement current with incident sunlight is including dark current.
Excluded dark current: J = Jiigar — Jpark

s 0 : |
R c— 130°C thermal annealing
‘ g -
N £ B
E e g g TN E I
O - (=]
S~ L =
< s =
E F —_ :
v |:_— £} Annealing Temp. for 0 min at 130 Celsius 08—
Y, [ ) Annealing Temp. for 15 min at 130 Celsius C
< El % Annealing Temp. for 30 mi | - ¢ Current value at -2V
Q ‘_ g Emp. or min at 13'3 CEISIUE D ? __ .................................................... —‘L ------------
T E . Annealing Temp. for 45 min at 130 Celsius T T
» 1{];5_; Annealing Temp. for 60 min at 130 Celsius : ; _‘|_ CU rrent va lue at OV
LED : E Annealing Temp fur gn min at 13'3 Celsius \ D.E .................................................................
—_— 5 :__ A I T . .I: 15{} H 30 C | H ....................... . : . .
S S 2 nnealing emp. for 150minat 130 Lelsius : C ] recovered rapidly to saturation value (~1h)
— kL2 Before irradiation o 0.5 | | | | | | | X
-2 -1.5 -1 -0.5 0 | EI_ 20 40 60 80 100 120 140 160
Voltage [V] TIME [m]
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Heating temperature dependence of recovery speed

| annealed CIGS solar cells at three differential temperatures
(90°C,110°C,130°C).

- 130°C annealing : J,, = 0.92 - 1.04 (1h)

L oroodma T Recovery timit ? | | e annealing : J,;, = 0.89 - 0.895 (1h)
O In
R Comparable with recovery speed of
e P [ e HIMAC experiment
A ! S— e AC L LLYLLLY LUy S
% u.g{ t 90°Cannealing | 130°C annealing: Q = 0.79 - 0.94 (1h)
g D.gzllz— ................................................ 110°C anneal?ng ......... 90 C anneallng Q _ 0 79 N O 79 (1h)
§ | E 130°C anneallng ......... . .

T — Recovery time is grea tly depending

1 1
0 200 400 600 800 1000 1200 1400 1600 1800 2000 2200

Annealing time [min] on heating temperature

PSD13 Conference | September 6th, 2023 23



- 1. Study of Thickness dependence of CIGS

(Collected Charge from xenon signal)

Collected charge evaluation: Xe beams (p=400 MeV/u) were
irradiated to 2 um and 5 um CIGS semiconductor detectors,
respectively.

ounts/1.5fC

““ | /] Integral of total
b 1/ charge
b T \ | (collected charge)
0 R R

25 30 35 40 45 50

sample [15.5 nsec]

PSD13 Conference

CIGS (2 um) |

10° {
i u=015pC -
pedestal f*“ﬁ\
= = CIGS (5um)
I | u-oszpc
..... Iz Py

Charge [pC]

QSum = 2.5 QZum
(Equivalent to thickness ratio)

e CIGS 2um CHO Peak mean
05 —&— CIGS 2um CH1 Peak mean
- CIGS 5um CHO Peak mean
045 5u’m —3— CIGS 5um CH1 Peak mean
0.4
0.35—
S ook
0.3
o [~
e =
= 025
02  2um
s $
0.15 s
s s
1 J 1 1 1 1 I 1 1 1 1 ] 1 I 1
01 -2 -15 -1 -05
Voltage [V]
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1. Study of Thickness dependence of CIGS

(depletion width measuremnt)

Amount of charge collected is proportional to depletion layer thickness Q4ot X W

Depletion width (W) can be obtained by capacitance (C;) measurement .
Ci =dQ/dV =dQ/(WdQ/e;) = eg/W [W : deplet1on width, e.: permittivity (= 13. 580)]

2um CIGS : W= 1.9 um
5um CIGS : W = 1.8 um

Voltage [V]

PSD13 Conference

I R e S
= o

E 14E | |

c - E CIGS 2}J.m ................. .............. ......................
S o f CIGS 5|um ................. ——
E_ 0.6 ;__ .............................................. ............................................. ........................................
[« T S R T e B .
D :_2 1i5 l —l}iE 0

%Xe [ ¢16S (5um)

L -

¢ 3" Depletion width
e * ht W =1.8
\ 4

Non depletion
witdh W = 3.2

\

Collected charge Q= 0 42 pC

Collected charge Q=-0.15 pC

Why can 5 um CIGS
detector collect charge in
non—depletion layer 77
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Evaluation of depletion layer width after irradiation and

thermal annealing

The depletion layer width can be obtained by capacitance measurement
- Cj = dQ/dV = dQ/(WdQ/e;) = &5/ W
[W : depletion width, &;: permittivity (= 13.5¢;)]

depletion layer width [um]

CIGS 2um CHO before irradiation | e
CIGS 2um CH1 after irradiation
CIGS 2um CHO before irradiation
CIGS 2um CH1 after irradiatio

CIGS 2um CHO after 130C a 3I ng (2
CIGS Ej.tm GHl aﬂ 1300 al g

el Rl bl b e e

...............................................................................

Before ST

irradiation

MGy)

CHO 1.93 (1) 1.17 (0.61)

Depletion width

irradiation (0.8

After
annealing
130°C, 2h

1.31 (0.68)

[um] at V=-2V

CH1 1.93 (1) 1.1 (0.57)

1.20(0.62)

-1.8 —1 E 1 4 —‘I 2 —1 —D.B —D.E -0.4 —D 2

Voltage [V]
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After irradiation : comparable with decreasing

ratio of collected charge ~ 0.6

After annealing : Not sufficient of recovering
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