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Motivation |I: New applications of semiconductor
monolithic array detectors in X- and gamma-ray detection

IMPROVEMENTS IN X-RAY
NEW DETECTOR APPLICATIONS DIGITAL RADIOLOGY

USING SEMICONDUCTOR DETECTORS

* BASIC KNOWLEDGE: Experiments in physics
X-ray astronomy....

15InP: Solar neutrino astrophysics

* LOWER DOSE TO PATIENT

* MUCH BETTER RESOLUTION IN CONTRAST

* MEDICINE Digital X-ray radiology (stomatology;
(more than 2 orders of magnitude)

mammography), XCT

sitron emission tomogra
s DETERMINATION OF THE OBJECT DENSITY

X-ray or “colour” imaging techni

* NONDESTRUCTIVE ON-LINE CONTROL Material
defect and process control

* 3-D IMAGE POSSIBLE USING CT METHOD

SECURITY -NO POLUTION DUE TO CHEMICAL
Contr.abanfddlnspectlgnsl. cargo C(Ijnt_rol PROCESSING
el O CUTI R E D i 22 (Necessary in the case of film application)

Cultural heritage’s study
* SIMPLE AND SPACE SAVING STORAGE OF

. i A DIGITAL DATA
Environmental control and radioactive waste
management e ON-LINE PROCESS CONTROL & DIAGNOSTICS
Metrology (testing of radioactive sources, OTHERS... 2?7

spectrometry...)
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,COLOUR IMAGING" in digital radiography

Application 1: Simultaneous measurement of images at titferent energy regions \ Application 3: Himinating effect from beam scattering and hardening

— Energy-differentiated RI* images —

Images were measured by linear scanning over radioiso- * Ri: radioisotope Images obtaned without energy  @Sample of aluminum cylinder with a copper, iron, titanium

topes (RI) with the radiation line sensor. differentiation are subject to effects ingi i

Energy-differentiated imaging allows color visualization and = 2 from scattered rays and beam and carbon rods Inserted inside the cylinder

identification of different radioisotopes. o Energy_-d:ﬂerentiated hardening. These scattered rays

ir:laggis f;?r:]lwlnd;:!err\efnlrradlonsol[o;rj?; fz;: b({ei VrI‘SLIahZed by en- Iimages and beam hardening can be elim-

RIgy.case on:ior easy, cororaentiicatio inated by setting the proper energy Fe
Radioisotope =] ditferentiation levels. S
arrangement (@ °

Composite image with [
energy-differentiation e
- Image obtained with '37Cs only
(Energy: 140 keV or higher)

Image obtained without energy Energy-differentiated image
= differentiation (20 keV to 150 keV) (90 keV or higher)
E -
> | \

5 sl i # +
z Enees i Reshaub Late it 1 T
Lol i L U B L Rl R L AR L

Image obtained with Co only
TIME (Energy: 70 keV to 140 keV)

Easy identification
of radioisotopes

Application 4: Gamma-ray and X-ray spectrum measm-ent

Highly detailed spectrum measurements can be made by auto sweep of the comparator levels.
@®57Co spectrum measurement

Images obtained without energy differentiation: Image cbtained with 2¢'Am only
shows only the radiation intensity distribution (Energy: 35 keV to 70 keV)

CH32

Count rate

20 30 44 57 71 84 98 1111
Energy (keV)

Detector channel

X-ray spectrum measurement 2
0 c q e [
A, B: Dual energy digital radiographs =
8
CHi 55 8
R — Energy (keV) P § wm%%a
| o S mm
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MOTIVATION Il

S| GaAs MATERIAL LINE (2D) SCANNING TECHNIQUE
PROPERTIES IN RADIOGRAPHIC IMAGING
uantum XC
v’ Radiation hard v" Technical simplest imaging solution
v' Low cost v' Lowest cost
v Fast v' Useful for fast testing of detector
v Wide band gap allows applicability in X-ray imaging
operation at RT v' High quality of X-ray image (good
v Highly developed technology scattered photons rejection)
processing v Useful in many industrial, medical
v Easily commercially available and security applications

v Bulk material — no limitation v' Applicable in basic and space
in thickness research

v' HIGH QUALITY!!

S_‘“éa\.\'\‘u.r;“fb'i)5
| _ S
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Key semiconductor material and detector characteristics

REQUIREMENTS TO SEMICONDUCTOR DETECTOR-GRADE MATERIAL
Z>30; Eg;>13¢eV, 1, p (RT), highv,, p,

high homogeneity, low density of structural, space-charge and point defects,
fast reaction

LOW COST

A

CANDIDATE 30 - 300 keV
SEMICONDUCTORS

€D

1I-VI: CdTe, CdZnTe, Hgl,,... Bulk InP 7Zn Cd. Te
X 1-x

111-V: GaAs, InP, ?? GaP, GaN.... Q

Bulk GaAs

Volume price per attenuation

OUT OF INTEREST: Si, Ge

Linear attenuation coef.

v

\\°“s‘ wm’b%
%

)
| — 281\
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Important material aspect: Attenuation coefficient
A ~ 745

10000 &

1000

100 E

RN
o

Photon attenuation coefficent p, cm™

1 10 100
Photon energy, keV

__qal Worg, 5
A ﬁ%
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Sl GaAs X- and gamma ray line detector: New topology 2003

Type of developed | Number of Pitch Absorption Chip Effective thz\g%lerggl of
line SI GaAs strips in e length, dimensions, absorption volume siheiEie heea
detector line mm mm of strip, mm3 ot ’
32 0,25 16x3,5 0,06
SAMO X 64 0,125/0,25* 2,5 16x3,5/32x3,5* 0,04/0,08 0,12 -0,18
128 0,125 32x3,5 0,04
SAMO XS 32 5.9 21,352*5* 8x3,5 0‘2’118 0,2-0,3
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Sl GaAs line X-ray detector chip mounted onto flexible PCB carrier:
Original concept (top), final arrangement (down)

# GaAs line detector |
2 LA g | : _‘.;‘ : Chlp ;
e 3 £ ' . G ¢ - Micro- Peltler
131S4S NRL IllSAS 1]} i :

ot

)\m.umnmﬂmmll\ 1

|

\Wod

il
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S| GaAs DETECTOR APPLICATIONS

SINGLE PHOTON COUNTING =
QUANTUM X-RAY SCANNER
QUANTUM X-CT: FIRST EXAMPLE

o \ Worg

. B RSl
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Portable digital X-ray scanner based on S| GaAs radiation detectors:
Final set-up consists of 480 channels line, position control and communication

qal Worg
> SI%
=

£8
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Photos of various selected test objects

qal Worg
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tal images of test objects

igi

“QUANTUM” X-ray d
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Testing X-CT platform

7000 Observed gamma-ray
projection

6500

6000
5500 —
5000 —

4500

Pocetnost’

4000
3500 —

3000 A

2500
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GaAs detectors testing: fluctuations in counting — FPN

T T T T 1 T T
45 [ Mot Ge
40 1 o ave - g
. // T Fownwsm oo, 2o
= 150 |- w 54.92068 +1.081
30 / —#- Rucné meranie detektoru|| & A M0I708 37274633
e 25 - D1 ~§
2 20 -~ Automatické meranie 8 100 | 4
15 / detektoru D1 =
Automatické meranie =
10 - detektoru D2 50 :
5 |
0 ok _
PR T T TR N TN (SN WO AN TR TR N T Y T NN TR N TR N
PO PO O PO OO A A A A PR A PR PR PR RN 580 600 620 640 660 680 700 720 740 760 780 800 820
SAaQ O NN O e O o0 VO cORIAV AN
NP WD 0“)'\Q'\'\'\‘-]"{b'\b"\%'\c0 Pocetnost
Napocet

Requirements to S| GaAs detectors based on “detector grade” materials
From the point of view statistical fluctuations:
Poisson’s limit: S/N = (n)'/2
Other goals: - production yield
- stability in long-term operation
- high homogeneity

__qal Worg, 5
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=
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S| GaAs

Role of key physical parameters of base
materials

ot Worg,
Bl

. - : - o
8™ International Workshop on Radiation Imaging Detectors % %
F. Dubecky, et al. July 2-6, Pisa, Italy /s



GDMS analysis:

Element || Sample label
|| Al B C D1 D2 E F G H K L M*
B 190 303 51 1041 966 271 | 301 71 470 n/a 20 5600
Na <1.5 <2 <1.7 4 <2 8 3 <2 4 <1.5 3
Mg <2 <2 <2 <2 <2 4 <19 | <19 5 <1.5 <2
Al <1 3 <1 14 <14 13 3 2 3 <1 9
Si <3 11 <3 142 4 212 5 20 11 <3 445
P <3 <3.5 4 11 <2.8 12 <3 12 20 <3 110
S <3 21 9 7 12 25 10 10 102 <3.5 77
Cl 14 13 9 13 16 <25 12 4 13 7 11
Ti <0.4 2 <0.4 3 <0.5 | <0.5 1 <0.4 1 <04 | <0.4
Cr <1.2 | <1.2 | <1.2 <1 <1 <1 [ <1.2 |<1.2 70 <09 | <1.5
Fe <0.4 1 <0.5 1.8 0.7 1.4 1.5 0.8 0.8 <0.4 8
Cu <2.5 <3 <2.5 26 8 <3 <3 <25 | <3 <25 | <2.7
Total: <447 | <594 | <312 | <1515 | <1258 | <806 | <576 | <360 | <953 <257 | >6655
@ @ @ ® ® @ @ @ @ @ ®
Following impurities were obtained in all samples under given detection limit: F<25, Li<6, Be<5, K<25,
Ca<20, Mn<0.5, Ni<1.1, Zn<4, Ge<40, Se<13, Mo0<1.8, Cd<0.5, In<100, Sn<4, Te<2, Sh<2, Pb<0.5, Bi<0.5.
NOTICES: In the analysis there are not included C, N,, O, as the background contaminants in GDMS and
host atoms, Ga and As.
*Content of other important impurities (ppb at.) in the sample M is following: F 35, Mn 5, and Te 32.
8t International Worksho iati i ; Bmm
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16000

Detection performance: S| GaAs detectors

0 10000
14000 | Sl GaAs: Sample B 9000 Sl Gahs: Sarple D
500} @RT 8000
12000 |- Co57 —
- o- - @
© [ [ = 7000
£ o} £ 10000 | c ]
@ © © < 6000
< < 5 o
° © 8000 e ]
5 a0l - r o) 2 5000
o 2 o o
» i)
] @ 6000 - = € 4000
S amf € %0V 3 3
o 2 : 3 3000
o 8 4000 |- ) ©
2000
1o
u 2000 | w0
0 0 . . . 0
0 40 0 200 250 300 350
Channel
00 5000
12000
Sl Gats: Sanple E
@RT 4000
20000 10000 |
3 T o] ©
c c c c
L < 3000
€ 15000 g X 5 2
5 S S S
s o ewof 9] g
g g 3 S o
@ 1000 @ P £
=
: 3 “or 5 5
2 8 Q 38
o ) o 1000
5000
20001
0
0 0
40 0 0
10000 7000 20000
000 -
6000
aooF _ 0 9 Gas: Sarple M
[0}
< T™of 5 5000 c 5 @RT
g g S £ Co57
6000 Ny
© L 4000 |
5 5= 0 s
o 5000F = o +. 10000
[} © o (7]
a a aof » 3000 Q -300V
@ or 2 < @
5 5 = £
3 ¥or S 200 & 2000 3 _150
O - O O 5S000F
1000} 1000}
f HO
0 0 0 0 1 1 T L L L

0 300 3% 400 0 5 100 1% 20 260 300 30 400
Wi
Counts o\-\n“a\ "dfb%’

8! International Workshop on Radiation Imaging Detectors 9 im
F. Dubecky, et al. July 2-6, Pisa, Italy ~ “/mgma®



LST

PD,
cm

High resolution DCT and LST: S| GaAs materials

a) SI GaAs: LEC (B) and VGF (D1) grown materials.
DCT

Ma- FWH M2
terial DD, cm'

B
7.2

LEC 2x10*

4.3x10’

D1
6.2
4x10°

VGF
.‘nﬂﬂ\ w"’*ﬂ}

"
B
—Wodl
&
&

=
a2
%
%

"B, A
el <
maging ¥
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Capacitance study: S| GaAs detectors N/A

8E-8 : Measured P P .Sample iabel ® 2 @ @
7E-8 USI GaAs . _capacitance ‘e
vl ok T=400 K Al (B1 -|C D1 |DP2 (E |F G |H |K L M
! OD f=130 Hz O MASPEC | V'b"_"e = | | | - 9
! | ! | ¥ <
E SE-8 40T, O MITSUBISHI f<1 kHz .'Lg.ﬁ ' _1_9_5_0 580 | LQ 22 “3 200 _8_99; ..I_- 850 | 220 60 |,..£... '
= i © MA—COM T
Q AE-8 A WACKER = AQ
| | Dl J c i .
5 Ay | G SSTeEs | da Cor = Ty = SVaeNa/2% = &V + Vi)
2E-8 R oREEaREs (avﬂ \
|
16-8 | ! I ! ! I L | \QES OCBE’/
0 1 2 3 4 5 6 7 8 = ;
Voltage (V) et M
W*CY/GH K 1
Figure 3. Measured dependences of the capacitance 2 2
per unit area on voltage of the back-to-back Schottky Caln/CiGa > |1
barrier structres in undoped semi-insulating GaAs from four Gs <« Gn
different manufacturers measured at 420 K and frequency
130 Hz.
_I—G:—‘l F. Dubecky, et al., Semicon. Sci. Technol.
40E+15 &4 t Oy 1 9 (1994) 1654
3.56+15 T A% .
USI Gads o S ———
— 3.0E+15 L Al 9880 J\ [ & ;
; T-420 X 225 g8 o
& o2sea1s {=130 Hz o 8% o7 ‘ oPN‘J
g M a0Y b 2 =
‘C_J’ 2.0E+15 DDD .IBAT ]r .—‘ s. ]
T, 1.5E+15 O MASPEC ) .r—/w‘.l.\ _________ ‘:___1 Asﬂrﬁcyl -;-—
B GRS OMTSUBISH | =F o —r — :
LN A.C. Warren, et al., App/. Phys Lett.
S.0E+14 N o ——————o—— 57 (1890) 1331
0.0e00 & SN BTN st Pohje MU
0o 1 2 3 4 5 & 7 8 ; | o et/ @ V| 2,=3+10nm N=10" = 10® cm®
Voltage (V) 2t | A °
P AN Neckzhe @ AN
Figure 4. Calculated dependences of 52C - on voltage \—/ K \? :/ :@ ') e‘ Fe i, s, 3 St Phys e {Aoen) 81
of the back-to-back Schottky barrier structures in undoped = i SV Sp—— = @ '\"—;_:“\’ "\, H;
semi-insulating GaAs from four different manufacturers 1 _,'0 \‘\L_i;/ é 1 2r,=20 = 100 nm N,= 10° = 10 em? ‘wm

measured at 420 K and frequency 130 Hz. @8
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Basic electrical and material characteristics and detectors performances:

Tabe 1. Information about bulk SI GaAs wafers and detection performances to 122 keV y-radiation.

=
e

Sample | Growth Doping, EPD Resistivity | Hall mobility Detection performances (RT)
label Method contamination cm’ Qcm (RT) cm’/Vs (RT) |[CCE, % HWHM, % P/V
Al | LEC [Non <6x10°| 3.9x10° 7464 @ | 79 18.5 42 | @
B LEC Non, Ti <4x10% | 1.15x10’ 7227 @ 59 24 2.5
C LEC |Non <4x10% | 2.44x10’ 6040 65 14 2.6
D1 VGF Non, Cu, Fe,|[<5x10°| 8.8x10’ 5400 @ 28 35 2
Ti
D2 VGF Non, Cu, Fe <4x10° | 4.63x10’ 6203 43 21 2.5
E HP LEC | Non <6x10° | 2.95x10° 6940 @ 73 22.5 2.9
F LP LEC | Non <2x10° | 1.06x10’ 5816 72 21.6 | 2.6
G LEC |[Non <8x10"| 2.8x10° 5122 @ 42 no photopeak
detected
H LEC |[Cr <1x10°| 1.2x10° 5770 @ 51 25 1.4
K LEC |Non <2x10° | 9.65x10° 7517 @ 57 no photopeak
?? | detected
L LEC Non <6x10* 2.6x10’ 6915 @ 72 12.5 3.8
M LEC |Non <8x10°| 1.4x10° 4830 @ 32 no photopeak
detected
8t International Workshop on Radiation Imaging Detectors 3 8]\,@)@
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EBIC: S| GaAs
60 V

SE Bias voltage: 0

E: M/A COM
HP LEC Sl GaAs

F: M/A COM
LP LEC SI GaAs
Detector contact: 2 mm diameter
Base thickness: 200 gm
g{@é\\c\‘udm%g
£ S\
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I-V characteristic of S| GaAs detector
with the Schottky barrier

?? Explanation of the second current saturation region observed

at the reverse I-V characteristics

100

T=298K

10 ¢

ohmic

Current, nA
o

001

1E-3

bulk limited

E  transport_ -

Reverse 1
Forward

AR e—Au

“—T— bulk SI GaAs

1E-3

F. Dubecky, et al.

0,01

0,1 1 10 100
Bias voltage, V
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I-V characteristics of S| GaAs detectors
with the Schottky barrier (2 mm diameter)

1[:'. b | i | 1 il | T T LI
E ] |
&2
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B ] E
- i W
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1E-3 LRy LU R 1 1D 100 1000

Fig. 2. A detailed reverse current behaviour from low voltages,
to 200V, with the saturation current, [,. range

1= 1077V,
indicated.

F. Dubecky, et al.

REVERSE BIAS (V)

1':"1 LI e e ey e T T T T T T T T T
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< #2 ]
E 3
1':'.1 o
% /#4 ]
1.4
a #5
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To0

Fig. 1. Room-temperature I-1° characteristics versus reverse
bias voltage for 51 LEC GaAs detectors at dilferent acceptor

dopant concentrations, N, . as reported in Table 1.

Baldini, R., et al., NIM A 449 (2000) 268
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Pulse-height spectra of 241Am and 5’Co
detected by “dedicated” S| GaAs PAD detector

L(Np) L (Np) Sl GaAs: ITME
2000 | |"*° "ei’}J keV 160 um, ¢ = 0.5 mm -
\ *"Am, ”Co, RT
| L (Np) Bias = - 250 V
20.8 keV 59.5 keV

—

n

o

o
|

7 _

Counts per channel
=
o
o
|

122.1 keV -
I 26.3 keV ]
/ K(Pb) K (Pb)
500 | 552 kv 75.0keV 84 9 keV -
14.4 keV J/ 136.5 keV |
0 gisgi)ev 7T

1 I 1 I 1 I 1 I 1 I 1 I 1 I 1 I 1 I 1 I 1 I 1 I 1 I 1 I 1
0O 10 20 30 40 50 60 70 80 90 100 110 120 130 140 150

Energy, keV

B. Zat’ko at al.: Nucl. Instr. Meth. A (2004)
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S| GaAs detectors structure
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Conclusions

* Bulk Sl GaAs: Radiation detector-grade material is available on the market!
- Key material characteristics: - preferable VGF, low dislocation density
- high chemical purity (GDMS)
- RT Hall mobility > 6500 cm?/Vs
- RT resistivity (0.8 — 3)e7 ohm cm
* Following material evaluation tools: X-ray topography, LST, PL, ...
» Detector evaluation tools: |-V, C-V, EBIC, pulse height spectra,...

» Detector electrodes: Must be optimized for required performance

» Schottky back-to-back electrode technology: Potential improvement must be
investigated in more details!!

 PERSPECTIVE APPLICATIONS: Quantum X-RAY IMAGING, Quantum X-CT,...
* BASIC & SPACE RESEARCH: PLASMA DIAGNOSTIC IN NUCLEAR FUSSION
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	SI GaAs line X-ray detector chip mounted onto flexible PCB carrier:Original concept (top),  final arrangement (down)

