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New semiconductor materials
Workshop on X-ray Detectors, ESRF February 13-14, 2003

Alan Owens

Science Payloads and Advanced Concepts, ESA/ESTEC, 2200AG Noordwijk, The Netherlands
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Experimental goals

Produce Fano-limited hard X-
ray imagers

* sub-keV energy resolution

- 0.5-200 keV energy range

* room temperature operation
* micron spatial resolution

* low power and bias

Produce light weight hard X-
ray focussing optics

‘energy range matched fo
detection plane

-arc-second psf's

*short focal lengths

‘low replication costs

Research areas

* monolithics

- arrays

* Wolter-type nested shells
* micro-pore optics
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What are compound semiconductors?

elemental IVB ——— Ge, Si1, C
&g —»
GI’Ollp AIN
+—\g
binary —— IV-IV S1Ge, SiC
— | —¢—— binary —&——— III-V ————InP, GaAs, GaN
— == binary —e [I-VI ———HgTe, CdSe, ZnS
il
v Vil 6— ternary —— HgCdTe, AlGaAs

quaternary — InGaAsP, InGaAlP
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Alloying: atoms mixed on a lattice
Solid Solutions and Ordered Compounds

Ordered Substitutional and Interstititials Compounds

Substitutional Interstitial
‘an element replaces host atoms ‘an element goes into holes
in an orderly arrangement’ in an orderly arrangement’

e.g., Ni;Al (hi-T yield strength), e.g., small impurities, clays
Al;(Li,Zr) (strengthening) ionic crystals, ceramics.

eSd
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Hume-Rothery Rules

When a substitutional alloy is formed:

The atomic radii of the different atoms involved must differ by <15%
The components must have the same crystal structure

The species must have similar valences

The components must have similar electronegativities

Rational behind Hume-Rothery Rules

e  Atomic radii must be similar because if substituted atom is too large, considerable
strain will develop in crystal lattice

o  The components must have similar crystal structure if solubility is to occur over all
proportions, e.g. Co/Ni system. However, this is less important if small proportions
of solute being added such as in the doping of semiconductors.

o Similar valences and electronegativities indicates that components have similar
bonding properties.
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Phase diagram III-V materials
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Phase diagram II-VI materials
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esa x=0.1 - Eg optimized for operation at ~-30°C; x=0.7 - Eg optimized for room temp. operation
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* Wide variety of compounds available

Advantages of compound semiconductors

Band-gap | Elemental | Binary IV-IV| Binary III-V | Binary I[I-VI | Binary [IV-VI [Binary n-VII§ Ternary Compounds
energy (eV) |Group IVB| Compounds | Compounds Compounds Compounds | Compounds

0.00-0.25 Sn InSb HgTe HgCdTe

0.25-0.50 InAs HgSe PbSe, PbS,PbTe

0.50-0.75 Ge GaSb InGaAs

0.75-1.00 SiGe

1.10-1.25 Si

1.25-1.50 GaAs, InP CdTe AllnAs

1.50-1.75 AlSb CdSe AlGaAs

1.75-2.00 BP, InN CdZnTe,CdZnSe,InAlP

2.10-2.25 SiC AlAs HgS Hgl, CdMnTe

2.25-2.50 GaP, AIP ZnTe, CdS Pbl, TIBrl, InAIP, TIPbl;

2.50-2.75 ZnSe TI1Br

2.75-3.00 MnSe

3.10-3.25 MnTe

3.25-3.50 GaN MgTe, MnS

3.50-3.75 MgSe, ZnS

3.75-4.00

4.10-4.25

4.25-4.50 MgS

4.50-4.75

4.75-5.00

5.10-5.25

5.25-5.50 C

5.50-5.75

5.75-6.00 BN

6.10-6.25 AIN

6.25-6.50

6.50-6.75

6.75-7.00
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Advantages of compound semiconductors

- Compounds can be selected for specific environments or applications
e.g., o operate in the high radiation fields of the LHC or Jupiter

operation at elevated temperature e.g., solar probes, direct beam monitors

Fable [ Buggestiod “top ten” compounds for fuure development. Apan from ALSD and CdhanTe, which could become the workborses of romm temperaiure X-ray and gamina-ras
spocirometry, each material has great potential in a specilic area. Even though diamond and TIEr are alresdy under investization, we mclude them hare For Dubare development becanse
of their imatarity

Matenal | Bandgap | Density Comments Spacemedical/general applications
eV oem”

LSk .17 5.5 Marrosw haied gap, 3 limes beller eneroy reselution tamn 51 High seselution %-rav asirossmy | Hes lemperatures ). SR
liwhs (.35 508 Marreow had gap, 2 times betler energy resolution than 53 High reselution X-ray astronemy | Hes lempermiures), XRF
AlEh 1.2 4246 Thenredically, the best all roand performen Roam temperature 51 replacement, compact planetary spectrometers,
Pl 1% a8 Higlesi £, zamma-ray delection Compact gamma-ray planetary deteciora’radio guided probes
BE zh 2 2.5 Meuiron detection Spacecrafl in-orbil newtren moniior, newtron capiure iherap
CdhinTe 2.1 SR Cramims-ray detectisn, mepengive replacement for CdfnTe r-ray aglroncany, low cost samoea-ray imageraPET deteciors, well logging
Sl 22 32 A pounnad radiation detection (oo ¥ in exireme envimoiments, gad hard Planetary surface X-ray speciromeater, solar Mlase monitor, mclear reackors
[-N High temperaiare ceramics, chemically iveit, stable, range of band-gaps | High tempemivre applications, planctary surfaces, solid state lighting

Ink 2.0 iRl high effective hobe mass, high £ Compact gaimma-ray speciromeler for rovess

Gal ER | G145 high mobiliy, igh speed applications Solar X-ray monitors. Penetrator=, synchrotron applications

BM G0 318 nentron detection, exremely rad. hard Flanetary surface neutron monites, nuclear pile detectors

AlM .2 325 widest bamdzap, radiation lard Salar blind X-ray monitors, well looging
T8y 268 156G High £, ganuna-ray detection Ciamima-gay astrenomy) radio gwided probes, well loeging
Diamand 54 352 High vemperaiare, hard, chemically mert, radiation hard, robust, stabla Diedectors for bod corrosive, atmespherss, solar flare menitors, hadron

tberapy — Hssue equivalent detectors

(s

&\K; esa Owens (2003)
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Advantages of compound semiconductors

- Compounds can be selected for specific environments or applications
e.g., high temperature operation

SiC blue photodiode (25mm?) operating at 600° C
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Advantages of compound semiconductors

Materials can be engineered for specific applications

bandgap or wavelength engineering, e.g., colored LEDs (NASDAQ display in Times Square)

ENERGY BAND GAP (eV)
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Advantages of compound semiconductors

‘Wide variety of compounds available
*Compounds can be selected for specific environments
‘Materials can be engineered for specific applications

e.g., photonic crystals, quantum wires
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Figure 8. (a) The schematic of the 2-0 PBG light emitting
diode structure. (b) A scanning electron micrograph of the
2-D PBG light emitting diode.
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Advantages of compound semiconductors

*Ability to match response and energy resolution to an application
e.g., detectors matched to science - e.g., low band gaps for XEUS (detect redshifts >4)

Spectral detail

10 T X-ray continuum sources
| ]
| AIN] AGN/X-ray binaries
Hgl TIBr' 1
2 c Accretion disks
9 1 O2 L Thermoelectric .
L i ‘ ] Thermal sources
- semi‘conduc‘roris
g Cryogenics | i
= |
o
» 10" \ E
)
= Nb | 1 .
I3 Ta | ] Matter evolution
c Al | IGM abs. Lyman forest
= 0 Mo superconductors ‘ abs: Lyman vores
= 10 FHf | E
NBG | WBG
\
|
10_1 5\ L \\\\H‘ 4\ L \\\\H‘ 3\ L \\\\H‘ 2\ L \\\\H‘ 1\ L \\\\H“O L L Ll L] 1
10 10 10 10 10 10 10

\

\

&&i e S a Bandgap (eV) Owens et al, Proc. SPIE, 4784 (2002) 244,
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Advantages of compound semiconductors

-Ability to match response and energy resolution to an application
e.g., GaAs detectors for planetary XRF, matched to an optic

200 mm dia MCP optic
opening angle 120, FOV 0.50

e — N,
PRI, s N
Tandem Pair j% o - Pbs‘\@\z
impelaies s N\ N\,
N o Energy (keV) h
10° w \ 10° .
% T \\ 10 §
CS Pixelated Detector 1 o ! Energ;O(keV) 1o

y
O
%
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X-ray focusing test of prototype optic

\\\\\\Q\\mk\mnm i )uu ) m
WA \\& I

< 60 mm

X-ray radiation (8 keV) focussed by the glass X-
ray lens.The source is located at a distance of 10
m from the lens. Half the focussed radiation falls
within a circle with a diameter of 1.0 arc min
diameter (0.017 degree).This is only a factor of 4
larger than the imaging resolution of ESA’s X-ray
satellite telescope XMM-Newton, which weighs
a few hundred times more per unit of collecting
area that can be achieved with this technology.




Advantages of compound semiconductors

Wide range of stopping powers
mass and cost benefits for planetary spacecraft, surgical probes

Material Pr'oper"rles 40um of GaAs is equivalent o 500 um Si - same resolution

Summary of some material properties: 10° ;
T ———- GaAs -3
Z = ® r; at RT .| CdZnTe P ’
(eV) (eV/ehp) @) 2 W F —-——-cCe s /‘
Diamond 6 5 13 >1013 g b T 7 ]
sic 6/10 3.3 8.4 1013 £ 10" | —me- Hep P / A
Si 14 112 3.6 ~104 3 % /,4( v
Ge 32 0.66 2.0 50 g [ : 2
GaAs 31/33 1.4 43 108 g107" | 3
InP 49/15 14 42 107 2
CdTe 48/52 14 44 109 L, ,
cdznTe 48/52 16 47 101 U A
HgI, 80/53 2.1 42 108 oo
TiBr 81/35 27 5.9 10 107 = .
1 100
NB, wide range of stopping powers Energy (keV)

available with similar energy resolutions
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Advantages of compound semiconductors

-Wide range of stopping powers
surgical probes - small, efficient, 98.6°F operation

a1 L =8 R A RRRA R B4+
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Advantages of compound semiconductors

-Wide dynamic range in a single detector
detectors with good X- and gamma-ray response

TIBr array TIBr array - spectral response
1.0 T T 1.0
Np LouBy 24 Am
0.8 0.8
@ @
H 3 Am-59.54 5
////V / - -
GND k=] =)
= 2 IS
pixel = N
7_ 7_ - T g 0.4 g 0.4
P — > 2 2
= A 0.2 0.2
00, 20 20 60 0% 20 60 80 100
Lois, Energy (keV) Energy (keV)
Tlesc(122) 57Co 137Cg
Co-122
1.25 2-1 2-2 2-3 o8
. 0.8 4 @ -
z <
3-1 3-2 3-3 > >
] el [ 2 oo g os
‘ 3 3
—m |- 0.1 M N
= Tl esc(136 = L
g 0.4 (136) g 0.4 Thesc
S 2 Compton edge
2.7 0.2 0.2
projecti Il dimensions in mi m
0.0 : : : : : : 0.0 . . .
[0} 20 40 60 80 100 120 140 [0} 200 400 600 800
Energy (keV) Energy (keV)

(5
&; e Sa Owens et al, Nucl. Instr. & Meth., A497 (2003) 359.
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Advantages of compound semiconductors

-Wide dynamic range in a single detector
detectors with good X- and gamma-ray response

1.68 umZ, 400 um thick, GaAs diode ESRF BM5 energy specTr'um

e 3amm p——— ™ 10° ——— S ‘ -
g MP]_ 100 | SR
pl—————2.5 MM §—————, 7 -
I i P1/|
[ |15 M —- : Au/PYTI 101
' ' I | |~ Schottky contact
I el 5um p+ layer
/ 10 2 \%‘%MM/ |
_+ 13 17 21 ]
-3
400i40 pm 10

1 O_ E V\\ /N,J \1\" y“\ “‘ "‘ ‘u"/c\ | [ ‘M ‘ :
W 1(:]{) ”m E w\‘f\‘ ‘ ‘ P 7 E
i i \ P8 |

\ / 10 ’ 7 - ‘ = ‘

Normalized counts

.

n+ substrate “ MM I 3

\
20 keV incident energy “"\‘““\ ,“

S e | \HHH\
0 25 50 75 100 12 150 175

Mif ALGe AL ohmlc contact
\w\k—' Energy (keV)

&\‘; esa Owens et al, J. Appl. Phys., 86 (1999) 4341,

=] L =0 A RRRE -l B Science Payloads and Advanced Concepts



Compound semi-conductors under development
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Pros and cons of current detector materials

1 well developed technology
1 heritage

1 well matched to optics
Olimited X-ray response
Onot rad hard

[ cooling issues

I near Fano

1 RT operation possible
[ well matched to optics
1 hard X-ray response
" rad hard

[ development issues

"I near Fano

! RT operation

[ hard X-ray response
1 very rad hard
Odifficult to work with
Osoft

(=

‘@sa
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Pros and cons of current detector materials

CdZnTe

@

] sub-keV energy resolution
[ hard X-ray response

] seems rad hard

I RT operation

[Jexpensive (HPB)

1 Fano limited

1 hard X-ray response
[Inot rad hard
[Jcryogenics

[ fabrication problems

1 sub-keV energy resolution
1 hard X-ray response

! rad hard

[ polarization effects
Odifficult to work with

[ toxic (genetic modifier)

1 kev energy resolution

1 stable, chemically inert
"1 very rad hard

[Ipoor transport properties

=R ERRRRE-— B 4+
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% CSD detector development program

3 materials matured & detection
systems fabricated

5 other materials under study
technology development program in place
& ongoing

extensive testing program at the ESRF,
HASYLAB and BESSY

ESA close to Fano resolution limit for
GaAs and CdZnTe

immediate planetary and astrophysics
applications

clinical spin-offs
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Synchrotron radiation measurements
Beam profile ~20 x 20 um2, E/AE > 10*

; aﬁ sli:rlj '

deTecTor

XY ‘ ‘" , .
Stage :;-;_ |- T8 sl ) To mono/
- | e 20" p'pe*focusing optic
. —— I
Beamline set-up
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GaAs evolution ! arrays
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GaAs 32 x 32 array

A
1.2 cm [
' Design goal AE=180 eV @ 5.9 keV
0
F . Pitch 300 um, pixel size 250um
. — Thickness 40 pm, 4 um p*, <1 um n*
v : : Inter-pixel resistivity > 10100
< 12 cm >
(¥
‘~esa

%
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GaAs prototype 32 x 32 array - first results

Leakage current map at RT AE =250 eV @5.9 keV, 550 eV@59.54 keV

1.0
V=60V, T=+5°C

o 08 -
GaAs MX1147 32x32 IS
pixel detector 8

50V bias, 325um © 0.6 -
o
4]
N

T 04
£
o

Z 02}

0.0 ! ! ‘ :
0 2 4 6 8 10
Energy (keV)
1.00E-09 1.0 :
1.00E-10

" 1.00E-11 w 08|
1.00E-12 c
16 leakage current(A) S

XXNUMBER 1 8 0.6 |
22 8
N

© 0.4
£
o

g < o02¢ W
Demonstrated resolution of 00 -3 PR i\o
\K\W\k AE=270eV @ 5.9 keV at RT Energy (keV)
W
\\\m..ﬂ,

GSa.__, ..

L] =4 "R RN -2 B 3+ Science Payloads and Advanced Concepts

%



GaAs prototype 32 x 32 array - HASYLAB tests

Beamline X-1

f-esa
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GaAs prototype 32 x 32 array - first results

300 — 1 HASYLAB, V=60 V, T=+5°C
E=5.9 keV 1.0 | ‘ | |

//I 08 ’

b

250 -

Energy resolution (eV)

Peak channel

Residuals %

200
2

2500

2000

1500

1000

500

pixel 1616

60 270 280 290 300

Temperature (K)

20 40 60 80 100
Energy (keV)

a1 L =8 R A RRRA R B4+

Normalized counts

Energy resolution (eV)

10

yd electronic

20 40 60 80 100
Energy (keV)

Erd et a/, Nucl. Instr. and Meth A487 (2002) 78.
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32 x 32 pixel array, spatial distributions
E=15 keV, 20 x 20 um2 beam, 10 micron resolution

Pixel 0312 0216 1616

Count rate

= _F'::ﬁb
ey =S = «5.\“?"5“"

e

Centroid

Resolving =
power =

\\s&

S oy
%&g e -2




