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Outline

The role of CdZnTe (CZT) detectors in room temperature X-ray and
gamma ray detection

Spectroscopic and timing performance: current state of art

CdZnTe-based detectors for hard X-ray spectroscopy

CdZnTe-based detectors for gamma ray spectroscopy



CdZnTe Detectors



Compound Semiconductor Detectors

Over the last three decades, high-Z and wide band gap compound semiconductors have been developed, as
alternative materials to silicon and germanium in terms of detection efficiency and room temperature

operation.
Among these, CZT material remains the gold standard.

material ' CdggZngy,Te

density ( g/cm?3) 2.33 5.33 5.32 6.20 5.78 7.56
atomic number (max) 14 32 33 52 52 81
band-gap (eV) 1.12 0.67 1.43 1.44 1.57 2.68
w (eV) 3.62 2.96 4.20 4.43 4.64 5.9
resistivity (Q - cm) 104 50 107 10° 1010 1010-11
nt, (cm?/V) >1 >1 8 .10 3.10°8 103 -102 103

ut, (cm?/V) ~1 >1 4.10° 104 104 -10° 104



CdZnTe

High atomic number ....high detection efficiency....high photoelectric probability...

material ' CdggZngy,Te

density ( g/cm3) 2.33 5.33 5.32 6.20 5.78 7.56
atomic number (max) 14 32 33 52 52 81
band-gap (eV) 1.12 0.67 1.43 1.44 1.57 2.68
w(eV) 3.62 2.96 4.20 4.43 4.64 5.9
resistivity (Q - cm) 104 50 107 10° 1010 1010-11
nt, (cm2/V) >1 >1 8- 108 3103 108 -10°2 1073

ut, (cm?/V) ~1 >1 4.10° 104 104 -10° 104



Efficiency

Efficiency vs. detector thickness at various photon energies.
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CdZnTe

Wide band gap....room temperature operation

material

Cd,4Zn,,Te

density ( g/cm3) 2.33 5.33 5.32 6.20 5.78 7.56
atomic number (max) 14 32 33 52 52 81
band-gap (eV) 1.12 0.67 1.43 1.44 1.57 2.68
w(eV) 3.62 2.96 4.20 4.43 4.64 5.9
resistivity (Q - cm) 104 50 107 10° 1010 1010-11
nt, (cm2/V) >1 >1 8- 108 3103 108 -10°2 1073
ut, (cm?/V) ~1 >1 4.10° 104 104 -10° 104




CdZnTe

Defects and impurities reduce the carrier transport properties of charges, especially for holes

material ' CdggZngy,Te

density ( g/cm3) 2.33 5.33 5.32 6.20 5.78 7.56
atomic number (max) 14 32 33 52 52 81
band-gap (eV) 1.12 0.67 1.43 1.44 1.57 2.68
w(eV) 3.62 2.96 4.20 4.43 4.64 5.9
resistivity (Q - cm) 104 50 107 10° 1010 1010-11
nT, (cm2/V) >1 >1 8- 10° 3-10% 108 -102 108

ut, (cm?/V) ~1 >1 4.10° 104 104 -10° 104




Charge Transport Properties and Trapping

Poor charge carrier transport properties, especially for holes,
(ut, < 102 cm?/V; px, < 1075 cm?/V) limits:

- the energy resolution
- detector volume (< 6 cm3 single crystal) 10000

T I T I T l T I T I T 'I T I T I T I T I T 'I T I T 'I T | T I T
- hlgh flux polarlzatlon 9000 L | “Co source HIGH RATE IMEM 2.2 i
i 2.5 mm thick i
8000 -
(VU o o e i B B L L N A A L R L e i T=25°C |
- | “Co source LOWRATE T=25°C]- 7000 - -
1000 L ICR = 300 cps | | |
IMEM 3 1 mm thick w6000 - -
r =
c - |
800 3 5000 k- —— ICR = 540 kcps -
: S ~
§ 600 L 16% EWHM o 4000 [ — ICR = 350 kcps ]
122.1 keV
“t . 3000 .
400 | ) : 1
2000 -
200 . 1000 .
0 L‘-mu L L . ] 0 PR IR N T NI R T . —t | | b 1 ]
0 10 20 30 40 50 60 70 80 90 100110 120130 140 150 160 170 180 0 50 100 150 200 250 300 350 400 450 500 550 600 650 700 750 800
Energy (keV) Channel



The first CZT Detector

IEEE TRANSACTIONS ON NUCLEAR SCIENCE, VOL. 39, NO. 4, 1992 608
Cd,.ZnTe GAMMA RAY DETECTORS
J. F. Butler, C. L. Lingren and F. P. Doty
Aurora Technologies Corporation
7408 Trade Street, San Diego, Ca 92121
Abstract inversely proportional to the pt products. There is thus

considerable interest in pursuing approaches designed to
Results of an cffort to improve the performance at CdTe  increase the pt products of scmiconductor detectors.

detectors by addrescine starting element purity and crvstal- Free carrier lifetimes of hich resistivity semiconductors
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L-F and H-F THM CdZnTe Materials

The most common CZT detectors are
characterized by enhanced charge
transport properties of electrons, with
ut, > 102 cm?/V; ur,, > 10> cm?/V

These materials, typically termed
Low-Flux LF-CZT, are successfully used
for thick (up to 15-20 mm) electron-
sensing detectors (gamma _ ray

Recently, new CZT materials with hole
mobility-lifetime product enhancements (uT,
> 103 cm?/V; ur,, > 104 cm?/V ) have been
fabricated for high-flux measurements,
termed High-Flux HF-CZT detectors.

X-ray detectors (thickness up to 2 mm)

detectors) and in low-flux conditions

H. Chen, et al. IEEE
Trans. Nucl. Sci. 2007,
54, 811-816.

B. Thomas, et al. 2017 JINST 12 C12045.

M. Bettelli, et al. 2023, Scientific Reports 13 (1), 17963



Energy Resolution

Hard X-ray CZT detectors
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Gamma ray CZT detectors
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Relative Counts

Timing Resolution
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CdZnTe-based Detectors at
DiFC Palermo



Research Activities at DiFC Palermo
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Motivations

Goal: Development of energy-resolved X-ray imagers for contaminant detection in
food industry.

Italian Research Project (MUR)
PRIN2022 Call, Italy

Toward Next-Generation X-ray Imagers:
a High-Resolution Spectroscopic System with Ultra-High
— Photon Flux Capabilities

I l [taliadomani

Viinistero

Department of Physics and Chemistry (DiFC), University of Palermo (lItaly)
/ (L. Abbene)

IMEM-CNR, Parma (Italy)
—_— —> (A. Zappettini)

\ Politecnico di Milano

(G. Bertuccio)

Collaboration




Detection System
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- Room temperature operation - Energy resolution < 1 keV at FWHM at 60 keV

- Sub-millimetre spatial resolution - High-flux pulse mode capabilities (> 10® photons/mm? s)



HF-CZT Linear Detectors

e Custom CZT-based linear array detectors, with
pixel pitch of 500 um, were fabricated by IMEM-
CNR (Parma, Italy).

e HF (High Flux) - CZT crystals (11 x 3.7 x 2 mm?3)
produced by Redlen Technologies company
(Canada).

guard
small guard

e New sputtered platinum (Pt) electrical contacts
(IMEM-CNR).




HF-CZT Linear Detectors
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- Enhanced hole charge transport - Low leakage currents
properties - High bias voltage operation (> 5000 V/cm)

- Time stability



Ultra-Low Noise Preamplifiers

Low-noise charge sensitive preamplifiers developed at Politecnico di Milano (Italy)
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Low-Rate Performance
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Energy Resolution and Fano Noise

—m— measured FWHM at 59.5 keV
»  Fano noise
— — electronic noise .
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Relative Counts

High-Rate Performance
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3D CZT Drift Strip

Detectors



Motivations

THERANOSTICS is an emerging radiation therapy technique in nuclear medicine.

It couples diagnostic imaging and therapy into a single treatment, using dedicated

radioactive drugs: the gamma ray/positron emission is used for imaging and alpha/beta
particles for therapy.

(ohe particle Thera

Distance: 40-100 pm % '\/\/\/
A LET: 80 keV/pm e, Yy
T oefifee WY REAL-TIME DIAGNOSTICS SYSTEM through
’ WY multi-isotope  gamma ray imaging
(5 keV-1 MeV) with 3D cadmium-zinc-
'\/151\/;/\% telluride (CZT) drift strip detectors.
14
14
D T el PRIN 2022 PNRR Project

¢ « Healthy cells



Drift Strip Concept for 3-D Detection

Planar Transverse Field (PTF) irradiation geometry.

2D position 3rd position
cross-strips on the cathode/anode ratio

cathode/anode electrodes

Advantages Critical Issues

- moderate charge sharing
- low number of read-out channels
- increased detection efficiency (PTF)

- leakage current between drift strips
complex analysis of charge pulses



The Detectors

CZT drift strip detectors were realized at IMEM-CNR of
Parma in collaboration with due2lab company.

The detectors (20 x 20 x 6 mm?3) were fabricated from
Redlen CZT pixel detectors (low flux CZT crystals).

The ANODE (top) is characterized by gold strips with a pitch
of 0.4 mm (0.15 mm strip width and 0.25 mm inter-strip
gap).

The CATHODE (bottom) is divided into ten gold strips
orthogonal to the anode strips with a pitch of 2 mm (1.9
mm strip width and 0.1 mm inter-strip gap).




Zoo of pulses: collected and induced pulses
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M. Bettelli, et al. NIM A 960 (2020) 163663.



Spectroscopic improvements

We measured the negative saturation levels of the induced charge pulses from drift-strips.

Amplitude (a.u.)
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Spectroscopic improvements

We used the negative saturation levels for performance improvements
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Counts

Spectroscopic improvements
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Excellent room temperature energy resolution

L. Abbene et al. J. Synchrotron Rad. (2020) 27 (6), 1564-1576; https://doi.org/10.1107/5S1600577520010747.

L. Abbene et al. Sensors (2022), 22 (4), 1502; https://doi.org/10.3390/5s22041502.
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Spatial Resolution

Spatial resolution was investigated with collimated synchrotron X-rays (20 um) at European Synchrotron
Radiation Facility (Grenoble, France) T
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Spatial Resolution
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Conclusions

|

Currently, CZT material represents the gold standard for room temperature X-ray and
gamma ray detection.

« Excellent energy resolution at room temperature: <1 keV at 60 keV; < 5 keV at 662 keV and
sub-millimetre spatial resolution

» High throughput (> 90 %) and low spectral distortions at high fluxes (8 - 10® photons/mm? s)

» Timing resolution < 100 ns for thick detectors (5 mm)

« Low number of companies and high costs are currently critical issues for large-scale
production.

. New perovskite materials can be a valid solution for low-cost room temperature detectors
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