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

Outline

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



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.

material Si Ge

density ( g/cm3 )                   2.33                 5.33                  5.32                      6.20                       5.78     7.56

GaAs CdTe Cd0.9Zn0.1Te TlBr

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

µ τe (cm2 / V )                    > 1                             > 1                    8 · 10-5                    3 · 10-3                          10-3  -10-2                         10-3 

µτh (cm2 / V )                     ∼1                              > 1                 4 · 10-5                     10-4                                 10-4  -10-5                           10-4

resistivity (Ω · cm)              104                             50                     107                           109                              1010                                 1010-11

Compound Semiconductor Detectors

Among these, CZT material remains the gold standard.



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

material Si Ge

density ( g/cm3 )                   2.33                 5.33                  5.32                      6.20                       5.78     7.56

GaAs CdTe Cd0.9Zn0.1Te TlBr

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

µ τe (cm2 / V )                    > 1                             > 1                    8 · 10-5                    3 · 10-3                          10-3  -10-2                         10-3 

µτh (cm2 / V )                     ∼1                              > 1                 4 · 10-5                     10-4                                 10-4  -10-5                           10-4

resistivity (Ω · cm)              104                             50                     107                           109                              1010                                 1010-11

CdZnTe



Efficiency vs. detector thickness at various photon energies.
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Radiography

SPECT (99mTc)

Efficiency

PET:
Positron 
Emission 

Tomography

Del Sordo S. et al. Sensors 2009, 9, 
3491-3526; doi:10.3390/s90503491



Wide band gap….room temperature operation
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Defects and impurities reduce the carrier transport properties of charges, especially for holes
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Poor charge carrier transport properties, especially for holes,
(µτe < 10-2 cm2/V; µτh < 10-5 cm2/V) limits:

- the energy resolution
- detector volume (< 6 cm3 single crystal)
- high flux polarization

Charge Transport Properties and Trapping



The first CZT Detector

Energy Resolution 
~ 12 keV (10 %) at 122 keV



L-F and H-F THM CdZnTe Materials
The most common CZT detectors are
characterized by enhanced charge
transport properties of electrons, with
µτe > 10-2 cm2/V; µτh > 10-5 cm2/V

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

H. Chen, et al. IEEE 
Trans. Nucl. Sci. 2007, 

54, 811–816.

Recently, new CZT materials with hole
mobility-lifetime product enhancements (µτe
> 10-3 cm2/V; µτh > 10-4 cm2/V ) have been
fabricated for high-flux measurements,
termed High-Flux HF-CZT detectors.
X-ray detectors (thickness up to 2 mm)

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

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



Energy Resolution 

F. Zhang, et al. IEEE Trans. Nucl. Sci. 2012, 
59, 236.

M. Veale, et al. Sensors 2020, 20, 2747; 
doi:10.3390/s20102747

< 1 keV at 60 keV

Hard X-ray CZT detectors Gamma ray CZT detectors



Timing Resolution 

Time resolution < 100 ns (5 mm thick detector)  
by using dedicated pulse processing 
techniques. 



CdZnTe-based Detectors at 
DiFC Palermo



Research Activities at DiFC Palermo

CZT detectors:
- custom detector design
- crystal selection
- electrical contacts with low

leakage current

Low noise 
preamplifiers
- ENC< 100 e-

Digital pulse 
processing (DPP) 

systems
- energy and timing 

resolution 
enhancements

Collaboration

IMEM-CNR Parma, Italy (A. Zappettini)
Politecnico di Milano, Italy (G. Bertuccio)



CdZnTe Linear Array 
Detectors 



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

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

IMEM-CNR, Parma (Italy)
(A. Zappettini)

Politecnico di Milano
(G. Bertuccio)

Collaboration

Project



Detection System

CZT-based linear 
array detectors

Low-noise preamplifiers 
(CSP)

Digital Electronics 
for Pulse Shape and 

Height Analysis 
(PSHA)

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

- Sub-millimetre spatial resolution - High-flux pulse mode capabilities (> 106 photons/mm2 s)

Requirements



HF-CZT Linear Detectors

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

• HF (High Flux) - CZT crystals (11 x 3.7 x 2 mm3)
produced by Redlen Technologies company
(Canada).

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



- Low leakage currents

- High bias voltage operation (> 5000 V/cm)

- Time stability

- Enhanced  hole charge transport 
properties

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

HF-CZT Linear Detectors

Key properties…..

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



Low-noise charge sensitive preamplifiers developed at Politecnico di Milano (Italy)

• SIRIO charge-sensitive preamplifiers
(no analog pulse shaping) based on
low noise CMOS technology

• Intrinsic ENC < 3 electrons (rms)

• Pulsed-mode reset strategy

Ultra-Low Noise Preamplifiers

5
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3D CZT Drift Strip 
Detectors 



Motivations

REAL-TIME DIAGNOSTICS SYSTEM through
multi-isotope gamma ray imaging
(5 keV-1 MeV) with 3D cadmium-zinc-
telluride (CZT) drift strip detectors.

PRIN 2022 PNRR Project

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.



Drift Strip Concept for 3-D Detection

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

Planar Transverse Field (PTF) irradiation geometry. 

PTF

2D position 3rd position

cathode/anode ratiocross-strips on the 
cathode/anode electrodes

z

x

y



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

The detectors (20 x 20 x 6 mm3) 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 Detectors

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).



The negative saturation 
level is due to the charge

induced by holes trapped in 
the detector

M. Bettelli, et al. NIM A 960 (2020) 163663.

Induced charge pulses 
with negative saturation 

levels 

Zoo of pulses:  collected and induced pulses



Spectroscopic improvements

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



Spectroscopic improvements
We used the negative saturation levels for performance improvements 



Spectroscopic improvements

Excellent room temperature energy resolution

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

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



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



Spatial Resolution

Cathode/Anode pulses 
under collimated

synchrotron X-rays.

Spatial Resolution 
350 µm (FWHM)



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

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

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 ⋅ 106 photons/mm2 s)

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

Conclusions 

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



Hvala vam na pažnji
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