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Recently, CdZnTe (CZT) detectors have been widely proposed and developed

for room-temperature X-ray spectroscopy even at high fluxes, and great efforts

have been made on both the device and the crystal growth technologies. In this

work, the performance of new travelling-heater-method (THM)-grown CZT

detectors, recently developed at IMEM-CNR Parma, Italy, is presented. Thick

planar detectors (3 mm thick) with gold electroless contacts were realised, with a

planar cathode covering the detector surface (4.1 mm � 4.1 mm) and a central

anode (2 mm � 2 mm) surrounded by a guard-ring electrode. The detectors,

characterized by low leakage currents at room temperature (4.7 nA cm�2 at

1000 V cm�1), allow good room-temperature operation even at high bias

voltages (>7000 V cm�1). At low rates (200 counts s�1), the detectors exhibit an

energy resolution around 4% FWHM at 59.5 keV (241Am source) up to 2200 V,

by using commercial front-end electronics (A250F/NF charge-sensitive

preamplifier, Amptek, USA; nominal equivalent noise charge of 100 electrons

RMS). At high rates (1 Mcounts s�1), the detectors, coupled to a custom-

designed digital pulse processing electronics developed at DiFC of University of

Palermo (Italy), show low spectroscopic degradations: energy resolution values

of 8% and 9.7% FWHM at 59.5 keV (241Am source) were measured, with

throughputs of 0.4% and 60% at 1 Mcounts s�1, respectively. An energy

resolution of 7.7% FWHM at 122.1 keV (57Co source) with a throughput of 50%

was obtained at 550 kcounts s�1 (energy resolution of 3.2% at low rate). These

activities are in the framework of an Italian research project on the development

of energy-resolved photon-counting systems for high-flux energy-resolved X-ray

imaging.

1. Introduction

In the last decade, great efforts have been made in the

development of imaging arrays, with single-photon-counting

and energy-resolving capabilities, for colour/spectroscopic

X-ray imaging (Fredenberg et al., 2010; Norlin et al., 2008;

Taguchi & Iwanczyk, 2013; Tomita et al., 2004), opening new

perspectives for applications within the fields of diagnostic

medicine, synchrotron applications, non-destructive testing

and security screening. Energy-resolved photon-counting

(ERPC) arrays are typically based on high-Z and wide-band-

gap direct-conversion compound semiconductors (gallium

arsenide, cadmium telluride, cadmium zinc telluride) (Abbene

et al., 2015; Barber et al., 2015; Iwanczyk et al., 2009; Szeles et

al., 2008; Veale et al., 2014), which ensure room-temperature

operation and higher detection efficiency (up to 140 keV) than

the traditional semiconductor detectors (silicon, germanium)

(Del Sordo et al., 2009; Owens & Peacock, 2004; Takahashi &

Watanabe, 2001). Silicon drift detectors, invented in 1984 by
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Gatti and Rehak (Gatti & Rehak, 1984; Gatti et al., 1984),

are currently proposed for room-temperature spectroscopic

X-ray imaging, representing the best solution up to 20 keV

(Bertuccio et al., 2015). Despite their excellent energy reso-

lution and high detection efficiency up to 140 keV, few ERPC

prototypes, based on high-purity germanium (HPGe) detec-

tors, have been developed, mainly due to their cumbersome

cryogenic cooling (liquid and mechanical coolers) (Johnson et

al., 2015; Campbell et al., 2013).

Owing to the high-flux conditions of several imaging

applications (>106 photons mm�2 s�1), the development of

high-resolution ERPC systems must take into account several

critical issues. Dead-time, pile-up, charge-sharing and radia-

tion-induced polarization distortions are the main drawbacks.

The mitigation of the first three distortions is, generally, the

main task of the readout electronics (pulse mode electronics)

and important results are obtained through both analog

(Barber et al., 2015; Iwanczyk et al., 2009; Taguchi et al., 2010)

and digital approaches (Abbene et al., 2015; Brambilla et al.,

2013). High-flux radiation-induced polarization phenomena

(Bale & Szeles, 2008; Sellin et al., 2010) mainly depend on the

characteristics of the detectors, and high bias voltage opera-

tion and good charge transport properties (mobility-lifetime

products of holes and electrons) are required.

Among the compound semiconductors, cadmium zinc tell-

uride (CdZnTe or CZT) detectors are primary candidates for

the development of ERPC systems, able to ensure room-

temperature operation, good energy resolution and high

detection efficiency in thicknesses of a few millimeters (Del

Sordo et al., 2009; Owens, 2006; Takahashi & Watanabe, 2001;

Iniewski, 2014). ERPC systems based on pixelated CZT

detectors offer modest energy resolution at high fluxes

(>106 photons mm�2 s�1), typically of the order of 10–20% at

60 keV (Barber et al., 2015; Brambilla et al., 2009; Baumer et

al., 2008; Greenberg et al., 2016), and advances in both the

CZT crystal growth and the device technology are required.

Great efforts have been made on the development of CZT

detectors based on spectroscopic grade crystals and char-

acterized by electrical contacts (quasi-ohmic contacts) with

low leakage currents (Auricchio et al., 2011; Bell et al., 2015;

Chen et al., 2007; Park et al., 2008; Chaudhuri et al., 2014;

Szeles et al., 2008; Abbene et al., 2016; Zappettini et al., 2009).

Currently, CZT crystals with excellent charge transport

properties (�e�e > 10�2 cm2 V�1) are produced by a Canadian

company (Redlen Technologies, Victoria BC, Canada) using

the travelling heater method (THM) growth technique

(Awadalla et al., 2014; Chen et al., 2007). THM-grown CZT

detectors, despite their excellent charge transport properties,

generally operate at moderate electric fields (<2000 V cm�1)

(Awadalla et al., 2014; Chen et al., 2007), thus limiting the

reduction of high-flux polarization and charge-sharing effects

in pixelated detectors.

Recently, within an Italian research collaboration (DiFC

of University of Palermo and IMEM-CNR of Parma), we

proposed to develop ERPC prototypes, based on CZT pixel

detectors and digital pulse processing (DPP) electronics,

for high-flux energy-resolved X-ray imaging applications

(1–140 keV). In this framework, we developed, as a first step,

some CZT prototypes, with planar electrode structures, to

investigate their high-flux spectroscopic performance.

In this work, we will present the results of a full char-

acterization of the electrical, charge transport and spectro-

scopic properties of new THM-grown CZT detectors with

quasi-ohmic contacts, recently developed at IMEM-CNR,

Parma, Italy. The detectors, based on CZT crystals provided

by Redlen Technologies, are characterized by low leakage

currents allowing high bias voltage operation (>7000 V cm�1)

even at room temperature. The main transport mechanisms of

the new devices were investigated by modelling the measured

I–V curves (under reverse bias voltages) with the interfacial-

layer–thermionic-diffusion (ITD) model (Bolotnikov et al.,

2002; Wu, 1982). An accurate characterization of the spec-

troscopic response of the detectors, at both low

(200 counts s�1) and high (up to 1 Mcounts s�1) rates, to

monochromatic X-ray and �-ray sources (109Cd, 241Am and
57Co) was performed by using custom-designed digital readout

electronics, developed at DiFC of University of Palermo

(Italy). The readout electronics are able to continuously

digitize and process the signals from the detectors (i.e. the

preamplifier output signals) and perform a fine pulse shape

and height analysis even at high fluxes.

2. Materials and methods

2.1. Detectors

The detectors, fabricated by IMEM-CNR (Parma, Italy;

http://www.imem.cnr.it) and Due2Lab srl (Reggio Emilia,

Italy; http://www.due2lab.com), are based on CZT crystals

(4.1 mm � 4.1 mm � 3 mm), grown by Redlen Technologies

(Victoria BC, Canada; http://redlen.ca) using the THM tech-

nique (Awadalla et al., 2014; Chen et al., 2007, 2008). The

cathode is a planar electrode covering the detector surface

(4.1 mm � 4.1 mm) and the anode surface is characterized by

a central electrode (2 mm � 2 mm) surrounded by a guard-

ring electrode (Fig. 1). The width of the guard-ring is 950 mm

and the gap between the electrodes is 50 mm. As shown in

Fig. 1, the detectors were bonded with 50 mm Au wires onto a

high-resistivity printed circuit board.

Gold electroless contacts were realised on both the anode

and the cathode of the detectors. A 4% AuCl3 methanol

solution, with a deposition time of 1 min at 25�C, was used.

The anode pattern (guard-ring and pixel) was obtained by

photolithography process and the passivation procedure was

performed with 10% of H2O2 for 5 min, in order to reduce the

surface leakage currents. THM-grown CZT detectors with

gold electroless contacts (CZT B) are widely fabricated at

IMEM-CNR and characterized by electrical and spectroscopic

properties in agreement with the literature (Abbene et al.,

2016; Turturici et al., 2016). Recently, THM-grown CZT

detectors with a new gold electroless contact technique

(CZT A) have been developed at IMEM-CNR. These new

devices, characterized by very low leakage currents, allow

high bias voltage operation (>7000 V cm�1) even at room
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temperature with excellent prospective for high-flux radiation

measurements. Comparison between the new (CZT A) and

the standard (CZT B) THM-grown CZT detectors will be

presented.

2.2. Electronics

The spectroscopic performance of the detectors was

measured by using standard front-end electronics. We used

a commercial AC-coupled charge-sensitive preamplifier (CSP;

A250F/NF with external FET SK152, Amptek, USA; http://

amptek.com) with a nominal equivalent noise charge of about

100 electrons RMS. The CSP is characterized by a resistive-

feedback circuit (feedback resistor, Rf = 1 G�; feedback

capacitor, Cf = 0.25 pF) with a decay time of 250 ms.

The detectors and the CSP were mounted on a custom PCB

board based on a polytetrafluoroethylene (PTFE) substrate

(the distance between the detector-anode and the CSP was

less than 1 cm). The PCB board was enclosed in a shielded box

and the detectors were irradiated through a light-tight beryl-

lium window.

The height analysis of the CSP output pulses was performed

through custom DPP electronics, recently developed at DiFC

of University of Palermo (Italy) (Abbene et al., 2013; Abbene

& Gerardi, 2015; Gerardi & Abbene,

2014). The DPP system, by digitizing

and processing the CSP output wave-

forms, is able to perform an accurate

pulse shape and height (PSHA) analysis

(e.g. arrival time, pulse height and pulse

shape) even at high input counting rates

(ICRs). The DPP system consists of a

digitizer (DT5724, 16 bit, 100 MS s�1,

CAEN SpA, Italy; http://www.caen.it)

and a PC, which controls all digitizing

functions, the acquisition and the

analysis. The pulse-processing analysis

is performed by using a custom DPP

firmware uploaded to the digitizer. A

general overview of the method is presented below and a

detailed description of the method is reported in previous

works (Abbene et al., 2013; Abbene & Gerardi, 2015; Gerardi

& Abbene, 2014). The DPP method, as shown in Fig. 2, is

based on two pipelined shaping steps: a fast and a slow PSHA.

The CSP output waveforms are shaped by using the classical

single delay line (SDL) shaping technique (Knoll, 2000). SDL

shaping is obtained by subtracting from the original pulse its

delayed and attenuated fraction. SDL shaping gives short

rectangular output pulses with fast rise and fall times.

Generally, two main features characterize the SDL shaping:

(i) the time width of each SDL shaped pulse is well defined

(delay time + CSP peaking time) and (ii) if the delay time is

greater than the peaking time of the CSP pulse, the SDL

shaping also preserves the leading edge (pulse height and

peaking time) of each CSP output pulse. These features make

SDL shaping very appealing for timing and PSHA at both low

and high ICRs. Through the fast PSHA the following opera-

tions are performed:

(i) Pulse detection and time-tag triggering after fast SDL

shaping with short delay time.

(ii) Pulse shape and height analysis (fast PSHA), that

provides energy spectra (pulse height distributions of the fast

SDL shaped pulses) with high throughputs (i.e. the OCR/ICR
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Figure 2
The main operations and output data of the digital pulse processing (DPP) system.

Figure 1
(a) The new 3 mm-thick THM-grown CZT detector (cathode side view). (b) Schematic cross-section view of the detectors and the anode electrode
layout (all dimensions are expressed in millimeters).



ratio, where OCR is the output counting rate and ICR the

input counting rate); the time width (i.e. one of the shape-

related parameters) of the SDL shaped pulses is also

measured; to minimize the effects of baseline shifts in the

measured spectra, the system performs a fast baseline

recovery by using the running average value of a fixed number

of samples preceding the SDL pulse, where no further pulses

are present.

(iii) Pile-up rejection (PUR) for the slow PSHA; the PUR is

used to select time windows of the CSP waveform for the slow

PSHA. Each selected time window of the CSP waveform is

termed Snapshot, while the width of this window, user-chosen,

is termed Snapshot Time (ST). If two detected fast SDL pulses

are within ST/2 of each other, then neither pulse will be

selected, i.e. a pulse is accepted if it is not preceded and not

followed by another pulse in the ST/2 time window periods.

The main feature of the slow PSHA is that the processing is

performed on each PUR selected Snapshot, containing only

one CSP pulse. The energy resolution strongly depends on the

ST values; as the shaping time of classic analog systems, long

ST values give better energy resolution. Through the slow

PSHA, the system is able to provide, for each selected CSP

pulse, the following results:

(i) Trigger time obtained in the fast PSHA.

(ii) Peaking time (one of the shape related parameters) of

each isolated CSP pulse after the slow SDL shaping (i.e. with a

long delay time).

(iii) Pulse height of each isolated CSP pulse after the slow

SDL shaping, followed by an automatic baseline restorer and

a trapezoidal filtering.

The shape related parameters (the peaking time of the slow

shaped pulses and the time width of the fast shaped pulses) and

their relation with the pulse height are very helpful for

improving the detector performance. Pulse shape discrimina-

tion techniques were successfully used in our previous works

(Abbene & Gerardi, 2011; Abbene et al., 2015) to minimize

incomplete charge collection effects, pile-up and charge

sharing.

Both the time width of the pulses from the fast shaping and

the ST are dead-times for the system with a well defined

modelling (paralyzable dead-time). In particular, the fast

analysis is characterized by a dead-time (fast dead time) equal

to the mean value of the time widths of the fast shaped pulses;

while, the dead-time of the slow analysis is equal to ST minus

the fast dead-time (Abbene et al., 2015). As well highlighted in

a previous work, the true ICR can be estimated or obtained

from an exponential best fit of the measured time-interval

distribution of the fast shaped pulses, or by applying the

inversion of the throughput formula of the fast analysis.

2.3. Experimental procedures

The electrical properties (current–voltage curves) of the

detectors were measured by using a high-voltage source

meter, Keithley 2410, which provides the detector bias voltage,

and a source-measure unit, Keithley 236, configured as elec-

trometer. The guard ring of the detectors is held at zero

potential to prevent surface leakage currents.

To investigate the spectroscopic performance of the detec-

tors, we used X-ray and �-ray calibration sources (109Cd: 22.1,

24.9 and 88.1 keV; 241Am: 59.5 and 26.3 keV; 57Co: 122.1

and 136.5 keV). The 57Co energy spectra also feature the W

fluorescent lines produced in the tungsten source backing

(K�1 = 59.3 keV, K�2 = 58.0 keV, K�1 = 67.2 keV, K�3 =

66.9 keV). We used two different 241Am sources: (i) a low-

activity source (0.1 MBq) also emitting the Np L X-ray lines

(13–21 keV), and (ii) a high-activity source (370 MBq) where

the Np L X-ray lines are shielded by the source holder. The

14 keV �-line of the 57Co source is also shielded by the source

holder. To obtain different ICRs of the impinging photons on

the detectors (through the cathode surface), we changed the

solid angle subtended by the detectors, i.e. the distance from

the sources to the detectors.

3. Measurements and results

3.1. Electrical and charge transport properties

Fig. 3 shows the current–voltage (I–V) characteristics of

the new THM-grown CZT detector (CZT A), measured at

different temperatures (from T = 40�C to T = 15�C, with

temperature steps of 5�C). The behaviour of the I–V curves

is typical of the quasi-ohmic Au/CZT/Au contacts, i.e. of a

metal–semiconductor–metal device with two back-to-back

Schottky barriers (Bolotnikov et al., 2002; Marchini et al.,

2009). As clearly visible in the figure, the detector is char-

acterized by very low leakage currents in the reverse bias

region: 4.7 nA cm�2 at 300 V (1000 V cm�1) at T = 25�C and

1.4 nA cm�2 at T = 15�C. Moreover, the detector ensures

moderate leakage currents, at room temperature (T = 25�C),

even at high bias voltages: 93 nA cm�2 at 2000 V
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Figure 3
I–V curves of the new THM-grown CZT detector (CZT A) measured at
different temperatures (from T = 40�C to T = 15�C, with temperature
steps of 5�C). Moderate leakage current of 370 nA cm�2 (T = 25�C) was
measured even at very high electric field of 10000 V cm�1. The area of the
anode electrode is equal to 4 mm2.



(6700 V cm�1) and 370 nA cm�2 at 3000 V (10000 V cm�1).

Fig. 4 shows an interesting comparison between the I–V curves

of the CZT A and CZT B detectors. The CZT B detector

is characterized by leakage current values (16 nA cm�2 at

1000 V cm�1 at T = 25�C) in agreement with the literature

(Awadalla et al., 2014; Bell et al., 2015; Chen et al., 2007), but

higher than the CZT A ones.

To better understand these experimental results, we

described the measured I–V curves (under reverse bias

voltage) through the ITD model (Bolotnikov et al., 2002; Wu,

1982). Fig. 5 shows the measured I–V curves, under reverse

bias voltages, of both detectors with the description of the

main transport mechanisms. For the CZT B detector, in

agreement with the ITD model, the bulk resistivity dominates

at low voltages (<0.5 V). At intermediate voltages (<2 V) the

I–V curve follows Ohm’s law, but, due to the depletion of the

CZT crystal, the specific resistivity is higher than the real bulk

resistivity. Then the diffusion-thermionic emission, which

depends on the interfacial layer between the contact and CZT

material, dominates. In particular, this interfacial layer, due to

the surface treatments of the crystals during the detector

fabrication process, reduces the current by a factor �n (i.e. the

transmission coefficient through the interfacial layer). In this

range, at low voltages the diffusion-limited current regime

dominates, while at higher voltages the exponential rise of the

current is dominated by the barrier lowering of the thermionic

emission. Finally, at very high voltages both I–V curves follow

a power law due to the space charge limited current transport

mechanism. Concerning the new CZT detector (CZT A), the

I–V curve is characterized by the formation of the depletion

region even at low voltages (< 1 V), precluding the possibility

to estimate the bulk resistivity. The I–V curve is characterized

by a shift through the voltage range, allowing low leakage

currents even at high voltages. Indeed, also the diffusion and

thermionic emission mechanisms occur at higher voltages

compared with the CZT B detector. In particular, the ther-

mionic emission occurs at about 200 V for CZT A, while it

occurs at about 30 V for CZT B.

In order to perform a quantitative interpretation of these

differences, we applied the ITD model to the measured I–V

curves. At voltages where the detectors are fully depleted and

the diffusion and the thermionic emission mechanisms domi-

nate, the current density JR as a function of the reverse voltage

VR can be expressed as (Turturici et al., 2016)

JR ¼
C0

1þ C4= C5 þ VRð Þ
� �

( )
exp

qC2VR

kT

� �
; ð1Þ

with

C0 ¼ �n A�T 2 exp �
q’B0

kT

� �
;

C2 ¼ 1�
"i

"i þ 2q�iDs

;

C4 ¼
�nLVt

�
; C5 ¼ VRT � E0L;

where A* is the effective Richardson constant, �n is the

transmission coefficient through the interfacial layer, ’B0 is the

Au/CZT barrier height under thermal equilibrium conditions,

"i and �i are the permittivity and the thickness of the inter-

facial layer, Ds is the density of surface states per unit energy

and area, � is the electron mobility, Vt is the thermal velocity,

VRT is the voltage required to fully deplete the detector, and

E0 is the electric field strength at the anode when the cathode

is at VRT.

By using the fitting function (1), we estimated the C0 values

for both CZT detectors. We extracted the values of barrier

height ’B0 (under thermal equilibrium conditions) from the

slope of the Arrhenius plot ln(C0 /T 2) versus 1/kT, as shown in

Fig. 6. Despite the differences between the I–V curves of the

two CZT detectors, they are characterized by similar ’B0

values. Further helpful results, reported in Table 1, can allow
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Figure 5
Measured reverse I–V curves of the CZT A and CZT B detectors at
T = 25�C. The main transport mechanisms are also highlighted.

Figure 4
Measured I–V curves of the CZT A and CZT B detectors at T = 25�C.
Despite the leakage current values of CZT B being in agreement with the
literature (Awadalla et al., 2014), they are higher than those of CZT A.



us to understand the differences between electrical properties

of the two CZT detectors.

The values of the transmission coefficient �n were obtained

from the C4 values after fitting, by assuming Vt = 8.5 �

106 cm s�1 and � = 1000 cm2 V�1 s�1. The parameter C2

depends on both the thickness of the interfacial layer and the

density of surface states Ds. The Schottky barrier height ’R

depends on the barrier lowering due to the voltage drop across

the interfacial layer by

’R ¼ ’B0 � C2V: ð2Þ

From the results of Table 1, only the C2 values have a

marked difference between the two detectors. Due to the

dependence of C2 on Ds, the new CZT detector is character-

ized by lower density of surface states than for CZT B. Low Ds

values cause an increasing of the Schottky barrier height and,

therefore, low leakage current values.

Moreover, the lower effect of the interfacial layer in the

CZT A detector (pointed out by the higher �n value than the

CZT B one) explains how the leakage current is diffusion-

limited up to higher voltages than for CZT B.

The charge transport properties of the detectors were also

investigated through the estimation of the mobility-lifetime

product of the electrons �e�e. To evaluate �e�e, we irradiated

the detectors from the cathode side, by using the 22.1 keV line

of the 109Cd source, and the energy spectra at different bias

voltages were measured. The measured charge collection

efficiencies of two samples at 22.1 keV versus the bias voltage

are reported in Fig. 7. The experimental points are fitted with

the simplified Hecht equation (Sellin et al., 2005). The esti-

mated �e�e values are in agreement with the typical values

presented in the literature (Awadalla et al., 2014; Chen et al.,

2007, 2008).

In the following sections, we will show how these properties

and differences will be crucial in the spectroscopic perfor-

mance of the CZT detectors, especially at high fluxes.

3.2. Room-temperature spectroscopic response at low and
high rates

The time-stability of the detectors, at low rates (ICR =

200 counts s�1), was first investigated. 241Am and 57Co spectra

were measured, by using an electric field of 1500 V cm�1, and

both detectors showed good time-stability within a time

window of 30 min, in agreement with the literature. All energy

spectra were measured by using the slow PSHA with ST = 9 ms,

which gives the best energy resolution values. The same low-

rate performance were obtained by using an analog Gaussian

shaping amplifier (model 672, Ortec, USA) with a shaping

time constant of 1 ms and a multichannel analyzer (MCA

8000A, Amptek, USA). Fig. 8 shows an overview of the

measured energy resolution (FWHM) at 59.5 keV (241Am

source) of the detectors at different bias voltages. Generally,

similar low-rate performance (energy resolution around 4%

at 59.5 keV) for both CZT detectors were measured, though

obtained at different optimal bias voltages. These results are in

agreement with the energy resolution values obtained, at low

rates, by other researchers with planar CZT detectors coupled

to the A250 preamplifier (Deng et al., 2007). The CZT A

detector allows higher bias voltage operation (>7000 V cm�1)
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Figure 7
Normalized 22.1 keV photopeak centroid (i.e. the charge collection
efficiency) at various cathode bias voltages for both CZT detectors. The
experimental points are fitted with the simplified Hecht equation (Sellin
et al., 2005). The estimated �e�e values are in agreement with the typical
values presented in the literature (Awadalla et al., 2014; Chen et al., 2007,
2008). The 109Cd spectra were measured using the slow PSHA with ST =
9 ms (optimal ST value).

Table 1
Au/CZT barrier height ’B0 under thermal equilibrium, transmission
coefficient �n, C2 and C5 parameters, estimated by applying the ITD
model [equation (1)] to the reverse I–V curves of the CZT detectors at
T = 25�C.

Sample ’B0 (eV) �n C2 C5

CZT A 0.92 � 0.01 0.063 4.0 � 10�5 10.6
CZT B 0.90 � 0.01 0.016 1.5 � 10�4 20.7

Figure 6
Experimental Arrhenius plot of the parameter C0, estimated through a
fitting of the measured reverse I–V curves with equation (1). Despite the
differences between the I–V curves of the two CZT detectors, they are
characterized by similar ’B0 values.



than CZT B (<2000 V cm�1), in agreement with the measured

electrical characteristics. Despite the best energy resolution

(3.7% FWHM at 59.5 keV) for the CZT A detector obtained

at voltages between 1000 V and 1400 V, we prefer to show the
241Am and 57Co spectra measured at the maximum bias

voltage of 2200 V (7300 V cm�1), characterized by similar

performance and shown in Figs. 9 and 10. The maximum

voltage of 2200 V was fixed by the electronic components of

the bias voltage filters.

At high rates, the time-stability of the detectors was veri-

fied, within a time window of 30 min, up to 1 Mcounts s�1

(241Am source). Fig. 11 demonstrates the time-stability of the

CZT A detector (241Am source) at 1 Mcounts s�1. The new

CZT detectors, due to their high bias voltage operation, are

characterized by better high-rate performance than the stan-

dard ones, as shown in Figs. 12 and 13. The spectra of Fig. 13

were measured at the optimal bias voltages of 900 V and

2200 V for CZT B and CZT A, respectively. At high rates, the

optimal bias voltages of the detectors are generally greater

than the optimal bias voltage values obtained at low rates

(Fig. 8). This is due to the high-flux radiation-induced polar-

ization phenomena (Bale & Szeles, 2008; Sellin et al., 2010;

Szeles et al., 2008), producing a degradation of the electric field

within the detectors. The electric field distortions are caused
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Figure 9
The measured 241Am spectrum for the CZT A detector at a bias voltage
of 2200 V. The spectrum was measured using the slow PSHA with ST =
9 ms. The Am �-ray lines (59.5 and 26.3 keV), the Np L X-ray lines (L�1 =
13.9 keV, L�1 = 17.8 keV, L�2 = 21.1 keV) and the Cd–Te escape lines (Cd
K� escape = 36.3 keV, Cd K� escape = 33.4 keV, Te K� escape = 32 keV)
are clearly visible.

Figure 8
Energy resolution (FWHM) at 59.5 keV versus the bias voltage at room
temperature for the CZT detectors. The spectra were measured by using
the digital slow PSHA with ST = 9 ms (optimal ST value). The same low-
rate results were obtained by using an analog Gaussian shaping amplifier
(model 672, Ortec, USA) with a shaping time constant of 1 ms and a
commercial multichannel analyser (MCA 8000A, Amptek, USA).

Figure 10
The measured 57Co spectrum for the CZT A detector at a bias voltage of
2200 V. The spectrum was measured using the slow PSHA with ST = 9 ms.
The Co �-ray lines (122.1 and 136.5 keV), the W K X-ray lines (K�1 =
59.3 keV, K�1 = 67.2 keV), the Cd–Te escape lines related to the
122.1 keV line (Cd K� escape = 98.9 keV, Cd K� escape = 96 keV, Te K�

escape = 93.6 keV) and the Cd–Te escape lines related to the 59.3 keV
line (Cd K� escape = 36.1 keV, Cd K� escape = 33.2 keV, Te K� escape =
31.8 keV) are clearly visible.

Figure 11
The measured 241Am spectra (ICR = 750 kcounts s�1) of the CZT A
detector, just after biasing (black line) and after 30 min (red line). The
two lines are not distinguishable, demonstrating the good high-rate
stability of the detector. The slow PSHA with ST = 4 ms was used. The Np
L X-ray lines, typically of 241Am sources, are shielded by the source
holder.



by a charge buildup created within the detector that strongly

depends on the radiation characteristics (flux and energy), the

detector properties (thickness, bias voltage and charge trans-

port properties) and the operating conditions (temperature).

Recently, Bale et al. (2008) theoretically investigated the

mechanism of the high-flux polarization effects in CZT

detectors, obtaining an analytical dependence of the critical

flux, above which polarization effects dominate, on material,

detector and operating parameters. Polarization degradations

are more marked at low temperatures and by increasing the

detector thickness and the photon energy; these effects can be

mitigated by increasing the bias voltage and by using CZT

materials with high charge transport properties (high �h�h

values).

As reported in detail in the Materials and methods section,

the digital system is able to provide two different types of

energy spectra: (a) energy spectra from the slow PSHA,

characterized by a fine energy resolution and a low

throughput, and (b) energy spectra from the fast PSHA,

characterized by poorer energy resolution and high

throughput; moreover, both spectra are related to the distri-

bution of the shape of the pulses, expressed through the

peaking time (slow PSHA) and the time width (fast PSHA).

At high ICRs, we used the pulse shape to mitigate the pile-

up effects in the energy spectra (peak pile-up), as successfully

employed in previous works (Abbene & Gerardi, 2011).
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Figure 12
Energy resolution (FWHM) at 59.5 keV (241Am source) versus the bias
voltage at room temperature for both detectors, at high ICR
(1 Mcounts s�1). The slow PSHA with ST = 4 ms was used. The optimal
bias voltages are greater than the optimal bias voltages obtained at low
rates (Fig. 7). This is due to the effects of the high-flux radiation-induced
polarization phenomena, producing a degradation of the electric field
within the detectors.

Figure 13
The measured 241Am spectra (ICR = 1 Mcounts s�1) of the CZT
detectors. The slow PSHA with ST = 4 ms was used (no PSD). The
counts are normalized to the total number of the analyzed events in the
spectra. The bias voltages of 900 V and 2200 V allow the best energy
resolution values in both detectors: 17% and 9.7% FWHM at 59.5 keV
for CZT B and CZT A, respectively.

Figure 14
The measured 241Am spectrum (ICR = 550 kcounts s�1) of the CZT A
detector, using the slow PSHA (ST = 5 ms) and the PSD. The throughput
is 49% and the reduction of pile-up effects, due to the PSD, is clearly
visible. The counts are normalized to the total number of the analyzed
events in the spectra.

Figure 15
The measured 241Am spectrum (ICR = 1 Mcounts s�1) of the CZT A
detector, using the slow PSHA (ST = 5 ms) and the PSD. Despite the
excellent energy resolution, a very low throughput of 0.4% characterizes
the spectrum. The reduction of pile-up effects, due to the PSD, is clearly
visible. The counts are normalized to the total number of the analyzed
events in the spectra.



Figs. 14 and 15 show the 241Am spectra measured with

the CZT A detector, by using the slow PSHA and the pulse

shape discrimination (PSD), at 550 kcounts s�1 and at

1 Mcounts s�1, respectively. 241Am (at 1 Mcounts s�1) and
57Co (550 kcounts s�1) spectra, using the fast PSHA and the

PSD, are shown in Figs. 16 and 17.

At 1 Mcounts s�1, looking for the optimal energy resolu-

tion, the slow PSHA gives, after PSD, better performance (8%

FWHM at 59.5 keV) than the fast one (9.7% FWHM at

59.5 keV); whereas, concerning the throughput, the fast PSHA

is characterized, even after PSD, by higher throughput (57%

after PSD) than the slow one (0.4% after PSD). Table 2
summarizes the high-rate spectroscopic performance of the

CZT A detector.

4. Conclusions

The performance of new THM-grown CZT detectors, devel-

oped at IMEM-CNR of Parma (Italy), is presented in this

work. The detectors, characterized by low leakage currents

even at room temperature, allow high bias voltage operation

(>7000 V cm�1, which is very important for high flux radiation

measurements.

The detectors, coupled to an innovative digital pulse

processing electronics, recently developed at DiFC of

University of Palermo (Italy), are characterized by excellent

high-rate performance and no high-flux radiation-induced

polarization phenomena up to 1 Mcounts s�1 (59.5 keV, 241Am

source).

The results give important indications on the use of these

devices with pixelated electrode structures for high-flux

energy-resolved X-ray imaging; e.g. a 0.5 mm � 0.5 mm pixel

structure (typical of several X-ray imaging applications),

based on these CZT detectors, would allow high fluence rates

greater than 4 � 106 photons mm�2 s�1 without excessive

spectral distortions.

Ongoing activities are focused on the development of

pixelated CZT detectors, with pitches of <0.5 mm, based on

these new CZT devices, for room-temperature high-flux

energy-resolved X-ray imaging. Charge-sharing effects,

through coincidence measurements and pulse-shape analysis,

will be investigated.
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