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Evaluation of CZT Drift Strip Detectors for use in
3D Molecular Breast Imaging

S. R. H. Owe, I. Kuvvetli, A. Cherlin, B. Harris, H. Tomita, I. Baistow, D. Tcherniak, and C. Budtz-Jørgensen.

Abstract—X-ray mammography is a widely used technique for
breast cancer screening. However, the technique is imprecise
when it comes to radiographically dense breast tissue, and
therefore a supplemental screening technique, such as Molecular
Breast Imaging (MBI), could increase the cancer detection rate.
Emerging technologies within MBI require excellent detector
performance, preferably with a sub-millimetre intrinsic spatial
resolution. A collaboration between Kromek and DTU Space
aims to advance the DTU Space developed 3D CdZnTe (CZT)
drift strip technology, for application in new emerging MBI
systems. This collaboration has resulted in 10 compact 3D MBI
test modules with the goal of producing high-performance and
high yield detectors. In this article, we present overall excellent
detector performance, sub-millimetre position resolution at both
122 keV and 661.6 keV, and good energy resolution for the
applied electrode deposition and contact optimisation. Although
the current experimental setup and results suffers from high
electronic noise (using discrete NIM standard charge sensitive
pre-amplifiers), we conclude that the measured spatial and
spectral performance fulfill the expected requirements for the
modules, with room for improvement, especially within limiting
electronic noise. The detector test modules indicate a promising
future for the 3D CZT drift strip technology within future
emerging MBI systems.

Index Terms—3D CZT detectors, CZT Drift Strip Detectors,
Digitized pulse-shape analysis, High-energy astrophysics, Molec-
ular breast imaging.

I. INTRODUCTION

MOLECULAR Breast Imaging (MBI) is a promising
nuclear medicine technique for the detection of breast

cancer, especially given the improvement in gamma-ray detec-
tor technology in the recent years. The most common modality
currently used for breast imaging is mammography, which is
a low-energy (typically around 30 keV) x-ray breast imaging
technique. The breast is compressed between a support plate
containing detectors or a film and a paddle, with the x-
ray source located above it. A typical mammography scan
is comprised of two images taken for each breast, one in
head-to-foot direction and one in an angled side view. The
low energy of the x-rays is necessary to produce enough
contrast difference between the healthy tissue and the tumour.
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However, sometimes the healthy breast tissue can contain
denser fibroglandular tissue which has the radiographic density
similar to that of a tumour, thus masking it and making the
tumour detection very difficult especially at early stages [1].
There is a number of alternative imaging techniques which
have been shown to provide better results for screening the
breasts with dense tissue. A comprehensive overview of those
techniques can be found for example in [2] or [3].

Molecular breast imaging is a type of nuclear imaging where
the breast is slightly compressed between a pair of gamma
cameras made of semiconductor or scintillator detectors. The
breast positioning is similar to mammography. MBI utilises
99mTc sestamibi radioactive tracer which is injected intra-
venously. The tracer is taken up by metabolically active cells,
such as in breast cancer tumours. It emits 140 keV photons
which is high enough energy to make the MBI not sensitive
to the variations in the breast tissue density thus making it a
good candidate for supplemental screening [4]. Mayo clinic’s
clinical trials have shown that cancer detection rate in women
with radiographically dense breast tissue for MBI combined
with mammography is 12.0 per 1000 screened versus 3.2
for mammography alone. Furthermore, the sensitivity for the
combination was 91% versus 24% for mammography only,
and specificity was 83% versus 89% correspondingly [5]. The
barriers for the widespread adoption of the MBI technique
are its higher patient dose (∼ 1-2.5 mSv versus ∼ 0.5 mSv
in mammography), and longer imaging time of approximately
40 minutes [6] versus 10 minutes or less in mammography [2]
for a typical 4-views’ scan.

A collaboration between Kromek and University College
London (UCL) has recently suggested an innovative concept
for a stationary tomographic low-dose MBI (LD-MBI) system
(patent pending), which makes use of high resolution 3D
position sensitive CdZnTe (CZT) detectors. This has led to
a collaboration between DTU Space and Kromek to develop
novel 3D CZT drift strip detectors for future MBI systems.

In this paper, we will present the design and performance
of the 10 3D MBI test modules, and relate the performance to
future final 3D CZT drift strip detector modules for specific
Kromek designed and optimised MBI systems.

A. A stationary tomographic system for MBI

Dedicated MBI cameras using a pair of planar detector
arrays have been used for some time [7]. Current MBI systems
are usually based on pixelated CZT detectors, as the older
scintillator-based cameras were able to provide a moderate
increase in sensitivity but at cost of a much higher patient
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dose [8]. The 3D position sensitivity of CZT detectors is
crucial for the full exploitation of their potential in the existing
and emerging MBI technologies. For example, the stationary
tomographic low-dose MBI system which is being developed
by Kromek and UCL utilises densely packed multi-pinhole
collimators to achieve a sufficient angular sampling necessary
for tomographic image reconstruction without motion [9].
The large number of pinholes leads to significant multiplex-
ing between the acquired projections through neighbouring
pinholes, which creates artefacts in the reconstructed image.
Proprietary image reconstruction algorithms performing de-
multiplexing of the projections make use of the depth-of-
interaction capabilities of CZT detectors to reduce the adverse
effects of the artefacts [10], [11]. The current results suggest
that the system can provide improved tumour detectability and
3D localisation at the patient dose comparable to an average
mammogram scan at a reduced scan time.

The current simulations are based on a pixelated CZT
detector with intrinsic spatial resolution of 1 mm in 3D. The
intrinsic lateral position resolution of the detector affects the
spatial resolution of the reconstructed image and thus the
minimal detectable tumour size. The intrinsic depth position
resolution of the detector is vital for the de-multiplexing
method and will strongly affect the screening time and the
patient dose, as the resolution determines the maximum degree
of multiplexing which the new image reconstruction can
cope with. Higher degree of multiplexing means using more
pinholes with wider openings, which results in collecting more
photons per unit of the injected dose. That allows decreasing
the dose while maintaining a similar or better image quality
and clinical outcome. Therefore, implementing the 3D CZT
drift strip technology with sub-millimetre position resolution
in 3D will provide significant improvements to the method by
reducing the patient dose, screening time, and the minimum
size of detectable tumours.

B. The 3D MBI Modules

The 3D CZT drift strip detector technology is developed by
DTU Space [12]–[14]1,2, and was initially designed for high-
energy X- and gamma-ray astronomy. The electromagnetic
emission from astronomical sources in the MeV (X- and
gamma-ray) energy band is exceedingly difficult to detect;
both due to low fluxes, and the fact that photons may pen-
etrate significant thicknesses of material without interacting.
In an astrophysical context, photons in this energy band
carry specific and valuable information about gamma-ray lines
originating from radioactive nuclei from supernova explosions,
or ejected from colliding neutron stars. Gamma-rays from
matter-antimatter annihilation, and accreting black holes are
further examples of sources exciting the interest in this energy
band. To improve sensitivity of observations in this energy
range, DTU Space introduced the 3D CZT drift strip detector.

1Patent – 1: “X-Ray and Gamma-Ray Radiation Detector”, IPC No.:
G01T1/24. Patent No.: WO2015078902. Jun 04, 2015.

2Patent – 2: “Z-position correction method for 3DCZT detectors”,
(PCT/DK2017/050333).

A number of previous prototypes of this specific drift strip
detector technology has been manufactured and thereafter
characterised at the DTU Space detector lab using a 661.6
keV (137Cs) collimated beam. Similar for the prototypes were
a special electrode deposition method, including growth of a
140 nm thick oxide layer between drift electrodes and the
CZT material surface, intended to reduce the total surface
leakage current [14]. The experimental result showed 3D
position resolution of <0.5 mm FWHM and 1% FWHM
energy resolution [15].

The excellent 3D spatial and spectral performance of the
detector makes it an excellent candidate for future missions
observing the MeV domain; as a focal plane detector, but
also operating in a Compton camera [16]. The nature of the
3D CZT drift strip detector now indicates that it could also
be a candidate for future MBI systems. A main drawback
of the previous prototypes are the introduced oxide layer
between drift electrodes and the CZT material [14], since this
introduced a complexity to the specific electrode deposition
technique. Therefore, one of the main research goals of this
paper was to develop, implement, and replace this cumbersome
oxide layer deposition with a simple, low cost, effective
electrode deposition (using an ohmic contact process), keeping
the surface leakage current in the order of nA at -50 V between
drift strips and anodes.

The collaboration between Kromek and DTU Space resulted
in the design and manufacturing of 10 3D MBI test modules,
each based on a CZT crystal of size 2 cm × 2 cm × 0.5
cm, see Fig. 1. Each of the 10 modules can be mounted on a
PCB stack, for swift change between detectors and easing the
characterisation process. The modules were manufactured in
two batches. The first batch contained four modules: Two man-
ufactured with high temperature bonding and two with room
temperature bonding. In the second batch, all six modules
were manufactured using room temperature bonding. Table I
summarises the module bonding options. The letter ”B” in the
module name identifier is followed by the batch number, and
the letter ”D” is followed by the detector number in the given
batch. Each module consists of a detector crystal bonded to
a PCB plugged into the stack of three additional PCBs. This
multi-PCB structure was chosen to allow for more agile design
adjustments. The upper PCB is the ”CZT attachment board”.
This board acts as a mechanical attachment where the anodes
and drift strips are connected to the PCB via bump-bonding,
and the cathodes via wire bonding. The second PCB is the
”anode biasing board” which configures the drift strips into
four readout sections, grounds the anodes, and provides high
voltage biasing to the drift strip electrodes. The third PCB
is the ”cathode biasing board” providing high voltage bias
to the cathodes. The bottom PCB is the ”digitizer interface
board”. From this PCB, the stack is connected to the high
speed digitizer readout system.

The 3D CZT drift strip detector technology differentiates
from the common CZT pixel design by its specific electrode
strip design. The layout of the electrode geometry is sum-
marised in Fig. 2. The specific electrode geometry is designed
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Fig. 1: The 3D MBI test module PCB stack.

TABLE I: The 3D MBI test module bonding options.

Bonding Module ID
High temperature B1D1, B1D2.

Room temperature B1D3, B1D4, B2D1, B2D2,
B2D3, B2D4, B2D5, B2D6.

to make the detector anodes less sensitive to the movement of
the holes in the CZT material thus providing the single polarity
sensing and allowing use of advanced positioning algorithms.
On one side of the detector crystal, 49 thin electrode strips of
width 0.2 mm are deposited using an ohmic contact process.
The strips are divided into 12 anodes separated by groups of
3 drift strips. The anodes are virtually grounded as they are
connected to the pre-amplifier input, and the drift strips are
negatively biased to direct the electrical field lines towards the
anodes. On the opposite side of the detector, 10 strip electrodes
with a width of 1.8 mm are deposited using the same ohmic
contact process. These 10 electrodes are cathodes biased at -
450 V. Fig. 3 illustrates the electrical diagram of a single drift
cell in the 3D MBI detector. The drift cell constitutes a part of
the detector volume, where electrons generated from a photon
interaction drift towards the collecting anode in the centre of
that drift cell. On the left and right of each collecting anode,
there is a drift strip section consisting of three drift strips.
A voltage divider distributes the high voltage to the groups
of three drift strips. The central drift strip receives 2/3 of the
input voltage and each of the two outer strips receive 1/3 of the
input voltage. In the current system setup, -450 V is applied to
the cathodes, 0 V to the anodes, and -150 V to the drift strip
voltage divider. Therefore, the central drift strips are biased at
-100 V and the outer drift strips at -50 V.

It is important to stress that the current 3D MBI test
modules were designed with the purpose of characterisation
of single detector crystals and their performance for the use
in MBI. Therefore, the dead space of each module, namely
the area with no CZT, has not yet been optimised for the MBI
camera performance. Future work on the 3D CZT drift strip
detectors will focus on the optimisation of crystal attachment,
packaging, electrode arrangement, and readout electronics for
use in MBI including the requirements for the emerging low-
dose technique.

Fig. 2: 3D CZT drift strip detector electrode design: left - the
anode side; right - the cathode side of the detector.

Fig. 3: Electrical diagram of a single drift cell. Drift cell
boundaries are marked by two vertical dashed lines. D indi-
cates drift signal readout, and A indicates anode signal readout.

II. MATERIALS AND METHOD

The 3D MBI test modules are evaluated through a full
characterisation of electronic noise measurements, I-V curve
measurements, slit collimated beam measurements, and flood
illumination measurements. In the following sections the ex-
perimental setup will be specified.

A. Electronic noise

The electronic noise measurements were conducted by
applying a test pulse with no radioactive source illuminating
the detector. The measured pulse heights were sampled into
a spectrum, one per channel. The FWHM of each spectrum
provides the measure of the contribution from the electronic
noise for each given electrode. The measurements were taken
with and without the high voltage bias, to investigate the
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difference between the idle and operating detector electronic
noise.

B. I-V curve

The I-V curve setup is mounted in a light-tight box, where
the detector modules could be swapped easily. A Keysight
B2985A electrometer is used for both voltage and current
measurement. For the bulk leakage current measurement, all
anodes and drift strips were grounded and a varying high
voltage was applied to the cathodes, as shown in Fig. 4(left).
The current flowing through the bulk was measured at a
number of voltage steps. The surface leakage current was
measured by grounding all electrodes except a single anode,
where the bias is applied, as shown in Fig. 4(right). The
current flowing from the anode to the nearest drift strips
was measured. An array of mechanical relays were used to
configure the electrodes for both measurements. In between
each voltage step, a waiting period of 3 minutes was applied
to allow the system to settle before the measurement.

Fig. 4: Schematic of the I-V curve measurement setup for (left)
bulk and (right) surface leakage current measurements.

C. Slit beam measurements

The slit beam setup is used to evaluate the position res-
olution of the detector modules. The detector together with
its electronics is mounted on a stepper motor system able to
move the detector along three axes with a high precision.
The radioactive source is collimated through a slit beam
collimator system (tungsten), as shown in Fig. 5. The detector
is enclosed in a shielding, which is positioned close to the slit
beam opening. In between each measurement, the detector is
moved 0.5 mm, to avoid the overlap of the collimated beam
projections from the neighbouring positions. The current setup
does not allow scanning the depth of the detector, thus only the
x- and z-direction have been measured. Fig. 6 illustrates the
illumination direction of the collimated beam, together with
the step movement direction. The detector coordinate system
is specified in Fig. 3: x-direction is perpendicular to the anodes
and drift strips, y-direction is along the detector depth, and z-
direction is perpendicular to the cathodes.

Fig. 5: Tungsten slit beam collimator, with an opening of 0.2
mm × 80 mm.

Fig. 6: Illustration of the slit beam illumination geometry
for the x- and z-scan measurements of the modules. In the
illustration the detector is shown from the cathode side.

D. Flood illumination

Flood illumination measurements of the detector modules
are used for energy calibration, evaluation of energy resolution,
identification of grain boundaries and trapping centres, and
electrode performance evaluation. The measurement setup is
simply a radioactive source illuminating the detector surface,
without any collimation.

Energy calibration of the detector includes measurements
with three sources: 241Am, 57Co, and 137Cs. A Gaussian fit
was applied to the photopeaks in the energy spectra to derive
the relation between the source energy in keV and resulting
pulse height in ADC. This was done for each anode, cathode,
and drift strip. The energy resolution of the detectors was
determined with two sources: 57Co (122 keV), and 137Cs
(661.6 keV).

Illuminating the detector module with a high-energy source
such as 137Cs will result in interactions in the entire detector
volume. By calculating the 3D position of each interaction,
2D histograms of the spatial distribution of interactions can
be extracted. This allows to infer whether the material suffers
from severe trapping centres or grain boundaries. Furthermore,
the energy spectra of each electrode in the detector allow
revealing electrodes suffering from loose connections, as it
could result in attenuated or missing signal in the specific
electrodes.

III. ANALYSIS PROCEDURE

The 3D CZT drift strip detector analysis procedure consists
of a specific set of algorithms returning event type, position
of interaction in 3D, electron drift time, and deposited energy
as well as a correction thereof.
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Each interaction in the detector is sampled with a high speed
digitizer system, at a 4 ns sample rate, with a total of 1000
samples. Thus, the system samples the signal of each electrode
output: 12 anodes, 10 cathodes, and 4 drift strip signals.
Thereby, a total of 26 signals are sampled for any triggered
event. The system is triggered by an anode signal exceeding
the energy of the upper limit of the Compton continuum (in
the area of the Compton edge) for a given source being used
in the measurement [17]. This reduces the data size, since
mainly the photo-peak data is included in the forthcoming
analysis. For a triggered event, 500 samples before and after
the trigger are included in the recorded signal. In Fig. 7, an
example of the generated signals for a photoelectric absorption
event is shown. The 26 distinct signals of any event is a
unique fingerprint of the physics interactions in the detector.
Analysis of these signals can return information on the event
type, 3D position of the interaction, electron drift time, and
deposited energy. The left plot in Fig. 7 shows 12 anode
signals where the collecting anode signal displays a steep rise.
Non-collecting anodes have little to no transient signal, due to
compact weighting potentials of the anodes as a result of their
small size. The 10 cathode strip signals in Fig. 7(middle) are
shown as inverted as a matter of convenience. They display a
linear increase as the electron charge cloud moves away from
the cathode side towards its collection at the anode. The drift
electrodes are read out in four sections, therefore every fourth
drift strip signal is convoluted.

In the following sections, the data analysis procedure will
be briefly described before presenting the performance of the
10 3D MBI modules. Each data set is initially sorted, so that
only single interaction events are included. After that, the 3D
interaction positions of each event is determined together with
the energy in keV. In Fig. 8 the data analysis procedure is
summarised.

Fig. 7: An example of the spectral shapes of a 661.6 keV
photoelectric absorption event.

A. Event characterisation

Initially the data is sorted in terms of the interaction type:
single event (photoelectric absorption or Compton scattering
followed by an escape of the scattered photon), multiple event
(Compton scattering followed by a photoelectric absorption
event or by Compton scattering), pair production (if the source
energy is larger than 1.02 MeV), and cosmic ray events. The

Fig. 8: Overview of the 3D CZT drift strip detector data
analysis procedure.

sorting algorithm is interpreting the anode pulse shapes and
defining the event type therefrom. The photoelectric absorption
event will be similar to the one shown in Fig. 7, displaying
a single steep rise in the anode signal. If a Compton scatter
interaction occurred, two possible pulse shapes exist. First, two
or more anodes display a rise in the pulse shape due to two
or more interactions occurring in different drift cells. Second,
a single pulse shape will display a staircase like signal due
to collection of several electron charge clouds from several
interactions within the same drift cell. A combination of the
two is also possible. In the case of a cosmic ray event, a large
amount of energy is deposited in the detector and all electrodes
are displaying a signal. Further information on interaction
types can be found in [16].

B. Intrinsic position determination

The intrinsic 3D position of each interaction is determined
by signal analysis of the anodes, cathodes, and drift strip
signals. The methods will be briefly described in this section,
and a more complete description of the algorithms can be
found in [15] and [16].

The x-position of an interaction is extracted using the
anode and drift strip signals, more specifically the anode
signal of the collecting anode together with the signal of
the neighbouring drift strip sections. The equation for the x-
position calculation is a combination of the raw geometrical
position of the collecting anode strip, and the weighting of this
position using the drift strips within the drift cell. The triggered
anode gives the anode position, and the left and right drift strip
signals provides the weighting information. The equation for
calculating the x-position of a single interaction event in the
detector is given by

x = 0.4 +

[
xtrig + F ·

ADR −ADL
ADR +ADL

]
· Pan − Pan

2
(1)

where the constant 0.4 is the offset in millimetre between
the detector edge and the first electrode (see Fig. 2), xtrig
is the number of the triggered anode (xtrig = 1...12), and
ADL and ADR are the inverted peak values of the left and
right drift strip current signals, respectively. Lastly, Pan is the
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anode pitch equal to 1.6 mm, and F is an adjustable factor for
calibrating the x-scale, which for the 3D MBI test modules is
equal to 1.

The y-position is calculated using the relation between the
anode and cathode pulse heights in the detector, applying the
depth of interaction technique

y =

∑10
n=1 Cn

Am
· dCZT (2)

where Am (m = 1...12) is the pulse height of the collecting
anode, Cn (c = 1...10) is the sum of all cathode pulse heights,
and dCZT is the thickness of the detector.

The z-position of interactions in the detector is calculated
using the cathode signals through a centre of gravity method

z =

∑10
n=1 n · Cn∑10
n=1 Cn

· Pca − Pca
2

(3)

where Pca is the cathode pitch of 2 mm. For most of the
detector volume, applying (3) provides a high resolution z-
position. However, the algorithm falls short when the absorp-
tion takes place just below a cathode strip [15] and close
to the edges. In the case of absorption close to a cathode
strip, the electron charge cloud movement results in inducing
a full signal in the cathode directly above the interaction,
and vanishing signals in the neighbouring cathodes. However,
the timing signals of the 3D CZT drift strip detector allow
circumventing this issue and utilising negative transient signals
in the neighbouring cathodes together with the drift time
information in the detector. This is described in more details
in [15]. For the edge events, the signal could not be weighted
on both sides of the main cathode, resulting in the resolution
getting a limited accuracy of ±Pca/2.

C. Spectral information

The energy deposited by an interaction in the detector is
reflected by the pulse height of the collecting anode since
the detector is single polarity sensing of negative charges, i.e.
electrons. Determining the pulse heights of the signals is a
simple procedure, achieved by subtracting the mean value of
the first 250 samples from the mean value of the 300 last
samples of the signal. The signals are converted from ADC to
keV through the energy calibration procedure based on data
measured with three sources: Am241, Co57, and Cs137.

The anode reflects the deposited energy, however the elec-
tron trapping in the detector and the weighting potential
distribution can affect the energy resolution. Therefore, the
measured energy is corrected with a 3D look-up table utilising
the 3D position capability of the detector. The correction table
is built from the measurements of source of a known energy,
where the photopeak is fitted along slices in the y-direction and
pixels in the x/z-direction, and a correction factor calculated
knowing the source energy. The low-energy tail on the left
of the photopeak is a result of the charge trapping during the
drift of the electron cloud. It is corrected using the 3D position
of interaction information in the detector. Events occurring
close to the anode contribute to the low-energy tail of the

photopeak as they will not drift thought the full range of
the weighting potential. Further explanation on the energy
correction technique can be found in [15].

IV. RESULTS

In this section, the overall performance of the 10 3D MBI
test modules will be presented. The performance will be
compared between the current 10 detectors and the previous
3D CZT drift strip detector prototypes, followed by the overall
module performance with a discussion thereof. Next, we will
present the electronic noise contribution together with I-V
curve measurements. Lastly, we will present both spectral
and spatial resolution, and compare this to the necessary
performance in an MBI system.

It was decided to characterise the 10 modules using two
sources; 122 keV (57Co) and 661.6 keV (137Cs). 122 keV
is the gamma-ray energy closest to that of MBI (140keV
(99mTc)) available in the current laboratory setup. Characteri-
sation at 661.6 keV was included, since no characterisation
at lower energies such as 122 keV exist for the previous
prototypes. The new 3D MBI prototypes were developed
applying a simpler electrode deposition technique, excluding
the oxide layer. To ensure comparability between the new 3D
MBI test modules and previous prototypes, characterisation at
661.6 keV is relevant for the study.

A. Overall module performance

The overall module performance is evaluated in terms of
having grain boundaries in the bulk, attenuated signals in
the electrodes, or completely missing signal. In Table, II the
overall performance is summarised for each module. In the
following sections, each module will be introduced and all
existing issues will be discussed.

TABLE II: Summary of the overall module performance.

Module no. Description
B1D1 Grain boundary along the extend of anode 9.
B1D2 Missing signal from drift strip 1 between anode 8

and 9. Noisy signal on anode 11.
B1D3 No detected issues.
B1D4 No detected issues.
B2D1 Signal attenuation on cathodes 1 and 6.
B2D2 No detected issues.
B2D3 Anode 3 and 7 - a combination of attenuated and

missing signal.
B2D4 No detected issues.
B2D5 No detected issues.
B2D6 Signal attenuation on cathodes 3, 5, and 6. Missing

signal on anode 9.

1) Module B1D1: Inspection of pulse height spectra for
each electrode reveal expected performance and full signal in
all electrodes. However, the pulse height spectra for the anodes
indicate the presence of charge trapping in the detector volume
due to a attenuated photopeak in anode number 9. Comparing
this to the 2D histogram of interaction positions in the detector,
revealed a clear grain boundary along the extend of drift cell
number 9. This could be seen in Fig. 9, where the pulse height
spectra for anodes 8, 9, and 10, together with a 2D position
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histogram of a section of the XZ-plane of the detector are
shown. We can see that the photopeak of anode number 9
is attenuated, comparing to the neighbouring anodes, which
display clear photopeaks around 122 keV. Thus, the extreme
charge trapping occurs in this area, resulting in the attenuated
photopeak and a clear boundary in the 2D histogram. This
feature is not associated with the electrode deposition or signal
in the detector, but the CZT material itself.

Fig. 9: Pulse height histograms of anode 8, 9, and 10 together
with a 2D position histogram of the XZ-plane of the B1D1
detector module of a 122 keV flood-illumination measurement.
The white dashed lines in the 2D histogram show drift cell
boundaries between anode sections 8, 9, and 10. A clear grain
boundary is seen in anode section 9.

2) Module B1D2: Inspection of the pulse height spectra
of the electrodes for module B1D2 revealed an expected
performance in all cathodes, but a number of issues in some
anodes and drift strips. Anode number 11 displayed an ex-
cessive broadening of the spectrum, indicating considerable
electronic noise in the signal. The remaining anodes displayed
expected performance. The drift strip issue was recognised
while inspecting the 2D histogram of interaction positions in
the detector, where a peculiar feature was observed, as one
can see in Fig. 10. In the area between the anodes 8 and 9, or
z-positions between 0 mm and 16 mm, all events are collected
in the neighbouring drift cell of the collecting anode. Thus,
the events collected by anode 9 were assigned to drift cell 10
where anode 10 is collecting, and events collected by anode 8
were assigned to drift cell 7 where anode 7 is collecting. This
feature was closely investigated to determine the root cause
of the problem. What is common for anode 8 and 9 is that
they share drift strip section 1, which separates the two. Drift
strip 1 is to the left of anode 9 and to the right of anode 8.
Investigating the signals in this area for z-positions below 16
mm, we can see that there is little to no signal in drift strip 1.
The x-position algorithm will therefore not have the weighting
term contribution between the left and right drift strip around
the anode in this area, resulting in the events being assigned
only to the left in the case of anode 8, and only to the right in

the case of anode 9. This indicates a connection issue of drift
strip 1 in this area of the detector. The issue is more evident in
the 661.6 keV data compared to 122 keV, since the electronic
noise contribution is less dominant.

Fig. 10: 2D position histogram (122 keV (top) and 661.6 keV
(bottom) flood-illumination measurement) of the XZ-plane for
module B1D2 around anode number 7-10 .

3) Modules B2D1, B2D3, and B2D6: Modules B2D1,
B2D3, and B2D6 displayed common issues with attenuated
or missing signals in either cathodes or anodes.

Module B2D1 has an overall expected performance, how-
ever, it does display attenuated signals for cathodes number
1 and 6. This affects the z-positioning ability of the detector,
especially in the areas around these cathodes, together with
the y-position in the area below the same cathodes.

Module B2D3 has an overall expected performance as well,
and has no issues with the cathode signals. However, the
detector has attenuated or missing signal in anodes number 3
and 7. For high energy (661.6 keV) and thus high trigger data,
no events are registered in the two anodes, resulting in two
dead zones. At lower energies (122 keV), and thus low trigger
data, signal occurs in anode number 3, indicating a strong
attenuation in the signals of these anodes, thus offsetting data
to lower energies due to connection issues. Signal for anode
7 is missing entirely.

Module B2D6 has issues with both anode and cathode
signals. First of all, anode number 9 experiences a strongly
attenuated signal. Furthermore, signal attenuation exist on
several cathodes; 3, 5, and 6.

4) Modules B1D3, B1D4, B2D2, B2D4, and B2D5: The
remaining test modules; B1D3, B1D4, B2D2, B2D4, and
B2D5, performed as expected. The modules showed full signal
on all electrodes, with no exaggerated noise, together with
even distribution of interactions in the 2D histograms of
interaction positions.

B. Electronic noise
Each detector module has 26 readout channels comprising

12 anodes, 10 cathodes, and 4 drift strip sections. The elec-
tronic noise was investigated for each channel using a test
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pulse, with and without high voltage applied. The pulse height
spectra for each test pulse measurement were fitted with a
Gaussian, and the FWHM was extracted. Fig. 11 summarises
the measured electronic noise, with one plot for each detector
module. The grey solid lines indicates the fitted FWHM for
the electronic noise without the high voltage applied, and the
black solid line indicates the fitted FWHM with high voltage
applied. Dotted lines indicate the boundaries between the
anode channels (channels 1-12), cathode channels (channels
13-22), and drift strip channels (channels 23-26), which is
also indicated through the background colours red (anodes),
green (cathodes), and blue (drift strips).

Inspecting the electronic noise measurements for all mod-
ules, show the general tendency of a higher electronic noise
for drift strips, comparing to the anodes and cathodes. This is
due to the fact that the drift strips are read out in groups of
3-4 per one channel, resulting in an increased electronic noise.
Inspecting the electronic noise measurements, some parallels
can be drawn to the issues detected in the previous section.
First of all, modules B1D3, B1D4, B2D2, B2D4, and B2D5
performed as expected if inspecting electrode pulse height
spectra. The electronic noise measurements showed consistent
electronic noise performance among all electrodes. We do see
that the modules from batch 1: B1D3, and B1D4 have a larger
electronic noise in the drift strip signal once the high voltage
is applied.

Module B1D1 is also displaying a consistency in the elec-
tronic noise measurements, which is to be expected since the
module did not indicate any electrode issues but suffered from
a grain boundary in the CZT material.

Module B2D1 shows a general consistency in the electronic
noise signal, however anode 1 has an increase in electronic
noise as the high voltage is turned on, but nothing that could
be connected to an issue in the electrode signal. And even
though this module showed attenuated signals in the cathodes
number 1 and 6, this is not connected to the electronic noise
in the detector.

Module B2D3 shows overall consistent electronic noise
performance, and there is no relation between the electronic
noise and the attenuated or missing anode signals.

Module B1D2 has a high electronic noise in anode number
11 and high electronic noise in drift strips number 1 and 4. As
previously mentioned, anode number 11 for B1D2 displayed
huge noise when inspecting its pulse height spectrum, which
is explained by this outlier in electronic noise compared to
neighbouring channels.

Module B2D6 suffers from the high electronic noise for
anodes 3, 5, and 6, and cathodes 3, 4, and 5. The electronic
noise is not directly related to the attenuated signals for the
cathodes, since attenuated signals were seen for cathodes 3, 5,
and 6.

C. Bulk and surface leakage current

The bulk and surface leakage currents of the detector
modules were characterised through the common I-V curve
measurements. In the following sections, we will present the

Fig. 11: Electronic noise for the 26 readout channels in all 10
detector modules, with applied high voltage bias (black solid
lines), and without applied high voltage bias (grey solid lines).
Coloured sections indicate channels comprising anodes (red),
cathodes (green), and drift strips (blue).

resulting characteristics of the bulk and surface leakage current
measurements.

1) Bulk leakage current: The bulk leakage current was
measured for each of the 10 detector modules in the range
from -450 V to 50 V. In Fig. 12, the 10 IV-curves are
displayed with a zoom-in around the origin. For the positive
voltage values, a big difference between batch 1 and batch 2
is observed. Batch 1 experiences an increase in the current
comparing to the batch 2 where modules are very stable and
streamlined. For the negative voltages, modules B1D1 and
B1D2 are streamlined with the five first modules of batch 2,
excluding B2D6. Modules B1D3, B1D4, and B2D6 experience
a larger bulk leakage current. The observed differences can
first of all be explained by crystal orientation when the detector
dicing cannot be controlled. Secondly, it is conspicuous that
B2D6 experiences a high leakage current, as the module has
several electrodes with bad connection and large electronic
noise.

2) Surface leakage current: The surface leakage between
the anodes and the neighboring drift strip was measured for
each detector module. The measurements was taken at -50 V,
since this represents the operational voltage difference between
the anode and first neighboring drift strip. The results are
summarized for each module and for each anode in Fig. 13.
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Fig. 12: IV-curve bulk leakage current measurements for the
10 3D MBI test modules.

Overall, we see that the modules from batch 1 have a general
tendency of larger leakage current than those of batch 2.
B1D1 has an increase in surface leakage current for anode 11
comparing to the other anodes, but we do not see this reflected
in any other results in the module. Module B1D2 shows a
substantial increase in the surface leakage current for anode
11, which might explain the increase in the electronic noise
for that electrode. The remaining modules have no significant
fluctuations comparing to the neighbouring anodes.

Common for batch 2 is that all anodes show surface leakage
current of the order of a few nA, indicating that the more
simple electrode deposition method is acceptable comparing
to the previous more complicated method with a specific oxide
layer below drift strips [14].

D. Spectral performance

The energy resolution was determined for all detector
modules at 122 keV (57Co) and 661.6 keV (137Cs). Fig. 14
summarises the spectral performances at 122 keV at 661.6
keV. We see similar energy resolution FWHM at both energies,
indicating the major contributor to the energy resolution is the
electronic noise. At 661.6 keV the energy resolution FWHM
is lower than 1.6% (∼10 keV), where at 122 keV it is in
lower than 9% (∼10 keV). For both energies we see that
module B2D6 has the worst energy resolution, due to the
high electronic noise of 3 out of 12 anodes. We also see that
poor energy resolution is especially contributed by anodes 3,
5, and 6, which also was indicated in the electronic noise
measurements (Fig. 11). For module B1D1, the worst energy
resolution among the anodes is in anode 9 due to the grain
boundary trapping centre. For module B1D2, the main contri-
bution comes from anode 11, which was the anode with high
electronic noise and surface leakage current. The electronic

Fig. 13: Surface leakage current measurements at -50V.

noise measurements together with the energy resolution deter-
mination at 122 keV and 661.6 keV, shows that the electronic
noise is the limiting factor in the module energy resolution.
The 122 keV measurements are completely dominated by the
electronic noise limiting the performance. It is a known fact
that the current prototype setup suffers from electronic noise
[18], therefore achieving a better energy resolution will require
improving the future experimental setup. Furthermore, some
modules (such as B2D6) suffer from extra electronic noise
in a number of anodes, which also limits the performance.
This underlines the fact that for low energy applications using
this detector technology, the limiting factor is the electronic
noise. The main impact on energy resolution by improving
the experimental setup is a reduction of the electronic noise
contribution. Short term plans for the next iteration of the 3D
MBI modules are implementing shorter traces (and thus less
parasitic capacitance) together with a better shielding of the
electronic box. Long term plans include moving the amplifiers
into an integrated circuit as close as possible to the crystal.

E. Intrinsic spatial resolution

The intrinsic spatial resolution was determined at the energy
of 122 keV (57Co) and 661.6 keV (137Cs). The setup used
for positional scans for the two energies is the same, as the
detectors were scanned along the x- and z-direction.

The intrinsic spatial resolution was evaluated within the
following boundaries; 0mm < x < 20mm, 1mm < y < 5mm,
2mm < z < 18mm. Furthermore, when the detector was
scanned directly at a drift cell boundary along the x-direction,
this scan was excluded from the analysis. This is due to the
fact that the electron charge cloud generated by an interaction

This article has been accepted for publication in IEEE Transactions on Radiation and Plasma Medical Sciences. This is the author's version which has not been fully edited and 

content may change prior to final publication. Citation information: DOI 10.1109/TRPMS.2022.3220807

© 2022 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See https://www.ieee.org/publications/rights/index.html for more information.
Authorized licensed use limited to: Danmarks Tekniske Informationscenter. Downloaded on November 10,2022 at 07:00:47 UTC from IEEE Xplore.  Restrictions apply. 



Fig. 14: Energy resolution at 122 keV and 661.6 keV for each
anode in the 10 modules. Energy resolution for a combined
anode signal is given in percentage.

directly at the drift cell boundary will drift towards and
be collected at two neighbouring anodes, and the x-position
algorithm in its current state does not treat those events
properly resulting in the under-estimation of the resolution.

For each scan measurement, the positions were calculated
for each (photoelectric absorption) event. A Gaussian was then
fitted to a position histogram of each scan measurement, and
the FWHM of the scan represents the position resolution at a
given energy and scan direction. Fig. 15 shows the resulting
position resolutions for x- and z-scan data at 122 keV and
661.6 keV. We can see that the sub-mm position resolution
has been achieved for all modules, except for the z-scan of
module B2D6, which suffers from several bad cathodes. The
x-position resolution at 661.6 keV is smaller than 0.5 mm, and
smaller than 0.7 mm at 122 keV. The z-scan shows sly larger
values comparing to the x-scan, but for 661.6 keV around 0.55
mm, and for 122 keV they are centred around 0.65 mm. One
would expect that the position resolution for 57Co would be
better than that of 661.6 keV, due to the electron charge cloud
being smaller. However, as previously mentioned, the current
prototype-setup electronics suffer from high electronic noise,
which is the limiting factor for these positional resolutions.
The signal to noise ratio for the 57Co data is worse than that
of the 137Cs data, which therefore contributes to the position
resolution determination. However, even though the current
setup struggles from a large electronic noise component, it
achieves sub-mm position resolution along both x- and z-
directions, also at low energies. B2D6 does show that having

several cathodes with attenuated signal strongly affects the
spatial performance along the z-direction, however, module
B2D1 does not show a big effect from this, since only two
well separated cathodes suffered from attenuated signal. In
terms of the depth resolution of the detector, a scan has not
been carried out due to experimental limitations of the current
setup. However, the previous prototypes of the 3D CZT drift
strip detector have shown sub-mm position resolution along
the depth at 661.6 keV [15], [16]. We do expect the same
performance from the current 3D CZT drift strip technology,
especially when the electronic noise is limited. Since the
new modules show acceptable leakage current performance
with the simpler electrode deposition process, we do expect a
similar or better performance when compared to the previous
prototypes.

Fig. 15: Spatial resolution of the 10 3D MBI test modules
along the x- and z-direction for energies 122 keV and 661.6
keV.

V. CONCLUSIONS

In this work, 10 3D MBI test modules have been developed,
based on the 3D CZT drift strip detector. A detector initially
intended for observing the high energy universe, was now
investigated for the potential use in medical application for
breast cancer diagnostics in future MBI systems.

The work resulted in the fabrication of 10 detector modules,
each thoroughly characterised using the same procedure. Four
modules had minor issues, and only one module (B2D6)
suffered from significantly worse than the rest in terms of
spectral and z-position resolution. The main limiting factor in
both spectral and spatial performance was shown to be the
electronic noise. It was carefully evaluated and clearly con-
nected to the current prototype setup, which was not optimised
for reducing the electronic noise. This is not expected to be
a limiting factor once a dedicated ASIC is developed for the
detector in future iterations.

The spectral resolution of the modules was evaluated to be
less than 1.6% FWHM at 661.6 keV, and less than 9% FWHM
at 122 keV. The spectral resolution was clearly limited by the
electronic noise. We do expect the resolution at 661.6 keV
to be closer to 1% with a lower electronic noise, thereby
also expecting approximately 5% or less for the 122 keV
measurements. Especially with the future development of a
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dedicated ASIC electronic readout system for the specific 3D
CZT drift strip technology, electronic noise can be minimised.

The spatial resolution was evaluated in the lateral direction
for all modules at 122 keV and 661.6 keV. The x-position
resolution at 661.6 keV was less than 0.5 mm FWHM, and
less than 0.7 mm FWHM at 122 keV. The z-position resolution
(excluding module B2D6) was evaluated to be less than 0.6
mm FWHM at 661.6 keV, and less than 0.75 mm FWHM
at 122 keV. This work allows us to conclude that the 3D
MBI test modules perform with a sub-mm intrinsic spatial
resolution in the lateral direction of the detector, also at low
energies (122 keV) which is sufficient to satisfy the MBI
requirements. Improving the spatial resolution in the lateral
direction to below 1 mm will affect the spatial resolution
of the MBI image, including the minimal detectable tumour
size, which indeed will be an improvement of the system. If
the depth resolution (as is strongly expected) is sub-mm, this
will allow stronger reduction of the patient dose and screening
time, as it is vital for the de-multiplexing method [9]. Future
3D MBI modules are being designed to allow performing the
scan along the depth of the detector, thus enabling the full 3D
spatial resolution.

The 10 3D MBI detector modules were developed with a
simpler electrode deposition process, excluding the previous
oxide layer between the drift strips and CZT crystal [14]. Even
though this oxide layer was excluded from the process, the
surface leakage current was within the acceptable order of
magnitude, and the detector spectral and spatial performance
was as expected. Thus, future iterations of the 3D CZT drift
strip detector can be produced with less complexity.

In conclusion, the 3D CZT drift strip technology could be
an excellent candidate for the future emerging MBI technolo-
gies, assisting in reducing the patient dose, screening time,
and detectable tumour size. Furthermore, comparing to the
pixellated detectors, the 3D CZT drift strip detector technology
performs with a sub-mm position resolution and with vastly
fewer readout channels.
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