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Abstract— A Monte Carlo simulator is presented to evaluate
the spectroscopic response of high-Z semiconductor pixel radia-
tion detectors starting from the first principles of physical laws.
It performs simulation in three different domains: electrostatic
fields, photon-matter interaction, and photo-generated charge-
carriers transport. A sampling algorithm is proposed to address
the issue of fast and accurate computations of charge cloud
dynamics in the presence of both diffusion and electrostatic
repulsion effects, avoiding direct numerical integration of the
induced current equation stated by the Shockley—-Ramo theorem
under a constant electric field hypothesis. The simulator is
written as an object-oriented programming (OOP) source code
repository, relying on the integration between MATLAB and
COMSOL Multiphysics, and can be run with one executable
script. The simulator architecture is presented, followed by a
detailed explanation of all the physical models and implemented
simulation strategies. The simulator is validated with experimen-
tal energy spectra acquired with a radiation detection system
based on cadmium zinc telluride (CdZnTe) pixel detectors and
ultralow-noise front-end electronics with state-of-the-art energy
resolution.

Index Terms— Cadmium telluride (CdTe), cadmium zinc tel-
luride (CdZnTe), CZT, Monte Carlo methods, nuclear microelec-
tronics, semiconductor radiation detectors, X-ray spectroscopy.

I. INTRODUCTION

HE determination of the precise spectral response of
energy-resolved X-ray imagers utilizing pixel semicon-
ductor detectors with high atomic number! poses several
challenges. This complexity arises from the interplay between
the non-ideal detector response and the performance of the
electronic readout [1]. The achievable detectability and energy
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resolution of spectral lines are significantly influenced by the
geometry and the physical properties of the detector, giving
rise to amplitude fluctuations in the charge signals that are
described by stochastic processes with no simple analytical
form. This is also due to the high atomic number of the semi-
conductor constituent elements, which leads to a high yield of
fluorescence events. This means that the energy carried by an
incoming photon has a relatively high chance of not being fully
absorbed, as it is re-emitted as a characteristic X-ray escaping
the original pixel active volume. Eventually, it can be absorbed
in adjacent pixels or completely escape the detector’s active
volume, leading to the presence of spurious spectral lines in
recorded energy spectra, not belonging to the spectrum of ener-
gies irradiating the detector. Other non-idealities arise from
the dynamics of the photo-generated carriers during their drift
toward the collecting electrodes, often leading to charge cloud
sizes comparable with pixel dimensions. This results in a high
occurrence of signal sharing between pixels, either by splitting
the charge cloud into neighboring pixels or by cross-talk phe-
nomena related to the pixel weighting potential [2]. Another
effect that can compromise spectroscopic measurements is
trapping noise [3], arising from the stochastic nature of the
charge trapping phenomenon and especially relevant when
the charge collection efficiency (CCE) of the detector is
significantly dependent on the photon position of interaction
within the detector volume, leading to fluctuations in the
charge signal amplitudes. This will distort and widen peaks in
the energy spectrum, showcasing a shift to lower amplitudes
of the line centroid, as well as characteristic low-energy tails.
For a correct interpretation and analysis of energy spectra,
it becomes crucial to estimate how the detector properties will
affect the overall spectroscopic response, accurately modeling
all the aforementioned physical phenomena in conjunction
with the performance of the readout electronics. Because of the
complexity of the underlying physics, Monte Carlo simulators
are, in most cases, the only viable solution to obtain accurate
results, as demonstrated in other works centered on the spec-
troscopic simulation of high-Z semiconductor pixel detectors
taking advantage of Monte Carlo methods [4], [S]. Nonethe-
less, no freely accessible software or code has been found
by the authors specifically tailored to high-Z pixel detectors,
while open-source software exists for silicon detectors [6].
In this work, a simulator for computing the total induced
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signal at the output electrodes of a detector, with freely
accessible source code is presented. The simulator is based on
a customizable cloud-discretization approach, which helps the
user find the appropriate balance between simulation accuracy
and computational load according to his specific simulation
needs.

An overview of the architecture is given first, followed by
a detailed explanation of how photon—matter interactions are
simulated inside the detector, using photoelectric absorption
processes and direct fluorescence emission. The simulator does
not account for Compton scattering, whose effect is relatively
limited for the 1-100-keV energy range of interest in high-Z
semiconductor materials, even though the code is structured to
allow future integration of this effect. Subsequently, a focus
is given on a fast Monte Carlo algorithm, proposed by the
authors, to simulate the dynamics of photo-generated charge
carriers inside the detector volume. Simulation outcomes are
then compared to experimental measurements performed on
a CdZnTe-based detection system with state-of-the-art energy
resolution.

II. SIMULATOR ARCHITECTURE

The simulator is available as an open-source code repos-
itory accessible on GitHub [7]. The code is written in the
MATLAB? language [8] and takes advantage of the appli-
cation programming interface (API) libraries and server hos-
ting capabilities of LiveLink® for MATLAB? by COMSOL?
Multiphysics [9] to embed in one single executable script
all finite-element method (FEM) electrostatic simulations.
The code is structured following an object-oriented program-
ming (OOP) paradigm to encapsulate the main simulation
domains. A simulation routine can be built by constructing
one or more object instances from the following classes.

1) geometryClass: This class defines an object that models
the 3-D detector geometry as a collection of prim-
itive cuboids. The geometry primitives are divided
into three functional groups: a) the electrodes, where
the fixed-voltage boundary conditions are applied for
electrostatic simulation; b) the detector volume, where
photon absorption and carrier transport are simu-
lated; and c) the external volume surrounding the
detector, needed only to perform electrostatic fields
simulation.

2) FEMComsolSolverClass: This class defines a wrapper
object that embeds a COMSOL? model, providing a set
of high-level methods that set up and run a COMSOL?
FEM simulation, taking advantage of the available APIs.

3) trackingSimulatorClass: This class defines an object that
models the interaction of incoming radiation with the
detector volume. It defines the incoming photon flux
energy distribution and beam collimation, computes each
photon trajectory using the material linear attenuation
coefficient, and evaluates fluorescence re-emission yield
from tabulated data, producing a map of all energy
depositions within the detector volume.

ZRegistered trademark.
3Trademarked.

IEEE TRANSACTIONS ON NUCLEAR SCIENCE, VOL. 72, NO. 4, APRIL 2025

Material
Composition
Input
Photon Flux . "
—————————— Electrostatic
Boundary Conditions
geometryClass

instance 1
Detector Volume

World Volume
Electrodes

-

FEMComsolSolverClass
instance 1

X-ray Material Geometry Definition

Properties

Detector Volume

trackingSimulatorClass
instance 1

Photon-Matter
Interactions

Energy Deposition Map

Semiconductor Properties

Detector
Volume

Electrostaic FEM
Simulation

n
Carrier
trajectories

-«

atorClass
instance |

transportSi

Carrier Transport Weighting Field

Electric Field

CCE Map

instrumentSimulatorClass

instance 1

Read-out Electronic Noise Spectra Formation

Correction Techniques

Fig. 1. High-level description of a typical simulation routine, summarizing
user-defined inputs (blue text) and relevant information exchanged by different
simulation domains.

4) transportSimulatorClass: This class defines an object
for the simulation of generated carrier dynamics inside
the detector material, taking into account charge cloud
broadening and interpolating electric FEM simulation
results. It outputs, for a given pixel, the CCE of
each energy deposition inside the detector volume as
a function of the position where the photon energy was
absorbed, neglecting ballistic deficit effects.

5) instrumentSimulatorClass: This class defines an object
that serves as a high-level model of the spectroscopic
instrument, with a user-defined electronic noise, record-
ing energy spectra and applying correction techniques.

As shown in Fig. 1, an instance of the geometryClass object
passes geometry information to trackingSimulatorClass, FEM-
ComsolSolverClass, and transportSimulatorClass instances.
Information about energy deposition inside the detector vol-
ume and the simulated electric/weighting fields are passed to
a transportSimulatorClass instance. Eventually, the CCE map
is given to a detectorSimulatorClass instance.

The code structure is flexible in the number of objects that
can be constructed from each class definition. For a given
trackingSimulatorClass instance that models the absorption of
an incoming photon beam, there can exist different instances
of the transportSimulatorClass for each pixel computing the
induced signal using the weighting filed data stored in a FEM-
ComsolSolverClass instance. In Sections III and IV, a detailed
description of the relevant physical models and strategies used
in each simulation domain is given.

III. SIMULATION OF RADIATION-MATTER INTERACTION

Previous works have used different methods to simulate how
incoming photons interact and deposit their energy within the
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detector material. Some studies [4] incorporated the GEANT4
toolkit [10] into their application, while others employed
custom algorithms for the tracking of photons interactions,
including absorption via photoelectric effect or Compton scat-
tering and production of fluorescence photons [5]. In the
implementation proposed in our work, the simulation of
photon—matter interactions is performed with custom algo-
rithms, implementing physical models describing photoelectric
absorption and subsequent emission of fluorescence photons
as the radiative relaxation mechanism of ionized atoms. The
detector volume is considered homogeneous so that, in the
case of compound semiconductor materials, the relative weight
w; of each constituent element i and their respective mass
attenuation coefficient fi, , ; can be used to compute the total
mass attenuation coefficient of the material fi, ,,, Obtained as
a weighted sum of the per-element values [11]

Matt,m = Z Wi Katt,m,i - (1)
l

For each simulated photon, a value of the mass attenuation
coefficient pyy ,,; is evaluated using log-log interpolation of
tabulated data present in the XCOM database [12], describing
how fiam.; changes as a function of the photon energy.
Watt.m 1S subsequently multiplied with the detector material
density to obtain a linear attenuation coefficient u as a function
of the photon energy E,. A probability density function is,

therefore, defined as

PDF|p|(|d|) = j(Ep)e *E0M! @)

and randomly sampled to assign a value |d|, corresponding to
the distance traveled by the photon. For all primary photons,
the absorbing element is then established, sampling the proba-
bilities in the following equation according to the expression:

Pa,i = w; Malt,m.i ] (3)

Matt,m

The rationale at the core of a photon tracking simulation
is shown in Fig. 2. The user specifies a surface distribution
for initial position (xo, Yo, zo) of a primary photon trajectory,*
together with its energy Ey. The modulus of the trajectory |d |
is sampled from (2), computed using the interpolated linear
absorption coefficient 1 (Ep), and its orientation is determined
by a user-specified distribution of angles ¢y and y. All param-
eters related to the incident beam are initialized by the user
with the definelnitialDistribution() function, which can assign
a different specification in terms of energy, origin, and angle
of every simulated photon. Vector d is subsequently added to
the initial position to compute (x1, yi, z1). If this position lies
within the detector volume, the probability of total or partial
absorption coupled with the generation of a secondary photon
through fluorescence is evaluated, based on the element that
has absorbed the primary photon. In case a secondary photon
is generated, a new trajectory vector d, is constructed with a
modulus |d»| sampled again using (2) with linear absorption
coefficient w(Ey;), and with Ey; being the energy of the

4The point (xo, Yo, zo) must necessarily lie at the interface between the
detector volume and the external volume, representing the surface distribution
of impinging photons.
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Fig. 2. Graphical representation of a tracking simulation routine starting from
an incoming primary photon, up to two cascaded production of fluorescence
photons. The initial energy E( of the primary photon is used to evaluate a
linear absorption coefficient 1t(E() and subsequently sample the length of the
photon trajectory from (2). An arbitrary number of photon trajectories and
fluorescence production evaluations can be simulated.

emitted secondary photon. The orientation of vector d, is
determined by randomly sampled emission angles ¢; and 6.
If a secondary photon is emitted, the absorbed energy in the
element i is evaluated as E.s; = Eo — Ey;. This process
is repeated in a loop, performing the tracking of the com-
puted distribution of secondary photons and evaluating their
absorption probability and fluorescence production. To limit
the computational load, an energy threshold is specified by
the user discriminating if a fluorescence photon is tracked or
if the photon is fully absorbed. A photon that, after a trajectory
evaluation, has escaped the detector volume is automatically
discarded. The final outcome of a photon tracking simulation
is a map of points in space where a certain amount of energy
has been deposited through the photoelectric effect.

The production of photons via fluorescence is evaluated
starting from tabulated data present in the IXAS database [13]
and detailed in the following steps.

1) Comparing the absorbed photon energy with the binding
energy of each atomic shell, the algorithm can determine
which shells of the absorbing element will be available.
Subsequently, the probability P; that the photon is
absorbed by the photoelectric effect in the innermost
available atomic shell is evaluated according to the
following equation:

-1
=5
The probability P; is evaluated starting from the jump

ratio J; associated with the innermost shell, tabulated
in the IXAS database, representing the steep increase

Py “4)
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TABLE I

X-RAY FLUORESCENCE DATA FOR CADMIUM EXTRACTED
FROM THE IXAS DATABASE

Binding Fluorescence ~ Jump Energy

Absorption Edge Energy (eV)  Yield Ratio Line V) Intensity
K 26711.0 0.83556 6.27 Ko 23173.0  0.54104
Koz 26092.6  0.09243
L1 4018.0 0.01800 1.15 Lgs 3399.6 0.49586
Lgg 3365.4 0.31556
L2 3727.0 0.05600 1.40 Lgi 3315.1 0.87638
L3 3538.0 0.05600 3.25 Lo 3132.8 0.76840
Lo 3126.1 0.08545

in absorption efficiency of the material when the incom-
ing radiation energy is higher than the shell binding
energy [14]. If the photon is not absorbed in the inner-
most atomic shell, the probability of being absorbed
by the photoelectric effect in the remaining shells, with
progressively lower binding energies, is evaluated as

Jo—1\'= 1
Pn=( 7 )HZ (5)

i=1

representing the conditional probability of a photon
being absorbed in the n shell (n > 2) and not being
absorbed in the n — 1 inner atomic shells.

2) After the photon is absorbed by a shell, the probability of
emitting a fluorescence photon P, , ; with characteristic
energy E; is evaluated with

P, F,
e,n,j n Z Ij/
in which F, is the fluorescence yield of the n shell
and /; the intensity associated of the fluorescence photon
with energy E ;. The effect of two cascaded radiative
transitions is not taken into account by the simulator.

In Table I, the tabulated data used by the simulator is
reported for cadmium, limited only to K and L absorption
edges, as an example. It is noted how the K-edge has signif-
icantly higher fluorescence yield with respect to L or lower
energy ionization levels, representing the dominant contri-
bution in the production of secondary photons for primary
photons whose energy is higher than the K-edge binding
energy. All absorption edges are taken into account by the
simulator; however, the user can specify an energy threshold
to stop the tracking of low-energy photons whose mean free
path in the detector is considered negligible.

In Fig. 3, a tracking simulation is shown for a Cdg4Zng
Teq s detector material. A mono-energetic 60-keV photon beam
with a 100 x 100 pum? uniform spatial distribution and
orientation normal to the detector upper face is defined and

tracked inside a 1 x 1 x 1 mm?.

(6)

IV. CHARGE CARRIERS DYNAMICS

The simulator assigns to each absorbed photon position a
user-defined initial distribution of electron—hole pairs. A non-
negligible spatial spread of electron-hole pairs, also denoted
as a charge cloud, exists as an effect of the cascaded ionization
of nearby atoms started by the “hot” electron excited through
the photoelectric effect. The initial spread of the charge cloud
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Fig. 3. Tracking simulation of 200 photons with an energy of 60 keV in
a CdZnTe pixel of 1 x 1 x 1 mm?. (a) Tracks of primary (red lines) and
secondary photons (blue lines) are shown for a uniformly distributed photon
beam stopped by the detector volume. (b) Histogram of the amount of energy
deposited by the primary photons that generate carriers. (c) Energy histogram
of fluorescence emitted photons.

is a strong function of the photon energy and can be estimated
either by simulation of the detailed ionization dynamics [4] or
relaying on empirical equations with tabulated data [15].
Neglecting the effect of attractive interactions between the
positive and negative charge clouds, which can play a role a
more significant role only at high charge density levels [16],
[17], [18], electron-hole pairs are split by the electric field
generated by the voltage applied through the detector’s elec-
trodes so that the holes drift along field lines toward lower
potentials and the electrons follow the opposite direction.
This implies that two separate charge distributions will drift
toward the electrodes, inducing current pulses according to
the Shockley—Ramo theorem [19]. While drifting, the carri-
ers will randomly collide with the lattice and, at the same
time, carriers of the same sign will feel mutual electrostatic
repulsion, resulting in a broadening of the clouds over time.
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Under the hypothesis of a distribution of carriers with spherical
symmetry drifting in a constant electric field, the motion of
the center of mass can be decoupled from the broadening of
the clouds. Exploiting the spherical symmetry of the problem,
it is sufficient to study how the charge distribution evolves
over time at a given distance r from the center of mass,
taking into account both diffusion and electrostatic repulsion.
This is achieved by constructing a suitable continuity equation,
as shown by Gatti et al. [20]. However, the full solution of the
continuity equation can be computed only through numerical
methods. Various strategies have been proposed to surpass
this problem, avoiding direct integration of the continuity
equation, considering that the diffusion-only solution and the
repulsion-only solution have closed analytical forms. The
first one is the solution to Fick’s second law [21], con-
sisting of a Gaussian distribution with a standard deviation
evolving over time proportional to the diffusion coefficient
of the carrier in the material. The latter was derived by
Gatti et al. [20], as a constant spherical distribution with a
characteristic radius r((¢) directly proportional to the number
of photo-generated carriers and their mobility. A strategy pro-
posed in previous works approximates the full solution with a
Gaussian shape, computing an equivalent broadening standard
deviation term that accounts for repulsion, to be summed to
the diffusion term [22]. However, forcing the hypothesis of
a Gaussian distribution can be inappropriate in some cases,
as the real solution deviates significantly from a Gaussian
shape when high-energy photons generate a large number
of electron—-hole pairs. In [15], to account for the mutual
interdependence between diffusion and repulsion phenomena,
an effective diffusion coefficient is updated at each time step
using the repulsion-only solution and applied to the diffusion-
only solution. More recently, Boggs [23] showed that the full
solution of the continuity equation can be well approximated
by an analytical formula, obtained by the spatial convolution
between the diffusion-only and the repulsion-only terms. This
hypothesis entails that the mutual interdependence of the two
physical processes is not particularly significant in determining
the overall charge profile. This model also correctly accounts
for non-negligible initial cloud spatial distributions, as is the
case for high-energy photons that generate a large number
of electron—hole pairs. The initial charge cloud distribution,
which will not show a time dependence, can be convoluted to
the diffusion-only and the repulsion-only terms.

A. Monte Carlo Charge Cloud Discretization Method

Starting from the analytical model reported in [23], a fast
approach based on Monte Carlo sampling is proposed to
simulate the charge carrier dynamics in the detector. It starts
from the definition of a random variable R, describing all
possible values at a given time ¢ of the modulus of a randomly
oriented vector assigned to each carrier, corresponding to
its distance to the charge cloud center of mass. The core
consideration lies in the fact that the direct sampling of the
probability density function of R (in the following PDFy),
describing the evolution of the charge cloud as the con-
volution of diffusion-only and repulsion-only terms, can be
avoided sampling directly from a diffusion-only distribution
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(PDFg;, shown in the following equation) and a repulsion-
only distribution (PDFg,, shown in the following equations)
subsequently summing them to obtain a sample of R:

1 i\
v ™

R 1 ro(?)
PDFg,(r, t) = ro(t)reCt(}"O(t) (r — ) )) (8)

ro@) = 1329 Nt 9)
4me

The relevant physical parameters are the diffusion coef-
ficient D, carrier mobility w, the electron charge ¢, the
number of photo-generated carriers N, and the dielectric
permittivity e. A third time-independent term can be added
if a non-negligible charge profile exists at simulation time
zero, reproducing an initial charge cloud with, in principle,
a Gaussian shape rather than a point-like distribution. The
simulator internally produces an initial charge cloud radius
as a function of absorbed energy, according to the empir-
ical equation reported in [15], considering CdZnTe-specific
parameters. As originally proposed in [24], given the relatively
large number of charge carriers generated by X-y photons,
equivalent pseudo-carrier packets of charge Q/N, can be
considered as a sub-sampling of the original Monte Carlo
method,’ balancing faster numerical computation with reduced
accuracy in the evaluation of effects characterized by a feature
size smaller than the pseudo-carrier average distance. The
position of every pseudo-carrier is eventually represented by
two vector terms. The first term represents the drift of the cloud
center of mass from its initial position due to the externally
applied electric field for a given simulation time ¢. The second
vector is randomly oriented and is a sampled value from the
distribution PDFg.

When simulating the drift of the charge cloud under a
constant electric field, the trajectory of the charge cloud
centroid is computed first. At any given simulation time step,
the position of each pseudo-carrier is updated by summing
a randomly oriented vector to the centroid position, with a
modulus given by the sum of values, respectively, sampled
from the distribution in (7) and (8). A validation of this
approach is given in Fig. 4, where a point-like charge distribu-
tion of 13000 electrons is discretized in 800 pseudo-carriers
and evaluated at different times. The projection on the x-axis
of each pseudo-carrier position is recorded in a histogram
and compared with the analytical model proposed in [23].
The sampling method shows statistical fluctuations typical of
Monte Carlo algorithms that are reduced by increasing the
number of samples (i.e., the number of pseudo-carriers) to
asymptotically approach the analytical model. Thanks to the
tracking of single pseudo-carriers, the proposed simulation
algorithm provides a flexible tradeoff between computational
load and accuracy. Moreover, this method can be extended to
cases where the electric field profile is not constant within the
detector volume, as a new term can be added to account for
an electric field gradient that will distort the charge cloud.

PDFR(r,t) =

50 =¢gN p 1s the total charge generated by photon absorption and N, is the
arbitrary number of pseudo-carrier as opposed to the number of electron—hole
pair N.
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Fig. 4. Point-like charge distribution of N = 13000 carriers (discretized in
N, = 800 pseudo-carriers) evolved in time under a constant electric field in
the 3-D simulated volume.

B. Fast Charge Collection Efficiency Evaluation Under
Uniform Electric Field

After the evaluation of the pseudo-carriers trajectory, the
induced current transient on a given electrode is computed
using the Shockley—Ramo theorem. If the carrier mean free
paths are comparable with their typical drift path inside the
detector volume, a certain amount of the generated charge will
be lost, as some carriers will be trapped before reaching their
collecting electrode. Rather than computing the trapping prob-
ability of each charge carrier, this effect is usually modeled
in a macroscopic fashion, considering an exponential decrease
of the total charge over time, with a characteristic constant t
related to the mean trapping rate of carriers within the material.
In the presence of trapping, the average current pulse at time ¢
produced by a single pseudo-carrier charge packet is given by
the following equation:

i(t)=e""Q B(t) - E(x, y,2) (10)

where Q is the total charge of the pseudo-carrier, U(?) is the
carrier packet drift velocity vector,® and E, (x,y,z) is the
weighting field associated with the readout electrode, com-
puted at the current carrier position in the detector volume. The
decreasing exponential in (10) clearly describes the average
behavior of a multitude of individual carriers and not the
behavior of electrons (holes) individually, which would rather
be described by a probability density function. The CCE is
usually evaluated by integrating the induced current with suit-
able numerical methods, one of the most common being the
fourth Runge—Kutta method as done in previous works [24].
However, this always requires a numerical integration in time,
even when the knowledge of the detailed current signal shape
is not of much interest and the applied electric field can
be considered constant along the drift direction, implying a
constant carrier velocity. This results in high computational

SIn the following, the modulus of ¥(¢) is considered only due to the electric
field inside the detector volume, while the velocity component due to the
charge cloud expansion is neglected.
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loads when simulating a large number of incoming photons.
This limitation stems from two aspects: 1) the total charge
decreases in time to account for charge trapping and 2) the
evaluation of the charge cloud broadening using strategies
detailed in previous works [4], [15] is done by constantly
updating the effective diffusion coefficient for each integration
step to account also for repulsion effects. With the solution
detailed in Section IV-A, it is possible to compute the induced
charge avoiding time integration of elementary current pulses,
under the hypothesis of constant carrier velocity (i.e., constant
electric field). To overcome the first limiting aspect, the single
pseudo-carrier is evolved independently, considering that for
a given trapping rate r = % the probability that a carrier will
be trapped at a given time is ruled by a Poisson distribution

P -P,= (et/r)(ﬂ). (11)

T

P; is the probability that a carrier is not trapped in a time
window of length 7 and P, is the probability that a carrier is
trapped in the infinitesimal interval df. The second limiting
factor, that is, direct numerical integration of the charge
cloud trajectories, is resolved using the proposed charge cloud
broadening approach, as it is no longer necessary to compute
the charge distribution broadening from previous time instants,
given the closed-form analytical nature of (7) and (8). The
steps taken to evaluate the charge induced at the electrode are
summarized in the following steps, where the effect of charge
de-trapping is neglected.

1) A time-independent initial charge cloud radius term is
computed to account for a non-negligible initial cloud
radius and give the initial position to the pseudo-carriers.

2) The lifetime tj;s. of each pseudo-carrier is sampled from
the probability density function in (11), with an average
lifetime (#;) = T set as a technology parameter for
holes and electrons.

3) The “phantom” trajectory, that is, the distance d traveled
by the pseudo-carrier for an infinitely large detector
volume, is computed as d = UE - tyg. If d is greater
than the carrier drift trajectory in the detector volume
in the absence of trapping, a new trajectory wE - fai
is considered, where f4;; is the time for the carrier to
reach the detector volume edge.

4) For each pseudo-carrier, a randomly oriented vector,
with 8 and ¢ being the angles, is added to the phantom
trajectory vector with a magnitude given by the sampling
of two PDFs detailed in (7) and (8) for the minimum
between fjire and f4p time instants.

5) The final vector position 7 is evaluated. If r¢ falls out
of the detector volume, the charge cloud is projected
back onto the readout electrode plane.

The proposed strategy is described visually in Fig. 5, con-
sidering three possible cases. In case 1, where (fiife) < tqrifi,
all carriers in the charge cloud are trapped before they reach
the readout electrode interface so that each pseudo-carrier
final position is distributed symmetrically in 3-D space.
In case 2, where (fjj) = faif, the final position of a
fraction of pseudo-carriers is projected onto the electrode
interface. In case 3, where (fjife) > farif, the final position
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Fig. 5. Trajectory of the center of mass (dashed lines) and the final position
of pseudo-charge carriers in the graphical representation of the proposed CCE
evaluation strategy, for (fife) << farife (case 1, in blue), (fife) ~ tarifr (case 2,
in green), and (tjife) > tarife (case 3, in red).
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Fig. 6. Results of two transport simulations are shown of two energy deposi-
tion events (black dots) generating, respectively, 100 pairs of pseudo-electrons
and pseudo-holes drifting in a 1-mm-thick volume along the z-axis. The final
position of electrons (blue points) and holes (red points) is highlighted.

of all pseudo-carriers is projected. For spectroscopy-grade
detectors, where the CCE is close to 100%, case 3 will be
by far the most common as only a small fraction of events
will show a loss in collection efficiency.

Once the initial and final position of each pseudo-carrier
has been evaluated, the induced charge is computed as in the
following equation, under the assumption of a constant electric
field inside the detector volume:

Gind = Qc/l Eu)(7) dl = q.(¥(Fs) —W(r))

with W(7;) and W(F;) being, respectively, the weighting
potentials at the initial and final positions of the pseudo-carrier

12)
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Algorithm 1 Constant Electric Field Charge Transport
Simulation
1: Input: map of energy depositions, material properties
(1 1), electric field E.
2: Output: CCE associated with each energy deposition for
a given electrode.
: for each event in energy deposition map do
split the deposited energy into n pseudo-carriers
: end for
compute initial charge cloud radius for each event as a
function of the photon energy
for each event in energy deposition map do
get initial positions for electrons and holes clouds from
energy deposition map
9:  for each of n pseudo-carriers do

AN

10: randomly sample lifetime 7,

11: compute “phantom” trajectory py = wEt;r. + p;

12: if escaped detector volume then

13: evaluate last position p, inside the detector

volume

14: evaluate f4,if; = ”’M_E” ;

15: else

16: evaluate f4,ir, = ljife

17: end if

18: sample charge cloud in polar coordinates (7;o; (f4rif:),
¢, 0)

19: sum p ¢+ reor

20: if escaped detector volume then

21: project py + 1, on the electrode plane

22: end if

23:  end for

24: end for

drift trajectory, computed in COMSOL? for the desired geom-
etry and accessed by MATLAB? through COMSOL? APIs.
Since there is no time-dependent quantity, the Shockley—Ramo
theorem can be rearranged as a line integral of the weighting
field along the carrier trajectory. Due to the conservative
property of the weighting field, the line integral can be solved
for any trajectory evaluating the weighting potential W at the
initial and final position, avoiding integration in time of the
elementary current pulses. The strategy is outlined in detail in
the pseudo-code of Algorithm 1.

In Fig. 6, the result of a carrier transport simulation is
shown. Two events, absorbed at different z coordinates, gen-
erate 100 pseudo-carriers each. A constant electric field is
present in the detector volume along the z-axis, using the
following parameters: E = 4 kV/cm, p, = 5000 cm?/Vs,
Wy = 500 cm?/Vs, and 7, = 1, = 1 us. The final position
of all pseudo-carriers is evaluated with the proposed approach
in the case of both events. It is noted that, in the case
of event 2, due to the poorer mobility of holes, there is a
non-negligible fraction of pseudo-holes trapped before reach-
ing the detector-world volume interface. Depending on the
x—y coordinates of the pseudo-carrier final position, the CCE
collection efficiency will drop significantly and approach zero
if the photon absorption position is located far from the
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Fig. 7. Overview of the simulation geometry used for direct comparison with
experimental acquisitions. (a) Detector geometry is defined as a 3 x 1 pixel
array with a surrounding guard ring, plus a back contact covering the bottom
face of the detector. (b) Weighting potential for the defined geometry is
computed through FEM methods.

collecting electrode. This depends on the magnitude of the
weighting field, which is simulated in the complete detector
volume for each electrode using COMSOL.?

V. SIMULATOR VALIDATION WITH CdZnTe
DETECTOR MEASUREMENTS

The capabilities of the proposed simulator are examined
in this section, comparing simulation results to experimental
energy spectra acquired with a 2-mm-thick, 0.5-mm pitch
1-D array Cdg9Zng Te pixel detectors with high-performance
platinum rectifying contacts [25] coupled to fast and
low-noise CMOS readout application specific integrated circuit
(ASICs) [26], [27]. The readout works in the electron collec-
tion mode, reaching an overall equivalent noise charge (ENC)
of 30 el .m.s. at room temperature, corresponding to 320 eV of
full-width at half-maximum (FWHM) in CdZnTe, upon fitting
with crystal ball function [28]. The ut product for electrons of
the pixel under test is estimated as ~2 x 1072 cm?/V, obtained
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TABLE II
RELEVANT PARAMETERS USED AS INPUT DATA FOR THE SIMULATION
Simulation Parameter Value
ENC (electrons r.m.s.) 30
Pseudo-carriers 100
Material Cdo.9Zng 1 Te
Mean pair generation energy (eV) 4.46
Fano factor 0.10
Electron/Hole mobility (cm?/Vs) 1000/100

Electron/Hole mean lifetime (us) 2/1
Electric field (kV/cm) 350
Relative permittivity 10.4

B
o0 = ABpn (1= 785
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Fig. 8. Simulated spectrum of a 59.5-keV mono-energetic photon beam

is compared with a ?*! Am source experimental acquisition under the same
conditions. Spectral lines present in the radionuclide emission spectrum, but
not taken into account by the simulator, are indicated (Np L-edge, 26.4 keV).
In the figure inset, the same spectra are plotted in the 15-65-keV range on
a logarithmic scale. Most significant escape and fluorescence events from
Cd and Te atoms are indicated.

by measuring the centroid shift of the 22.1-keV line of a '®Cd
radioactive calibration source as a function of the applied bias
voltage and by subsequently fitting the data with the Hecht
equation, properly adjusted to take into account the small pixel
effect and a linear slope of the electric field, while the ut of
holes has been approximated to ~1 x 10™* ¢cm?/V as a rough
estimation from literature values [29]. As shown in Fig. 7, the
simulated geometry consists of one pixel under test and two
neighboring pixels, surrounded by a guard ring. The detector
is irradiated by a photon beam oriented along the z-direction
from the back contact with uniform distribution on the xy
plane. As detailed in Fig. 7, the geometry is first defined
in the simulator featuring the pixel under test in the center,
two neighboring pixels, and a surrounding guard ring. On the
opposite face of the detector volume, a back contact is defined
to act as the cathode. The geometry is later meshed and proper
boundary conditions are applied to compute the weighting
potential associated with the pixel under test. A uniform
photon beam is applied to the back contact with a 1 x 1 mm?
entrance window and energy deposition of all events is evalu-
ated together with the associated CCE. The relevant physical
parameters used as input data for the simulator are provided
in Table II.
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Fig. 9. Simulated spectral lines of different energies are compared with

experimental acquisitions under the same test conditions. (a) 5.9-keV line is
compared with a >>Fe acquisition. (b) 59.5-keV line is compared with a 2*! Am
acquisition. (c) 122-keV line is compared with a 7Co. Values in the legends
correspond to the calculated FWHM.

In Fig. 8, the simulated spectrum produced by a 59.5-keV
mono-energetic beam is compared to an experimental acquisi-
tion of a >*!' Am source under the same conditions. An accurate
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Fig. 10. Simulation of 22.1-keV spectral lines acquired at different cathode
voltages. (a) Simulated spectra are shown for a cathode voltage of 50, 150,
300, and 700 V. (b) Resulting CCE is plotted as a function of the cathode
voltage (black square points) and compared with an experimental CCE as
obtained from the fit of the centroid of the 22.1-keV line.

replication of all spectral features introduced by the detector
response is present in the simulated data, specifically the
escape spectral lines due to Cd and Te K-edge are well
reproduced, together with a good prediction of the background.
Differences between the simulated and experimental spectra
are related to other characteristic energies emitted by the
24 Am source, such as the 26.4-keV v ray and the fluorescence
energies emitted by decayed Np atoms.

In Fig. 9, a detailed comparison between the simulated and
experimental spectral lines from different sources is shown:
5.9 (Fe), 59.5 (**'Am), and 122 keV (°’Co). Thanks to
the simulation of carrier transport dynamics, the simulator
can account for the degradation of energy resolution, coupled
with the presence of low-energy tailing, observed, in partic-
ular, when acquiring higher energy photons, resulting in a
significant deviation from the theoretical limit of the FWHM
given by the quadratic sum of electronic and Fano noise. The
5.9-keV spectral line present in Fig. 9(a) follows the theoretical
limit, while an increasing excess linewidth is present in
Fig. 9(b) and (c). This effect is because high-energy photons
are absorbed uniformly in the detector thickness, resulting in a
significant contribution of holes, having significantly lower ut
product, on the induced signal.

In Fig. 10, the 22.1-keV spectral line is simulated at
different cathode bias voltages. The resulting CCE is then
plotted as a function of the cathode voltage and compared



1540

() — 1T T T T T T ] T

1.0 \ -
I / — 5SkeV \ 1
0.8 - —— 60 keV =

— 122keV

m 06 -
Q
@)
04 -
02 F j & -
0.0 j P R TR R \‘
09 10 L1 12 13 14 15 16 17
position (mm)
(b) d T T T T T
1.0 n=1000
v aﬁw n=100
r e n=10
0.8 n=1
increasing
pseudo-carrier
& 06} .
]
04
0.2
Al
0.0 1 1/VAITRALA "
1.40 1.45 1.50 1.55 1.60
position (mm)
Fig. 11. Simulated CCE for a photon absorbed at a 0.1-mm depth from

the back contact is evaluated as a function of the position along the pixel
width. (a) CCE is plotted as a function of the photon energy, indicating also
interpixel gap regions (gray rectangles). (b) Detail of the CCE in the interpixel
gap region for a 60-keV photon is plotted as a function of the number of
pseudo-carriers N, showing how the selection of N, affects the simulation
accuracy in this region.

with experimental measurements taken with the '%°Cd source.
A good agreement between simulations and measurements is
obtained in typical operating conditions, reaching a CCE of
approximately 99.5%. Disagreement between the two curves at
low cathode voltages is related to the presence of an electric
field slope, estimated to be 4.62 kV/cm? from experimental
data, inside the detector. At low cathode voltages, when the
average electric field in the detector is comparable with electric
field variations imposed by a non-zero slope, the constant
electric field hypothesis used in the simulator is no longer
valid leading to an over-estimation of the CCE. In any case,
at the common operating voltages (>200 V), the differences
between the simulated and experimental CCE values are
below £0.005%.

In Fig. 11, a point-like photon beam is used in simulation
to scan the detector volume along the pixel width while the
position of interaction is fixed at 0.1-mm distance from the
entrance window (cathode), yielding to the computation of
the CCE for each scanned position. A curve roll-off is present,
from complete collection in the center of the pixel volume
to zero collection outside the pixel volume. In Fig. 11(a),
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it is noted how this roll-off is a strong function of the photon
energy. This is expected as a higher number of generated
carriers will lead to a higher degree of mutual repulsion in
the broadening of the charge cloud. In Fig. 11(b), the CCE
roll-off curve for a 60-keV photon is shown as a function of
the number of pseudo-carriers used to perform the simulation.
In the framework of Monte Carlo methods, the number of
pseudo-carriers corresponds to the number of samples taken to
evaluate the CCE at a given coordinate, resulting in decreasing
statistical noise as the number of pseudo-carriers increases.

VI. CONCLUSION

The proposed approach used to track charge carrier dynam-
ics had the main goal of avoiding direct numerical integration
of the Shockley—-Ramo formula for each carrier trajectory
under the hypothesis of a constant carrier velocity. This was
achieved by employing a closed-form analytical model that
could reliably reproduce the charge cloud distribution profile
under carrier diffusion and electrostatic repulsion effects. The
analytical model was translated into a Monte Carlo sampling
algorithm that could discretize the cloud into an arbitrary
number of charge packets, named pseudo-carriers, providing
high flexibility between accuracy and computational load,
as the needed degree of accuracy in simulating the detailed
profile of the charge cloud is highly dependent on the detector
geometry and the distribution of the electric field in the
detector active volume. Taking into account also the finite
lifetime of carriers, the simulator has proved successful in
predicting the excess noise due to charge trapping appearing
on spectral lines in low electronic noise measurements of the
detector response. The simulator is also able to predict the
yield of fluorescence and escape spectral lines appearing on
measured spectra as well as the presence of a continuous
events background due to incomplete charge collection at
the pixel edges. The architecture of a custom Monte Carlo
simulator for the spectroscopic response of high-Z pixel semi-
conductor detectors was presented, with a focus on relevant
photon—matter interactions in the 1-100-keV energy range.
The main strategies used to implement the simulator were
highlighted, with a particular focus on a novel approach that
could provide a flexible tradeoff between accuracy and com-
putational load. The complete source code repository, together
with example code for a detector simulation routine, is openly
available under an MIT license in [7]. The code also includes
some additional functions, such as the possibility to compute
induced signal waveforms using the constantElectricField-
Waveforms() method, which are not presented in this first code
validation and that could be used to improve or modify the
scope of the presented work. The aim is to foster collaboration
on detector simulator methodologies and algorithms to further
develop the capabilities of the simulation platform.
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