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 A B S T R A C T

We present a simulation code for the solution of the electron–hole dynamics and signal formation in 3D 
semiconductor radiation detectors. The code adopts a multi-body approach, i.e. the evolution and interaction 
of the charge cloud is tracked on an individual carrier basis, using a combination of numerical ODE solvers 
and Monte Carlo methods. Particular emphasis is devoted to the treatment of the Coulomb interaction, critical 
for the correct simulation of high-density ionization tracks. This multi-body approach sheds light on the 
phenomenology of the plasma effect, revealing the underlying co-dependence between local field screening 
and carrier binding. In addition, a dynamic time-step algorithm allows for accurate tracking at virtually any 
time scale within accessible computational times. By nature, the problem makes the code architecture ideal 
for GPU-based parallel computing. The method is validated through comparison with experimental data from 
a p+nn+ silicon diode under different bias and charge injection conditions representative of realistic scenarios 
encountered in modern X-ray facilities e.g. FELs.
1. Introduction

Numerical simulations are a fundamental tool in the field of detector 
science to accelerate the design of optimized structures and to gain 
better understanding of the physical mechanisms underlying the carrier 
dynamics and signal formation. The wide range of charge-injection 
levels expected at modern experimental facilities poses, however, non-
trivial numerical challenges. In particular, the Coulomb interactions 
between carriers, responsible for the emergence of plasma effects espe-
cially during the first instants of the carriers dynamics, deserve accurate 
modeling. The strong mutual electrostatic forces can, indeed, result in 
an effective shielding of the core of the charge cloud from applied 
bias field, significantly slowing down their collection and degrading 
the response linearity with respect to the intensity of the impinging 
radiation. For example, the charge-injection levels at modern X-ray 
Free Electron Laser (FEL) facilities are as high as 3 ⋅107 e–h pairs 
(105⋅12 keV photons), concentrated in femtosecond pulses with phys-
ical size smaller than one pixel [1], can lead to severe distortions and 
delays of the readout current signals. In nuclear physics experiments, 
highly-segmented monolithic detector arrays feature a signal com-
plexity at high charge-injection levels that must be carefully studied 
in order to optimize pulse-shape analysis techniques [2]. Further, as 
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highlighted in recent reviews on future collider challenges [3], the 
next generation of high-energy physics (HEP) detectors will require 
timing resolutions in the order of tens of picoseconds. Reaching such 
precision demands simulation physics models with improved accuracy, 
also in view of novel materials such as low-gain avalanche diodes 
(LGAD). In this context, accounting for the plasma effect and related 
gain suppression mechanisms becomes critical to minimize systematic 
uncertainties in track and vertex reconstruction [4,5].

The insurgence of plasma effect has been a known phenomenon 
since the 1960s and 1970s, originally identified during the study of 
fission fragments [6,7]. A first coherent phenomenological description 
of the underlying mechanism was subsequently established in the pio-
neering works of Tove and Seibt [6,8], who characterized the process 
as a space-charge limited erosion of the ionized track. While these early 
models provided a fundamental analytical framework, the extreme 
charge densities encountered in modern experiments demand a tran-
sition from phenomenological approximations to fully self-consistent 
microscopic simulations. Existing simulation strategies can be broadly 
categorized into two groups: Monte Carlo frameworks for individ-
ual carrier tracking and mesh-based TCAD solvers based on contin-
uum mechanics. Among the firsts, current simulation frameworks like 
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Garfield++ [9] and Allpix2 [10], despite having become the standard 
for modeling silicon detectors in the high-energy physics community 
thanks to their modularity and efficiency, lack the computation of the 
Coulomb interaction between the carriers and therefore the capability 
to track space-charge induced effects. On the other hand, powerful 
commercial TCAD solvers, e.g., Synopsys Sentaurus [11] and Silvaco 
ATLAS [12], or custom-developed dedicated solutions [13–15], address 
the mutual interaction by solving the Poisson and continuity equations 
on a discrete mesh. For instance, 1D TCAD codes have been proposed 
that attempt to compensate for reduced dimensionality by adding 
analytical transverse ambipolar diffusion terms to model track expan-
sion [13]. Other approaches employ nested mesh systems to improve 
computational efficiency on CPUs by refining the grid only in high-
charge density regions [14]. Although these tools can model complex 
space-charge effects, such as gain suppression in LGADs [15], they 
treat the charge as continuous densities. Consequently, the physics is 
spatially averaged over the mesh cells, thus missing the discrete nature 
of the microscopic binding forces and local fluctuations at the basis 
of plasma formation and erosion. Furthermore, recent GPU-accelerated 
Monte Carlo methods, developed in the frame of Allpix2, have been 
proposed to model charge repulsion, primarily focusing on large-scale 
event generation for detector calibration [16]. To maintain computa-
tional efficiency, these approaches often rely on simplified spherical 
symmetry assumptions for the charge cloud or employ statistical pa-
rameterizations to predict the final carrier distributions. Additionally, 
such models frequently adopt simplified analytical approximations for 
the drift electric field. While effective for spatial resolution studies, 
these simplifications can limit the accuracy in capturing the com-
plex, non-isotropic dynamics of plasma separation and the resulting 
time-resolved induced signals.

Our contribution builds upon previous works [17–19] and focuses 
on the development of a Monte Carlo simulation code for the self-
consistent computation of the electron–hole dynamics and signal for-
mation in 3D semiconductor radiation detectors. Unlike grid-based 
methods, our code adopts a multi-body approach and tracks the spatio-
temporal evolution of the charge cloud on an individual carrier basis, 
capturing the discrete Coulomb interactions that lead to space-charge 
effects. Since the complexity of the problem scales with 𝑂(𝑁2), several 
numerical strategies were implemented to optimize the computational 
effort. First, the number of carriers can be reduced via charge clus-
tering, each cluster having a correspondingly higher effective charge. 
Second, the simulation time step is adjusted at run-time as a func-
tion of a maximum allowable carrier displacement. Thus, the charge 
dynamics are tracked with great accuracy across virtually any time 
scale without significant impact on the overall computation time. The 
inherently parallel nature of the carrier tracking algorithm makes it 
perfectly suited for GPU acceleration, enabling the efficient handling 
of large-scale multi-body interactions.

The code was validated through comparison with experimental data 
on a p+nn+ silicon diode under different bias conditions and realistic 
charge injections up to 107 e–h pairs, representative of the realistic 
operating conditions at X-ray facilities e.g. FELs. This scenario mimics 
the one described in the work of Becker [20] which provides a funda-
mental benchmark for understanding how massive charge injection at 
FELs leads to intensity-dependent pulse distortions. Detailed analysis 
on the electric fields acting on the carriers emphasize the interplay 
between external field screening and internal Coulomb contributions, 
shedding light on the exact mechanisms that govern carrier separation 
in ultra-dense ionization tracks.

2. Materials and methods

2.1. Physical model

The simulated scenario consists of a 3D volume representing a 
fully-depleted semiconductor radiation detector. The volume hosts a 
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static electric field which is defined by the boundary conditions at the 
domain walls in all three dimensions and by the fixed charges possibly 
contained within the volume itself. A 3D electron–hole charge cloud 
is given as input parameter, specifying the position and charge value 
of each individual carrier. The total field acting on the 𝑖th carrier is 
obtained as a superposition of the static term and a time-dependent 
term arising from the mutual Coulomb interaction with the surrounding 
𝑗th mobile carriers: 

𝐄tot𝑖
(

𝐫1(𝑡), 𝐫2(𝑡),… , 𝐫𝑁 (𝑡)
)

= 𝐄stat𝑖
(

𝐫𝑖(𝑡)
)

+
𝑁
∑

𝑗=1
𝐄mob𝑖←𝑗

(

𝐫𝑖(𝑡), 𝐫𝑗 (𝑡)
)

(1)

where 𝐫(𝑡) represent the position vector of the corresponding carrier, 
in general a function of time, and 𝑁 corresponds to the total num-
ber of carriers in the domain. The functional dependence of 𝐄tot on 
the position of each carrier stems from the relative motion of the 
surrounding mobile carriers through 𝐄mob𝑖←𝑗

. The calculation of this 
last term is not limited to the direct line-of-sight interaction between 
charges, but it is further modified by the electrostatic response of the 
surrounding conductive surfaces (image charge effect). However, the 
contribution of the image charges is accounted for only on the domain 
boundaries representing the detector depth, while the effect on the 
appropriately-chosen wide lateral boundaries is considered negligible 
and thus omitted. It is worth noting that a carrier is also subject to the 
influence of its own image charges and therefore the term 𝐄mob𝑖←𝑖

 is not 
null. Furthermore, to avoid the problem of singularities arising when 
the distance between carriers tends to zero, we assume the charge to 
be uniformly distributed within a sphere of finite radius, which we call 
de-Broglie radius 𝑅dB. Thus, the bare electric field felt by charge 𝑞𝑖 due 
to charge 𝑞𝑗 (either real or image charge) can be written as: 

𝐄𝑖←𝑗 (𝐫𝑖(𝑡), 𝐫𝑗 (𝑡)) =
⎧

⎪

⎨

⎪
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𝐫𝑖(𝑡)−𝐫𝑗 (𝑡)
𝑅3
dB

 , for ||
|

𝐫𝑖(𝑡) − 𝐫𝑗 (𝑡)
|

|

|

< 𝑅dB
𝑞𝑗

4𝜋𝜀0𝜀R

𝐫𝑖(𝑡)−𝐫𝑗 (𝑡)
|

|

|

𝐫𝑖(𝑡)−𝐫𝑗 (𝑡)
|

|

|

3  , for ||
|

𝐫𝑖(𝑡) − 𝐫𝑗 (𝑡)
|

|

|
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(2)

where 𝜀0 is the vacuum permittivity and 𝜀R is the dielectric constant 
of the detector material. The magnitude of the de-Broglie radius can 
be estimated from quantum-mechanic and thermodynamic arguments 
(typically referred to as thermal de-Broglie wavelength), and in silicon 
it is reported to be in the range 5–10 nm at room temperature [21,22]. 
As a trade-off, we chose 7 nm both for electrons and for holes.

The charge cloud dynamics is solved by tracking the space–time 
evolution of each single carrier over the total simulation time span. At 
each simulation time step 𝛥𝑡, the total displacement 𝛥𝐫tot𝑖  is computed 
as the vector superposition of a deterministic displacement 𝛥𝐫drift𝑖  due 
to the total electric field, obtained by integration of the drift equation: 

d𝐫drift𝑖
d𝑡 = 𝐯𝑖(𝐫1(𝑡), 𝐫2(𝑡),… , 𝐫𝑁 (𝑡)) , ∀𝑖 = 1,… , 𝑁 (3)

where 𝐯𝑖 is the velocity of the 𝑖th carrier, with a random displacement 
𝛥𝐫dif𝑖  representing the thermal diffusion. A field-dependent model for 
the drift mobility was adopted [23]: 

𝜇 =
𝜇0

(

1 +
(

𝜇0|𝐄tot|
𝑣sat

)𝛽
)1∕𝛽

(4)

where 𝜇 represents the overall mobility coefficients for electrons or 
holes, 𝜇0 is the low-field value, 𝛽 is a constant and 𝑣sat is the saturation 
velocity, which, according to [24], can be expressed in silicon as: 

𝑣sat =
2.47 ⋅ 107

1 + 0.8𝑒𝑇 ∕600
cm
s

(5)

where 𝑇  is the lattice temperature expressed in Kelvin. For the diffusion 
coefficient 𝐷, Einstein relation at lattice temperature was maintained 
since it is in good agreement with the experimental data up to high 
fields, at least for silicon [25].
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Charge and current signals induced at any desired electrode are 
computed as the superposition of the contribution of the individual 
carriers according to Ramo’s theorem [26]:

𝑄ind𝑘 (𝑡) =
𝑁
∑

𝑖=1
−𝑞𝑖𝑉w𝑘

(𝐫𝑖(𝑡)) (6)

𝐼ind𝑘 (𝑡) =
𝑁
∑

𝑖=1
𝑞𝑖𝐯𝑖(𝑡) ⋅ 𝐄w𝑘

(𝐫𝑖(𝑡)) (7)

where 𝑉w𝑘
 and 𝐄w𝑘

 are the so-called weighting potential and weighting
field, respectively, of the electrode 𝑘.

The electrodes are modeled as idealized rectifying boundaries. Car-
riers that reach the ‘‘wrong’’ electrode (i.e. electrons approaching the 
p+-contact or holes approaching the n+-contact) due to the intense 
internal Coulomb interaction and concentration gradients in the first 
instants after generation are reflected rather than collected and an-
nihilated. This ensures a physically consistent description of possible 
plasma formation and erosion process and provides excellent agreement 
with the experimental pulse shapes.

2.2. Numerical methods

The static and weighting fields are computed by means of a 3D Pois-
son solver based on the iterative Gauss–Seidel method with Successive 
Over-Relaxation (SOR) on a discretized Cartesian mesh that takes into 
account the boundary conditions at the surfaces 𝑥 = 0 and 𝑥 = 𝑑, where 
𝑑 is the thickness of the detector, and the fixed charge distribution 
in the fully depleted bulk. In the computation of the time dependent 
field due to the mutual interaction between carriers, the infinite series 
of image charges needed to assure homogeneous Dirichlet boundary 
conditions on both detector’s surfaces 𝑥 = 0 and 𝑥 = 𝑑 is truncated for 
simplicity to the first two terms with negligible loss of accuracy.

The non-linear, coupled systems of drift equations giving the deter-
ministic displacement 𝛥𝐫drift during a simulation time step 𝛥𝑡 is solved 
by a Runge–Kutta 4(5) algorithm with adaptive internal step size con-
trolled by the requested value of tolerance. The intrinsic parallel nature 
of the problem makes the task ideally suited for vectorized routines 
available for modern GPUs, where the solver’s internal vectorization 
allows for a simultaneous update of the full state vector. This ensures 
that the electric fields for all mobile carriers are evaluated at the 
same temporal instants, maintaining the physical consistency of the 
interactions throughout the whole simulation time step.

The diffusive displacement 𝛥𝐫dif, on the other hand, is computed 
by extracting randomly a vector from a 3D Gaussian distribution with 
standard deviation 

√

2𝐷𝛥𝑡, corresponding to the standard deviation due 
to thermal diffusion over the integration time 𝛥𝑡.

Since the core-routine computing the dynamic electric fields of the 
mobile carriers is an intensive operation with complexity of 𝑂(𝑁2), two 
further strategies (beyond parallel calculus) were implemented to keep 
the computational burden under control. First, the simulation time step 
𝛥𝑡 is not constant but is adjusted at run-time for each subsequent in-
tegration step by imposing a constraint on the maximum displacement 
𝛥𝑟driftmax  permitted for the carriers. Knowing their initial velocity, this
dynamic time-step algorithm estimates the statistical distribution of the 
required time steps over all the carriers and it extracts the chosen value 
such that a predefined percentile of the carriers fulfills the constraint. 
In this way, the dynamics of the charge cloud can be followed with 
high accuracy across virtually any time scale without unnecessary com-
putational effort. Second, the total amount of carriers can be reduced 
via clustering to a smaller, representative set of carriers, where each 
new carrier has an effective charge greater than the elementary one to 
compensate for the smaller sample size. The so called macro charge 𝑀𝑞
factor represents the number of elementary charges 𝑞 per cluster. To 
maintain the same charge density within the physical size of a single 
carrier, the corresponding de-Broglie radius 𝑅′

dB is scaled as: 

𝑅′ = 𝑅 3
√

𝑀 (8)
dB dB 𝑞

3 
Both strategies were previously validated in [18].
The code was implemented in Python, using Numba [27] for just-

in-time (JIT) compilation of performance-critical kernels and the CUDA 
toolkit provided by the PyTorch [28,29] framework for NVIDIA GPU 
vectorized operations.

2.3. Case study

As a validation case study we computed the space–time evolution 
and induced signals of the electron–hole clouds resulting from a bunch 
of 3,600× and 36,000 × 1 keV photons impinging on a p+nn+ silicon 
diode under different bias conditions. This case represents the realistic 
level of ionization expected at pixel level in 2D imaging detectors for 
the modern FEL X-ray facilities for every X-ray pulse [1]. In silicon, 
3600 × 1 keV photons generate 106 e–h pairs while 36,000 × 1 keV 
photons generate 107 e–h pairs.

The simulated silicon diode is 280 μm thick with a bulk donor 
concentration of 8.2 ⋅ 1011 cm-3, corresponding to a depletion voltage 
of 49 V. In order to evaluate the impact of the applied electric field on 
the transport properties, we performed simulations with bias voltages 
Vbias = 100 V, 200 V and 500 V. We simulated the case of a front 
injection condition – photons impinging on the p+ side of the detector 
– and of a back injection condition – photons impinging on the n+ side 
of the detector – since they allow checking and studying the transport 
properties of electrons and holes independently. Lattice temperature 
is assumed to be 20 ◦C. The generated charge of 106 and 107 e–h 
pairs have been simulated as 𝑁 = 20,000 e–h pairs with a macro 
charge 𝑀𝑞 = 50, and 𝑀𝑞 = 500, respectively. The initial electron–hole 
distributions were generated according to a decaying exponential along 
the impinging direction 𝑥 with 𝜆 = 3 μm (approximately the absorption 
length of 1 keV photons in silicon [30]) while a Gaussian distribution 
with standard deviation of 10 μm was assumed on the incident surface. 
The considered injection levels allow probing the detector response and 
the occurrence of plasma effects at realistic charge densities, namely 
∼1014 e–h pairs/cm-3 and ∼1015 e–h pairs/cm-3, respectively. The 
maximum allowed carriers displacement for the dynamic time-step 
algorithm was 𝛥𝑟driftmax = 1 μm, while the time-step 𝛥𝑡 could span from 
a minimum of 10 ps to a maximum of 0.5 ns. The absolute tolerance 
set for the Runge–Kutta 4(5) algorithm was set 10 nm. Regarding the 
mobility parameters for electrons and holes 𝛽e and 𝛽h, respectively, 
appearing in Eq. (4), we chose for electrons the value 𝛽e = 1 [25], 
which was found as a better choice for our case with respect to other 
references – e.g. [23] reports a 𝛽e = 2 – while for holes the value 𝛽h = 1, 
which seems to be a generally accepted value [23,25].

The simulations were performed on several DECTRIS CLOUD [31] 
high-performance computing (HPC) nodes, each equipped with an 
NVIDIA L4 or A10G GPU with 24 GB of VRAM and a compute capability 
of 8.6. Computation times were strongly coupled to the desired tem-
poral and spatial accuracy and very case-specific, ranging from a few 
minutes for the simpler scenarios (e.g. p-side injection of 106 e–h pairs 
and with bias voltage of 500 V) to several hours for the most difficult 
ones (e.g. n-side injection of 107 e–h pairs and with bias voltage of 
100 V).

Simulation results were compared in terms of induced current pulses 
to the experimental data extracted from a previous work [20]. There, 
the 106 and 107 e–h pairs were generated of the same p+nn+ diode 
structure previously described by means of a pulses laser with a wave-
length of 660 nm, focused with a dedicated optics down to a spot 
with Gauss distribution with a standard deviation of 10 μm rms. For 
a correct comparison with the experimental data, simulated currents 
were convoluted with the pulse response of the readout electronic chain 
used in [20].
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Fig. 1. Experimental and simulated current pulses for different injection conditions and bias voltages. Panels (a) and (b) show p-side injection for 106 and 107
e–h pairs, respectively. Panels (c) and (d) show n-side injection for 106 and 107 e–h pairs, respectively. Simulation data are presented both accounting for (solid 
lines) and neglecting (dashed lines) the mobile charge contribution to the electric field. Experimental data are extracted from [20].
3. Results and discussion

3.1. Induced currents

The comparison between experimental and simulated current pulses 
for a p-side injection of 106 e–h pairs is shown in Fig.  1(a), while of for 
a p-side injection of 107 e–h pairs in Fig.  1(b). Curves are shown for 
the bias voltages 100 V, 200 V and 500 V. For reference, simulated data 
are shown both with and without the mobile charge contribution to the 
electric field. For a charge injection of 106 e–h pairs, the discrepancy 
between simulations with and without the contribution of the mobile 
carriers to the electric field is almost unnoticeable and both families 
of curves are in excellent agreement with the experimental data. For a 
charge injection of 107 e–h pairs, on the other hand, the discrepancy 
between the two simulations regimes is clearly observed, in particular 
for decreasing bias voltages. In such scenarios, indeed, the reduced 
static electric field results in longer plasma erosion processes and 
therefore longer collection times. Hence, including the mobile field con-
tribution is essential to yield excellent agreement between experiments 
and simulations. As a quantitative measure of the agreement between 
experimental and simulated results, we chose the 𝐿2 relative error norm 
(𝐿2REN), defined as follows: 

𝐿2REN =

√

√

√

√

√

∑NoP
𝑖=1

(

𝑥exp𝑖 − 𝑥sim𝑖
)2

∑NoP
𝑖=1 (𝑥

exp
𝑖 )2

(9)

where NoP is the number of data points. The 𝐿2REN values for the 
p-side injection scenario are reported in Table  1. When only the static 
contribution to the electric field is accounted for, the 𝐿2REN is on the 
order of 10% in the charge injection of 106 e–h pairs case, but it raises 
up to above 40% in the case of the charge injection of 107 e–h pairs and 
lowest bias voltage. When the contribution of the mobile carriers to the 
electric field is also accounted for, the 𝐿2REN remains below 10% in 
all cases.

The comparison between experimental and simulated current pulses 
for a n-side injection of 106 e–h pairs is shown in Fig.  1(c), while 
of for a n-side injection of 107 e–h pairs in Fig.  1(d). Also in this 
case, the probed bias voltages were 100 V, 200 V and 500 V and 
4 
simulated data are shown both with and without the mobile charge 
contribution to the electric field. This side of the diode, opposite to 
the pn junction, features a lower static electric field with respect to 
the previous one and sensible plasma effects are already observed at a 
charge injection of 106 e–h pairs and a bias voltage of 100 V, while 
it becomes macroscopic at a charge injection of 107 e–h pairs. In 
this extreme scenario, accounting for the contribution of the mobile 
charge to the electric field is critical for an accurate agreement between 
experiments and simulations. The 𝐿2REN values for the n-side injection 
scenario are also reported in Table  1. When only the static contribution 
to the electric field is accounted for, the 𝐿2REN reaches values up to 
about 160% in the worst case of a charge injection of 107 e–h pairs 
and lowest bias voltage. On the other hand, the 𝐿2REN remains below 
13% for the same case, when the contribution of the mobile carriers 
to the electric field is also accounted for. Furthermore, it should be 
noted that in this specific high-injection scenario, the experimental 
signal appears to be generated by a charge quantity approximately 15% 
higher than the nominal value used in other cases. This experimental 
discrepancy in the injected charge introduces an additional source of 
uncertainty that may further impact the accuracy of the comparison 
between simulations and measurements.

3.2. Charge cloud evolution

To provide a visual insight into the spatio-temporal evolution of 
the charge cloud at different charge injection levels, we show in Fig. 
2 (a–d) and Fig.  2 (e–h) a series of 2D projections taken at different 
time instants, for a p-side injection of 106 e–h pairs and 107 e–h pairs, 
respectively, at the bias voltage of 100 V. At the injection of 106 e–
h pairs the snapshots corresponds to the time instants 𝑡 = 0.5 ns, 
𝑡 = 2.5 ns, 𝑡 = 4 ns and 𝑡 = 8 ns. Holes, represented in red, are quickly 
collected by the p+ electrode forming the p+n-junction at the upper 
surface (𝑥 = 0). Electrons, represented in green, move downwards 
to the n+ electrode at the bottom surface (𝑥 = 280 μm) in a rather 
compact fashion mainly determined by the thermal diffusion rather 
than mutual Coulomb forces, even at the very beginning of the cloud 
expansion. The whole charge collection process takes about 11 ns. At 
the injection of 107 e–h pairs the snapshots corresponds to the time 
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Fig. 2. 2D projections of the 3D charge cloud evolution for a p-side injection at 𝑉bias = 100 V. The top row (a–d) shows the 106 e–h pairs case at 𝑡 = 0.5, 2.5, 4, 8 ns. 
The bottom row (e–h) shows the 107 e–h pairs case at 𝑡 = 0.5, 4, 8, 13 ns. The p+n-junction is at 𝑥 = 0, while the n+ electrode is at 𝑥 = 280 μm. The static electric 
potential is shown as a color gradient.
Table 1
Comparison of the 𝐿2 Relative Error Norm (𝐿2REN) between experimental 
data and simulations for both p-side and n-side injections. The ‘‘Static’’ model 
accounts only for the static electric field, while the ‘‘Full’’ model includes 
mobile carrier contributions.
 Injection e–h pairs Bias (V) 𝐿2REN (Static) 𝐿2REN (Full) 
 p-side 106 100 12.4% 9.3%  
 200 7.8% 5.4%  
 500 9.5% 6.9%  
 107 100 43.4% 8.8%  
 200 26.5% 7.9%  
 500 11.8% 5.5%  
 n-side 106 100 46.7% 6.4%  
 200 11.6% 8.1%  
 500 10.1% 7.4%  
 107 100 158.6% 12.7%  
 200 89.7% 6.4%  
 500 23.6% 7.1%  

instants 𝑡 = 0.5 ns, 𝑡 = 4 ns, 𝑡 = 8 ns and 𝑡 = 13 ns and the situation 
changes sensibly. Indeed, the charges form a plasma region which, 
shielding the core, prevents a prompt separation of electrons and holes 
by the static electric field. Electrons, slowly carried away from the 
plasma zone, form a long tail toward the back electrode with increased 
spatial broadening both in the longitudinal and in the lateral direction. 
The whole collection process takes now about 18 ns.

3.3. Electric fields analysis

To shed light on the complexity of the forces acting on the carriers 
during the collection process, we show in Fig.  3 the average magnitude 
of the static, mobile and total components of the electric field for 
electrons and holes, as a function of time and for p-side injections 
of 106 e–h pairs (a) and 107 e–h pairs (b) at the bias voltage of 
100 V. In the first case, the static component dominates on the mobile 
one for both electrons and holes over the entire temporal range, even 
though in the first instants, and until roughly 1.5 ns, the total electric 
fields exhibit a slight depression, symptom of a minor onset of plasma 
effect. The large confidence intervals around the mean values are due 
to the inherent local nature of the space-charge effects (screening or 
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Fig. 3. Magnitude of the static component, of the mobile carriers component 
and of the total electric fields averaged over the electrons population (green) 
and holes population (red), for a p-side injection of 106 e–h pairs (a) and 
107 e–h pairs (b) at 𝑉bias = 100 V.

enhancement), which affects each carrier differently depending on its 
instantaneous position within the cloud. In the second, more extreme 
case, the mobile component exceeds the static one for both electrons 
and holes, until about 1.5 ns and 5.5 ns, respectively, leading to 
a major onset of plasma effect. Before the crossover point at about 
1.5 ns, the average magnitude of the total field acting on the electrons 
follows the mobile component, indicating a Coulomb interaction-driven 
evolution dynamics, while afterwards it follows the static component, 
as a consequence of the electrons being progressively released from the 
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Fig. 4. Spatial distribution of holes (a)(c) and electrons (b)(d) for a p-side injection of 106 e–h pairs, at 𝑉bias = 100 V and at the selected time instants 𝑡 = 0.1 ns
(a)(b) and 𝑡 = 0.5 ns (c)(d). The horizontal axis represents the radial coordinate, where the origin marks the symmetry axis of the charge cloud, while the vertical 
axis indicates the depth within the detector. The color code represents the relative difference between the magnitude of the total electric field and the magnitude 
of the static electric field acting on each single carrier. For reference, the p+n-junction is at 𝑥 = 0.
plasma zone and drifting freely towards their collecting n+ electrode. 
For the holes the situation is seemingly different. During basically all 
their lifetime, the average magnitude of the total electric field results 
lower than the mobile contribution, suggesting that the net vectorial 
contribution is acting against the static field. This causes in general 
a lengthening of the collection process of the holes towards the p+
electrode and, consequently, a slower release of the electrons from the 
plasma zone. Again, the large confidence intervals are indicative of the 
inherent locality of space-charge effects.

With the help of Fig.  4 and Fig.  5, we can deepen the understanding 
of the impact of the space-charge distribution on the electric fields 
acting on the individual carriers.

Fig.  4 shows the spatial distribution of holes (a)(c) and electrons 
(b)(d) for p-side injection of 106 e–h pairs, a bias voltage of 100 V, 
at the selected time instants 𝑡 = 0.1 ns (a)(b) and 𝑡 = 0.5 ns (c)(d). The 
horizontal axis represents the radial coordinate, where the origin marks 
the symmetry axis of the charge cloud, while the vertical axis indicates 
the depth within the detector. The color code represents the relative 
difference between the magnitude of the total electric field and the 
magnitude of the static electric field acting on the represented carrier. 
Let us recall that, in the plot, holes drift upwards while electrons 
downwards. Despite the corresponding current pulse in Fig.  1(a) shows 
no significant distortions due to plasma effects, a refined analysis can 
still capture its subtle onset. The charge distributions can indeed be 
conceptually subdivided into distinct sub-regions, each characterized 
by a specific electric field regime. Specifically, the cloud cores corre-
spond to the main overlapping region between holes and electrons, 
where the magnitude of the total electric field is depressed due to 
the electrostatic shielding typical of an incipient plasma effect (gray 
region, color code negative). Moving towards the boundaries of these 
cores, a transition region emerges. Here, carriers are primarily subject 
to the static field component, which progressively erodes the clouds. In 
contrast, the outer region (colored region, color code positive) at the 
bottom of the cloud visible only at 𝑡 = 0.1 ns is dominated by mutual 
Coulomb interactions driven by the higher concentration of electrons 
relative to holes and the net positive charge induced by the carriers on 
the contact at 𝑥 = 𝑑. Within this regime, the outermost electrons are 
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pushed downwards while holes are slightly dragged upwards by the 
resulting overall electrostatic forces.

Fig.  5 shows, instead, the spatial distribution of holes (a)(c) and 
electrons (b)(d) for p-side injection of 107 e–h pairs, a bias voltage 
of 100 V, at the selected time instants 𝑡 = 0.5 ns (a)(b) and 𝑡 = 4 ns
(c)(d). In this case, the corresponding current pulse in Fig.  1(b) exhibits 
considerable distortions due to pronounced plasma effects. At 𝑡 = 0.5 ns, 
unlike the previous case, the charge distributions feature an innermost 
core where carriers are subject to intense Coulomb interactions that 
bind holes and electrons together. Upon further inspection, these forces 
exhibit a dominant vertical component directed downwards for holes 
and upwards for electrons, attributable not only to the self-repulsive 
force but also to the attractive force of the image charges relative 
to the mirror plane at 𝑥 = 0. This interaction is particularly criti-
cal in the initial stages of the plasma evolution, where proximity to 
the injection electrode enhances electrostatic binding, delaying carrier 
separation beyond the predictions of simpler models. Simultaneously, 
in the outer regions of the core, the total electric field magnitude is 
depressed due to electrostatic shielding. Consequently, electrons are 
swept toward the collecting electrode only at the core boundaries. 
Furthermore, the Coulomb forces acting downwards and outwards on 
the electron tail result in a spatial spread substantially greater than that 
expected from purely thermal diffusion. At 𝑡 = 4 ns, the core cloud 
is still held together by mutual Coulomb interactions. However, given 
the progressively reduced charge density and the increasing distance 
from the upper boundary, these forces are essentially isotropic. This 
electrostatic binding effectively delays carrier separation, resulting in 
the characteristic ‘‘plasma delay’’ observed in the current pulse, where 
the peak is shifted and the pulse duration is significantly extended.

This separation of the field components allows for a deeper in-
terpretation of the plasma dynamics, providing a refined perspective 
compared to classical phenomenological models. In the work by Tove 
and Seibt [6], the plasma core is described as a region where the 
external electric field is effectively canceled – and thus vanishes – due 
to the formation of polarized charge sheaths. While this ‘‘zero-field’’ 
approximation explains why the cloud effectively shields itself from 
the external extraction field, our simulations reveal the complex micro-
scopic forces that sustain this state. As shown in Fig.  5, although the 
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Fig. 5. Spatial distribution of holes (a)(c) and electrons (b)(d) for p-side injection of 107 e–h pairs, a bias voltage of 100 V and at the selected time instants 
𝑡 = 0.5 ns (a)(b) and 𝑡 = 4 ns (c)(d). The horizontal axis represents the radial coordinate, where the origin marks the symmetry axis of the charge cloud, while 
the vertical axis indicates the depth within the detector. The color code represents the relative difference between the magnitude of the total electric field and 
the magnitude of the static electric field acting on each single carrier. For reference, the p+n-junction is at 𝑥 = 0.
net field at the inner boundary of the cores is significantly depressed, 
the individual carriers in the inner core are far from being in a passive 
state. On the contrary, they are subjected to intense local Coulomb 
interactions that effectively bind holes and electrons together. In this 
high-interaction zone, the longitudinal coupling with image charges 
at the mirror plane further anchors the carriers to the injection site. 
This internal binding mechanism provides the physical basis for the 
shielding effect: the carriers remain ‘‘locked’’ in a neutral-like state, 
resisting the erosion process until the density decreases sufficiently for 
the external field to finally penetrate and prevail.

4. Conclusion

We developed a Monte Carlo simulation code for the self-consistent 
computation of the electron–hole dynamics and signal formation in 3D 
semiconductor radiation detectors. The adopted multi-body approach 
tracks the spatio-temporal evolution of the charge cloud on a individual 
carrier basis, including the mutual Coulomb interactions necessary to 
accurately model space-charge effects. The architecture leverages on 
the vectorized calculus capabilities of modern GPUs. Dedicated numer-
ical strategies, i.e. charge clustering and dynamic time-step algorithm, 
were implemented to maintain high accuracy without compromising on 
the computational effort.

We carried out a set of simulations for the case study of a p+nn+
silicon diode irradiated by 1 keV photons under different bias and 
charge injection conditions – up to 107 e–h pairs – since it realisti-
cally represents the challenging operating conditions at X-ray facilities 
e.g. FELs. The chosen case study allowed comparison of simulation 
results with experimental data from a previous work, showing an 
excellent agreement in all the considered cases despite the occurrence 
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of strong plasma effects. The phenomenology of the plasma effect 
was presented at microscopic level, revealing how discrete carrier-
carrier interactions and image-charge forces govern the spatio-temporal 
evolution of the track especially during the first instants. This self-
consistent multi-body approach explains the physical origin of the 
plasma delay and provides a robust framework for predicting detector 
response non-linearities in high charge-injection scenarios.
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