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Abstract:  In this paper a numerical study of  the GaAs pixel detector performance is presented. The model  
is based on the 3D-Finite Element Method (FEM) and takes into account the carriers trapping and emission 
phenomena. The numerical simulations obtained, confirms the electrical behaviour of pixels and permits the 
indirect evaluation of the charge collection efficiency through a preliminary determination of the real trap 
distribution and transport parameters depending on the electric field. 
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1 Introduction 
Digital radiography is an imaging modality that 
uses electronics and computational techniques [1].  
Amongst the materials suitable to be used as 
detectors, semiconductors seem to be the best 
choice [2]. While silicon is almost a perfect 
material for particle physics detectors, allowing 
the shaping of electric fields by tailored impurity 
doping, the need of high photon absorption 
efficiency in radiological applications requires the 
study and use of semiconductor materials with 
high atomic charge, such as GaAs. In fact the 
GaAs wide bandgap (1.43eV), the high atomic 
number and the well-established microelectronics 
technology are good preliminary conditions for 
developing room temperature X-ray detectors 
with high energy resolution and high efficiency 
up to 100 keV [3], [4], [5], [6], [7], [8]. 
Devices in GaAs contain a high concentration of 
traps, which decreases the charge collection 
efficiency of such detectors: traps influence the 
detector performance by means of carrier capture 
and electric field spatial distribution change. In 
order to relate the trap characteristics to the 
detector behavior, in this paper a numerical model 
of the induced current signal has been devised. 
The analysis is carried out adopting the 3D- Finite 
Element method (FEM) and takes into account 
trapping and generated carriers phenomena. 
In section 2 the GaAs detection property and 
some fabrication options are indicated. Section 3, 
the principles of the method and the new model 
are presented. In section 4 the model is validated 

through the comparison with experimental data. 
Moreover, some conclusions are drawn out. 
 
2 Semiconductor detection property 
Interaction between radiation and a suitable 
material generates electrical charges 
(photoelectric effect), detected by means of the 
application of an electric field. 
Gases, cryogenic liquids and semiconductors are 
the most used materials. Due to the lower energy 
necessary to produce an electron-hole pair (3-6eV 
vs. 30eV necessary to free an electron in gas 
detectors), it is possible to produce a higher 
charge adopting semiconductor detectors with the 
same energy amount. Therefore, the input signal 
to noise ratio is higher and, consequently, the 
detector front-end simpler. Moreover, material 
with high atomic mass have high X-ray 
sensitivity. In fact, the probability of interaction 
between an X-ray beam and a material having 
atomic number Z is proportional to Zn (4<n<5). 
Due to the high efficiency, high spatial and 
energetic resolution expected using digital 
detectors, semiconductors seem to be the best 
choice for these applications. Amongst the 
commercially available ones, the GaAs 
semiconductor family is one of the most suitable 
for radiological digital application. 
The GaAs high resistivity, for its high-energy 
bandgap (1.43eV at room temperature), reduces 
leakage currents. Moreover the high atomic 
number improves the photoelectric interaction. 
The previous features, together with the high 
electron mobility, allow a decrease in the 



exposure time of the radiographed object, which 
determines a reduction of the radiation amount. 
This characteristic is very important, especially in 
medical applications. 
For what the architecture is concerned, the need 
of an intrinsic, direct relation between the detector 
architecture and the radiographic image, makes 
the pixel-matrix architecture the best choice. 
A read-out section is employed for collecting and 
transmitting data. 
The advances in microelectronic technology make 
it possible to integrate the front-end electronic 
directly below each pixel. 
The whole read electronic section, connected to 
each pixel, is integrated on a GaAs area having 
dimensions equal to that of the pixel. 
 
3 Principles of the method and 
Mathematical model 
To link the characteristics of the pixel with the 
device performance, a 3D-numerical model of the 
photoeffect-generated current has been studied. 
The model adopts the finite element analysis and 
it is implemented in Matlab R14 environment. A 
variable step mesh has been created to solve the 
discrete Laplace equation by using an iterative 
method.  
The model evaluates the current signal induced by 
the motion of the single photogenerated carrier by 
the Ramo’s theorem [9], [10]. 
When a carrier pair is generated in a given 
position, the charge induced on the collecting 
electrode is calculated taking into account the 
contribution of both electrons and holes. If 
trapping occurs, an incomplete charge collection 
is observed. The Shockley Read Hall (SRH) 
recombination theory is considered as base model 
for the carriers trapping and generation 
phenomena. 
The carrier trapping is described by means of two 
characteristic times: the mean trapping time of 
electrons and that of holes. Trapping of a carrier 
occurs when its trapping time is shorter than the 
transit time. Also the detrapping mechanism is 
taken into account in this model [11,12,13,14]. 
Normally the collected charge efficiency, which is 
an integral parameter, is used in order to 
determine the total amount of collected charge. 
But in this model the efficiency is substituted by 
the determination, point by point, of the net 
charge due to the carriers trapping and re-
emission actions. 
By iterating the mathematical process for every 
generation point, the evaluation of the overall 
collected charge is made possible.  

The photons interaction point is generated 
considering the heavy ion effect (fig.1), able to 
reproduce the crossing of an alpha particle or of a 
heavy ion. When this crosses a device, it looses 
energy and creates a number of electron-hole 
pairs. These charges are collected by the electric 
field which is present in the component. Important 
factors are the energy and the type of the ion, the 
angle of penetration of the ion and the relation 
between the energy loss and the number of pairs 
created [15]. 
 

 
Fig 1 Heavy ion model 
  
The generation rate caused by a heavy ion is 
computed by: 
 
G(l,w,t) = LET(l) x R(w) x T(t)   (cm-3s-1) (1) 
 
where l is the penetration length of the particle, w 
is the width of the generation cylinder and t is the 
time. 
T(t) is defined as a gaussian function and is given 
by: 
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time (s) is the moment of the heavy ion 
penetration, shi (s) is the characteristic value 
(standard deviation) of the Gaussian. 
LET(l) (cm-3) is the linear energy transfer and is 
the fundamental parameter to define how many 
pairs/µm the heavy ion generates. Its expression is 
given by: 
 
LET(l)=a1+a2 x l + a3 ea4 x l +k[c1 x (c2+c3 x l)c4 + Lef(l)] 
 



where Lef(l) are additional arbitrary values and ai 
and ci are constant values, depending on the 
semiconductor properties. 
R(w) is the distribution of the ionizing track on 
the plane transversal to the cross direction. The 
exponential case has been considered for our 
simulations. R(w) is given by: 
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The current induced by the motion of a puntiform 
charge in a ionized medium between planar 
electrodes is, according to the Ramo’s Theorem: 
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where ψ is the electrostatic potential, vd the drift 
velocity of the carrier, E the electric field intensity 
and D the distance between electrodes. 
The charge induced in the external circuit are: 
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where ψ (x) is the potential at the position of  the 
SRH center (P0) . 
Using a three-dimensional model and supposing 
that δn0 electron/hole pairs are generated at initial 
time at a generic P0 (x0,y0,z0) point between the 
Schottky contacts, the charge induced by the 
motion of electrons and holes, before reaching the 
electrodes, is: 
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where electrons are supposed to move along the 
positive x direction and holes in the opposite 
direction. 
The dependence of δn0 by t derives by the 
trapping actions which cause an exponential 
decay of free carriers as follows [12],[13]: 
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where τc is the capture mean time. 

Considering separately  the effect of electrons and 
holes, the expression of the total charge induced is 
[16]: 
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The electron current signal at the i-th iteration 
step, can be approximated as follows: 
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and a similar expression is valid for the hole 
current Ih(ti) deriving from eq. (11). 
The same mathematical procedure can be iterated 
for every generation point. Therefore, it is 
possible to evaluate the overall collected charge 
by summing all the contributions from all the 
generation points. 
 
4. Model Validation 
The realized detector is a Schottky diode made on 
semi-insulating, Vertical Gradient Freeze (VGF), 
(100) oriented single crystals GaAs substrate, 200 
µm thick. The substrate has the resistivity of  
9.3x107Ωcm, the mobility equal to 6944cm2V-1s-1, 
the carriers concentration of 9.4 x 106 cm-3 and 
the Etch Pith Density (EPD crystal defect) of 
1055 cm-2. 
Each pixel consists of two Schottky junctions, one 
of which polarized inversely. They are connected 
to an electronic front-end which provides for 
recording and amplifying signals. The Schottky 
contacts were realized on the front and on the 
back surfaces of the wafer with Ti/Pt/Au 
(30/30/60 nm) metalization process [17].  
The detector has been modeled with a three-
dimensional geometry (fig 2). For the model used 
in the experiment, each pixel is 200µm thick, 
55µm wide and long. 
 



 
Fig. 2 Three-dimensional mesh adopted in the FEM 
simulation 
 
To have a better performance in terms of charge 
collection, a guard-ring has been realized around 
each pixel of the detector. The guard-ring is 30µm 
thick and the distance between the guard-ring and 
the pixel is 5µm. The presence of guard-ring 
makes the electric field uniform and electrons 
move along fairly straight line, orthogonal to the 
contacts (fig.3-4). 
 

 

Fig.3 J flux lines distribution 
 

 
Fig.4  Simulation result of  J flux lines distribution 
with guard-ring   

 
The operating condition is obtained biasing the 
pixel in a range from 0 to 200V and irradiating it 

with 60KeV photons (simulating a 241Am source) 
impinging on the back side Schottky contact. 
To avoid leakage currents, a SiN dielectric layer 
(300 nm) is deposited on the wafer surface. The 
full depletion region is realized starting from    
150 V. 
In the simulation of the induced signal, two types 
of donor traps and of acceptor traps have been 
considered (tab.1). The spatial distribution of the 
electric field is obtained with the following set of 
parameters: electrode distance equal to 200µm, 
bias voltage equal to 200V, and a single couple 

electron/hole generation 25µm from the back side 
Schottky contact.  

Trap Concentration 
(cm-3) 

Capture cross 
section (cm2) 

Energy 
level (eV) 

E1 1.2 x 1015 2.0 x 10-15 0.560 
E2 2.0 x 1016 5.0 x 10-14 0.790 
H1 3.0 x 1015 1.0 x 10-13 0.410 
H2 7.0 x 1014 7.0 x 10-17 0.510 

 
Tab.1 Characteristics of electron (Ei) and hole (Hi) traps 
 
Fig.5 shows the separation between the back side 
Schottky region and the active zone characterized 
by high field. The generated carrier spatial density 
decreases with the distance from the generation 
point: the electron capture increases dramatically 
after they reach  the active region. 
As the electron drift velocity is higher than that of 
the holes in the active region, the slope of the 
curve for electrons is greater with respect to the 
holes (fig.5).  
 

 

Fig. 5 Electric field distribution and generated carriers 
spatial density 
 
In fig. 6 the shape of the J flux distribution is 
indicated in presence of a particle which hits to 
normally the pixel surface in the center (a)  and in 
a point 3 µm distant far from the center (b). 



 
 

 
Fig. 6 J flux distribution for a collision normal to the 
center of the pixel surface (a)  and in a point 3 µm 
distant (b) 
 
To verify the 3D pixel model, the Charge 
Collection Efficiency (CCE) has been simulated 
and compared with the values obtained 
sperimentally. Indicating by H0 the channel 
number corresponding to the maximum count 
number, the CCE is determined using the 
following expression: 
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where ε(GaAs) = 4.3eV and ε(Si) = 3.6eV 
represent the average electron-hole generation 
energy. 

In particular for this detector, a CCE value of 
about 90 - 95% is obtained for an electron/hole 
generation point 20 - 30 µm from the back side 
Schottky contact (fig. 7). 
In fig. 8, the shape of the simulated and tested 
pixel I-V characteristic is indicated. It is shown 
the good accordance between the model 
simulation values and the experimental results 
 

 
 
Fig. 7 Simulated 3D CCE values on a single pixel 
 

 
Fig. 8 Comparison between the tested and 
simulated values 
 

 
5. Conclusions 
In this paper a new model of a pixel matrix digital 
radiography system has been realized. The model 
performs a three-dimensional analysis adopting 
the Finite Element Method. The model takes into 
account both the hole/electron trapping and       
de-trapping mechanisms, implementing the SRH 



regeneration equation, and both the carriers 
generation, considering the heavy ion effect. 
Some different pixels have been realized and 
electrically tested. The experimental measures 
confirm the results of the proposed model. 
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