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Abstract: In this paper the performances of radiation detectors based on GaAs and CdTe materials have been
studied. The analysis is carried out adopting a 3D FEM model which takes into account the carrier trapping
and generation phenomena by the Shockley Read Hall recombination theory.

The good accordance of the obtained values with the know experimental data confirms the general validity
of the adopted model in simulating devices of any material and at any working temperature.
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1 Introduction
High sensitivity real time digital X-ray imaging
with good spatial resolution is desired both for
medical and industrial applications. Actually, high
energy resolution is not the only parameter of
interest in developing room temperature detector.
Several other characteristics are also of great
importance, including:
e high stability of detector characteristics for
long periods of use;
e high values of analyzed peaks to background
Hybrid pixel detectors, in which sensor and
electronic chip are separate entities, connected via
bump bounding techniques, represent the state of
the art for both particle detection and imaging
applications.
Among the materials used to realize radiation
detectors, semiconductors seem to be the best
choice. While silicon is almost a perfect material
for particle physics detectors, the need of high
photon absorption efficiency in radiological
applications requires the study and the use of
semiconductor materials with high atomic charge,
such as GaAs or CdTe [1], [2].[3], [4]. [5], [6],
[71, [8], [9]. Detectors realized adopting such
materials are often affected by an incomplete
collection of the photogenerated carriers which
degrades the performance such as energy
resolution, charge collection efficiency and photo
peak efficiency. Possible causes of this signal
reduction are material inhomogeneities, the
presence of dead layers and the anomalous
distribution of the electric field inside the detector
[10].
To relate the semiconductor characteristics to the
induced current signal, a 3D numerical model was

conceived for detectors having different
structures. Its validity has been proven in
simulating several different GaAs detector
structures (micro-strip or pixel), taking into
account also the particle incidence angles [11],
[12], [13].

In this paper, the studied model has used to
compare GaAs and CdTe X-ray p-i-n detectors.
Preliminary evaluations of performance of similar
detectors have been previously reported and
detailed experimental information and results can
be found in the corresponding references [14]. The
measured values are in accordance with the
simulated results obtained using the three
dimensional model and validated with a GaAs p-i-
n junction.

Section 2 deals with semiconductor detection
properties and the adopted detector configuration
is described. In section 3 the principles of the
model are summarized and the performances of
p-i-n  structures composed of  different
semiconductors and operating at different
temperatures are studied. Moreover some
conclusions are drawn out.

2 Semiconductor detection properties

and detector architecture

The performance of detectors depend both on the
adopted material for the fabrication of the single
structure and the array architecture chosen.
Suppose that the radiation beam, composed of
energetic particles (neutrons, electrons and o-
particles) and photons (X-ray, y-Ray and UV ray)
interacts with a suitable material (detector),
generating electrical charges (photoelectric effect).
Applying an electric field to the detector,



generated charges are converted into electric
current, whose pulse amplitude depends on the
collection time which is linked to the detector
type, the mobility of the carriers and the electrodes
position. The pulse number gives the number of
particles or photons hitting the detector while the
pulse amplitude measures the radiation energy.
Gases, cryogenic liquids and semiconductors are
the most used materials to detect radiation. 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 equal energy amount. Moreover, materials
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 Z" (4<n<5)
[15].

For these reasons, semiconductors are the best
choice for a digital detector, because of the high
efficiency, the high spatial and energetic
resolution expected.

GaAs and CdTe high resistivity, due to their high
energy band-gap, reduces leakage currents [16]
and their high atomic number improves the
photoelectric interaction.

These features, together with the high electron
mobility, allow a decrease in the exposure time of
the radiographed object, which determines a
reduction in the radiation amount, very important
in some applications, for example, in medical
field.

As far as the architecture is concerned, the need
for an intrinsic, direct relation between the
detector array and the radiographic image makes
the pixel-matrix arrangement the best choice [17].
In this structure, each pixel is interfaced to a front-
end electronic chain. Hence there are as many
channels as the pixel number.

3 Adopted model and performance

evaluation

To link the semiconductor characteristics to the
induced current signal, a 3D-numerical model for
detectors having different structures has been
conceived [11], [12], [13]. The model adopts the
finite element analysis (FEM) 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 photo generated carrier by
the Ramo’s theorem [17], [18].
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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 carrier 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 [19], [20], [21],
[22], [23].

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 summing all the
contributions from all the generation points.

To test the validity of the model to study radiation
detectors independently from the semiconductor
composing  the  devices, two  different
implementations of p-i-n junction have been
analyzed: GaAs and CdTe structure. The study is
carried out considering junctions having equal
dimensions. The analyzed model simulates p-i-n
structures made with undoped thick epitaxial
layers (about 2um), an intrinsic region supposed
grown on an n+ substrate which is the n+ side of
the diode, a p+ layer to reduce the dark current
and improve the energy resolution and two ohmic
contacts on the front and back surface of devices.
The detectors simulated in this paper have a
residual doping concentration of 10%cm™
corresponding to a depleted zone (W) 0.88um
thick at 1.8V bias. The detectors have been
modelled with a three-dimensional geometry
(fig.1), 3um thick and 10pum width and length.
Each p-i-n junction is surrounded by a guard-ring
with the aim to obtain a better performance in
terms of charge collection. The guard-ring is 1um
wide and the distance between the guard-ring and
the pixel is 1um. The presence of guard-ring
makes the electric field uniform and electrons
move along fairly straight lines, orthogonal to the
contacts. The model simulates the behaviour of a
“Am source which irradiates 60KeV X-ray
photons, impinging on the back side ohmic
contact.

In the simulation of the induced signal,
donor/acceptor traps have been considered. The
spatial distribution of the electric field is obtained
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with the following set of parameters: electrode
distance equal to 3um, bias voltage equal to 1.8V
and a single couple of electron/hole generation,
1.5um from the back side ohmic contact.
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Fig.1 The adopted mesh structure to simulate each p-i-n
pixel

In fig.2, the shape of the J flux distribution lines is
indicated for GaAs and CdTe pixels, considering a
Single Event Upset (SEU) normal to the pixel
surface. The analysis is carried out both at room
temperature and at 243°K.

The CCE parameter is determined for the two
different pixels adopting the 3D model and is
compared with the values obtained sperimentally.
Indicating by Hgy the channel number
corresponding to the maximum count number, the
CCE is determined wusing the following
expression:

cee[e] = Hd8) £6) 4
H (i) £(Si)

where Ho (s) and ¢(s) represent the channel
number and the average electron-hole generation
energy of the substrate composing the pixel.

For the GaAs detector, a CCE value of about 90 -
95% is obtained at room temperature, for an
electron/hole generation point 0.9 - 1um from the
back side ohmic contact (fig.3a). An equal value is
obtained at 243°K (fig.3b). For the CdTe detector
a CCE value of about 95% is obtained at 243°K.
At room temperature a nearly zero CCE value is
obtained in good accordance with the expected
experimental values [14].

d)

Fig.2 J flux distribution for a collision normal to the
centre of the pixel surface at 243°K (a-GaAs,
b-CdTe) and at room temperature (c-GaAs,
d-CdTe)
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Fig.3 CCE values for an X-ray collision in the center
of the pixel area at 300°K (a) and 243°K (b)

4 Conclusions

The analysis shows the model validity
independently from the adopted material and the
operating temperature. The simulated values are in
good accordance with the experimental data and
with the results described in literature. Drawing
further conclusions, it is confirmed that GaAs,
having comparatively low cost for the production
of large area thick epitaxial layers, because of the
availability of standard processing technologies
and the possibility to work well at room
temperature, is still a better candidate for imaging
with respect to the CdTe.
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