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Abstract

In this work we have studied the direct detection and spectrometric capabilities of low-cost commercial silicon
photodiodes for X- and y-rays (energies from 10 up to 80keV) envisaging their use in characterization of porous
microstructures by X-ray microtomography. The best values of the energy resolution for the 59.5keV 2*!Am y-ray line,
measured at room temperature, were found to be 2.1 and 1.8keV for SFH00206K (Siemens) and S2506-04

(Hamamatsu) PIN diodes, respectively.
© 2004 Elsevier Ltd. All rights reserved.
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1. Introduction

Silicon diodes offer a number of advantages as low
energy electromagnetic radiation detectors for many
applications in several branches of science (Cesareo
et al., 1999; Grybos et al., 2000; Kirkland et al., 1988;
Mali et al., 2001; Murty and Devan, 2001; Pavel, 2002;
Snider, 1995; Trombka et al., 1999). Standard silicon
photodiodes exhibit low leakage current, moderate
capacitance and thin dead layers, which make them
suitable for ionizing radiation detection with a very
good energy resolution, even at room temperature. On
the other hand, as these devices also feature a high active
area to volume ratio, they are preferable in compact
arrangements. Earlier studies performed in our labora-
tory (Bueno et al., 1996; Magalhaes et al., 2000) on the
performance of a Siemens photodiode (SFH00206 K)
for charged particles and X-ray spectrometry encour-
aged us to optimize its operational conditions envisaging
its application for characterization of porous micro-
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structures by X-ray microtomography (Appoloni et al.,
2002). With this aim, we also investigated the response
of some commercial photodiodes in order to select those
that match the requirements of low price, long-term
stability and moderate efficiency for energies up to
80keV.

We report here a comparison between the response of
two PIN diodes, Siemens SFH00206 K and Hamamatsu
S2506-04, for direct detection of X- and y-rays from
109¢d, '*3Ba, '"*Eu and **' Am radioactive sources. The
effect of the reverse bias on energy resolution and
efficiency of both photodiodes was studied as well as
their stability. The best values of energy resolution for
the 59.5keV y-ray line from >*'Am, measured at room
temperature, were found to be 2.1 keV (SFH00206 K)
and 1.8keV (S2506-04).

2. Experimental setup

Two types of low-cost (about US$10.00) PIN photo-
diodes were investigated in this work: Siemens
SFH00206 K and Hamamatsu S2506-04, with active
areas of 7.34 and 7.50 mm?, respectively. Measurements
of leakage current densities (current per unit of useful
area) and capacitances of these devices as a function of
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reverse bias voltage are presented in Figs. 1 and 2. For
both diodes the leakage current densities grow linearly
with the voltage but, even when 30V is applied, their
values never exceed 0.7nA/mm’ The diodes capaci-
tances, measured with a frequency of 1 MHz, decrease
with the polarization bias as a result of the depletion
layer growth. Indeed, the effect of reverse voltage on the
depletion region depths of the photodiodes (estimated
from capacitance measurements) is evidenced in Fig. 3.
In order to use the photodiodes as detectors, each
device was placed in a stainless-steel vacuum chamber
and directly connected (DC coupling) to a homemade
charge sensitive pre-amplifier, based on the hybrid
circuit A250-AMPTEK. The pre-amplifier output was
further shaped and amplified in an ORTEC 672 main
amplifier with adjustable time constant. The pulse height
distributions were measured with a computer-based
multichannel analyzer (ORTEC Spectrum Ace-8k).
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Fig. 1. Leakage current densities (current per unit of useful
area) as a function of reverse bias voltage for SFH00206 K and
S2506-04 diodes.
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Fig. 2. Capacitances of both diodes as a function of reverse
bias voltage.
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Fig. 3. Depletion region depths of the photodiodes (estimated
from capacitance measurements) as a function of reverse
voltage.
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Fig. 4. Electronic noise (FWHM) measured as a function of
reverse bias voltage for both diodes.

To achieve the optimum electronic noise performance
of the detector system, including the diodes, we have
investigated the bias voltage and shaping time constant
dependence. For that purpose, the FWHM of a pulse
generator line injected at the input of the pre-amplifier
was measured. The best results, obtained for a 2ps
shaping time constant amplifier, are presented in Fig. 4.
Since an increase of the applied voltage lessens the
diodes capacitances and, conversely, heightens the
leakage current, there is one bias voltage value for
which the amount of noise is minimum. In our
measurements, this occurs at 24V (FWHM =1.6keV)
for S2506-04 and at 20V (FWHM=1.8keV) for
SFH00206 K diodes. In these experimental conditions,
the voltage drops across the load resistor (100 MQ) were
about 300 mV (SFH00206 K) and 18 mV (S2506-04).
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Since in our measurements the total noise of the
system included the leakage currents from the diodes, as
well as their capacitance effects, the superior noise
performance of the S2506-04 compared with that
obtained for the SFHO00206K diode is completely
understandable.

3. Results

The response of S2506-04 and SFH00206 K photo-
diodes for detection and spectrometry of low-energy y
and X-rays was studied through the use of a **'Am
radioactive source placed inside a vacuum chamber at
2.0cm from the diodes. In order to evaluate the
influence of the bias voltage on the diodes’ energy
resolution for the 59.5keV y-ray, several spectra were
recorded at room temperature. Fig. 5 presents the
comparative energy resolution of the diodes as a
function of the bias voltage; the best results obtained
were 1.8keV at 24V and 2.1keV at 20V for S2506-04
and SFH00206 K, respectively. In such conditions, the
pulse height distributions measured using both photo-
diodes are shown in Figs. 6 and 7, where the low energy
part of these spectra are due to >*’Np X-ray lines and
26.3keV y-ray from 2*'Am, which are detected with
higher efficiency than those for 59.5keV.

To verify the linearity of both detection systems,
energy spectra of v and X-rays from '°°Cd, '3*Ba, **Eu
and **'Am radioactive sources were recorded at room
temperature and at the same reverse bias applied to each
diode. The channel numbers of the fitted peak centroids
were plotted versus photons energies from 10 up to
80keV and the results are presented in Fig. 8. Hereby,
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Fig. 5. Comparative energy resolution of the diodes as a
function of the bias voltage measured at 59.5keV y-ray from
21 Am. The shaping time constant was 2 us and the spectra were
recorded at room temperature.
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Fig. 6. Pulse height distribution of **'Am measured at room
temperature with S2506-04 photodiode under a bias voltage of
24V. The low energy part of this spectrum is due to >*’Np X-
ray lines and 26.3keV gamma line from **'Am.
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Fig. 7. Energy spectrum of **! Am measured at room tempera-
ture with SFH00206 K photodiode polarized at 20 V. The **’Np
X-ray lines and 26.3keV y-ray from 2*' Am are evidenced in the
low energy part of this spectrum.
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Fig. 8. Experimentally determined linearity between pulse
height and X/y- rays energies for SFH00206K (20V) and
$2506-04 (24 V) diodes. Spectra of '°Cd, '**Ba, '*Eu and
21 Am radioactive sources were recorded at room temperature.
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an excellent degree of linearity over the full energy range
was observed not only with the S2506-04 (24 V), but also
with the SFH00206 K (20 V) diode.

The behavior of the relative efficiencies of the
photodiodes as a function of the reverse bias was
measured for the full energy absorption of the 59.5keV
y-ray from the **'Am source. Several spectra were
recorded over a fixed time and the full energy peak area
versus applied voltage allowed us to obtain the diodes’
counting curves. The results presented in Fig. 9 showed
an increase of the relative efficiency with the bias voltage
as a consequence of the depletion layer growth in the
devices. Short plateaus can also be observed at voltages
above 20V, which leads us to expect that both
photodiodes were almost totally depleted. The ratio of
the full energy peak area measured at any reverse bias to
that obtained at the almost total depletion voltage is
here defined as relative efficiency of the diodes.
Furthermore, calculations and measurements of the
full-energy peak efficiencies as a function of photons
energy were carried out using calibrated '®Cd, '**Ba,
152y and **'Am sources. From spectra recorded with
both diodes fully depleted (applied voltage of 28 V), the
full-energy peak efficiencies were obtained through the
ratio of the measured counting rates under the photo-
peaks to the corresponding photon emission rates,
normalized by a geometrical factor and corrected for
the beam attenuation in the plastic cover of the devices.

As the depleted regions of the diodes are thinner than
200 um, we assumed for the calculations that the
incident photons rarely undergo multiple interactions
in the active volume of these detectors. Hence, the full-
energy absorption was considered as caused only by
photoelectric interaction, where the effect of silicon’s K
escape (about 1.84keV) was neglected. Under these
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Fig. 9. Relative full-energy peak efficiency of 59.5keV y-ray
from **' Am of both diodes as a function of reverse bias voltage.
The relative efficiency is here defined as the ratio of the full
energy peak area measured at any reverse bias to that obtained
at the almost total depletion voltage.
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Fig. 10. Experimental and calculated full-energy peak efficien-
cies of both diodes as a function of photons energy.

assumptions, theoretical values of full-energy peak
efficiencies were calculated by the photoelectric effi-
ciency, Mp» S follows:

= |2 —emy| (- f), (1)
Hr

where p, and uy are the photoelectric and the total
attenuation coefficients of the incident photons in Si, # is
the depletion region thickness of the diodes (75 and
200um for the SFH00206 K and S2506-04 diodes,
respectively) and f, is the photoelectron escape fraction.
The need of taking into account the f, factor in the
calculation of the full-energy peak efficiency was based
on the fact that, for example, the range of 60keV
photoelectrons in Si (about 33 um) cannot be neglected
in comparison with the intrinsic layers of the diodes; as a
consequence, not a few photoelectrons produced in these
thin depletion layers may escape out from the diodes.
This effect was studied by some authors (Pani et al.,
1987; Aoki and Koyama, 1989) and the values of f, used
in this work were quoted from the published data (Aoki
and Koyama, 1989). Fig. 10 presents the experimental
and calculated full-energy peak efficiencies of
SFH00206 K and S2506-04 diodes as a function of
photons energy. As can be seen, there was a good
agreement, within the experimental error, between the
theoretical and measured results, what indicates that our
assumptions were reasonable. It is important to note
that no corrections were introduced for the distortion in
the spectra due to Compton continuous, what justifies
the higher values obtained for the experimental data
below 20 keV photons.

4. Conclusions

It has been shown that low-cost commercial PIN
photodiodes (type Hamamatsu S2506-04 and Siemens
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SFH00206 K) are appropriate for detection and spectro-
metry of 10-80keV photons at room temperature, even
when they are coupled to an inexpensive pre-amplifier.
Comparative studies have revealed that the performance
of S2506-04 is slightly better than that obtained with the
SFH00206 K diode. However, they can be considered a
low budget alternative, good enough for many applica-
tions.

Since in the X- and y-ray energy range studied the
largest contribution to the resolution is the electronic
noise, our next step will be the construction of a charge
pre-amplifier where we can directly mount the diodes,
minimizing the stray capacitance. This assembly will
also enable us to easily change the FET’s, feedback
resistors and the connection (AC/DC) between the diode
and the first stage of the amplifier. Considering that the
minimum electronic noise of the hybrid circuit A250
(including a 100 pF input capacitance) is about 1keV,
we expect to reach with this new prototype a better
performance in terms of energy resolution at room
temperature.
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