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We designed and fabricated silicon PIN diodes on a 5-in. high resistivity (>5 kΩ·cm), (100)orientation, n-type 380 µm-thick silicon wafer and developed a diode with an active area of 1.0 × 1.0
cm2 . The signal-to-noise ratio (SNR) of the PIN diode with the 45-MeV proton beam of the MC-50
cyclotron at the Korea Institute of Radiological and Medical Sciences (KIRAMS) was measured to
be 20.8 after being corrected for the minimum ionizing particle. The silicon diode was also exposed
to the proton beam for the radiation damage study. The leakage currents of the silicon diode
as a function of the reverse bias voltage were measured with a picoammeter before and after the
proton beam irradiation. In this paper, we present an explanation of the radiation-induced detector
deterioration and the SNR measurement for the manufactured silicon diode.
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I. INTRODUCTION
Silicon sensors have been used in various fields, such
as high energy physics, astrophysics, medical imaging
and many industrial systems. There are various types
of silicon detectors and most are based on the PIN or
PN-junction diode [1].
The silicon PIN diodes were designed and fabricated
on a 5-in. high resistivity (>5 kΩ·cm), (100)-orientation,
n-type 380 µm-thick silicon wafer. The active area of
the manufactured silicon diode was 1.0 cm × 1.0 cm.
The quality of the fabricated diode was characterized by
signal-to-noise ratio (SNR), leakage current and capacitance measurements as functions of the reverse bias voltage. The SNR of the diode was measured with the 45MeV proton beam from the MC-50 cyclotron at the Korea Institute of Radiological and Medical Sciences (KIRAMS) [2,3]. Two diodes were used for the SNR measurement: one for the diode signal readout and the other
for trigger signal events.
Silicon sensors are used in tracking devices for high energy physics experiments and space sciences because of
their high position resolution and material rigidity. It is
important to test the effects of radiation damage to the
manufactured silicon diode [4,5] due to the susceptibility
of the silicon sensor to radiation. The proton beam ir∗ E-mail:
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radiated the silicon diode for the radiation damage test.
We measured the leakage current as a function of the
reverse bias voltage before and after the proton beam
irradiation. We annealed the irradiated PIN diode at 80
◦
C for 10 min. and measured the leakage currents at different times at the full depletion voltage. To determine
whether the diode can be used for beam monitoring, we
continuously measured the currents of the diode with a
picoammeter before and during the proton beam irradiation.

II. FABRICATION OF A SILICON PIN
DIODE
The silicon PIN diodes were fabricated with float zone
(FZ) n-type high resistivity silicon substrates in the clean
room facility of the Electronics and Telecommunications
Research Institute (ETRI) in Korea. The planar process sequences to fabricate the silicon diode are shown in
Figure 1. A common one-side mask aligner was used to
fabricate the diodes. The diodes were fabricated by using conventional silicon processes, including oxidation,
photolithography, ion implantation, aluminum sputter
deposition and passivation. The front side (p+ active
region) of the diode was formed by boron implantation
into the bare wafer. The phosphorous was doped in the
rear side for an n+ contact.
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Fig. 1. Fabrication processes of the silicon PIN diode.

Fig. 2. A switching box was used to measure the capacitance and the leakage current of the silicon diode.

The manufactured diodes were characterized by reverse current and capacitance versus voltage measurements. The full depletion voltage of the diode was determined by measuring the capacitances of the diode as a
function of the reverse bias voltage. As a direct check of
the fabrication quality, the leakage currents of the diode
were also measured. The capacitance and the leakage
current versus voltages were measured with a HP 4277A
LCZ meter and a Keithley 6517 picoammeter, respectively. Figure 2 shows a photograph of the homemade
switching box. A switch on the box allowed the capacitance or leakage current of the diode to be measured as a
function of the reverse bias voltage. In the simple planar
geometry, the capacitance C of the diode is correlated
to its area A and to the thickness d through C = ◦ A
d,
where  is the dielectric constant of silicon. The full depletion voltage (Vdep ) is calculated [6] by using Vdep =
qNd d2
◦ 2 , where Nd is the doping concentration.
Figure 3 shows the C-V and I-V characteristics of the
fabricated diode. The capacitance measurement shows
a wide plateau at a bias voltage higher than 30 volts.
The diode was, therefore, fully depleted at about 30
volts. The leakage current level of the diode was measured to be less than 10 nA at the full depletion voltage.
Diodes with good electric characteristics in the capaci-

Fig. 3. Capacitance and leakage current distributions of
the silicon PIN diode as functions of the reverse bias voltage.

Fig. 4. Two silicon PIN diodes were placed inside an Al
light-tight box for the signal-to-noise ratio measurement.
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Fig. 5. Experimental setup for the signal-to-noise ratio measurement of the silicon PIN diode with the proton beam at the
KIRAMS.

tance and the leakage current measurements were used
for the SNR measurement with the proton beam. We
did not use good-quality diode sensors for the radiation
damage study and beam monitoring test to avoid possible damage to the sensor.
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Two PIN diodes were used to measure the SNR with
the proton beam. Two diodes, one for the diode signal
readout and the other (“trigger sensor”) for trigger signal
events, were assembled in an aluminum (Al) light-tight
box to shield them from light and to reduce electromagnetic interference. Figure 4 shows a photograph of the
inside of the Al light-tight box. Figure 5 shows the experimental setup for the SNR measurement with the proton
beam. The diodes were placed at 193.0 cm from the proton beam exit window to reduce the beam flux because
a high flux beam could easily damage the diodes. The
45-MeV incoming proton beam passed through a 2-mmthick aluminum window capping the beam pipe and air
and lost energy down to 37.5-MeV. An 2-mm-diameter
collimator in front of the diodes was used to collimate
the proton beam and helped to reduce the beam flux [7].
The proton beam current was measured to be 0.4 nA
with the picoammeter. The experiment was performed
at room temperature and the diodes were biased at 46
volts for full depletion.
A 25MHz USB2-based homemade flash analog to digital converter (FADC) board has one analog input, one
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Fig. 6. Pulse height spectrum of the silicon PIN diode with
the proton beam. The signal-to-noise ratio was measured to
be 20.8 after being corrected for a minimum ionizing particle.

trigger input and one digital output [8]. An analog signal
from the silicon PIN diode was connected into the analog
input of the FADC board via a preamplifier, an amplifier
and an attenuator. The analog signal from the trigger
sensor was connected into the trigger input of the FADC
board via a preamplifier, an amplifier, a discriminator
and a gate and delay generator. The FADC output was
then recorded into a personal computer and data were
analyzed with C++ based data analysis programs.
Figure 6 shows the pulse height spectrum of the diode
with the proton beam. The mean values for the signal
and the pedestal were measured to be 1591.1 and 114.3,
respectively, while the root-mean-square (RMS) value of
the pedestal 7.1. The SNR of the diode was measured
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Fig. 7. Leakage currents as a function of the reverse bias
voltage before and after the proton beam irradiation of the
PIN diode.
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Fig. 8. Leakage current distribution at the full depletion
voltage after the diode had been annealed at 80 ◦ C for 10
min.

Fig. 9. Experimental setup for proton beam monitoring
with the silicon PIN diode.

to be 208.2 for the 37.5-MeV protons. Since the proton
deposits 10 times more energy than a minimum ionizing
particle (MIP) [7], the measured SNR corresponds to
20.8 for the MIP.
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Fig. 10. The current was measured while the silicon PIN
diode was exposed to the proton beam. The high current
regions are when the proton beam was on.

2. Irradiation Test

The same proton beam was used for the radiation damage study of the fabricated silicon PIN diode. The diode
was put in a Al light-tight box that had a 0.5 × 0.5 cm2
window for the beam entrance. The diode was placed
at 193.0 cm from the proton beam’s exit window in the
beam direction. The proton fluence rate was measured
with a LYSO crystal [9] to be 3 × 104 s−1 . The diode
was exposed to the proton beam for 2 min. Figure 7
shows the leakage currents as a function of the reverse
bias voltages at different times before and after the irradiation with the proton beam. The circles represent
no irradiation. The squares are 10 min. after and the
triangles are 6 days after the irradiation. The diode was
irradiated with 45-MeV protons at a 1.4 × 107 cm−2 fluence. Our results showed that the diode did not have
a significant radiation effect at a fluence of 1.4 × 107
p/cm2 . This result is consistent with our previous radiation damage study with silicon strip sensors [5], which
showed radiation damage at a 1010 cm−2 fluence. The
leakage current of the diode is sensitive to not only radiation but also temperature [10]. The leakage current was
decreased by about 18 % after six days as compared to
that of no irradiation. This can be explained by the temperature dependence of the leakage current according to
−E
the relation I ∝ T 2 e kB T , where E is an active energy
and kB is the Boltzmann constant. The annealing process is a good remedy for the radiation-generated crystal
defects. We annealed the diode after it had been irradiated with a proton beam and we measured the leakage
currents at different times in the full depletion voltage.
Figure 8 shows the leakage current values of the diode
after annealing at 80 ◦ C for 10 min. Since the diode did
not have any radiation damage at the given proton fluence, the annealing did not give an exponential behavior
of the leakage current with the time constants [11].
We used the diode for the proton beam monitoring.
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Figure 9 shows the proton beam monitoring system and
Figure 10 shows the result of the proton beam monitoring. The leakage currents were measured with the
Keithley 6517 picoammeter before and during the proton beam irradiation. The diode current was increased
by a factor of 10 when the diode was exposed to the
proton beam.
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