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AbstractThe use of silicon devices as possible radiation dosimeters has been investigated in this study. A
bipolar power transistor in TO 126 plastic packaging has been selected. Irradiations, with doses in the range from
50 Gy up to 5 kGy, have been performed at room temperature using different radiation sources (60Co g source,
2.5, 4 and 12 MeV electron accelerators). Few irradiations with g rays were also done at different temperatures.
A physical parameter, T, related to the charge carrier lifetime, has been found to change as a function of
irradiation dose. This change is radiation energy dependent. Long term stability of the electron irradiated
transistors has been checked by means of a reliability test ("high temperature reverse bias", HTRB) at 150 °C for
1000 h. Deep level transient spectroscopy (DLTS) measurements have been performed on the irradiated devices
to identify the recombination centres introduced by the radiation treatment. The results obtained confirm that
these transistors could be used as routine radiation dosimeters in a certain dose range. More work needs to be
done particularly with g rays in the low dose region (50-200 Gy) and with low energy electrons.

1. INTRODUCTION

The use of silicon devices as possible radiation monitors has been considered since
many years because of the effect of ionizing radiation on the physical and electrical properties
of these devices [1]. These effects can be summarized as follows:

(1) production of a transient electric current across the pn junction during irradiation due to
diffusion of electronhole pairs in the electric field of the depletion layer of the semiconductor;
a permanent damage to the silicon crystal structure with formation of point defects, which
creates generationrecombination centres that affect the charge carrier lifetime and all the
related electrical parameters.

While in the first case the device can be used for real time doserate measurements [2],
the permanent damages in the crystal structure permit measurement of dose in a wide range in
terms of radiationinduced changes in electrical characteristics [3, 4]. In this latter case such
devices have been proposed for dose measurements and used in free flowing product being
transported in bulk through a radiation field [5, 6]. Looking into our work done in the past
years on the effects of gamma and electron irradiation on silicon power devices [7] and on the
basis of the experience acquired in this field it was decided to investigate the use of some
commercial power transistors, available on the Italian market, for radiation dosimetry.



2. EXPERIMENTAL METHODS

2.1. Semiconductor device

A commercial bipolar transistor type BULT118 in TO 126 or SOT32 plastic packaging,
manufactured by SGSThomson, was selected. It is a high voltage fastswitching npn power
transistor which is used in electronic ballasts for fluorescent lighting and in general for
medium switching power applications. It is fabricated by using a multiepitaxial mesa
technology from a 70 Qcm CZ silicon substrate. The sensitive area is equal to 2.3 mm2. Its
mechanical data are reported in Table I.

TABLE I. SOT32 MECHANICAL DATA

DIM. mm DIM. mm
MIN. TYP. MAX. MIN. TYP. MAX.

A
B
b
bl
C
cl

7.4
10.5
0.7
0.49
2.4

1.2

7.8
10.8
0.9
0.75
2.7

D
e
e3
F
G
H

3

15.7
2.2
4.4
3.8

3.2
2.54

2.2. Irradiation and irradiation sources

All the devices have been irradiated at room temperature using different radiation
sources located in different places, girradiations have been performed with the transistors
enclosed in a plastic chamber with a wall thickness of 0.4 g/cm2 which is adequate to establish
electron equilibrium for 60c o g rayS> The irradiation facilities used were the 60Co Nordion
Gammacells 220 of the FRAE Institute in Bologna and of the IAEA laboratory in Seibersdorf,
having dose rates of 50 Gy/min and 2.5 and 53 Gy/min respectively. Two other series of g
irradiations have been done at the Institute of Isotopes in Budapest and at NIST, Washington
using the local 60Co g irradiators having dose rates of 33 Gy/min and 172.7 Gy/min
respectively. The irradiation at NIST were performed at three different temperatures: 0°C,
25°C and 50°C. The temperature in the other g facilities was between 30 and 35°C.



Electron irradiations have been carried out in Bologna, in Budapest and in Strasbourg
using pulses of electrons from an Lband 12 MeV, a Tesla Model LPR4 MeV linear
accelerators and a 2.5 MeV Van de Graaff accelerator respectively. The machine parameters
used for these irradiations are reported in Table II.

TABLE II ACCELERATOR CHARACTERISTICS

Equipments

Characteristics

Max Beam Energy
Av. Beam Energy
Av. Current
Pulse Duration
Repetition Rate

Tesla LPR4 Linac
(Magnetron)
Institute of
Isotopes
Budapest,
Hungary
4 MeV
3.8 MeV
20 mA
2.6 ms
50 p.p.s.

LBand Vickers
Linac
(Klystron)
CNR-FRAE
Bologna, Italy

12 MeV
8.2 MeV
85 mA
2 ms
50 p.p.s.

Van de Graaff

AERIAL
Strasbourg, France

2.5 MeV
2.2 MeV
50 mA
Continuous
Scan rate 20 Hz

From four to six transistors for each dose, in groups of two, three, four or six, have been
irradiated at the same time.

2.3. Dosimetry

The dose rate of the Gammacell in Bologna has been measured in a fixed position (i.e.
at the centre of sample chamber) using the Fricke chemical dosimeter while alanine pellets,
ethanol monochlorobenzene solution (ECB) and calibrated radiochromic film have been used
for dose rate measurements in Seibersdorf, in Budapest and at NIST respectively. The dose
per pulse delivered by the 12 MeV linear accelerator has been determined by means of the
super Fricke chemical dosimeter and measurements have been regularly done before and after
the irradiation of the devices. For the irradiation performed in Budapest with the LPR4 Tesla
electron accelerator GAFChromic films, placed close to the transistors to be irradiated, have
been used for dose measurements. Calibration of this film has been done using ethanol
monochlorobenzene liquid dosimeter. Dosimetry using alanine pellets has been done at
AERIAL. The irradiation doses were in the range from 50 Gy up to 10 kGy. All measured
doses refer to dose in water.

2.4. Measurements of device characteristics

By knowing from previous studies [7, 8] that there is a linear correlation between the
inverse carrier lifetime and the dose, expressed by the equation (1)

1/ti = I/to + kD (1)

where
ti is the postirradiation lifetime,
to is the preirradiation lifetime,
D is the irradiation dose,



k is the radiation damage coefficient (in general k is substrate and irradiation condition
dependent), our attention has been focused on the changes of carrier lifetime. For this purpose
a portable instrument, whose schematic circuit diagram is shown in Fig. 1, was realized. It
allows to measure on the spot, soon after irradiation, a physical parameter T directly related to
the charge carrier lifetime and defined by the following equation:

T = Hn(Qs/Hb) (2)

where
t is the charge carrier lifetime,
Qs is the stored charge,
Ib is the turnon base current.

By properly selecting the right driving conditions VBB, RBB(2), RC(2), VCC and IBI, T can
be considered a function of the lifetime only. Readout is accomplished merely by pressing a
button to enable a digital display of the measured T value.

vcc

FIG. 1. Resistive load switching test circuit for measuring the parameter T. The driving conditions
VBB, RBBQ), RCQ), VCC, hi have fixed values.

The deep levels introduced into the silicon structure of the transistor by g or electron
irradiations have been also monitored by the deep level transient spectroscopy technique
(DLTS) by using a commercial lockin type spectrometer. The DLTS technique, used to
charecterize the traps in a semiconductor material, is based on measurements of
timedependent capacitance signals. These are produced every time a quiescent reverse bias of
a pn junction is changed by an appropriate bias pulse which injects carriers into the initially
depleted region (filling pulse) [9]. As the previous bias conditions are restored, the population
of carriers returns to its initial equilibrium, i.e. to the depletion condition, by emission of
trapped carriers. This process is observed in form of a capacitance transient.

If single level centres are considered, the return to equilibrium is exponential, so it is
possible to evaluate the emission rate by measuring the capacitance variations versus time,
namely the difference in the capacitance values measured at two preselected time instants of
the decay curve (rate window). DLTS spectra are obtained by scanning over a selected
temperature range and represent capacitance differences as a function of the absolute
temperature. As the temperature is varied, a peak is observed in the spectrum whenever the
emission rate of a particular defect matches the selected rate window. The shape, the height
and the position of these peaks along the temperature axis are directly related to the physical
characteristics of the diefect introduced. The defect concentrations reported in Fig. 7 were
obtained by using a modified ZothaWatanabe expression [10].



3. RESULTS

3.1. Irradiations

Batches of BULT118 transistors, supplied by SGS, have been irradiated up to doses of
5 kGy in different places and with different types of radiation sources. When the irradiation
was done abroad, two of the transistors shipped were for control purposes. They were not
irradiated and they always accompanied the other transistors except during irradiation. All that
in order to take into account any possible change due to transport and storage. Measurements
of the paramter T were done in Bologna. The changes of T with irradiation dose have been
plotted as D(l/T) = 1/T I/To and are shown in Figs 2-4. These results indicate that the
response of the transistor detectors is linear with absorbed dose up to 5 kGy, giving a linearity
correlation coefficient r2 = 0.9988 for 12 MeV electrons, r2 = 0.9969 for 4 MeV electrons, r2 =
0.995 for 2.5 MeV electrons and r2 = 0.9909 for gamma irradiations. To check the stability of
the lifetime changes produced by irradiation, the irradiated devices, together with some
blanks, were left on the shelf of a cabinet without any special precaution. They have been
measured over a year period. Some of the results are tabulated in Table III. The differences
that have been found were randomly distributed and in the worst case not greater than 3%
S.D. This is in agreement with the fact that transistors of the same type used for this study and
electron irradiated, subjected to reliability tests ("high temperature reverse bias" HTRB) at
150°C for 1000 h, did not show any significant variations of the lifetime [11]. The results of
these tests are reported in Fig. 5.

TABLE III. LONG TERM STABILITY OF TRANSISTORS

Sample Tp (ms) Radiation Dose T (ms) date T (ms) date
2
3
37
49
194

197
199
200

244
239
227
233
230

230
230
229

g DUCo (FRAE) 24/03/95
//
//

e 12 MeV (FRAE)
24/05/95
//

50 Gy
II
500 Gy

2029 Gy

II

226
236
198
231

(24/03/95)
//
//
//

92 (24/05/95)

94
228
230

//
//
//

225
234
201
228

(08/02/96)
//
//
II

95 (08/02/96)

96
227
230

II
II
II

3.2. DLTS measurements

DLTS measurements have been carried out on the irradiated devices in order to characterize
the recombination centres introduced by irradiation and affecting the carrier lifetime. The
results of these measurements are reported in Figs 6 and 7. In Fig. 6 three peaks, labelled as
Ei, E2 and E3, are clearly distinguishable. They correspond to the three main electron traps
identified as the oxygenvacancy complex (A centre), the double negative (VV)~ and single
negative (VV) charge state of the divacancy, respectively. These three levels are all active
recombination centres that can account for the changes of the lifetime, and consequently of the
related electrical parameters, observed with irradiation [7]. Their thermal stability up to 150°C
(the maximum working temperature of the devices), very important for safe operation of the
device, is well kown from previous study [12] and the results, reported in Fig. 5, are a direct
consequence of that.
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FIG. 2. Plot of 1/T -I/To vs. dose for y and electron irradiations performed in Bologna, Seibersdorf
Strasbourg, Budapest and Washington.
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FIG. 5. Comparison of electron irradiated transistors after 1000 h annealing at 150°C and soon after
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FIG. 6. DLTS spectra from transistors irradiated with g rays, 4 and 12 MeV electrons at a dose of
1.5 kGy. Rate window = 575 s'.

4. CONCLUSIONS

The work on the characterization of these transistors as possible routine dosimeters is
not yet completed. Only very few measurements have been done to evaluate the effect of
different environmental conditions such as temperature and humidity. The results obtained
from girradiations at controlled temperature of 0, 25 and 50°C show a temperature dependent
behaviour of these devices (Fig. 3). The reason of that is not clear and more tests need to be
done to confirm this effect. A large spread of lifetime values after irradiation has been
observed in the low dose range (up to 150 Gy) for g rays, 2.5 and 4 MeV electrons,
nevertheless the results obtained so far, are satisfactory and promising. The bipolar transistor's



advantages are its small size, low cost, ease of use, good sensitivity, possibility of immediate
reuse and its ability to record dose history (dose information is not lost during retrieval
process). Moreover dose can be ascertained within minutes after irradiation with an
inexpensive support equipment. All that bring us to conclude that such device may be suitable
dosimeter for the daytoday monitoring of radiation process and its possible use should be
taken into consideration. Particularly for 12 MeV electron irradiation the behaviour of the
transistors is good; the spread of D(l/T) values is < 10% for doses up to 100 Gy while it goes
down to 34 % for the dose range 0.15-5 kGy. The irradiations done at different dose rates
with the g sources and the few ones done using a 2.5 MeV accelerator indicate that dose rate
does not seem to affect the response of the transistor (Fig. 4), at least in the explored range.

The silicon devices are made from a mixture of plastic, copper and silicon, and it is
difficult to evaluate their radiation absorption characteristics. The small size of the devices
relative to the range of the secondary electrons makes the mass collision stopping power the
most important parameter, and the ratio of mass collision stopping powers is not changing
much with energy, but below 12 MeV the ratios differ significantly. If the devices are
calibrated and used in radiation fields with significant differences in radiation energy spectra,
differences in responce may be expected.
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