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Abstract

In many of the recent e*e™ particle physics experiments, monitoring of the accumulated dose in silicon is essential to
maximize the lifetime of silicon vertex detectors operating in severe radiation environments. Using radiation-sensing
field-effect transistors (RadFET) as radiation monitoring devices, we studied their responses during irradiation and
during subsequent annealing. The relation between the RadFET response and the dose was determined by irradiations
with a °Co source with known activity. The study of annealing at three different temperatures showed that RadFETs
gradually anneal for up to 40%. Annealing can be fitted by a sum of two exponential functions with time constants of 3
and 85 days.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction (SVD) close to the interaction region was found to
be a serious problem in certain high luminosity

Radiation from beam induced backgrounds that ete™ particle physics experiments [1,2]. Since the
strikes silicon tracking and vertexing detectors performance of those detectors decreases with

accumulated dose, mainly due to gain drop of
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Fig. 1. Schematic view of a p-type RadFET (left) and its read-
out (right).

source (160 pA)
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monitors up to several Mrad of accumulated dose
in silicon, we investigated the electrical properties
of radiation sensing p-channel metal-oxide-semi-
conductor field-effect transistors [3,4], referred to
in the further text as RadFET. When ionizing
radiation passes through the metal-oxide structure
(Fig. 1, left), the deposited energy creates clec-
tron—hole pairs. After some initial recombination,
the electrons are quickly swept out of the oxide. A
fraction of holes is during their relatively slow
transport through the oxide trapped in the oxide
deffects, which can retain them for long periods of
time at room temperature [5]. This trapped charge
shifts the value of the gate threshold voltage,
required to maintain a given constant drain
current through the transistor. Connecting the
gate of each transistor to its drain (Fig. 1 right)
ensured the p-MOSFET operation in saturation
mode, where the relation between the square root
of the drain current and gate voltage is linear and
unaffected by the gate-drain bias voltage [6]. The
relation between the gate voltage shift and the dose
heavily depends on the production process para-
meters, especially on the thickness of the gate
oxide, and has to be determined experimentally,
using a calibrated radiation source. Since there is
very limited space in the Belle detector, 1 x 1 x
1 mm?® bare RadFET chips® were used. Each chip
contains four transistors, two with sensitivity in
rad range (R) and two with sensitivity in krad (K)
range. Physical difference between R and K
transistors is in the thickness of the oxide layer,
which is 0.95 and 0.13 um, respectively [7]. The
accumulated doses of interest for our purposes
were on the level of several Mrad, so only K
transistors in each chip were used.

2Product of REM Oxford Ltd., Oxford, UK.

Fig. 2. A mounted RadFET chip. The two K range transistors
it contains are electrically connected to the readout circuit by
wire bonds. The chip’s dimensions are 1 x 1 x 1 mm?.

2. Irradiation

Bare RadFET chips were glued to a printed
circuit support board and electrically connected by
bonding wires (Fig. 2). The operating drain
current of the transistors was set to 160 pA based
on previous measurements [7,8] and was main-
tained by a constant current source with stability
of less than 1073. We confirmed that the tempera-
ture dependence of the gate voltage at 160 pA (Fig.
7) is small enough for our application both for
non-irradiated transistors (~0.5mV/K) and for
those irradiated to 1.85Mrad (~2.5mV/K). The
applicable gate threshold voltage range in our
setup was from +12.5 to —8 V. Gate voltages were
read out during a 2ms long pulse, which was
periodically sent once every 1 or 2min. For the
remaining time, the source and drain of the
transistors were electrically shorted. To monitor
the temperature, a PT100 temperature sensor was
also included in the setup. Gate voltages and
temperatures were logged by a data logger® and
stored in a PC computer. The support containing
the RadFETs was glued to a 3 cm thick lead block,
with the chips facing the source and no other
material between the chips and the source (Fig. 3).
In denser materials photons develop Compton-
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Fig. 3. Positioning of RadFET samples and Aminogray
dosimeters at *°Co source. “20cm” line in the figure denotes
20cm distance from the center of the source. The cable
connected to the sensors goes through the wall of irradiation
chamber to the readout.

scattered electrons, which could affect the dose in
silicon oxide. To check if Compton-scattered
electrons affect the RadFET response, half of the
RadFET in one of the irradiations were shielded
by a 2mm thick Al plate (Fig. 4). RadFET chips
were irradiated by a calibrated ®°°Co y-ray source.*
0Co emits y-rays with E=1.17MeV (50%)
and1.33 MeV (50%), and has a half life time of
5.27 years. Since the irradiations took at most a
few days, we assumed the source activity to be
constant during each irradiation. Based on the
source activity, the absorbed dose in silicon was
calculated as a function of the distance from the
source. Two types of irradiation were performed,
“fast” irradiation experiments with dose rates
about 80krad/h, where the distance from the
source was 10cm, and a “slow” experiment with
the rate about 1.6krad/h 70cm away from the
source. In the fast dose rate case, the main
uncertainty in the calculated dose stemmed from
the positioning precision of the samples (Fig. 3). A
Smm positioning error, which was our precision,
yielded a 10% error in the dose. In the case of a
slow dose rate the 5mm positioning error yielded
only a 1.5% error in the dose. The calculated dose
was verified by commercial aniline-based (Amino-
gray) dosimeters,’ placed as close to the RadFET

“Located at Tokyo Institute of Technology, Tokyo, Japan.
Product of HITACHI Cable Co., Japan.

chips as possible (Fig. 3). The precision of
Aminogray dose measurement is 1% [10,11],
however, there is an additional 10% error due to
the relative positioning of the Aminogray with
respect to the RadFET sensors. In all irradiations
the doses measured by Aminogray agree with the
calculated ones within the estimated errors. For
the final doses, a 10% error was assumed.
Dosimetry details are summarized in Tables 1
and 2.

3. Results

The primary goal of the study was to establish
whether the K range RadFET can be used for
radiation monitoring up to several Mrad, and to
experimentally determine the relation between
dose and transistor gate voltage. The relevant
quantity is not the absolute gate threshold voltage
itself but the shift of the gate threshold voltage
from its original, non-irradiated value (threshold
shift). For the sake of convenience we defined it as
a positive quantity

Vsnite(£) = —(Vinweshold(£) — Vinreshold (£ = 0)).

Vnie 1s independent of the details of the readout
system, as long as the current through FET is kept
constant. In the subsequent text and figures the
threshold shift will be used instead of the absolute
FET gate voltage. Since the charge trapping
processes in silicon oxide may depend on the
applied dose rate [4], we performed both ““fast”
irradiations at high dose rates and a ‘“‘slow”
irradiation at a low dose rate. Fast and slow
irradiations required two conceptually very differ-
ent approaches. In the fast case, we wanted the
dose rate to be as high as possible. It was limited at
around 80 krad/h by the source configuration and
activity (Fig. 3). Each fast irradiation was com-
pleted in a single step with continuous read-out
and logging of the RadFET response. In order to
understand the annealing effects, the measure-
ments continued after the irradiation. In the slow
case, we wanted to study RadFET behavior up to
the same dose as in the fast one, but at a dose rate
50 times lower. The longer irradiation had to be
performed in 7 steps, each requiring about 5 full
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2mm Al board

RadFET

Fig. 4. RadFETs for irradiation. Half of the chips were shielded by a 2 mm thick Al plate, which served as a Compton scatterer.

Table 1

Summary of irradiations at high dose rates with corresponding ®°Co source activities, irradiation times, doses taken by the RadFET

and dose rates

Irrad. Activity Irrad. Calc. dose Meas. dose Calc. rate Meas. rate
No. (TBq) time (h) (krad) (krad) (krad/h) (krad/h)
Fast 1 253 5.20 448 478 86.1 92.0

Fast 2 23.7 5.58 450 481 80.6 86.2

Fast 3 222 25.63 1935 2117 75.5 82.6

Fast 4 20.2 29.47 1856 1621 63.0 55.0

Calculated values are based on the source activity and distance. The measured values are based on Aminogray dosimetry. For all doses

a 10% error is implied.

Table 2
Summary of the low dose rate (~I1.6krad/h) irradiation,
performed in 7 steps

Irrad. step 1 2 3 4 5 6 7

Calc. dose (krad)
Meas. dose (krad)

100 500 700 900 1100 1300 1500
98 551 813 1057 1324 1379 1466

Calculated values are based on the source activity. The
measured values are based on Aminogray dosimetry. For all
doses a 10% error is implied.

days of exposure. The RadFETs were irradiated
without on-line readout, with source, gate and
drain of the transistors electrically shorted, and
after each step were left to anneal for 10 days at

room temperature before the gate threshold shift
was measured.

Results of the above experiments are as follows.
We confirmed that K range RadFET sensors can
survive doses up to 2Mrad, where the threshold
shift increased to about 11 V. The threshold shift
as a function of dose agreed within estimated
errors for all fast irradiations performed (Fig. 5,
left), as well as for the slow irradiation (Fig. 6). Its
inverse, dose as a function of the threshold shift,
can be in the range from 0 to 2 Mrad parameter-
ized by a second-order polynomial as

Dose = 32V gip + 12V§hift'

In the above relation, the dose is measured in krad
and the threshold shift in volts. In each fast
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Fig. 5. Left: threshold shift as a function of dose during irradiations at high dose rate. Right: threshold shift as a function of annealing
time, fitted by a sum of two exponential functions. Parameters of the fit are given in Table 3. Annealing at 20-30°C is denoted by red
squares, at 15°C by green triangles and at 2°C by blue circles. Total annealing and annealing speed decrease with temperature.
Behavior of the topmost curve is due to two temperature changes at 3 and 300 days after irradiation. Resulting reverse annealing and

increase of the annealing can be seen.
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Fig. 6. Accumulated dose in RadFET as a function of the
threshold shift. The curves with many data points represent
high dose rate data, and the single points with large error bars
low dose rate data. The shaded area is a fit with an assumed
10% error in dose.

irradiation 4-8K range RadFET sensors were
exposed. The responses of individual sensors
slightly differ from chip to chip, whereas the

responses of the two FET on the same chip are
practically identical. We attribute this to the
slightly different accumulated doses due to the
positioning error (Fig. 3) and to the variation of
oxide layer thickness between chips. The threshold
shift spread between the sensors is treated as a
systematic error for each measurement. In the
irradiation where half of the chips were shielded by
the Al plate that induced Compton scattering, we
observed no difference in the voltage dependence
between the shielded and the non-shielded chips.

3.1. Annealing

A fraction of holes, created in the RadFET
oxide layer by the incident ionizing radiation,
remain at room temperatures permanently trapped
within the oxide. Holes captured within 2-5nm
distance from the silicon represent the majority of
the trapped charge. The detrapping of these
shallow oxide states, mostly via Fowler—Nordheim
tunneling of electrons from Si, was found to be
primarily responisible for the long-term annealing.
Another annealing component originates from the
detrapping of the deeper oxide states via stochastic
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hopping mechanisms. Both types of processes are
expected to show exponential time dependence of
the annealing [5]. In the scope of the presented
experiment we tried to determine the magnitude
and time constants of the threshold shift recovery
and to gather information about their dependance
on the storage temperature. Our measurements
provide some information about the annealing
processes on a time scale of up to two years and
for temperature range between 2 and 25°C.

The observed fast recovery immediately after
the irradiation and slow recovery continuing for
more than a year (Fig. 5, right) suggested at least
two underlying annealing processes, so the data
was fitted by a sum of two exponential functions
with different time constants:

V(t) = Vmax + Vfasleit/ff"‘s‘ + VSIOWeft/Tslow

where Vax is the threshold shift of a fully
annealed transistor and ¥/(0) is the maximal
threshold shift immediately after irradiation.
Vmax accounts for the fact that the RadFETs did
not anneal to their pre-irradiation values and some
gate voltage shift remained permanently. To be
able to compare the data from different experi-
ments, V(0) was in each one of them normalized to
1. The fitting itself was performed by the MINUIT
package [9] using the least > method. Amplitudes
and time constants of the exponential decays were
kept as free parameters of the fit, and the constant
term Vax was constrained to Vi = V(0)—
Viast — Vaow. Results of the fit to the threshold
voltage shift data from RadFETs stored con-
stantly at 3 different temperatures: 2,15 and 20°C
are summarized in Table 3.

Table 3
Results of the fit

The annealing speed and the total amount of
annealing were found to decrease with storage
temperature after irradiation. Assuming that two
annealing processes govern the recovery of the
threshold voltage shift in the investigated time
interval and temperature range, the corresponding
decay time constants have been found to be

Trast = 3(1 £0.5) days and 140w = 85(1 £ 0.1) days.

In one of the experiments, annealing at different
temperatures was studied using RadFETs exposed
to the same dose in the same irradiation (Table 1,
Fast 4). They were divided into 2 groups after
annealing together for 3 days at room tempera-
ture, one of them remaining at 20 °C and the other
kept constantly below 2°C. As a result, the
annealing rate of the RadFETs kept at 2°C
significantly decreased, and for about 2 weeks
after the temperature change reverse annealing
could be seen. The threshold gate voltage shift of
these RadFETs recovered for about 20% less than
in the case of annealing at 20°C. After about 300
days of annealing, when the short component
seemed to disappear completely, the temperature
was increased from 2 to 15°C. The annealing
speed and magnitude increased as well, but the
data did not correspond to annealing with 7pg = 3
days. It could be described almost entirely by a
single exponential with 1t/ = 43 days, which sug-
gested fitting the threshold voltage shift with 3
instead of 2 exponential functions. The same
fitting procedure as before was applied, yielding
Trast ~ 4 days, Tmeq ~ 40 days and 10w ~ 400 days
for the 20°C data. Nice agreement of Ty,eq and 7’
suggests that some annealing process with this

Temp- (CC) Vmax/ V(O) Vfast/V(O) Tfast (dayS) Vslow/ V(O) Tslow (dayS)
2 0.77 0.07 4.8 0.16 84.9

15 0.69 0.14 1.3 0.17 87.8

20 0.60 0.23 34 0.17 83.9

The total threshold voltage shift decrease at after annealing (column 2) increases with temperature. Weights of the exponential
components of the fit are given in columns 3 and 5. The decay times are given in columns 2 and 6. For all parameters a 5% error is

implied. y?/ndf of the fit is in all cases less than 1.
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time constant is present at all temperatures, but for
a reliable description longer measurements of
annealing at low temperatures are needed, as well
as systematical studies of the temperature change
effects.

Behavior of the threshold shift at various
annealing temperatures suggests that below a
certain temperature the fast annealing processes
become partially or fully suspended, while the slow
processes keep on going. When the temperature
increases, the fast annealing processes seem to
resume as well. Furthermore, soon after irradia-
tion, threshold shift changes were observed during
short time temperature cycles as small as 1°C
around the 2°C storage temperature, which also
suggested that the threshold temperature for
suspension of the fast annealing process might be
close to 2°C.

Another important issue is the comparison of
high and low dose rate results. To correctly
compare the threshold shifts, RadFETs must in
both cases be at the same stage of annealing.
However, the threshold shift data from fast
irradiations is without any annealing, and the
voltage drops measured after each step of the slow
irradiation includes some annealing at room
temperature. The most reasonable choice is to
compare the threshold shift versus dose curves
after sensors were fully annealed, as this is the only
stable state where threshold shifts no longer
change. The problem with this choice is that
RadFET need about a year to fully anneal, which
cannot be done at each step of the slow irradiation
if the measurement is to be carried out in reason-
able time. We therefore decided to let the
RadFETs from the slow irradiation anneal for
only about 10 days at room temperature, during
which the fast annealing almost completely died
out, measure their threshold shifts and then
irradiate them again. According to the measured
annealing curve (Fig. 5, right), they should have
annealed to about a half of the final value. To
reach complete annealing for all data points, we
multiplied the fast irradiation threshold shift data
(Fig. 5, left) by 0.6 and the slow irradiation data by
0.77, as shown in Fig. 6. No significant difference
between the high and the low dose rate data was
observed. A fit of a second-order polynomial to

the average of fully annecaled data from all
experiments yields

Dose = 49V ghire + 33 Vghift

where the dose is measured in krad and the
threshold shift in volts.

We also investigated how the gate voltage of a
RadFET responds to a slow (~1°C/h) tempera-
ture change in the 5-25°C range. We found that
the RadFET response follows 3 basic patterns. In
a non-irradiated RadFET, there is practically no
voltage variation. For a fully annealed transistor
this variation is small, but the increase of the gate
voltage with temperature can nevertheless be
clearly seen even for a RadFET after 2 years of
annealing at room temperature. For a RadFET in
an early stage of annealing the gate voltage
strongly varies with the temperature. In all the
measurements within the first 2 months of anneal-
ing a clear peak in the sensor response can be seen
at around 11-18°C (Fig. 7). Since each RadFET
has a slightly different absolute gate voltage, the
voltage difference

AV = Vgate(T) - Vgate(Tmin)

is plotted for easier comparison. With time, the
peak gradually decreases and shifts to higher
temperatures and finally disappears. The measured
temperature variation effect shows a strong
correlation with the fast component of the
annealing, but more systematic studies are needed
to draw definite conclusions.

4. Conclusion

To summarize, K range RadFETSs were found to
be suitable for dosimetry purposes up to at least
2Mrad. In this dose range, the relation between
dose and gate threshold shift during irradiation
can be parameterized as

Dose = 32Vt + 12V

where the dose is measured in krad and the
threshold shift in volts. During irradiation with
%9Co, we observed no change in RadFET response
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Fig. 7. Temperature dependence of the gate voltage at constant current for irradiated (full circles) and non-irradiated (open triangles)
RadFETs after 20, 40, 60 and 100 days of annealing. Irradiated RadFETs were exposed to 1.85 Mrad. For easier comparison of various
sensors, the gate voltage difference from the lowest temperature point is plotted.

with or without a 2mm thick Al Compton
scatterer between the sensors and the source.
After irradiation, the threshold shifts at room
temperature gradually annealed for about 40%.
The annealing can be fitted by a sum of two
exponential functions with decay times of 3 and
85 days. The fast component strongly depends
on the temperature and is in the early stage
strongly suppressed below 2°C. The relation
between the RadFET gate voltage and the chip
temperature differs for a non-irradiated RadFET,
for a fully annealed irradiated one and for a
recently irradiated one. Its behavior suggests

strong correlation with the fast component of the
annealing.
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