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Abstract — The potential of metal oxide semiconductor (MOS) transistors acting as ionising radiation dosemeters when working
without any applied bias during irradiation has been evaluated. Sensitivity to doses during photon irradiation and stability with
temperature and time have been measured. It is concluded that such dosemeters can be used advantageously to measure doses
ranging down to 10~2 Gy.

INTRODUCTION

Metal oxide semiconductor (MOS) transistors as inte-
grating dosemeters were proposed in the 1970s"'.
Despite the various advantages of these dosemeters,
namely low cost, small size and weight, accuracy, large
measurable dose range, non-destructive and direct read-
out, and the possibility of monolithic integration with
other sensors or/and control circuitry, little work has
been done on their performance and limitations, parti-
cularly when they are used in the unbiased mode during
irradiation. Most published results concern the sensi-
tivity to radiation doses'2"4* and the applications in vari-
ous fields*5-10'.

To assess the application of MOS devices to low dose
measurement, the sensitivity is the most critical para-
meter. Several results obtained in various laboratories
are depicted in Figure 1. As can be seen, using oxide
layer thicknesses (Dox) below 1.6 jim, the sensors' sen-
sitivity follows nearly the same relationship despite the
different conditions used for the oxide layer processing.
The results in Figure 1 for D o x higher than 2 y,m are
certainly due to a degradation of the intrinsic properties
of the oxide layers due to processing. In particular, the
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Figure 1. Sensitivity (S) plotted against oxide thickness (Dox)
for unbiased dosemelers. Results are taken from the literature;
(+) Refs 3, 21; (A,o) Ref. 2; (•) Refs 4, 14, this work; ( • )

Ref. 21.

data on the right corresponds to a multilayered oxide.
In this case electron trapping can occur at the interfaces
during irradiation. The (+) data do not follow the gen-
eral trend, certainly because of the too low oxidation
temperature used(21).

However, the performance of the dosemeter is depen-
dent upon supplementary parameters such as read-time
instability00, fading'12>, and temperature sensitivity"3'.
These parameters critically affect the accuracy of the
response and the detection limit. They need to be care-
fully investigated in order to evaluate the potential of
MOS dosemeters for low dose measurements.

A fabrication process has been designed in order to
optimise both the sensitivity and the stability with time
of the response. From a sensitivity point of view the
process is well optimised. Indeed, as will be understood
in the next paragraph, the main effect of varying the
processing conditions is to modify the probability for
available holes to be trapped in the oxide. This prob-
ability has been found very close to unity"41.

The aim of this paper is to present results about the
sensitivity to photons of the dosemeters and the stability
with temperature and time of their response when they
are used without any applied bias during irradiation.
This unbiased operation mode is well adapted when
electronic circuitry and/or power supply must be
avoided (personal dosimetry, medical applications).

BASIC PRINCIPLE OF OPERATION AND
LIMITATIONS

The sensitive part of the device is the gate oxide'15'.
Irradiation creates electron-hole pairs throughout the
whole volume (Figure 2 (a and b)). Depending upon the
electric field in the oxide some generated pairs recom-
bine. Electrons which have escaped recombination are
rapidly swept out of the oxide layer (electron mobility
~20cm2.V-'.s-'). Holes move more slowly towards the
cathode (hole mobility ~10-4cm2.V-1.s-1) and are
trapped in a narrow region close to the cathode by pre-
existing hole traps generated during processing of the
device.

As a result of irradiation a positive charge Q o x
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develops in the gate oxide near the cathode. This charge
can be written"51:

Qox = qgDoxP(E,Eir)P,D (1)

where q is the electron charge, g = 7.6 x 1014 crrr'.Gy '
is the electron-hole pairs generation rate in the oxide,
D o x is the oxide layer thickness. P(E,Elr) is the prob-
ability for a hole to escape recombination; P depends
upon the radiation type and energy E and upon the elec-
tric field Eir (Figure 3). Pt is the probability for a hole
to be trapped and is essentially process dependent. D is
the radiation dose absorbed in the oxide layer. The
charge generated during irradiation induces a shift of
the drain current gate voltage characteristics (Figure
2(c)) and of the threshold voltage VT of the MOS tran-
sistor as measured by the extrapolation of the linear part
of the curves on the voltage axis. This shift provides
the dose reading of the sensor. A high sensitivity is
obtained when the electric field is directed from the
metal to the semiconductor so that QOx is stored near
the semiconductor-oxide interface. In this case the
associated shift AVT is maximum and can be written:

AVT = QoxDox/EoEOx (2)

where EQ and EQX are the vacuum permitivity and
dielectric constant for the oxide respectively.

When the electric field is very small the situation is
more complicated. Several mechanisms such as holes
diffusion and space charge effects have to be taken into
account to derive AVT

(I617). This applies particularly
when the transistor is unbiased during irradiation. In this
case first the probability for holes to escape recombi-
nation is very small"8' and second it is not established
whether the charge is stored near the semiconductor-
insulator interface with, as a consequence, a further
decrease of the sensitivity. Nevertheless although Q o x

and AVT are no longer given by Equations 1 and 2 the
elements described above apply qualitatively.

The dose reading is determined by the change in VT

registered between two measurements performed before
and after irradiation respectively. Of course to achieve
good accuracy no other phenomenon must induce an
uncontrolled threshold voltage change between or dur-
ing the two measurements. Unfortunately this is not the
case and at least three phenomena have been identified
which induce a response instability, namely:

(1) The read-time instability is due to the sudden poten-
tial change at the semiconductor-insulator interface
when switching from the standby or irradiation situ-
ation to the measurement configuration.

(2) The long term instability is due to a progressive
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Figure 2. Principle of a MOS dosemeter: (a) schematic cross section of the dosemeter, (b) charge generation, (c) typical current-
voltage curves before and after irradiation showing schematically the influence of the charge Q o x in the oxide.
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neutralisation of the trapped charge by electrons
tunnelling from the electrodes to the insulator.

(3) Finally VT is temperature dependent which induces
signal perturbance.

EXPERIMENTS

MOS dosemeters with a 1.6 u,m thick gate oxide have
been fabricated following a process designed for
improving both the sensitivity to radiation dose and the
stability. Current-voltage characteristics of the transis-
tors have been recorded using HP 4142 B instrumen-
tation. The temperature during reading has been accu-
rately controlled using a TBT 200 cryostat. Irradiation
has been performed by X rays from a CGR Aequivolt
300-150 generator.

RESULTS AND DISCUSSION

Sensitivity to temperature

The current-voltage characteristics of the MOS tran-
sistor are depicted on Figure 3 with the temperature as
a parameter. The threshold voltage shows a high tem-
perature sensitivity of about 16 mV.°C~' in agreement
with theoretical calculations. This dependence is a seri-
ous limit to accuracy and low dose measurement. Indeed
it will be shown in the next paragraph that the sensitivity
to radiation dose ranges between 0.01 and 0.3 V.Gy"1.
Consequently, considering a temperature uncertainty
during reading of ±1 °C, the accuracy of the response
is equal to ±5 x 10~2 Gy at best.

Fortunately, Figure 3 shows the existence of a work-
ing points region where the sensitivity to temperature is

reduced. Using the MOS transistor at the current level,
IDSO in this region during reading will result in a sensi-
tivity to temperature of the associated voltage V s o

which can be as low as 0.2 mV.°C~' so that under the
same conditions as above the accuracy of the response is
now ±10~3Gy. Furthermore, the current IDSo is weakly
dependent upon irradiation. Indeed the variations of IDSO

with the radiation doses have been found to be less than
0.5%.Gy"' for doses in the range 0-10 Gy.

From a practical point of view the MOS transistor
must be read using the arrangement shown in Figure 4.
The dosimetric parameter is now the output voltage V s o

which shows the same variations AVSO with the radi-
ation doses as VT does.

Sensitivity to radiation dose and linearity of the
response

The shift AVSO with the radiation dose is shown in
Figure 5. No extended linear region exists as in the case
of biased dosemeters. The slope of the curve varies from
13 mV.Gy-' at 100 Gy to 260mV.Gy-' at very low
dose. Thus the sensitivity is such that a dose as low
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Figure 4. Basic configuration for measurement.
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Figure 3. Typical drain current (IDS) plotted against gate voltage (VG) with the temperature as a parameter.
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as 4 x 10 3 Gy corresponding to AVSO = 1 mV can be
detected easily with an uncertainty less than 10%.

Read-time instability

Read-time instabilities have been shown to be a
potential source of error when a dosemeter is switched
to the read mode. In order to evaluate their amplitude

Table 1. Output voltage recovery A(AVSO) after 2 x HP h
relative to the post-irradiation shift AVSO.
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Figure 5. Radiation response of an unbiased dosemeter.

in our dosemeters V s o has been measured immediately
after injecting the current IDSO in non-irradiated and
irradiated devices. One measurement was repeated
every 100 ms for 3 min.

The average value has been remarkably stable in each
case. The accuracy of the measurement was limited by
the equipment to about +0.2 mV. Under these circum-
stances no read-time instability with an amplitude
higher than 0.4 mV has been detected in the present
study. This result may be due to the absence of a stress
period at high field in the unbiased mode of operation
contrary to what happens in the biased mode"". In the
case of operation in the biased mode (Eir = 1 MV.cnr')
a read-time instability of the order of 1-2 mV has been
detected. It varies with the radiation dose but is always
less than 1 % of the total response.

Long-term stability

After irradiation the trapped holes are progres-
sively neutralised by electrons tunnelling from the
electrodes"5'. This leads to a slow decrease of the dose-
meter response with time which may introduce a sig-
nificant error when the reading is performed a long time
after irradiation. The amplitude of this phenomenon,
known as 'long-term annealing', is dependent upon the
transistor processing, the radiation dose and upon the
electric field in the oxide"9'. In this study the dosemet-
er's response has been periodically recorded over
2 x 103 h, the devices being unbiased between measure-
ments. This has been done with unirradiated devices and
sensors irradiated up to 40 Gy.

The results are shown in Figure 6. It can be seen that

>
<
i

Figure 6. Post-irradiation time evolution of the dosemeter response. AV!O is the value of AVSO after time t. Two devices are
shown for each dose.
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the amplitude of the recovery increases with the meters can be used in the low 10~2 Gy range. Further-
absorbed dose and is small relative to the shift due to more, as integrating dosemeters the stability of the
irradiation. As shown in Table 1 it is less than 5% in response is certainly of the order of 10% over 10 years,
the worst case (corresponding to the highest dose). Further improvement is possible by a supplementary

Extrapolating these results over a period of 10 years increase of the oxide layer thickness, by the use of ion
gives a stability of the response better than 10%. implanted oxides'20' or by using stacked MOS

transistors'21'; this last method seems the most promis-
ing. Preliminary results have been obtained which show

CONCLUSIONS an improvement of the sensitivity by a factor of 3. HOW-
TO. . • I mrw • J • L. i ever, because the process must be changed in view of
The potential of MOS transistors, used without polar- , •• L- • • * L i f • •_

• .• . • • .- .• . . ' .• . • . the monolithic integration of the stacked transistors the
isation during irradiation, has been studied as integrat- , • . r u r c u u

A . T O . ••• •• u u v . u performance in terms of stability of the response has to
ing dosemeters. The sensitivity has been shown to be f ,. , J v

as high as 260 m'V.Gy"1 at low dose so that the detection *
limit can be of the order of 4 x 10~3 Gy. Limiting factors ArK-\rnw/i cnrcuRMTC
such as read-time instability and temperature sensitivity ACKNOWLEDGEMENTS
have also been considered. They introduce an uncer- The authors acknowledge the skilful assistance of F.
tainty equivalent to approximately 2x 10~3Gy in the Rossel, T. Do Conto and V. Conedera for their help
measurement. As a consequence, unbiased MOS dose- during the dosemeter processing.

REFERENCES

1. Holmes-Siedle, A. G. The Space Charge Dosimeter: General Principles of a New Method of Radiation Dosimetry. Nucl.
Instrum. Methods 121, 169-179 (1974).

2. Holmes-Siedle, A. G., Adams, L. and Ensell, G. MOS Dosemeters — Improvement of Responsivity. In: Proc. 1st Eur. Conf.
on Radiation and its Effects on Devices and Systems (RADECS '91), Montpellier, France, 9-12 September 1991, pp. 65-
69 (1992).

3. Kelleher, A., O'Sullivan, M., Ryan, J., O'Neill, B. and Lane, W. Development of the Radiation Sensitivity of MOS Dosemeters.
IEEE Trans. Nucl. Sci. NS-39(3), 342-346 (1992).

4. Sarrabayrouse, G. MOS Radiation Dosemeter: Sensitivity and Stability. In: Proc. 1 si Eur. Conf. on Radiation and its Effects
on Components and Systems (RADECS '91), Montpellier, France, 9-12 September 1991, pp. 57-59 (1992).

5. August, L. Design Criteria for a High Dose MOS Dosemeter for Use in Space. IEEE Trans. Nucl. Sci. NS-31(I), 801-
803 (1984).

6. Holmes-Siedle, A. G., Adams, L., Marsden, S. and Pauly, B. Calibrating and Flight Testing of a Low-field P-MOS Dosemeter.
IEEE Trans. Nucl. Sci. NS-32(6), 4425-4429 (1985).

7. Kay, K., Mullen, E., Stapor, W., Circle, R. and McDonald, P. CRRES Dosimetry Results and Comparisons using the Space
Radiation Dosemeter and p-channel MOS Dosemeters. IEEE Trans. Nucl. Sci. NS-39(6), 1846-1850 (1992).

8. Holmes-Siedle, A. G., Adams, L., Leffler, S. and Lingren, S. R. The RADFET System for Real-time Dosimetry in Nuclear
Facilities. In: Proc. 7th Annual ASTM EURATOM Symposium on Reactor Dosimetry, Strasbourg, France, 27-31 August
1990.

9. Brucker, G. J., Kronenberg, S. and Jordan, T. Tactical Army Dosemeter Based on PMOS Single and Dual Gate Insulators.
In: Proc. 2nd Eur. Conf. on Radiation and its Effects on Components and Systems (RADECS '93), Saint Malo, France,
13-16 September 1993, pp. 56-62 (1994).

10. Hughes, R. C, Huffman, D., Snelling, J. V., Zipperian, T. E., Ricco, A. G. and Kelsey, C. A. Miniature Radiation Dosemeter
for in-vivo Radiation Measurements. Int. J. Radiat. Oncol. Biol. Phys. 14(5), 963-967 (1988).

11. Holmes-Siedle, A. G. and Adams, L. The Mechanism of Small Instabilities in Irradiated MOS Transistors. IEEE Trans.
Nucl. Sci. NS-3<K6), 4135-4140 (1983).

12. Holmes-Siedle, A. G. and Adams, L. RADFET: a Review of the Use ofMetal-oxide-silicon Devices as Integrating Dosemeters.
Radiat. Phys. Chem. 28(2), 235-244 (1986).

13. Klaasen, F. M. and Hess, W. On the Temperature Coefficient of the MOSFET Threshold Voltage. Solid State Electron. 29(8),
787-789 (1986).

14. Sarrabayrouse, G. J., Bellaouar, A. and Rossel, P. Electrical Properties of MOS Radiation Dosimeters. Rev. Phys. Appl. 21,
283-287 (1986).

15. Ma, T. P. and Dressendorfer, P. V. Ionizing Radiation Effects in MOS Devices and Circuits (J. Wiley & Sons, New
York) (1989).

16. Sockel, R. and Hughes, R. C. Numerical Analysis of Transient Photoconductivity in Insulators. J. Appl. Phys. 53(11), 7414-
7424 (1982).

17. Hughes, R. C. Theory of Response of Radiation Sensing Field Effect Transistors. J. Appl. Phys. 58(3), 1375-1379 (1985).

23



N. KUMURDJIAN and G. J. SARRABAYROVSE

18. Shaneyfelt, M. R., Fleetwood, D. M. Schwank, J. R. and Hughes, K. L. Charge Yield for Cobalt-60 and lOkeV X-ray
Irradiations of MOS Devices. IEEE Trans. Nucl. Sci. NS-38{6), 1187-1194 (1991).

19. Sarrabayrouse, C , Bellaouar, A. and Rossel, P. Derive Temporelles Post-irradiation dans les Dosimetres MOS. Rev. Phys.
Appl. 21, 131-137 (1986).

20. Hughes, R. C , Eernisse, E. P. and Stein, H. J. Holes Transport in MOS Oxides. IEEE Trans. Nucl. Sci. NS-22, 2227-
2233 (1975).

21. Kelleher, A. IC Dosemeter Development. PhD thesis, The National University of Ireland, NMRC Cork, Ireland (1993).

24


