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REM'S INTEGRATING DOSIMETER SYSTEM  BASED ON THE RADFET :

AN INTRODUCTION
I. INTRODUCTION: 

The RADIATION-SENSING FIELD-EFFECT TRANSISTOR (abbreviation: RADFET) is a new type of integrating radiation dosimeter. Being formed from a p-channel Metal-Oxide-Silicon (MOS) structure, which implies a microscopically small sensor volume, the device gives opportunities for radical  new designs of miniature radiation sensors. The sensing principle derives from the the field produced when space-charge is trapped semipermanently in the oxide region of the FET. An electrical measurement then gives a relative value of dose in a silicon environment (rad or Gy(Si)).  Fig 1 shows the elements of the RADFET system, including a reader board, an array of dosimeters and the biasing supplies sometimes used.

REM’s design of 1 mm x 1 mm silicon die, Type TOT500, is a quadruple, integrated MOSFET. There are 2 each of 2 types of MOSFET on each dosimeter chip. To work each FET, three wires are required.  A type K FET is sensitive to "kilorad” levels of dose while type R gives access to “rad” levels. As dosimetric experts will recognise, this level of sensitivy is lower than that of various gas tubes, film badges and TLD dosimeters now widely used for human protection. The low responsitivity is caused by - and compensated for - by the microminiature dimensions of the sensing region; the signal charge is stored in an oxide film only a micrometre thick. The new technology opens up many avenues for novel sensors, especially because the sensor is minute, readout is simple and can be delayed for years if necessary.  Fig2 shows the cross-sectional structure of the REM Type TOT500  Quadruple RADFET, including one of the two  thick oxide FETs with charge trapped in the oxide layer, one  of the thin oxide FETs and the electrodes which are wired to the outside of the chip carrier package for the measurement of threshold shift. Scaling the dimensions and improving the materials to increase sensitivity is one of REM’s research objectives (see Section 6).

II. APPLICATIONS
A table of uses for the RADFET system matched to the dose range and size, is given below. Associated dosimeter types, already built, are quoted in brackets. A superscript “ R ” indicates a device designed and built by REM.

Controller for radiotherapy (CA-1 catheter probe) R 

Personal dosimeter for civil accident and military battlefield (US Army "Tie-Clip" device) R
Monitor on robots in a nuclear power station environment (TELEMAN Tel-H dosimeter) R
Nuclear waste cleanup (TELEMAN Tel-H dosimeter) R
Space vehicle health monitor (ESA/PSI: Radiation Effects Monitor)

High-energy accelerator monitor (BaBar RADFET Monitoring Board)

III.  THE RESPONSE OF  THE MOSFET TO RADIATION

The responsivity, r, of the FET sensor is measured by finding the “change in threshold voltage, VT”, using a constant drain current, as explained further under “readers”.  The value of r is proportional to the square of the thickness, tox, of the gate oxide layer and varies in a complex way with the oxide field applied during exposure, often called “irradiation bias, VI”. The values of tox  are, of course, made larger than for normal FETs by special oxide growth methods. In Table R, we give some values for tox and responsivity of various proprietary processing “recipes”. The standard oxide in 1999 iss that made by  process 502 giving thickness values  0.93 m for R and 0.13 m  for K. As noted in the table, the response is not truly linear except at very low dose values i.e. near the limit of use at ,say, 200 mrad (2mGy). The growth curves over a wide dose range may be described as QUASI-LINEAR or NON-LINEAR, depending on the exposure bias condition (0 or +) and integrated dose value.

TABLE R.  RESPONSIVITY VALUES , r(0) and r(+) FOR FIVE REM RADFET

 WAFER RUNS: ZERO AND +10V EXPOSURE BIAS.
EXPOSURE      ---------------WAFER RUN NUMBER---------------
    units

BIAS, VI

501C
502A
503A
504A
505A

Type R

tox
0.85
0.93
1.06
1.24
0.55
m
+10V
10.2
12.5
15.9
21.8
4.25
mV/rad (QL)
    0V
1.47
1.80
2.29
3.13
0.61
mV/rad (NL)
Type K
tox
0.25
0.13
0.13
0.13
0.13
m

+10V
1.3
0.35
0.35
0.35
0.35
mV/rad (QL)
    0V
0.28
0.075
0.075
0.075
0.075
mV/rad (NL)
notes.

QL: QUASI-LINEAR growth curve; threshold voltage shift varies as: VT  =  1 - e-BD.

This function is near- linear when D is small.

NL: NON-LINEAR growth curve. Curve approximates a power law. Slope from low dose values to about 10 rad is constant; r(0) then falls as dose rises, following a power law, Dn, where n is about 2/3.

IV. CALIBRATION

Responsivity varies with particle and photon energy so that accurate calibrations are normally the responsibility of the user. Calibration under Co-60 gamma rays is performed by the supplier using Co-60 gamma rays. An eight-decade curve of responses (“nominal growth curve”) is available.

V. ENCAPSULATION
Dosimeter chips are mounted and wired to a polymeric carrier and covered with the minimum possible amount of opaque epoxy resin. The gwomtries and connection schemes (“pinouts”) are shown in Fig. 3. REM polymeric chip carriers are engineered to fit into small orifices, the current target being a catheter with internal diameter less than 2mm. The angular response is uniform for high energy photons since the packages are all light and of low atomic weight. Absorber thickness in the forward and backward direction is about 0.05 gm cm-2 (about 500 m of plastic). A technical note on the chemical composition of the package structure is available. Buildup caps have been designed for special  cases.

The new 1988 series of dosimeters, the CC-6 series, is designed in "chip-on-board" technology which is optimised for producing low-cost commercial devices. The basic CC-6 carrier dimensions are roughly 1 x 9 x 6 mm. The CC-6 carrier can be sawn in several ways to make  packages with 3, 5, 6 and 10 electrodes, making it possible to trade dosimeter size against the number of FETS available per package. In the CC-6 5+0 configuration, a lead frame gives rise to a “single-in-line” device which plugs into a socket. Using a subdivided REM chip, Gladstone and co-workers (1991) designed a special ultra-miniature tumour probe to fit a “flexineedle”.
VI. QUALITY: GRADING FOR FUNCTIONALITY AND STABILITY
VI.1 GENERAL 

Various forms of quality assurance are required with silicon sensors of the FET type. The local  damage generated during handling does not affect other FETs on the same die but "border states", which are sometimes produced during processing, are not so localised and may affect a segment or a whole silicon wafer. Thus, we can have confidence in the function of a quad device with only “two FETs good (symbol A’’). With drift effects, we match the level of stability (excellent, good etc) with a given application.  Table Q lists  factors of both of the above types. A device of  "Acceptable stability, in the “excellent” range" with one type R and one type K functional would receive the symbol Ae'' (RK). Numerals are added if it is necessary to specify the pin locations of the good and bad FETs.  The other two effects of temperature are linked to the basic physics of the MOS structure and are not strictly quality factors, but are dealt with here UNDER “Stability” to help users manage them in the best way possible. Note that kilorad levels of irradiation yield large numbers of border states so that preirradiation values of drift are normally not significant.

TABLE Q. EXAMPLES OF RADFET QUALITY SPECIFICATIONS
QUALITY 


NUMBER OF DEVICES FUNCTIONAL

SPECIFICATION 












Type R 
Type K
FET SYMBOL 

Ag   



2

2

RRKK

Ag'



2

1

RRK[ijk]

Ae''



1

1

RK[ij]

Pg''



2

0

RR[ik]

Notes

A = acceptable performance; P = poor; g = good stability ; e = excellent  stability

i, j etc are numbers which are added if it is necessary to specify the identity of the “good” FETs. 

VI.2  STABILITY

1. Border (slow) states

The drift up (du) of threshold voltage signal  with time due to slow states is often measured as a function of interval after the reader is connected. The standard method is to allow the instrument to settle (say for 2 or 10 seconds) and measure drift over the same  interval. This “ 2-fold  increase in time” (e.g. measurement from t=2 to t=4 sec or 10 to 20 sec) accords with the fact that the rate of border state drift decreases as the logarithm of time (Holmes-Siedle et al 1983). Before irradiation, the drift up in any “twofold time interval” (d.u.t.t.i) is often less than 0.001V. Drift alters as integrated dose accumulates; the value of d.u.t.t.i at 1E4 rads is about 0.02 V, so that small preirradiation drift values such as the above are normally not significant.

2. Temperature: effects 

The temperature coefficient of threshold voltage varies with drain current and there is a “zero temperature coefficient” value of current at which the value is less than 0.5mV per degree C at ID = 200 A. Corrections for temperature effects can be automatic (Soubra et al 1994) or based on measurement and computation.

3. Anneal  (“Fading”)

At room temperature, the “fading” of the dosimetric  information, i.e. the radiation-induced threshold shift, should be less than 5 percent on the first day after exposure. At elevated temperatures true annihilation of the oxide trapped charge may take place. In other words, the trapped charge may be erased (annealed ) by heat. UV light will also erase a fraction of the trapped charge.

VII. CABLES AND CONNECTORS FOR CC-6 RADFET - general 

VII.1 GENERAL

Cables and connector systems have been designed for connection to the polymeric "chip carriers". In scientific tests, the FETs are frequently connected via specialised long cable assemblies designed  by the user. Examples are the BaBar accelerator (Camanzi et al 1999) and US Army tests in pulsed reactors (Brucker et al 1995). In all cases, B = FET body; D = drain; G = gate; S = source.

VII.3  CABLE AND CONNECTOR CODING FOR 5+5 VERSION OF CC-6 RADFET

Five-way multicolour ribbon cable is wired at the outer end to a 5-way socket, always supplied with a 5-way shorting bar. The pinout of the cable, both for pins 1 to 5 and pins 6 to 10 is B/S,D,G,D,G. A commonly-used colour coding is given below (see also Fig. 3):

Contact no.
1

2

3

4

5

Conductor colour
brown

red

orange

yellow

green


FET electrode.
B/S

D1

G1

D2

G2

REM has designed “transition PCBs” which make connection easier. A developmental 3-way catheter probe, REM Type CA1, is a modification of the above, employing only leads 1,2 and 3 but using the above 5-way  connectors. 

VIII. PRECAUTIONS AGAINST ELECTROSTATIC DISCHARGE DAMAGE (ESD): 

1. RADFETs are handled wherever possible using wrist grounding straps. RADFET gate electrodes wherever possible are shorted to the body of the FET by metal conductors or at least  highly dissipative media such as carbon-loaded foam.

2. The 5-way cable-mounting sockets should be shorted using  REM’s shorting-bar devices when not otherwise connected.

3. Some sensor designs have  built-in “leak” arrangements, in the form of 

(a) a copper track between gate and body electrodes which can be sheared off before the RADFET is first used or (b) a multi-megohm resistor.

X. RADFET READERS
Readers for RADFET dosimeter systems consist of circuits for tracking the threshold voltage of the pMOS FET and applying electrical stress as required during exposure.  REM designs range from simple, manually switched versions  to complex scanners. Other workers have devised specialised microcontroller systems (BaBar/Brunel RADFET Monitoring Board, Harvard controller). REM's main production reader, RFR-G1, is suitable for bench-top use in medical, space or nuclear research but is limited to 20V by use of analogue switches. The PC-controlled system scans up to ten MOS devices, performs timing, checks sensor health and gives a beep warning if any parameters are out of specification. A portable production device, RFR-H1, is under development. This is a slim-built device with manual operation and battery power. 

Amongst other users, the European Space Agency has sponsored the development of several readers suitable for monitoring on board unmanned spacecraft (e.g. the SREM, developed by PSI, Villigen). Thomson Associates has licensed an analogue reader for  medicine and sterilisation reader to several industrial firms. A student project at Harvard Medical School gave rise to a PC-controlled reader, for which Dr David Gladstone won the Young Investigator prize of the American Association of Physicists in Medicine of 1991. This was one of the first systems used in the clinical treatment of cancer.

XI.The REM Companies                         

Radiation Experiments and Monitors (REM) has existed as a small consulting and trading firm since 1975; now, as a stage in a commercial "push", REM OXFORD Ltd. has become incorporated in the UK. Its  research programme includes development of:

1. Small flexible RADFET probes for medical intervention

2. Improved radiation sensors

3. Improved readers

5. 4.   Reader Software (medical CALFET program)

6. Automated equipment for manufacturing and operating radiation sensors.

XII. GENERAL READING REFERENCES 

A.G. Holmes-Siedle, "The Space Charge Dosimeter ‑ General Principles of a New Method of Radiation Dosimetry", Nucl. Instrum. Methods 121, 169 (1974) (original literature reference, giving priority of invention of many variants to REM).

R.C. Hughes. “Theory of response of radiation sensing field-effect transistors in zero-bias operation”. J. Appl. Phys., 60 (3) 1216-7 (1986) (origin of name “RADFET”)
R.C. Hughes, D. Huffman, J.V. Snelling, T.E. Zipperian, A.J. Ricco and C.A. Kelsey, "Miniature Radiation Dosimeter for in vivo Radiation  Measurements", Int. J. Radiation Oncology Biol. Phys, 14, 963-7 (1988)

E.L. Florian. H. Schönbacher and M. Tavlet "Data compilation of dosimetry methods and radiation sources for material testing". Report No. CERN/TIS-CFM/IR/93-03 (CERN, Geneva, March 1993).

D.J. Gladstone, L.M. Chin and A.G. Holmes ‑ Siedle, "  MOSFET Radiation Detectors used as Patient Radiation Dose Monitors during Radiotherapy", Paper S3, 33rd Ann. Mtg. Am, Assoc. of Physicists in Medicine, San Francisco, July  21-25 1991, submitted to Medical Physics.

M. Soubra, J. Cygler, G. Mackay, I. Thomson and A. Ribes "Evaluation of a dual bias dual metal oxide silicon semiconductor field effect transistor detector as radiation dosimeter". Med. Phys. 21, 567-72 (1994).

S.J. Kronenberg and G.J. Brucker (1995). "The use of hydrogenous material for sensitizing pMOS dosimeters to neutrons" IEEE Trans. Nucl. Sci. NS-42,  20-6 (February 1995).

G.J. Brucker, S. Kronenberg and F. Gentner (1994). "Effects of package geometry, materials and die design on energy dependence of p-MOS dosimeters" IEEE Trans. Nucl. Sci. NS-42, 33-40  (February 1995).

Z. Savic, B. Radjenovic, M. Pejovic and N. Stojadinovic (1995).The contribution of border traps to the threshold voltage shift in pMOS dosimetric transistors". IEEE Trans. Nucl. Sci. NS-42 (4) 1445-53  (August 1995).

A. Holmes Siedle and L. Adams, "RADFETs: A Review of the Use of Metal‑Oxide‑Silicon Devices as Integrating Dosimeters" Radiation Physics and Chemistry, 28, (2) 235 ‑ 244 (1986) 

A.G. Holmes ‑ Siedle and L. Adams, "The Mechanisms of Small Instabilities in Irradiated MOS Transistors" IEEE Trans. Nucl. Sci., NS-30 (6) 4135 ‑ 4140 ( Dec 1983 ).

A. Holmes‑Siedle, L. Adams and G. Ensell. "MOS dosimeters ‑ improvement of responsivity (dosimetres MOS ‑ amelioration de reponsivite)". RADECS '91, Montpellier, France, 9-12 Sept 1991, IEEE Catalogue No. 91 THO400-2, Vol 15.

LIST OF FIGURES

1. The REM RADFET dosimeter system [rftcar11.pre].

2. Cross-sectional structure of the REM Type TOT500  Quadruple RADFET, showing one thick oxide FET with charge trapped in the oxide layer, one thin oxide FET and the electrodes which are wired to the outside of the chip carrier package for measurement of the  shift in threshold or “turn-on” voltage vs. dose.

[radfet15.pre].

(a) Pinouts of  chip-carrier packages for the TOT500 RADFET 

(b) Type CC-3 (14-way DIL)

(c)  Type CC-6 (10-way surface mountable, adaptable)   [rftcar11.pre].

4. EXPERIMENTAL  “PASTE” OF TOT502A GAMMA RESPONSE MODEL BASED ON REM Co-60 GAMMA-RAY TESTS.
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Fig. 1. REM  RADFET dosimeter: elements of system.
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Fig.3. Pinouts of REM packages, type CC-3 and CC-6 for the REM Type TOT500 RADFET dosimeter.
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Fig. 2. Cross-sectional structure of the REM Type TOT500  Quadruple RADFET, showing one thick oxide FET with charge trapped in the oxide layer, one thin oxide FET and the electrodes which are wired to the outside of the chip carrier package for measurement of the  shift in threshold or “turn-on” voltage vs. dose.

Fig 4 EXPERIMENTAL PASTE OF QUATTRO PRO TOT502A GAMMA RESPONSE MODEL
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 threshold voltage shift,   delta Vt        





FET type:
 R
R
K
K


IRR. BIAS, Vi :
+10V
0V
+10V
0V


DOSE, rad(Si)
(mV)
(mV)
(mV)
(mV)


1 
12.5 
1.80 
0.35 
0.08 


2 
25.0 
3.40 
0.70 
0.15 


5 
62.5 
8.5 
1.80 
0.38 


10 
125.0 
16.5 
3.50 
0.75 


20 
250.0 
31.0 
7.0 
1.5 


50 
625.0 
73.0 
17.5 
3.8 


100 
1,250 
132 
35 
7.5 


200 
2,400 
230 
70 
15.5 


500 
5,200 
490 
180 
33.0 


1,000 
10,000 
920 
350 
64.0 


2,000 
19,000 
1,650 
700 
125 


5,000 
40,000 
3,100 
1,750 
265 


10,000 
65,000 
5,000 
3,500 
450 


20,000 
95,000 
7,600 
7,000 
800 


50,000 
200,000 
13,500 
15,500 
1,600 


100,000 
200,000 
19,500 
26,000 
2,450 


200,000 
200,000 
28,000 
40,000 
3,700 


500,000 
200,000 
39,000 
67,000 
6,800 


1,000,000 
200,000 
49,000 
84,000 
9,500 


2,000,000 
200,000 
62,000 
100,000 
13,000 


5,000,000 
200,000 
78,000 
200,000 
18,500 


10,000,000 
200,000 
85,000 
200,000 
21,500 


20,000,000 
200,000 
95,000 
200,000 
23,500 


50,000,000 
200,000 
98,000 
200,000 
27,500 
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110,000 
200,000 
29,800 































