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RADFET n. An acronym for RADIATION-SENSING FIELD-EFFECT TRANSISTOR based on the metal-oxide-silicon p-channel structure. An integrating dosimeter which measures dose (rad or Gy(Si)) by virtue of the field effect caused by space charge trapped in an inorganic insulator (SiO2).The RADFET was invented in 1970 .by Andrew Holmes-Siedle (now sole owner of REM) and his co-worker, the late Waldemar Poch. Details were published in 1974. The acronym was coined by Robert Hughes in 1986. Used for the last 20 years in aerospace industry, now has a future in medicine, nuclear industry and science. 
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INTRODUCTION





The RADIATION-SENSING FIELD-EFFECT TRANSISTOR (abbreviation: RADFET) is a microminiature type of integrating radiation dosimeter. The sensor has a microscopically small sensor volume, which offers opportunities for radical new designs of miniature radiation sensing system. The sensing principle derives from 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 that, compared to other detector systems, the RADFET system is compact and  easily coupled with computer power.





The first “special dosimetric MOSFET”, REM’s TOT200, flew in space in 1978. A fully-commercial Type TOT500, is now widely used. Dosimetric experts recognize that the dose resolution is not as good as for gas tubes, film badges and TLD dosimeters, which achieve “millirad resolution”, as needed for personnel protection. This can be accounted for by the microminiature dimensions of the ionization-sensitive region. The dosimetric information, trapped charge, is both generated and stored in an oxide film only a micrometre thick and a fraction of a square millimetre in area. Because the sensor die is minute and readout is convenient, radical new designs of dosimeter are possible. In “Tactical dosimetry” for military personnel and in spacecraft dosimetry these special properties have already created a commercial market. 





 Fig2 shows the cross-sectional structure of the RADFET die. The main oxide trapped (ot) charge region is highlighted. The net positive charge is generated when electrons escape to the external circuit. The effects of other trapping regions near the interfaces of the oxide are reduced as much as possible in the fabrication of the dosimeter. Improving the materials and geometry to increase sensitivity still further is one of REM’s future objectives.





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; dose mapper for crystals (BaBar RADFET Monitoring Board)





�
III.  SENSOR CONSTRUCTION AND THE RESPONSE TO RADIATION





The construction of the sensor is that of a conventional p-channel Metal-Oxide-Silicon (MOS) transistor. The silicon die measures 1 mm x 1 mm x 0.5mm and carries four MOSFETs. Of these, the two type K  FETs are sensitive to "kilorad” levels of dose; and the two type R give access to “rad” levels or even lower dose values (1 rad = 0.01 Gy). The response, r, of the FET sensor is the “change in threshold voltage, DVT , a function of integrated radiation dose”.  We could also obtain this response by measuring the gate capacitance in a manner which gives us the shift in “flatband voltage, DVFB”. The value of responsivity, r is proportional to the square of the thickness, tox, of the gate oxide layer and varies in a complex way with dose and with the oxide field applied during exposure, often called “irradiation bias, VI”. In the construction of the sensor, the values of tox are manipulated by the sensor designer. Oxide thickness is usually larger than for normal FETs so as to give high responsivity. 





In Table 1, we give some values for tox and the threshold-voltage responses under various field conditions and for various proprietary oxide “recipes”. The standard oxide in 1999 is that made by process 502 giving thickness values 0.93 mm for R and 0.13 mm for K. MOS experts will note that these are “thick oxides” by comparison with millenial MOS technology.  Responsivity rises with the square of oxide thickness. The notes gives a reminder that the response is not a truly linear function of dose except at very low dose values i.e. near the limit of use at, say, 200 mrad (2mGy). The proper form for describing growth curves over a wide dose range is dependent on the exposure bias condition (0 or +) and integrated dose range in question. In general we use the terms QUASI-LINEAR to describe positive-bias response, r(+) and  NON-LINEAR to describe “zero-bias or passive response”, r(0). That means that any value quoted for r(0) can hold only one dose value only. We choose 10 rads [100 mGy]. Thus, the figures for zero V I in the  table are  for general guidance only. To determine dose value, one looks it up on a curve or table.





TABLE 1.  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	mm


+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	mm


+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 for “active” mode; threshold voltage shift varies as: 


DVT  =  K(1 - e-BD).  This function approximates linearity when D is small.





NL: NON-LINEAR growth in “passive” mode;  curve follows power law i.e. DVT proportional to Dn, where n is about 2/3. The slope value given applies to dose value of 10 rad (100 mGy).





IV. ENCAPSULATION, ABSORPTION AND SCATTER OF RADIATION





Sensor chips are mounted and wired to a polymeric carrier and covered with the minimum possible amount of opaque epoxy resin. The geometries 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 mm of plastic). 





The CC-6 series of dosimeters is designed in "chip-on-board" technology, optimized for producing low-cost commercial devices. The maximum CC-6 carrier dimensions are roughly 1 x 9 x 6 mm but the carrier is designed so that it 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 one configuration, “CC-6 5+0”, a “single-in-line”device is made by adding a lead frame. The “SIL” package plugs easily into small probe heads. For high-energy gamma rays, some additional mass must be added, to achieve “charged-particle equilibrium”, otherwise known as “buildup”. With small sensors such as the new series, it is often possible to make the necessary buildup cap by drilling the appropriate hole in a block of tissue-equivalent plastic or aluminium. Using a subdivided REM chip, Gladstone and co-workers (1991) designed a special ultra-miniature probe to fit a “flexineedle” and operate within a living tumour.





V. READING OUT THE CHARGE IN THE OXIDE 





The response of the RADFET varies with device construction, mode of biasing, energy of radiation and so on. Thus, accurate calibrations in the radiation of choice are normally the responsibility of the user, comparing the voltage shift to the response of a standard detector such as an air ionization dosemeter. Co-60 gamma rays are commonly use by the suppliers to standardize a sensor lot. An eight-decade curve of these responses (“nominal growth curve”) is available for general reference.





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. The common electrical bias modes are shown in Table 1.  REM designs of reader range from simple, manually switched versions to PC and microprocessor - controlled systems. 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 present-day CMOS analogue switches. Controlled by PC and REM PRODFET software, this 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 reader, RFR-H1, is under development. This is a slim-built device using battery power and can connect to the Internet via a smart DVM.. 





Amongst other users, the European Space Agency has sponsored the development of several readers suitable for monitoring aboard unmanned spacecraft (e.g. the SREM, developed by PSI, Villigen). Thomson Associates has licensed an analogue reader, for use in medicine and sterilization, 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. The BaBar project at Stanford Linear Accelerator, California, has developed the RADFET Monitoring Board.





VI. FUNCTIONALITY AND STABILITY





VI.1 FUNCTIONALITY 





In the production cycle RADFETs are tested for functionality and stability after assembly. Mechanical damage to a single FET, generated during handling, does not affect other FETs on the same die. On the other hand, “border states", which are sometimes produced during processing, affect stability and tend to affect a segment of a wafer uniformly. This and other stability issues are discussed below. A device of  "Acceptable stability, in the “excellent” range" with one type R and one type K functional would receive the symbol Ae'' (RK). 





VI.2  STABILITY





1. Border (slow) states





The drift up (du) of threshold voltage signal with time due to border states is usually of significance only after irradiation. It is usually measured as a function of the time interval after the reader has been switched in (expose” mode has been switched to “read” mode). The standard method is to allow the reader’s voltmeter to settle (say for 2 or 10 seconds) and then measure drift over the subsequent four or ten seconds. The length of time is chosen entirely on how quickly the observer can record. In each case the measurements should cover a “2-fold  increase in time”. Since the rate of border state drift decreases as the logarithm of time (Holmes-Siedle et al 1983), the value of “the drift up in any twofold time interval (dutti)” measured in mV will be the same in the two cases quoted. Before irradiation, the value of “dutti” is often less than 0.001V but the value becomes significant as integrated dose accumulates. For example, at 1E4 rads, the value is about 0.02 V. This means that small drift values such as the preirradiation value quoted are normally not significant.





2. Temperature: effects 





The temperature coefficient of threshold voltage varies with drain current. At a current of 40 mA, the value is about 5 mV per oC.  However, there is a “zero temperature coefficient” value of current. For example, at ID = 200 mA, the coefficient is less than 0.5mV per degree C. Corrections for temperature effects can be made by a circuit (see e.g. Soubra et al 1994) or based on monitoring the temperature and calculating the correction later. 





3. Anneal  (“Fading”)





The fact that trapped charge slowly relaxes in dielectrics media produces “fade” in all solid-state dosimeters based on charge trapping, including the well-known luminescent and organic dosimeters. At room temperature, the “fading” of the dosimetric charge, Qot, is found to be less than 5 percent on the first day after exposure. The relaxation then slows down greatly and there may even be a increase in trapped charge, which can be called “reverse fade”. This is due to a short-lived electrochemical after-effect of irradiation (“late interface states”). After several days, the continued, though very slow detrapping of the “ot” charge is the only remaining effect. This can be called or “long-term fade” being a few percent over the following months.





4. Erasure by high temperature or UV light.





UV light and temperatures above 200oC will  erase quite a large fraction of the trapped charge. Both of these treatments introduce electrons into the oxide. The trapped holes are annihilated by the electrons. This can be called a “resetting” of the system but, unforunately, not all of the damage is removed by these two methods, so although research continues, the RADFET is not commonly regarded as fully “resettable”, as is the TLD system.





VII.  CONNECTIONS, AVOIDING ELECTROSTATIC DISCHARGE DAMAGE (ESD):





VII.1 GENERAL





Many users design their own specialised long cables to fit the use of the sensor in a given machine.. Examples are the BaBar accelerator, US Army tests in pulsed reactors (Brucker et al 1995); harnesses developed for spacecraft.  For the REM series, standard cable assemblies have been designed. Typically, the sensor is attached to five-way multicolour ribbon cable and a 5-way socket is wired to the other end. The pinout of the cable, both for pins 1 to 5 and pins 6 to 10 is B/S,D,G,D,G. A suitable colour coding is given below: Contact 1 frequently carries both the all source wires and the body contact.


 


Contact no.	1		2		3		4		5





Conductor colour	brown		red		orange		yellow		green	


FET electrode.	B/S		D1		G1		D2		G2








VII.2. STATIC!





human extremities can become charged to 1000V or higher. Being large MOSFETs with thick oxides, RADFETs are not commonly affected by discharges from humans. They are generally resistant to electrostatic damage (ESD). The theoretical oxide breakdown voltages for a 0.12 and 0.93 micrometre oxide are about 70 and 500 V, much higher than for millenial designs of MOSFET. To avoid ESD,  shorting and dissipative precautions should, however be observed.  Storage in conductive foam or on tacky blue dissipative sheet is always advisable.


�
VII.3 AVOIDING ESD





1. RADFET gate electrodes during handling are shorted to the body of the FET by metal conductors or at least highly dissipative media such as carbon-loaded foam. In dry atmospheres, the use of wrist grounding straps.is advisable.





2. Cable-mounted RADFETs should be shorted when not connected to a reader. This also applies a useful “zero gate field” condition to the oxide, allowing controlled room-temperature annealing.


 


3. Some sensor designs have built-in shorting 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.





VIII.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 a limited company (become incorporated) in the UK. Its research programme includes the development of:


          


Small flexible RADFET probes for medical intervention


Improved radiation sensors


“Handy” readers which can operate on the Internet.


4.     Reader Software (medical CALFET program)


Automated equipment for manufacturing and operating radiation sensors.
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1.  The REM RADFET dosimeter; elements of system.





2.  The metal-oxide-silicon field-effect structure employed in REM TOT500 dosimeters (RADFETs). Vertical dimensions are exaggerated (length is about 10 micrometres, height is about 1 micrometre). Features shown include the dosimetric volume (the shading within the oxide); n-type silicon , p-type junctions and metal gate. The p-type channel between the junctions is influenced by the immobile "oxide trapp     ed charge”, Qot . The shaded  region within the oxide holds the immobile charge generated by the radiation energy





3.  Dosimeter carrier packages for the TOT500 RADFET; (a) and (c) are, respectively, quadruple-RADFET types CC-3 (14-way DIL) and  CC-6 5+5 (10-way surface-mountable). (b) and (d) are for  those who must have small probes, respectively single RADFET types CC-5 (4-way surface-mountable) and  CC-7 3+0 (3-way surface-mountable). Medical probes of small diameter are evolving from the above carrier technologies.
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Fig. 1.  The REM RADFET dosimeter; elements of system.
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Fig. 2.  The metal-oxide-silicon field-effect structure employed in REM TOT500 dosimeters (RADFETs). Vertical dimensions are exaggerated (length is about 10 micrometres, height is about 1 micrometre). Features shown include the dosimetric volume (the shading within the oxide); n-type silicon , p-type junctions and metal gate. The p-type channel between the junctions is influenced by the immobile "oxide trapped charge”, Qot . The shaded  region within the oxide holds the immobile charge generated by the radiation energy
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Fig. 3.   Dosimeter carrier packages for the TOT500 RADFET. (a) and (c) are, respectively, quadruple-RADFET types CC-3 (14-way DIL) and  CC-6 5+5 (10-way surface-mountable).  (b) and (d) are for  those who must have small probes, respectively single RADFET types CC-5 (4-way surface-mountable) and  CC-7 3+0 (3-way surface-mountable). Medical probes of small diameter are evolving from the above carrier technologies.
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