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MINIATURIZED, LOW POWER FGMOSFET 
RADIATION SENSOR AND WIRELESS 

DOSIMETER SYSTEM 

CROSS REFERENCE TO RELATED 
APPLICATIONS 

This application claims priority from US. provisional 
application Ser. No. 61/105,921, entitled “Miniature Wear 
able Wireless Biomedical Sensor System”, ?led 16 Oct. 2008, 
Which is incorporated herein by reference. 

FIELD OF THE INVENTION 

This invention relates to loW poWer FGMOSFET sensor 
systems, and particularly to FGMOSFET radiation sensors 
and dosimeters for biomedical applications. 

BACKGROUND OF THE INVENTION 

IGFETs (insulated gate ?eld effect transistors) may be used 
as sensors for detection of radiation by detecting a shift in 
threshold voltage (Vth) or other operating parameter after 
irradiation. On exposure to radiation, electron hole pairs are 
generated, and charge is trapped in an insulating layer of the 
device, eg a gate oxide, causing a change in electrical char 
acteristics. Radiation detecting IGFETs, and more particu 
larly silicon MOSFET (metal oxide semiconductor ?eld 
effect transistor) devices for detection of radiation may be 
referred to as “RADFETs.” 

Conventional RADFETs are active devices, i.e. require 
application of a relatively high bias, ~20V, during irradiation 
to achieve suitable sensitivities (AVth of ~1 mV/rad or more). 
They also need a thick gate oxide, Which requires a custom 
CMOS process. Moreover, the threshold voltage has a strong 
dependence on temperature, and suitable compensation is 
required. As an example, US. Pat. No. 4,678,916, to Ian 
Thomson, entitled “Dosimeter”, discloses the use of matched 
pairs of silicon MOSFETs. One MOSFET is forWard biased 
during irradiation While operation of the other is inhibited. A 
measurement of the differential change in threshold voltage 
betWeen the pair of MOSFETs provides for compensation of 
threshold drift and offset, and ?rst order compensation of 
temperature effects. 

Floating Gate MOSFET (FGMOSFET) sensors offer some 
advantages. In particular, the ?oating gate is pre-charged 
before irradiation. Thus, the device does not need to be biased 
during irradiation. Known radiation sensors based on 
FGMOSFETS are disclosed, for example, in US. Pat. No. 
6,172,368. entitled “Method of monitoring radiation using a 
?oating gate ?eld effect transistor dosimeter, and dosimeter 
for use therein”, to N. Garry Tarr and Ian Thomson. For 
improved sensitivity, this FGMOSFET relies on a large area 
extended ?oating gate over a relatively thick dielectric layer, 
e. g. ?eld oxide, rather than a thick gate oxide. Preferably, the 
dosimeter comprises a pair of tWo identical FGMOSFETs 
With a common source, and each has an extended gate region, 
a control gate overlying the ?oating gate, and a charge inj ec 
tor gate. The ?oating gate of the sensor FGMOSFET is 
charged prior to irradiation, While the ?oating gate of the 
reference FGMOSFET is uncharged or charged With an equal 
and opposite charge. The dose is measured by monitoring the 
difference in Vth betWeen the tWo FGMOSFETs after irradia 
tion. 

In more recent Work by the same inventors, an article 
entitled “A sensitive, temperature-compensated, Zero-bias 
?oating gate dosimeter”, published in IEEE Transactions on 
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2 
Nuclear Science, vol. 51, no. 3, June 2004, by N. Garry Tarr 
et al. a FGMOSFET radiation sensor With improved sensitiv 
ity is disclosed. The device comprises a FGMOSFET sensor 
and a reference MOSFET, each having identical channel 
lengths and channel Widths to compensate for temperature 
effects. Each has a large area extended gate over ?eld oxide. 
Unlike most FGMOSFET sensors, the ?oating gate is not 
overlapped by a control gate, Which boosts sensitivity by 
nearly an order of magnitude. Preferably, a minimum geom 
etry injector gate overlapping the ?oating gate is provided for 
precharging the sensor. To protect the device from external 
electrostatic ?elds, a grounded electrostatic shielding elec 
trode is provided over the ?oating gate, eg using a Metal 2 
layer. Ring shields may also be provided using the ?rst poly 
silicon and Metal 1 layers. Elimination of a control gate 
improves sensitivity, because the radiation generated charge 
is free to concentrate above the FGMOSFET channel. HoW 
ever, this means the charge on the ?oating gate must be 
determined from monitoring drain current, rather than a 
change in threshold voltage. Thus, read-out of the dose 
requires application of a small bias (~0.1V) to monitor the 
drain current. Peak sensitivity of around 3 mV/rad at ?oating 
gate potential of —7V Was reported in this paper. This refer 
ence also discusses in detail cancellation of temperature and 
environmental effects by use of matched sensor and reference 
FGMOSFETs and optionally a separate temperature sensor. 
These FGMOSFET radiation sensors may be fabricated in 
almost any commercial CMOS process using tWo polysilicon 
layers, potentially alloWing for integration With read-out and 
control circuitry. 

Nevertheless, there is a need for further improvements in 
FGMOSFET radiation sensors to improve sensitivity and to 
alloW fabrication using current standard CMOS processes 
that include only one polysilicon layer, ie a “single poly 
process”, rather than a double polysilicon process. Moreover, 
although some available sensors are small, each one typically 
requires Wired connections for poWer and read-out. 

Wired connections may cause unpredictable scattering of 
radiation and for bio-medical applications it is also desirable 
to free patients and staff from the inconvenience of Wired 
connections for poWering and read-out of sensors. 

To date, there are a limited number of commercially avail 
able Wireless radiation sensor modules. Those available tend 
to be either bulky and/or not capable of real-time read-out or 
data transmission. For example, a portable, personal elec 
tronic dosimeter using an FGMOSFET sensor (DMC2000S) 
is manufactured by Mirion Technologies (formerly Synodys 
Inc.) (WWW.Mirion.com). A “mobileMOSFET” system (TN 
RD-70-W) manufactured by Best Medical (WWW.bestmedi 
calcanada.com), uses a Bluetooth transmitter/poWer supply 
module connected With long Wires to one or more MOSFETS 
sensors. A miniature implantable system With an inductive 
transmitter is disclosed in US. Pat. No. 6,402,689 to Scaran 
tino et al., entitled “Methods, systems, and associated 
implantable devices for dynamic monitoring of physiological 
and biological properties of tumors.” Other miniature sen 
sors, as manufactured by Sicel Technologies are disclosed in 
US. patent publication no. 2009/0018403 entitled “Track 
able implantable sensor devices systems and related methods 
of operation”; US. Pat. No. 7,557,353 entitled “Single-use 
external dosimeters for use in radiation therapies” and US. 
Pat. No. 7,495,224 entitled “Single-use external dosimeters 
for use in radiation therapies and related methods and sys 
tems” to Black et al. 

In particular, elimination of Wired connections during use 
and Wireless real-time read-out Would be desirable for bio 
medical monitoring, radiotherapy and other applications. 
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However, lower voltage operation and loWer poWer operation 
is required to facilitate integration of MOSFET radiation 
sensors With loW cost, miniaturized CMOS signal processing 
circuits and coupling to RF transceivers for Wireless opera 
tion. 

SUMMARY OF THE INVENTION 

Thus, the present invention seeks to circumvent or mitigate 
the above-mentioned limitations of existing FGMOSFET 
sensor systems, or at least provide an alternative. 
One aspect of the present invention provides a FGMOS 

FET radiation sensor comprising: a substrate comprising a 
device Well; a source and a drain separated by a channel 
region de?ned in the device Well; a ?oating gate extending 
over the channel region and separated therefrom by a gate 
dielectric layer, and an extension of the ?oating gate extend 
ing over a ?eld dielectric layer adjacent the device Well; a 
charge injector structure de?ned in the substrate underlying 
the ?oating gate and separated from the ?oating gate by a gate 
dielectric layer (i.e. a tunnel dielectric); and, another dielec 
tric layer and an electrostatic shielding layer extending over 
the ?oating gate. 

Elimination of a conventional control gate, and provision 
of a charge injector structure in the substrate, rather than a 
conventional charge injector gate over the ?oating gate, 
reduces capacitance and increases sensitivity. The substrate 
charge injector is isolated by a gate oxide layer from the 
?oating gate and alloWs for pre-charging by electron tunnel 
ing. The charge injector may take the form of a shorted MOS 
transistor in the adjacent substrate underlying part of the 
?oating gate. This structure can therefore be fabricated using 
a single polysilicon CMOS process. Since there is no control 
gate, the radiation dose may be monitored by applying a small 
bias, e. g. ~0. 1V applied to the drain terminal, to monitor the 
channel current or drain current I D. 

Another aspect of the invention provides a radiation sensor 
comprising a matched FGMOSFET pair comprising a sensor 
FGMOSFET and a reference FGMOSFET on a common 

substrate, each FGMOSFET comprising a device Well region 
of the substrate having de?ned therein a source and a drain 
separated by a channel region, a gate oxide overlying the 
channel region and a ?oating gate formed thereon, and the 
sensor FGMOSFET further comprising an extension of the 
?oating gate extending over an adjacent ?eld dielectric 
region; a respective charge injector means associated With 
each ?oating gate and separated therefrom by a gate dielectric 
layer; and another dielectric layer and a shielding layer over 
lying the ?oating gates. 

Preferably, a reference FGMOSFET provides compensa 
tion for temperature effects, to Which the drain current is 
sensitive. That is, a FGMOSFET sensor having a larger area 
?oating gate and FGMOSFET reference having a much 
smaller area ?oating gate are provided, Which in use, are both 
pre-charged to the same voltage. Preferably, the respective 
channel Widths (W) and channel lengths (L) of the sensor 
FGMOSFET and the reference FGMOSFET are identical. 

Each FGMOSFET has a charge injector, preferably pro 
vided in the adjacent substrate, underlying part of the ?oating 
gate, and isolated therefrom by a gate oxide or tunneling 
oxide, to alloW for charging by FoWler-Nordheim tunneling 
from the charge injector, When su?icient voltage is applied to 
the charge injector. 

The charge injector may comprise a second device Well, 
e.g. laterally spaced from the ?rst device Well, and a source, a 
drain and a channel region formed in the second device Well. 
The source and drain of the charge injector are shorted for 
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4 
coupling to a charging source. A gate dielectric layer formed 
over the channel isolates the injector structure from the ?oat 
ing gate of the respective sensor or reference FGMOSFET, 
but alloWs for charging by drain tunneling. 

Preferably the FGMOSFET sensor and reference are 
p-channel devices, to take advantage of loWer l/f noise. The 
charge injector structure preferably comprises a p-channel 
MOS device de?ned in a p-doped device Well, although an 
n-doped Well may be used. 

The sensor and reference FGMOSFETS may be fully 
shielded, for example, by providing an electrostatic shielding 
layer overlying the ?oating gate, preferably Metal 3 of a 
multilayer metal CMOS process, over a thick dielectric layer, 
e.g. BPSG or other inter-metal dielectric layers. 

In preferred embodiments, sensitivity Was observed to be 
improved by about 10% When the capacitance to the ?oating 
gate is reduced by eliminating a conventional charging gate 
on top of the ?oating gate, and using elevated metal shielding 
to alloW for a thicker dielectric layer underneath the shielding 
electrode. Both the enhanced sensitivity and presence of an 
identical FG reference MOSFET permit loWer voltage opera 
tion. 

The respective ?oating gates of the sensor and reference 
FGMOSFETS may be interdigitated, and a radiation sensor 
may comprise tWo or more pairs of FGMOSFETS coupled in 
parallel. In each pair, a matched FGMOSFET reference pro 
vides compensation for effects of environmental and process 
changes, particularly if an interdigitated sensor and reference 
FGMOSFET structure is used. 

Since the radiation sensor may be fabricated using standard 
CMOS technology, and is operable at loW voltage, it may be 
integrated more readily With signal processing circuitry for 
read-out, eg by detecting a change in an operating param 
eter, such as a change in channel current ID, indicative of 
radiation dose. The signal processing circuitry may comprise 
a current-to-voltage converter and a differential ampli?er, 
Which is monolithically integrated on the same substrate. 
After pre-charging, this device does not require any poWer 
during irradiation, and requires application of only a small 
bias (0.1V) to provide for read-out of a change in drain cur 
rent. A loW voltage poWer source such as a rechargeable cell 
or ultracapacitor or cell may provided for poWering of the 
read-out circuitry for real time read-out. 

Pre-charging circuitry, comprising a negative bias genera 
tor for programming the sensor, may also be integrated on 
chip. Preferably, the pre-charging circuitry may also be oper 
ated from a loW-voltage poWer source and comprises a 
negative bias generator comprising a charge pump. 

This architecture also alloWs for a sensor system, such as a 
system-on-package assembly, Which further comprises a 
Wireless transmitter circuit for encoding and transmitting a 
signal generated as an output signal from the signal process 
ing circuitry. Desirably, the transmitter circuit is integrated on 
the same substrate, for example, a package substrate, With the 
signal processing electronics for the read-out circuitry and a 
package antenna. For example, for bio-medical applications, 
the sensor may be coupled to a transmitter circuit, Which is 
operable for transmitting at a frequency in the 5 GHZ U-NII 
band, an international standard for biomedical applications. 
For Wireless operation, a sensor system may be provided With 
a rechargeable poWer source, preferably a miniature, radia 
tion transparent poWer source, such as a lithium polymer cell 
and/or an ultracapacitor, for poWering the signal processing 
and transmitter electronics. 

Another aspect of the invention provides a method of mea 
suring a radiation dose using a radiation sensor comprising a 
matched pair of FGMOSFETs, the pair comprising a sensor 
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FGMOSFET and a reference FGMOSFET each having simi 
lar channel Widths and channel lengths, and the sensor MOS 
FET having an extended area extension of the ?oating gate 
overlying a ?eld oxide layer, the method comprising the steps 
of: pre-charging ?oating gates of each of the sensor and 
reference MOSFETs to a predetermined value; exposing the 
FGMOSFETs to radiation and monitoring the differential 
channel current of the sensor and reference MOSFETS. 

Monitoring the change in differential channel current may 
comprise applying a bias, continuously or intermittently, 
betWeen the source and drain of each FGMOSFET, coupling 
the channel current output to signal processing circuitry com 
prising current to voltage converter and a differential ampli 
?er, and generating an output voltage indicative of radiation 
dose. Optionally the method comprises coupling said output 
voltage indicative of radiation dose to an input of an RF 
oscillator transmitter for encoding and real-time Wireless 
transmission of a signal indicative of radiation dose. 

Thus, embodiments of the invention provide a miniatur 
iZed, sensitive and reliable loW poWer radiation sensor, Which 
may be fabricated in standard loW-cost CMOS technology, 
Which may be more readily integrated monolithically With 
signal processing circuitry, and coupled With a Wireless trans 
mitter. 

These, and other features of the invention, Will become 
more apparent from the folloWing description, in Which ref 
erence is made to the appended draWings, illustrating 
embodiments of the invention, by Way of example only. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 shoWs a schematic cross section of a single 
FGMOSFET sensor, according to a ?rst embodiment of the 
present invention; 

FIG. 2 shoWs a top vieW of part of the layout of the 
FGMOSFET sensor shoWn in FIG. 1; 

FIG. 3 shoWs schematically FGMOSFET (FGRADFET) 
biasing during FG programming (pre-charging), using the 
charge injector structure; 

FIG. 4 shoWs a top vieW of the layout of part of a sensor 
comprising a matched FGMOSFET pair comprising a sensor 
FGMOSFET and a reference FGMOSFET, according to a 
second embodiment of the present invention; 

FIG. 5 shoWs a photomicrograph of the integrated circuit 
comprising a FGMOSFET sensor comprising a sensor 
FGMOSFET and a reference FGMOSFET, and a reference 
P-MOSFET, according to the second embodiment; 

FIG. 6 shoWs A) a photomicrograph and B) a schematic 
diagram of an integrated circuit comprising a FGMOSFET 
sensor comprising an interdigitated sensor FGMOSFET and 
a reference FGMOSFET, according to a third embodiment; 

FIG. 7 shoWs A) a photomicrograph and B) a schematic 
diagram of an integrated circuit comprising a FGMOSFET 
sensor comprising tWo FGMOSFET pairs connected in par 
allel, according to a fourth embodiment; 

FIG. 8 shoWs a schematic block diagram of a sensor sys 
tem, according to yet another embodiment of the invention, 
suitable for fabrication as a system-on-package (SoP) With 
integrated signal processing; 

FIG. 9 shoWs a circuit schematic for the sensor system 
comprising a FGMOSFET pair and signal processing elec 
tronics, as illustrated in FIG. 8; 

FIG. 10 shoWs a circuit schematic for a 3 stage high gain 
operational ampli?er as used for the embodiment shoWn in 
FIG. 9; 

FIG. 11 shoWs a photomicrograph of an integrated circuit 
chip comprising a sensor system such as that shoWn in FIG. 9, 
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6 
comprising as sensor and reference FGMOSFET pair, and a 
test structure, integrated With on-chip signal processing; 

FIG. 12 shoWs A) a circuit schematic of a charge pump 
implementation of a negative bias generator for programming 
(pre-charging) and B) a photomicrograph of a sensor chip 
comprising the integrated negative bias generator; 

FIGS. 13 and 14 shoW ?oW diagrams, for automatic one 
Way and tWo-Way programming, respectively, of the 
FGMOSFETS; 

FIG. 15 shoWs a photomicrograph of a substrate for a 
System-on-Package (SoP) implementation of a Wireless sen 
sor system, according to a further embodiment. 

DETAILED DESCRIPTION OF EMBODIMENTS 

A radiation sensor 1 comprising a FGMOSFET 10 accord 
ing to a ?rst embodiment of the present invention is shoWn 
schematically in cross-section in FIG. 1. A top vieW of part of 
the layout is shoWn in FIG. 2. The exemplary device structure 
1 may be fabricated using a standard 0.8 pm CMOS process 
(DALSA) With a single polysilicon layer. The FGMOSFET 
comprises a p-channel device fabricated on a silicon substrate 
12, in Which a ?rst device Well region (n-Well) 14 and a second 
device Well region (p-Well) 16 are de?ned, separated by ?eld 
oxide regions (FOX) 18. As shoWn in FIG. 2, source 20, drain 
22 and channel 24 regions of the sensor FGMOSFET 10 are 
de?ned in the substrate in the ?rst device Well 14. A standard 
thickness gate oxide layer 24 is provided over the channel 
region and a ?oating gate 28 is formed thereon, comprising a 
polysilicon layer (Poly 1). The ?oating gate 28 also comprises 
a larger area extension 30, provided by the ?rst polysilicon 
layer, Which extends over the ?eld oxide layer 18, and further 
comprises a portion 32 extending over the second device Well 
16, for coupling to a charge injector structure 34 formed in the 
substrate 12. The portion 32 of the ?oating gate 28 is isolated 
from the underlying structure 32 by gate oxide layer 24. Thus, 
instead of a conventional charging gate overlying the ?oating 
gate 28, the charge injector 34 comprises a substrate electrode 
in the form of a shorted pMOS, comprising a source 36, drain 
38 and channel 40 having a gate oxide layer 24 provided on 
the channel region 36, underlying a ?oating gate portion 32. 
The ?oating gate 28, including extension 30 and portion 32, is 
fully shielded by providing, an interpoly or ?eld oxide 41, an 
overlying thick dielectric layer 42, eg layers BPSG (boro 
phosphosilicate glass) or other suitable intermetal dielectric 
layers, together With an overlying electrostatic shielding layer 
44. In this embodiment, the shielding layer 44 is de?ned by 
Metal 3, rather than Metal 2, of the CMOS process, to alloW 
for an increased thickness of dielectric layer 42. The use of 
elevated Metal 3 increases the effective volume of the thick 
dielectric layer 42 for production of electron-hole (e-h) pairs 
during irradiation, thereby improving sensitivity. 
The purpose of the large area extension 30 of the ?oating 

gate is to provide a larger area for capture of radiation-gen 
erated charge from the thick FOX 18. Preferably, p-channel 
transistors are utilized for the sensor transistor due to their 
superior l/f noise performance as compared to the equivalent 
n-channel transistors. In this embodiment, these transistors 
have channel lengths (L) and Widths (W) of 4 um and 20 pm, 
respectively. 

In use, the ?oating gate 28 is charged by application of 
suf?cient voltage Vinj to the charging structure 34, as shoWn in 
FIG. 3, to initiate FoWler-Nordheim tunneling through the 
gate oxide 24 i.e. a tunnel oxide layer, to transfer charge to the 
?oating gate 28. Since the FGMOSFET 10 does not have a 
control gate as in a conventional RADFET, the radiation dose 
cannot be monitored in the conventional Way, i.e. by moni 



US 8,519,345 B2 
7 

toring a shift in threshold voltage Vth. Instead, the radiation 
dose is monitored by a change in channel current, i.e. by 
applying a small bias, i.e. ~0.1 V, to the drain 22 and moni 
toring the drain current I D as illustrated in FIG. 3. HoWever, I D 
is a strong function of temperature and therefore, temperature 
compensation is needed. 

To compensate for temperature dependence of the drain 
current, preferably the sensor FGMOSFET 10 is combined 
With a reference FGMOSFET 50, as shoWn in FIG. 4, to 
enable differential operation. FIG. 4 shoWs a top vieW of the 
FGMOSFET sensor 10 and a reference FGMOSFET sensor 

50. The sensor 10 and reference 50 FGMOSFETs are prefer 
ably a matched pair having identical respective source, drain 
and channel dimensions, i.e. channel Width (W) and channel 
length (L), but only the sensor FGMOSFET 10 has an 
extended area ?oating gate, i.e. the large area extension 30 
over the ?eld oxide (FOX) 18. This extension may for 
example be 100 um by 80 pm to provide a relative large area 
to enhance radiation capture relative to the reference 
FGMOSFET. Each FG MOSFET 10 and 50 has an adjacent 
charging structure in the form of a pre-charge injector 34 as 
described above. The relative dimensions the channel regions 
of the devices, and the relative dimensions of the ?oating gate 
28, ?oating gate extension 30 and charge injector portion of 
the ?oating gate 32 are represented schematically in FIG. 4. In 
use, the ?oating gates of both the sensor and the reference 
MOSFETs are pre-charged to the same value Vp before irra 
diation, and drain current ID is monitored during or subse 
quent to irradiation by applying a small bias of ~0.1V. 

This structure offers a number of bene?ts. An extended 
?oating gate over a thick dielectric, i.e. ?eld oxide (FOX) 18 
is provided to accumulate charges and increase sensitivity. 
Even in most advanced CMOS processes FOX is thick 
enough, e.g. 0.45 pm, to provide measurable sensitivity. 
Elimination of a conventional control gate reduces capaci 
tance to the ?oating gate for increased radiation sensitivity. 
The tunneling structure 34 used for the charge injector 34 
does add some capacitance to the ?oating gate, but it is neg 
ligible compared to a conventional poly-inj ector gate overly 
ing the ?oating gate. 

The metal shielding layer 44 and BPSG dielectric layer 42 
are opaque to UV light and thus, they preclude charging by 
UV light exposure. Instead, application of a charge via the 
charging structure 34, i.e. charging the injector gate adjacent 
the FGMOSFET, provides for programming or pre-charging 
quickly (in a fraction of a second) by applying suf?cient 
voltage for charging via FoWler-Nordheim (FN) tunneling. 
High ?elds provide for faster charging, but tend to lead to 
earlier Wear-out or breakdoWn. A high quality gate oxide, 
With loW trap density, and uniform thickness are preferred to 
avoid hot spots and premature breakdoWn. The relationship 
betWeen the FN tunneling current I?q is given by: 

Where Cl and E0 are constants, W and L are the Width and 
length of the ?oating gate of the [injector structure] device, 
and Eox is the electric ?eld across the gate oxide. 
A microphotograph of a dosimeter chip comprising sensor 

FGMOSFET 10 and reference FGMOSFET 50, fabricated in 
a standard thick oxide 0.8 pm (DALSA) CMOS process as 
described above is shoWn in FIG. 5. The FGMOSFET sensor, 
as illustrated, has large-area ?oating gate extension 30 (100 
pm by 80 um) over the ?eld oxide. Also shoWn is a standard 
pMOS reference 60, Which is included on the chip for reasons 
described beloW. The overall dimensions of the chip are 300 
um><400 um, including pads, including I/O pads 13 
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A sensor, according to a third embodiment, is shoWn in 

FIG. 6, Which shoWs A) a photomicrograph and B) a sche 
matic layout of a radiation sensor comprising a FGMOSFET 
pair that are similar to those shoWn in FIG. 4, but Wherein the 
sources, drains and gates, other than the large area ?oating 
gate extension 30, of the sensor and reference FGMOSFETS, 
comprise an interdigitated structure 70 to more effectively 
neutraliZe gradient effects and temperature variations across 
the chip. Each has a charging structure or charge injector 34, 
as described above. This embodiment provides for improved 
matching of component values to compensate for environ 
mental and process variations, particularly for differential 
operation. The design provided improved accuracy, precision 
and a loWer resolvable radiation sensitivity, because common 
mode variation Was ?ltered out more effectively and 
improves signal to noise ratio. HoWever, sensitivity Was 
observed to be slightly reduced relative to the embodiment 
shoWn in FIGS. 4 and 5. 
A sensor, according to a fourth embodiment, is shoWn in 

FIG. 7 Which shoWsA) a photomicrograph and B) a schematic 
layout of a FGMOSFET sensor comprising tWo pairs of sen 
sor and reference FGMOSFETs 1011/5011 and 1019/50!) con 
nected in parallel. Stacking of multiple sensors improves the 
sensitivity linearly With the number of stacked units. For 
example, the device shoWn in FIG. 7 With tWo sensor/refer 
ence FGMOSFET pairs in parallel, had an effective sensitiv 
ity of 1 5 .1 nA/rad (3 mV/rad) compared With 7.75 nA/rad(1.5 
mV/rad) for a single sensor/reference FGMOSFET pair 
shoWn in FIGS. 4 and 5. At the same time, 1/f noise of the 
individual units Will accumulate, Which increases the mini 
mum level of resolvable dose. 

In addition to radiation sensitivity, i.e. change in threshold 
voltage Vt relative to the radiation dose in rads, measured in 
mV/rad, other important RADFET parameters are long term 
fading and endurance, read-time stability, ?icker (l/f) noise 
and resolution. In the embodiments described herein, ?icker 
noise can be reduced by use of larger device channel areas, 
use of MOS fabrication process optimiZed for loW noise, 
and/or use of a buried channel FGMOSFET sensor structure. 

Charge stability is the tendency to lose charge immediately 
after programming and need for time to stabiliZe after charg 
ing. StabiliZed states are typically de?ned as less than 1% 
change in channel current per day. Stability of the sensor is 
dependent on the large volume of BPSG above the ?oating 
gate extension over the ?eld oxide. Stabilization of the device 
can be achieved by long-term storage 6 to 18 months before 
use, or sloW charging, eg in smaller increments 10 mV vs. 
100 mV, but these options may be impractical. A preferred 
approach is annealing for stabilization. This is a Well knoWn 
Way to remove trapped charges from BPSG. For example, 
annealing for 1 hour at 150 degrees Celsius. signi?cantly 
reduces defects and trapped charges. 

Advantageously, as mentioned above, it Was found that use 
of Metal 3 shielding rather than Metal 2 shielding, i.e. effec 
tively increasing the dielectric thickness above the ?oating 
gate for storing charge, also provided an increase in sensitiv 
ity. Sensitivity may be increased by using very large exten 
sions of FG structures, Which are grounded during fabrication 
to reduce processing damage, and post-processed to provide 
a large-area ?oating gate. 
The FGMOSFET architecture used in the embodiments 

described above provides for loW-poWer, loW-voltage opera 
tion, and facilitates fabrication using standard CMOS tech 
nology. High sensitivity of 7 nA/rad or 1.5 mV/rad at normal 
chip voltages, e.g. 1.2V, and operation at a loWer voltage With 
respect to other knoWn MOSFET sensors facilitates mono 










