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New Dual-Dielectric Gate All Around (DDGAA)
RADFET Dosimeter Design to Improve the
Radiation Sensitivity
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Abstract— In this paper, a radiation sensitive FET (RADFET)
dosimeter design (called the Dual-Dielectric Gate All Around
DDGAA RADFET dosimeter) to improve the radiation sensitivity
performance and its analytical analysis have been proposed for
RADFET dosimeter-based applications (monitoring, robotics,
medical sciences,...). Analytical models have been developed to
predict and compare the performance of the proposed design and
conventional (bulk) RADFET, where the comparison of device
architectures shows that the proposed design exhibits a superior
performance with respect to the conventional RADFET in term
of fabrication process and sensitivity performances. In addition,
Gentec Alg -based approach has been developed to optimize
(maximization) the sensor sensitivity. The obtained results make
the DDGAA RADFET dosimeter a promising candidate for
future integrated CMOS-based dosimeters.
RADFET,

Index Terms—dosimeter, irradiation,

sensitivity. Introduction

traps,

HE Gate All Around GAA MOSFETs have emerged as

excellent devices to provide the electrostatic integrity
needed to scale down transistors to minimal channel lengths,
and allowing a continuous progress in digital and analog
applications. In addition to a better electrostatics than the
conventional bulk MOSFET, the use of these devices have
advantages relative to the electronic transport, mainly due to (i)
the reduced surface roughness scattering because the lower
vertical electric field and (ii) the reduction of the Coulomb
scattering because the film is made of undoped/low-doped
silicon [1-5]. Design and modeling guidelines of GAA
MOSFETs have been discussed in previous work [2-5].
Employing this design for environment monitoring applications
(irradiation measurement) becomes more beneficial if the
device is made in vertical cylindrical recrystallized silicon due
to highly flexible process integration options. There have been
several reports of MOSFETS fabricated in recrystallized silicon
for high-density digital integrated circuits [5].

Radiation sensitive MOSFETs (RADFETSs) have been
focus of interest both from applications and fundamental
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research point of views. In electronic industry these devices are
considered as attractive alternatives for nuclear industry, space,
radiotherapy and environment monitoring applications due to
their reliability, low power consumption, non-destructive read-
out of dosimetric information, high dose range, and
compatibility to standard CMOS technology and on-chip signal
processing [6-8]. The main RADFET disadvantage is the
relatively low sensitivity. In this context, the submicron multi-
gate design may be considered as attractive alternative to
overcome this disadvantage because of the high electrical
performance and reliability provided by the multi-gate structure
in comparison with single-gate one. However, as
semiconductor devices are scaled into the deep submicron
domain, short-channel effects (SCEs) begin to plague
conventional planar CMOS-based devices. To avoid the
electrical constraints and improve the sensitivity performance,
a new design and enhancement of conventional (bulk)
RADFET become important. In this work, a new design of
RADFET called the Dual-Dielectric Gate All Around
(DDGAA) RADFET dosimeter, in which the manufacturing
processes and sensitivity performances will be greatly
improved, is proposed for deep submicron CMOS-based
dosimeter applications. The (DDGAA) RADFET dosimeter
design presented in this paper is basically surrounded dual-
dielectric layers (SiO2 and Si3N4) with low p-channel (Si)
doping concentration. The results showed that the analytical
model is in agreement with the 2-D numerical simulation over
a wide range of device parameters. The proposed structure has
been analyzed and validated by the good sensitivity and
electrical performance obtained in deep submicron regime in
comparison with the conventional (bulk) design.

This paper is organized as follows. In Section 2, we derive
an analytical interface potential distribution including
radiation-induced interface-traps. The threshold voltage shift
model can then be determined based on the interface potential
model. In Section 3, we investigate the performance of the
proposed design. The conclusions will be drawn in Section 4.

l. THEORY DEVELOPMENT AND MODEL DERIVATION

A. Interface potential analysis

Schematic cross-sectional view of the proposed (DDGAA)
RADFET dosimeter is presented in Fig.1l. The insulator
consists of a thermal oxide (SiO, ) grown on a (100) n on n+
expitaxial silicon substrate (channel), and a low pressure CVD
silicon nitride layer(SisN,) deposited on top of the oxide. Nps
represents the doping level of the drain/source region,
respectively. The channel region is bounded by source and
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Figure 1. Cross-sectional view of the proposed DDGAA RADFET design.

drain spacing at x= 0 and L, respectively, where L is the gate
length. With a negatively applied gate bias, holes generated in
the SiO, layer are transported and trapped at the SiO, /SigN,
interface producing a measurable threshold-voltage shift as it
is shown in Fig. 1.

The investigation reported in this work for gamma radiation
sources can also be applied qualitatively to other radiation
sources (protons, electrons, ...).

For deep submicron devices, the solution of 2D Poisson’s
equation satisfying suitable boundary conditions is required to
model the interface potential. Refer to Fig. 1, the 2D Poisson’s
equation for the channel region is given by

10( 0 o2 N,
?E(Va‘//(rvx)}ra?'//(r:x)— 2 1)

The boundary conditions for w(x,r) are found by satisfying

continuity of both the normal component of the electric
displacement at the (Si/SiO,) interfaces, and the potential at
the source/drain sides.

Using the same parabolic potential profile in vertical direction

[2] and applying the symmetry condition of a%r =0 for

r=0, we obtained the following expressions of 2-D channel
potential as

y(rx)=—Co Lg__ngﬂrz+(1+§%§i]w4x)—5i$iv;(2)

& 'tsi si 455|

where w (X) represents the surface potential (the potential at
the Si/SiO, interface),

with C,, represents the insulator capacitance
_2rngL . . .
(C = 1%1(1+2t1/t5i))’ t; is the silicon thickness, the

effective oxide and silicon nitride layer is defined as
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=t +t2% with t, is the thickness of the SiO,
2

(&, =¢,) layer and t, is the thickness of the SisN, layer
(&,).V,; is the junction voltage between the source/drain and
intrinsic silicon, V,; = (KT /g)In(Ny,s/n;), n,is the intrinsic
silicon density, Vg represents the drain-to-source voltage and
kis the Boltzmann constant. Vg* represents the effective
voltage at the gate which is introduced to simplify notations
and alleviate derivations for symmetric  structure
asV, =V —V,, , with V, is the flat-band voltage.

Substituting (2) in (1), we obtain the differential equation that
deals only with surface potential as

i () 1
o~ vs(x)=D; ©)

&g toer Lo . .
with 2 = S toer T gng p A No Ly
4.5, &g A

where A4 represents the natural length of the analyzed
(DDGAA) RADFET dosimeter. This parameter gives the
scaling capability (downscaling ability) of the device. D, is a
factor which represents the impact of the applied gate voltage
and channel doping on the surface potential.

The boundary conditions in channel and oxide regions (Fig.1)
are given as,

t

oxeff

Vs (X = O):Vbi (49)
‘//s(x = L):Vbi + Vs (4b)
Ve ~¥s 2
&, : = 1‘// v (4c)
t t

(continuity of the normal component of the electric
displacement at the interface SiO, /SizNy)
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where . represents the interface potential at SiO, /SisN,

interface which satisfies the continuity of the normal
component of the electric displacement at the interface
(Eq.(4c)).
Substituting (4c) in (3), we obtain the differential equation that
deals only with interface potential as

d’p(x) 1 .

e 2V (x)=D, (5)
. « gNp&,t,

with D,=a- and o= ,

? ﬂvgs Esi (82t1 + ‘91t2)

&bt

“ 7 (52t1 + gltz)

This resolution of this Equation allows us the calculation of

the interface potential without (before) irradiation.

In the case of RADFET under irradiation new term should be

introduced in order to include the radiation-induced interface-

traps effect [2]. So, the parameter D, can be written, in this
aN
&l
irradiation induced localized interface charge density per
square area. The second term in this expression represents the
impact of the irradiation induced localized interface charge
density on the interface potential.

Using these boundary conditions (Eqs 4a, 4b and 4c), the
surface and interface potentials can be, respectively, expressed

as
o sinh(;j — s sinh( le Lj
ws(X)=-A2D, + C (6)
sinh| —
%)
With ¢, =V, +2°D, and ¢ =V,; + A°D,

x &t « &4 X
X)= V.. + X 7
l//S ( ) 52t1 + ‘91t2 gs ggtl + Eltz ‘//S ( ) ( )

case, as, Dzza—ﬂvg*s— , with N, represents the

B. Threshold voltage shift model

Schematic cross-sectional view of the proposed
(DDGAA) RADFET The basic concept of RADFET
dosimeter is to convert the threshold voltage shift, A4V, ,
induced by radiation, into absorbed radiation dose, where
Ny =Vy, =V With V,, andV,,, represent the threshold

voltage after and before irradiation, respectively.
Based on the surface potential model given by Eq.(6), the
threshold voltage can be derived using the condition of the

minimum  channel  potential '//smin|v o =245, with

Veomin =Ws (Xmin) + Vg i the threshold voltage value, and P

represents the bulk potential of silicon body given as
¢s = (KT /q).In(Np /'ny) where K; represents  the
Boltzmann constant. The location of the minimum surface
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potential can be obtained analytically by solving OI":}I—S(X):O
X
[2].

The solution of the equation ., =2.¢, at low drain-

|Vgs =Vin

source voltage for long channel lengths (L>> 1) can be given
as
N
2Ag, + Vo + M sinh(l']+(vbi —Vds)sinh(Lj
&, A 21

-5l

with: A= &b~ &b B= &4
&ty &ty

(2A¢B + ﬂza)sinh(;j + (Vbi _Vds )SInh(;j

(- ZJo ()

From (8a) and (8b), the threshold voltage shift can be given as

N
R sinh[l‘j
&t A

Vin =

(8a)

(8b)

\/ﬁﬂ :\/th‘NfA):

AV, = (8¢c)
i , B). (L (L
PA° —— |sinh| = |—2sinh| —
A A 24
Il.  RESULTS AND DISCUSSION
A. Figures and Tables
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Figure 2. Variation of surface potential along the channel (b)

Variation of interface potential along the SiO2/Si3N4 interface for different
irradiation-induced interfacial traps densities with (Vy, = =9V V4 =1V,
L=100nm, t,=5nm , =39, =75,

t, =5nm , ty =20nm ,

Np =10%cm™).
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Figure 3. Threshold voltage shift variation against the irradiation-induced
interfacial traps densities for the conventional and DDGAA RADFET designs.
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Figure 4. Variation of threshold voltage shift in function of the absorbed
radiation dose for the conventional and DDGAA RADFET designs.

Figure 2 and 3 shows the variation of the calculated surface
potential (Figure 2) and interface potential (Figure3) along the
channel for a 100 nm DDGAA RADFET with different
interface charges densities at the bias condition Vgs =-5V and
Vds=1V. It can be seen that a shift (decreasing potential
barrier) in the potential profile along the channel, for both
surface and interface potentials, as function of the interface
charges densities. The shift in the potential profile screens the
region near the source end from the variations in drain voltage
and thus ensures reduction in short channel effect. In addition,
a good uniform increasing of the surface potential as function
of the interface charge densities can be observed in Fig.2a. This
surface potential behavior can provide a high threshold voltage
sensitivity against the interface charges densities ( ), which is
the main parameter which affects the RADFET sensitivity.
Therefore, the proposed design can provide a high sensitivity
performance.
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The RADFET radiation sensitivity S, given by [8,9]:

AV,
D

S= 9)

where D represents the absorbed radiation dose.

In Figure 4, the variation of DDGAA RADFET sensitivity
versus the absorbed radiation dose, D, has been compared
with conventional (bulk) RADFET. For both designs, the
output response of the RADFETSs is linear with absorbed
radiation dose. It is clearly shown that DDGAA RADFET has
higher sensitivity, S =95.45,4V /Gy, in comparison with

conventional RADFET design, S =30.684V /Gy . This means

that DDGAA RADFET has better electrical and scaling
performances in comparison with the conventional design. So,
our design provides a high sensitivity, better electrical and
technological performances in comparison with the
conventional structure. These results make the proposed
design as a promising candidate for CMOS-based dosimeters.

B. GA-based sensitivety optimisation

I1l.  CONCLUSION

In this paper, we compared new sensor design, DDGAA
RADFET, with conventional planar RADFET through 2-D
analytical investigation. A two-dimensional analytical analysis
comprising radiation-induced interface-traps effect, 2D surface
and interface potentials, threshold voltage shift and sensitivity
model for DDGAA RADFET has been developed. It has been
found that incorporation of the gate all around design leads to
an improvement threshold behavior while also enhancing the
gate controllability, and thus provides better performance as
compared to conventional planar RADFETs. The threshold
voltage shift behavior of the proposed design was more
effectively improved than those of the conventional planar
RADFET. Also, we confirmed that DDGAA RADFET had
advantages in CMOS scaling in comparison with planar
RADFET. Moreover, the DDGAA RADFET has a linear
sensitivity about in radiation dose ranging from D = 0 to
D=3000 Gy. With continued progress towards fabricating
RADFET-based dosimeters, it is possible to fabricate DDGAA
RADFET without much technological processes. Our
analytical analysis provides the incentive for experimental
exploration of the DDGAA RADFETs with around-gate and
cylindrical-channel aspects.
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