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1. Introduction

Nowadays high-temperature electronics is a very
important technology, especially for oil & gas, aerospace
and automotive industries. Micronic silicon-on-insulator
(SOI) CMOS technologies have proved to be the most
mature for the 200-350 °C range of operation [1]. In
particular, accumulation-mode (AM) SOI pMOSFETs
appear very promising for the design of analog circuits
operating in the wide temperature range (up to 350 °C)[1].
For developing these circuits, it is necessary to have an
AM SOI pMOSFET model that is continuous in all
regimes of operation, and derivatives of which are also
continuous ( C,, -continuous model). Such model has not
been developed yet for high temperatures. In this paper,

we present an extension to high temperatures of the room-
temperature models developed by B. Ifiiguez et al. [2, 3].

2. Model

As it is well known, the AM SOI MOSFETs feature
three possible conduction modes: conduction through
front and back accumulation layers (accumulation
channels) and that through the non-depleted portion of

the Si film, i.e., the quasi-neutral region (body channel)
[4, 5]. The AM SOI pMOSFET model [2] accounts only
two of these conduction modes, which are important
under typical circuit operation (see Fig. 1b): body
current and accumulation current, which appears when a
portion of the front surface is in accumulation. |.e., the
model is valid under the conditions, first, that the back
surface of the Si film is always depleted, there are no
mobile charge at the back interface and therefore current
does not flow at the back interface; and second, the body
current always appears in a central quasi-neutral region
of the film before front accumulation develops (i.e.,
when the gate voltage is swept to negative values in a
pMOSFET).

However, there also exists a special case of full
depletion of the AM SOI pMOSFET film by back-gate
bias and positive charge in the buried oxide (BOX),
which appears if the doping of Si film is low. This
special case can be handled using the equations similar
to the fully depleted (FD) SOI nMOSFET model [3].
This is justified because in both cases the Si film is
fully-depleted, and the conduction takes place in the
(accumulation or inversion) channel at the front Si/SiO,
interface [6].
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Fig. 1. Cross section of an AM SOI pMOSFET (a) and conduction in an AM SOI pMOSFET with the front surface partially

depleted, partially accumulated (b).

Therefore, for the first time we develop a high-
temperature model for AM SOI pMOSFETs based on
the room-temperature models for AM SOI pMOSFETs
[2] and FD enhancement mode (EM) nMOSFETs [3].

2.1. Overview of room-temperature AM SOI
pMOSFET model with body channel

A. Front surface depleted

The width of the body current path depends on the depth
of the depletion regions controlled by the front and the
back gates. The back depletion depth, Xg,, can be
assumed to be constant along the channel [4, 7] and
equal to

Esi

, J[_

Cob

2
Vo —V
j +2pg 2 0 (1)

aNa

The front depletion depth at a certain point of the
channel can be written as

2
{ ] +2€S1'

In (1) and (2), cy and Cg, are the front and back

and N,
permittivity and doping level, respectively, Vy and V,

Vgt —Vir —Ve
aN,

Esi

Cof

2

oxide capacitances, &g; are dielectric

are the front and back gate voltages, respectively, and
V. is the channel voltage in a given point of the channel.

Vi and Vi, are the front and back flat-band voltages.

We define the effective film thickness as
therr =t — Xgp, Where t, is the silicon film thickness.

Therefore, the body channel thickness at each channel
point is X, =ty e — Xgr - The mobile charge density in

the body channel is obtained as Qp. = ONyXy, . The

threshold voltage Vy, ¢ is defined at the minimum front

gate voltage that pinches off the channel at V; =0, that
is [7]

2
therrONg . therrONg

Vint =Vipr + e
Si

Cof

However, even when the whole silicon film is fully
depleted below the threshold, there is still a diffusion
current component (the subthreshold component) that
depends exponentially on Vg —Vy, ¢ [8].

To develop a unified model, we have to consider
both the drift (that dominates above the threshold) and
the diffusion term (that dominates below threshold) of
the body current. We define the effective potential i/ in
order to extend (2) below the threshold, so that the
resulting 0, is written as

V
Ooc = qNa tbt -

where tbt = tb,eff + gSi/COf , and ngt =ng _Vthf .

oft —

y 2«9&}% : 3)

a

Hence, (3) is a generalization of (2) in which we
have replaced V. by the effective potential  in order

to extend the validity of the expression of Q. into the
subthreshold regime. In the subthreshold regime, O
depends exponentially on Vg —Vy, ¢ [8]. So, v tends to
V. above the threshold, and in the subthreshold it tends
to a value that gives such dependence of Q.

Therefore, the relationship between y and Q. is

_L( O
aN,

&si
We write the body channel current as the sum of the
drift and diffusion terms

— ]d%c . “4)
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where uy, is the mobility in the silicon film, and
vy =KT/q is the thermal voltage.

Using (3) in (4), we obtain the following expression
of the body channel current when the front surface is
fully depleted:

|

(qgc,d - qéc,s)_ Vit (qbc,d - qu,S):| 4
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where Qpcs and Qpcq are the body channel mobile

charge densities at the source and drain ends,

respectively.
B. Front surface accumulated

When a portion of the front surface is in accumulation,
the accumulation charge density at a point of the surface
can be written as [7]

Oac = —Cof (ng ~Vigr —Ve)- @)

Writing the accumulation current as
lac =Witae(— Gac )dV, /dX (5 being the surface mo-
bility) and using from (7) dV¢ =dd,c/Cor We get

assuming the front surface is accumulated from source to

drain
1
{E (qgc,s - q;c,d )‘| ’

where Qcq and Qg s are the accumulation charge

W

lac =— Hac

3 ®)

densities at the source and drain ends, respectively,
obtained from (7).

When the front surface is fully accumulated,
neglecting the thickness of the accumulation layer, the
body current is written as

W
Ihend = _Tﬂquatb,efdes =
9)
NaOtp efr (
b SH KL (Qac,d ~Oac,s

).

where ‘bend’ index stands for ‘Body Current at Non-
Depleted front surface’, and Vyg is the drain-source

of

voltage.
C. Front surface partly accumulated, partly depleted

To develop a unified model, we have to assume that
there can be a portion of the channel with accumulation

at the surface (from the source, X=0, to a length
X=1L;, see Fig. 1b) and a portion with depletion at the
x=L). By
integrating the drift-diffusion equation from source to
drain, we obtain

surface (from X=L; to the drain,

L

L
I | gsOX = WJ‘ (—HacUac — ﬂquatb,eff )dVe +
0 0

(10)

L
+Wjﬂb(Vqubc — Opcdy).

L

To integrate, we make the following variable

changes: between X=0 and X=L; we can write
0V =ddac/Cor from (7). Between x=1L; and x=L ,
we can write dy =—1/¢&g;(QN5) —tp; )dqpe from (4). To
obtain an analytical solution, we assume that the
effective mobilities 4, and u,. are independent of the
position on the channel (as we will discuss below, f5¢
depends on the applied voltages).

We get
W 1 2 2
lg = Tﬂac{g(qac,s — O, p)‘| +
W NaQty o
+ T bL(qac, p— Qac,s)+
of
(11)
+ —_— —_— — —
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t 2 2
- %(ch,d - ch, p)_ Vi (qbc,d - qbc, p):|
&si

where Oy, and Oy are the quasi-neutral and

accumulation charge densities at X=L,;, respectively.
Therefore, Oy, =0 and Oye , = qNglp efr -
Eq. (11) can be extended to all the possible regimes

(including the surface accumulated from the source to
drain and that depleted from the source to drain)

replacing Qe by Gaeg and Gygp by Gps:

W 1
lg = T/lac[a (qgc,s - qgc,d )] +

W NaQtp e

+ Tﬂb e (qac,d - qac,s)+
of (1 11)
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When the front surface is accumulated from the
source t0 X=Lj, Oueq=0 and Qpcs=0Nytp o5, and

therefore, (11') gives (11). When the front surface is
accumulated from surface to drain,
Obc.s =Obc,d =ONatperr» and  (11')  reduces to
lgs =1lac+ lpeng @s it should. When the front surface is
depleted from the source to drain Queg =0yeq =0, and
(11") reduces to |45 =l g as it should, too.

Therefore, we can write |y4g =1z + lpcng + lbed
provided | 5., lpeng and g are written as (6), (8) and

(9), respectively. Please, note that this does not mean
that the total channel current is considered as the sum of
three components in parallel; in fact these two
components of the body current appear in series, but
they are not written as (6) nor (9), because one
component flows in a length equal to L; and the other

one flows in that equal to L—L;.

D. Continuous expressions

To further develop the unified single-piece model, we
need to approximate unified expressions for accumu-
lation and quasi-neutral (body) charges at source and
drain ends Cugs, Oacds Ghes> and Oheq, respectively, valid

from the subthreshold to total accumulation regime. We
introduced the effective potential y in (3) for that. As an

explicit expression, we use a suitable interpolation
function Ve instead of Vg =Vgq —y . Above the

threshold, when Vs =Vyy +\, this interpolation function
should smoothly give 0y = gNatp ofr- So, we have the

following expression for the quasi-neutral mobile charge

density:
Esi J

log(l + eXP[APS (1 —Vitieo /Vpe )])
log(1 +exp[Aps]) } 0

2

dfte
2 +1

\V/
O = qNa tbt - qW

a

(12)

and

Vitte =vp{1 -

where Ve =V —Vip s, Aps in (3) is a fitting

parameter that controls the transition from depletion to
diffusion of the depleted charge in an AM SOI
pMOSFET, it makes exp(Apg) >>1, and Vg is the

following interpolation function:
(14)

> 2
Vgtieo = NVr =40V ) + 4Vtreqp

where

ng—teoo = —nVT SNT lOg 1+

+ exp[ — (ngt —Ve ):| + eXp{
(15)

2nvy
Syt (<1) is the parameter that controls the transition

Vo

nVT SI%IT 2nV-|- SNT

from below to above threshold, V is a fitting parameter
that controls the magnitude of the body charge density

above the threshold, and n corresponds to the
subthreshold slope.

Above the threshold and below the flat band
(Vfbf +VC <ng <Vth f +VC ), ngteO >Vpe and
Vyite = Vgiteo =Vgit —Ve» as it should; below threshold,
still Vit >Vpe and Vgge =Vfe , but from (14) and
(15) we get that to the first order Ve 18 proportional to

( ngt _Vc
exp| ———

J; substituting (14) in (13) we obtain
nvy

from (12) that gy is, to the first order, proportional to
( ngt _Vc
exp| ———
nvy

Vyiteo <Vpe (note that for SOI pMOSFET Vpe and

J, as it should. Above the flat band

Vpe are both negative) and hence Ve =V and
Obc = ANatp efr > s it should.

In the expression for lpq (6), we calculate Qg and
Opeg from Egs (12)-(15) for V; equal to the source
voltage Vg and to the drain voltage Vg, respectively,

therefore |,y tends smoothly to the desired limits in the

different regimes.

The diffusion term — the latter term in Eq. (6) — only
dominates in the subthreshold regime. Due to intrinsic
overestimation in the calculation of ¢, by using
Eq. (12), which can affect the near-threshold regime, we
modify (6) by using, instead of V, the factor

_ VT
1= (Vytteo,s /Vr +Vefteo,d /Vr)
Vgiteo,d are calculated from Eq.(14) at \;=Vs and
Vo=V, Vg =Vr the
subthreshold, as it should, and it tends to zero above the
threshold. This modification improves the accuracy near
the threshold.
For the accumulation charge density, we present a

useful unified expression that does not require
interpolation functions more than those used to calculate

Ohes and Gpeg

Vro , where Ve s and

respectively. Therefore, in
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(16)

It is clear that (16) tends to the desired limits in all
regimes. Below the flat band Ve =Viiie9 and Gac =0

Above the flat band

Oac = —Cof (ngteO _Vgﬁe)'

Vyite =Vpe and

and, hence,

ngteO :ngt Vit —Ve
Oac = —Cof (ng _Vfbf _VC)’ as it should.

Calculating Oy¢g and Qg from (16) with V; =V5 and
V.=V, we get an explicit C_ -continuous model for

loc and lpeng . Therefore, | oo =1 + 1 g + 1 18

the expression of the total channel current in all regimes.

2.2. Second-order effects

Here we improve the model by including the second-
order effects such as vertical and lateral field effects,
channel-length modulation and series resistance [2].
Generally, influence of such effects is not very important
at the used channel length, but it could be noticeable at
large drain voltages (in the saturation regime), and
become much more significant with decreasing the
channel length. In this subsection, we describe briefly
the main second-order corrections used in the model [2].

A. Vertical field effect

In the above analysis, we have not considered the
degradation of the surface mobility along the channel.
However, we can keep the same equations using an
effective surface mobility ¢ oir Which accounts for
mobility degradation with the average normal field in the
accumulation channel. A useful expression for mobility
degradation is

Hac

Haceff =

where <E5f > = (Qac, s+ 0ac.d )/ 2¢gg; is the average field

along the channel of the normal in the accumulation
layer.
There is no degradation of the body mobility ),

since the normal field is low in the body region.

B. Lateral field effect

However, both the body and surface components of the
current are affected by the velocity saturation effect. We
assume that the drift velocity of charge carriers in the body

can be written as v = sy (dy/0dX)/(1 - 1 /[2Viq Jdw /dX)
if  dy/dx<2vgq /up and as  v=V, if

sat
dy /dx > 2V, / 4, , Where Vg, is the saturation velocity.

Following the same procedure as in Section 2.1, but
integrating the drift-diffusion equation from X=0 to

X=Lyr (Ler being the effective length where the

gradual channel approximation is valid, i.e.,
dy/dX < 2V, [ up ; we will define this length later), we

finally get the same expression of the body current
lbed + 1beng s in the Section 2.1, but with g replaced

by s/ (I—Vdse/VL,b ), where V|_p =2V Logy /1ty » and
Vyse 18 the effective drain-source voltage. Assuming the

same velocity-field relationship for the surface compo-
nent, |,. has the same expression as in Section 2.1, but

with 42, rteplaced by g fr / (1-Vyee /\/,_’ac), where
VL ac = 2Veat Letr / Hacefr -
Vyse 1s defined as an interpolation function that tends

in the saturation one:

\Y
s 18
togll + explAvs) } (49

to Vds in the linear regime and to saturation voltage
dsat
dse — Vdsat

where Arg is a fitting parameter that controls the

transition from the linear regime to saturation. In the

subthreshold, the effect of saturation velocity is
negligible and Vg should tend to zero.

The saturation voltage is defined as the drain-source
voltage, at which in the quasi-neutral region the carriers
travel at a constant velocity, the saturation velocity Vg .

It is obtained by equating the expression of |y to
I gs =VWeatONgtp o - In our case, it cannot be found

analytically, so we use a special approximation again,
valid in all operation regimes owing to the use of the
interpolation function (14)

I
ngteO,s ds|Vdse:ngteO,s

b
Viteo.s —V1r Wy &5; /ot

Vdsat :ngteo,s - (19)

where | g is the unified expression of the

| Vdse :ngteo,s
drain current at Vye =Vgpen s (that is, when ¢ 4 and
Oacq are negligible). Vg, tends to Vgues in the

subthreshold, which allows to get the desired expression
of Oy g, and above the threshold it tends to the desired

saturation voltage.

C. Channel length modulation

When the body conduction is in the saturation regime,
the channel length modulation effect has to be accounted
for. We write L.y =L—lg,, where |y, is the modulated

channel length:
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¢ +\/clz +C

lgat =g log T >

(20)

where € =Vgs—Vyse, C =lqVia/#Hp, and g is the

characteristic length that is considered as adjustable
parameter.
D. Seriesresistance

The effect of the series drain and source resistance is
included to the first order by a multiplication factor:
(21)

lg="frlg;>

where |q4; is the drain current expression without

accounting  for  the  series  resistance  and
fR = 1/(1"1‘ aRl + aRz) . where
W Qo s + Oy,
By = HMag e Cot R T(%ﬁmd] ’ (22)
Riot W
Ry = Hp —Ot_(CIbc,s + Opcd )’ 23)

2 L

and R, is the total parasitic drain-source resistance.

2.3. Fully-depleted AM SOI pMOSFET room-
temperature model

Here we consider the case of fully-depleted low-doped
AM SOI pMOSFET, deriving it from the FD EM SOI
nMOSFET model [3].

A. Overview of FD EM SOl nMOSFET room-
temperature model

The C, -continuous FD enhancement mode (EM) SOI
nMOSFET model [3] is based on the physical expression
for the mobile charge density in the front inversion
channel Q :

Qnf =Co NgVT|1- , (24)

where nNg is the subthreshold slope ideality factor, and

Q2 1s a special approximation function:

}

Qnf2 = —Cof NgVr Syt X

xlog| 1+ ! €eXx
g 45 p

4 exp Vgt —Vins — NV

Vot —Vint,i —NsVe

25
2NgVy )

)

In (25) the second term in the logarithm dominates in
weak inversion and the third one in strong inversion.
Here n stands for the body factor in strong inversion.
Syt controls the transition from weak to strong

inversion ( Syt <1). Vit being the front threshold

voltage which corresponds to a surface potential of
2¢p +V. (¢ is the Fermi potential). While this
threshold value appears in a weak inversion term of (25),
a different value is introduced in the strong inversion
term, Vi, ¢ , to take into account that the strong inversion

surface potential is always larger than 2¢g +V, by a few
vy . This capability to use two threshold voltages is an
advantage over other models, which have to artificially
overestimate the mobility degradation, especially for
moderate Vit » in order to account for the threshold

voltage increase from weak to strong inversion [9].
These two threshold voltages could be expressed as

Vinti =Vintoj —(N=DVgp and V¢ =Viyo —(N=1DVgp,
where Vo and Vi, could be considered as fitting

parameters or derived from other technology parameters.
The interpolation function (24) tends to the desired
physically proper limits in weak and strong inversion
and yields continuous expression for the current:
2 2

an d _an S

Id :ﬂn% VT(an,d _an,s)_— >

26
2NCys 26)

where 4, is the electron mobility, Q¢ s and Qy 4 are
the inversion charge densities at the source and drain
edges, calculated from (26) for V. equal to source
voltage Vg and to drain voltage Vg , respectively.

B. Customization for the case of FD low-doped AM SOI
PMOSFET

Therefore an explicit C,, -continuous model for FD EM
nMOSFET is obtained in previous subsection. Here we
demonstrate that it can be customized for the case of FD
low-doped AM pMOSFET by appropriate change of
voltage signs. Other device type dependent parameters,
such as surface potentials, zero for weak accumulation
and a few vy lower for strong accumulation, are fully

encapsulated in the two threshold voltages Vy,¢(; and
Vino, Which could be considered as fitting parameters

again, or calculated from technological parameters of
AM pMOSFET devices following [10]:

( _Vfbb

_ qNatb
2¢

ob

Vfbf +M _ﬁ
2¢C C

‘of of

thf 0,i —

j, (272)

Vato = 27b)

\/thf 0,i + nS¢Sa :
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Here cyy, is the capacitance of the film and the back

Cop = CoCob /(G + Cop)
Cp =é&gi/t, is the film capacitance, and ¢g is the

oxide in  series, where

surface potential of strong accumulation. Now we can
use Vipgi and V¢ in (25) with appropriate change of

signs.

The second-order effects are introduced similarly as
described in Section 2.2, for details please refer the
original paper [3].

2.4. Developing of high-temperature model
A. General temperature dependences

Due to the fact that the C_ -continuous model described

above was developed on physical principles and depends
only on physical parameters of the device, there is clear
possibility to introduce temperature dependences of all
the parameters. Temperature dependences of all the main
parameters of AM SOI pMOSFET (intrinsic carrier
concentration Ny, bandgap width Eg, mobility u , etc.)

are well-known [11]. However, this is not enough to
develop the high-temperature model, because some
assumptions of the described above model are not valid
at high temperatures.

B. Subthreshold slope at high temperatures

The main problem is that the potential distribution in the
film at high temperatures differs significantly from the
potential distribution at room temperature, and the
charge-sheet model approximation which is used in the
C,, -continuous models [2, 3] described in the previous

sections becomes inaccurate [12]. As a result, we have
considerable disagreement between the model and
experimental curves in the subthreshold and off-state
regions, while off-state currents at high temperatures
becomes extremely large and can influence the normal
operation of devices, so proper modeling of them is
necessary. The models like [2,3] described above
predict linear behavior of the subthreshold slope
dependence upon temperature, while our experiment
states that this dependence is highly nonlinear. This was
explained using numerical simulation by prevalence of
diffusion component of current [12]. Instead of
numerical simulations, we used an empirical dependence
extracted from experimental data: a combination of 3rd
power polynomial and exponential dependences (see
Fig. 2):

S=Ce P, c,T? +CiT +Cy, (28)

with the coefficients C, =241V
C,=-407-10°Vv'K?, C;=-001V'K™" and
C,=-223V"

C. High-temperature off-state currents

We consider two components of the off-state leakage
currents in the accumulation mode p-channel device:
current due to the thermal generation in the body film
bulk (diffusion current) and current due to the thermal
generation in the drain-depleted body film region
(generation current).

The diffusion component is expressed as [11]

2
_eVn/vr )ﬂtb w , (29)

| =1\l
osd ﬂbT( N, ° L

where L. is the diffusion length (or the effective device

length if the latter is shorter). As it was showed
previously [12], the total carrier density responsible for
the diffusion component in the case of accumulation
mode p-channel devices is the same as in the case of the
enhancement mode Nn-channel ones, so we used common

2
approximation for minority carrier density e

a
The generation current in the depleted region of the
body near the drain is expressed as [11]

n.
LRV

IO%
g

(30)
where

e ‘/lr{&j_qv_o_ Jh{&) e
Ng n; Vr n

L; stands for the depth of depleted region near the drain,

where the thermal generation rate is maximal and
outside of it the rate is negligible, 74 is the generation

lifetime.
Therefore, the total off-state current is

|off:|osd+|osg' (32)

T T T T T T T T T T T
I symbols - experiment
line - empirical model:
S =2.41exp(T/300)-4.07x10°T° - 0.01T-2.23
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Fig. 2. Empirical dependence of the subthreshold slope upon
temperature derived from experimental data.
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3. Results and discussion

3.1. Fully-depleted AM SOI pMOSFET room-
temperature model

The obtained model was validated using experimental
data, obtained for AM SOI pMOSFET devices,
fabricated on UNIBOND material in DICE, UCL
(Belgium). The devices possessed the following
parameters: the front gate oxide, film and BOX
thicknesses were 308, 889 and 4000 A, the channel

doping was 2x16' cm™ only, and the channel length

and width were L W 20 um. Temperature
measurements were performed up to 300 °C. Due to low
doping of the Si film, we have the case of fully-depleted
AM SOI pMOSFET.

Using the model, it is possible to find values of
device parameters by fitting the model curve to
experimental data. For this aim, the method of Fast
Simulated Diffusion was used [13], especially developed
for resolving of multidimensional minimization
problems like MOSFET modeling is. The found values
of main parameters at room temperature are shown in
Table. The model also accounts the effect of decreasing
the device length and width during technological
processes of device manufacturing, i.e., doping of the
source and drain region and forming the side oxides. The
appropriate corrections, lateral diffusion length for the
channel length, and diffusion width for the width were
determined and listed in Table.

In Fig.3, we demonstrate the comparison of the
experimental and model curves of the transistor transfer
characteristics ( 14V ) at room temperature both in linear

(drain voltage Vg =—0.05V, see Fig. 3a) and saturation
(Vgs =2V, see Fig. 3b) regimes of operation for

different back-gate bias voltages. In Fig. 4, we compare
the same curves in the logarithmic scale to see the results
of modeling in the subthreshold region. It is clearly seen
that the model shows a good agreement with

I
w

g
T

n

| Backgate
voltage

Drain current (mA)
5

o
n

5 symbols - experiment
lines - model

o
o

1 n 1 n 1 n 1 n 1 n 1 n 1
-3.0 25 20 -15  -1.0
Front-gate voltage (V)

-3.5

measurements in all the regions from subthreshold
(Fig. 4) to above threshold voltages (Fig.3) both in
linear and saturation regimes.

Table. Determined values of MOSFET parametersand
their temperatur e dependences.

Parameter

Room-temp.
value

Temperature dependence(11)
(parameters refitted)

Weak accumulation
threshold voltage,

Vi v
th0,i ’

-0.38

=V 41073 (T =Toom)

V, .
th0,i tho,i

Strong
accumulation
threshold voltage,

r
Vtho v

-0.41

the same

Hole mobility,
m*/(V-s)

- in accum. channel,

Haco

0.0211

H=Hy (T/Troom )71.6

- in body channel,

Hpo

0.0291

Field mobility degr.
factor, oo, m/V

1.65x107%

ap =0t (T/Troom )72.05

Lateral diffusion
length, I, ,m

8.68x1077

Diffusion width,
Wy, m

1.16x107°

Source/drain series
resist., Ry, Ohm

220

Saturation rate,
Vsat0 » /s

8.0x10*

1+0.8exp(1/2)
1+0.8exp(T /2T,

Vsat0 )
room

Veat =

Characteristic

length, |4, m

2.09x107

Generation lifetime,

Tgo,S

0.9x1077

£ =10"3T24 cosh(1.13x10/T)

Recombination

lifetime, 7, ,s

0.1x107°

Tr =Tro (T/Tmom )2‘7

70 b
60 -
50 -

40

Drain current (mA)

| Backgate
voltage

-2V

-0.05V
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Drain
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Front-gate voltage (V)

Fig. 3. Results of modeling the transfer characteristics ( 14V ) at room temperature for various back-gate biases in the linear (a)

and saturation (b) regimes.
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Fig. 4. Transfer characteristics ( 14V ) at room temperature for

various back-gate biases in the subthreshold region.

In Fig.5, we compare the model and measured
output characteristics (1 4Vy ) at room temperatures. One

can observe a good agreement for all the regimes of
operation, from the linear to saturation ones.

3.2. High-temperature simulations

With regards to the main result of this work, i.e.,
modeling the high-temperature @AM  MOSFET
characteristics, the temperature dependences of the main
model parameters are presented in Table.

Fig. 6 shows a comparison of the measured and
model 143Vy curves for AM SOI pMOSFET at high

temperatures. As one can see, modeled characteristics
show a good agreement with experimental results in the
wide range of temperatures (from the room temperature
up to 300 °C) in linear (Fig. 6a) and saturation (Fig. 6b)
regimes. A very important feature for analog design, i.e.
the zero-temperature coefficient (ZTC) point,
corresponding to a constant |4Vy bias point with

temperature, is particularly well modeled, too.

T T T T T T T
0000000000006000
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E s Frontgate voltage OV
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=
[
5 °r ]
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1 N 1 " 1 " 1 " 1 " 1 " 1
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Drain voltage (V)

Fig. 5. The output characteristics ( 14V ) at room temperature
for zero back-gate bias.

The same characteristics, depicted in the logarithmic
scale in Fig. 7a, show the behavior of the model curves
in the subthreshold and off-state regions. As one can see,
the subthreshold swing dependence upon temperature is
very good. The model curves exhibit smooth transition
between all the regimes of operation (from the off-state
through subthreshold to the above threshold region).
Also, the off-state current temperature dependence is
correctly modeled. In Fig. 7b, we have more vivid
picture of this dependence. The model curves demon-
strate proper quantitative and qualitative description of
the off-state current dependence upon temperature. As it
should be expected, we have significant difference
between the saturation and linear off-state currents at
low temperatures, which is explained by increasing the
generation current (30) at high absolute values of the
drain voltage, because of increasing the depth of the
depleted region near the drain [see Eq.(31)], where
generation takes place. At the same time, the diffusion
component of the off-state current (29) tends to saturate
with the drain voltage. Concerning the temperature
dependence of both components of leakage current, the
generation component (30) increases with temperature as

n; (T), while the diffusion one (29) varies as niz(T ). At

T T T
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Fig. 6. Transfer characteristics ( 14V ) at high temperatures for

zero back-gate bias in the linear (a) and saturation (b) regimes.
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Fig. 7. Transfer characteristics ( I4Vg ) at high temperatures for

zero back-gate bias in the subthreshold region (a) and the off-
state current Vs temperature (b).

high temperatures the diffusion current increases
significantly, and it becomes the dominant component of
the leakage current. Therefore, the difference between
off-state currents in the saturation and linear regimes
caused by the generation component becomes slighter at
high temperatures, as clearly seen from Fig. 7b. The
same feature of leakage current behavior at high
temperatures was reported previously [12].

In Fig. 8a, comparing the experimental and model
threshold voltage dependences upon temperature is
presented. The experimental values of the threshold
voltage were obtained from the experimental |4V

curves by using the 2™ derivative method [14] (simple
illustration of the method is depicted in Fig. 8b). Model
curves are straight lines according to the chosen
dependence of the threshold voltage upon temperature,
and taking the dispersion of experimental values into
consideration, model curves show a good coincidence
with the experimental ones (Fig. 8a).

The important analog parameter gp,/ly (9, being

the transconductance g, =dlq /dng) for different
temperatures is plotted in Fig. 9. When the value of
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Fig. 8. Comparison of the experimental and model

dependences for the threshold voltage upon temperature for
zero back-gate bias (a) and an illustration of the 2" derivative
method for determining the threshold voltage (b).

Om/lq is the largest ones, the maximum voltage gain of

a MOSFET is obtained [7]. As Fig.9a shows, the
maximum of this parameter is getting lower with
increase of temperature, due to the degradation of
subthreshold operation, which infers that the maximum
voltage gain of the device is significantly decreased.
Nevertheless, when biasing the devices at the ZTC point,
to maintain constant bias with temperature for analog
circuits such as amplifiers [15], we observe and correctly
model a much reduced degradation of the gn,/lq4
coefficient with temperature (Fig. 9b).

The gate-source intrinsic capacitance
(Cys=—0Qq / dVg ) measurements at the temperature

300°C compared to the model curves are plotted in
Fig. 10. Experimental data were taken from the data for
the transistor with the front gate oxide, film and BOX
thicknesses of 550, 1000 and 4200 A, the channel

doping of 8x 10'%cm™ , and with the channel length and
width of 20pum [4]. There is also a good agreement

through all the regimes for different values of the drain
voltage.
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Fig. 10. Gate-source intrinsic capacitance (Cgs Vs Vg ) at the
high temperature (300 °C).

4. Conclusions
The high-temperature AM SOI p-MOSFET model has

been developed in the paper. The model is based on the
approximate  C_, -continuous expressions of the

accumulation and quasi-neutral charge densities. The
obtained agreement between the model and experimental
data for AM SOI p-MOSFET characteristics is very
good. We specifically developed new formulations for
the subthreshold slope and off-state currents. The model
works properly in all the operation regimes including
subthreshold and off-state conduction in the range from
the room temperature up to 300 °C. A smooth transition
between different operation regimes, as well as proper
modeling the AC and DC MOSFET characteristics
(ZTC, transconductance-to-drain current ratio, intrinsic
capacitances) is demonstrated, which allows to use the
model for high-temperature analog circuits simulations.
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