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ABSTRACT

This paper presents charge-based continuous equations for the transconductance and output con-
ductance of submicrometer Graded-Channel (GC) Silicon-On-Insulator (SOI) nMOSFET. The effects
of carrier velocity saturation, channel length modulation and drain-induced barrier lowering were
taken into account in the proposed equations. Experimental results were used to test the validity of
the equations by comparing not only the transconductance and the output conductance, but also the
Early voltage and the open-loop voltage gain, showing a good agreement in a wide range of bias.

Index Terms: Graded-Channel, SOl MOSFET, Transconductance, Output Conductance, Device

modeling.

1. INTRODUCTION

The significant advantages of fully depleted
SOI MOSFETs over conventional bulk ones has made
it a good alternative for low-power low-voltage appli-
cations due to their steeper subthreshold slope,
reduced body factor and larger drain current [1].
From the analog design point of view, the SOI tech-
nology provides improved performance in terms of
gain and frequency, due to the reduced junction
capacitances provided by the buried oxide layer and
the larger transconductance (g,,). Also the ratio
between transconductance and drain current (g, /Ipg)
is appreciably improved in FD SOI devices due to the
reduced body factor [2].

The Graded-Channel (GC) SOI nMOSEET is
an asymmetric channel device that has been proposed
and demonstrated to improve the SOI MOSFET ana-
log characteristics [ 3, 4]. In this device, the threshold
voltage ion implantation is performed at the source
side only and the remaining channel is kept with the
natural wafer doping concentration. This lightly
doped region presents negative threshold voltage, and
in a simplistic way, can be understood as an extension
of the drain region for positive values of applied front
gate voltage (Vggp), reducing the effective channel
length (L= L-L;p, L being the mask channel length
and L; , the length of the lightly doped region, as pre-
sented in figure 1).
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This channel engineering provides several
advantages over the conventional SOI transistor,
mainly for analog applications, such as enhanced drain
breakdown voltage, larger transconductance, reduced
drain output conductance (increasing the Early volt-
age) and improved breakdown voltage [3-5]. This
potential of GC devices for analog applications has
already been demonstrated in operational transcon-
ductance amplifiers [5] and current mirrors [6].

Aiming to explore the potential of this asym-
metric channel device for the design of analog circuits,
an analytical charge-based continuous model has been
proposed for the simulation of DC characteristics of
GC SOI devices, allowing accurate analog circuit sim-
ulation in all regimes of operation [7]. Despite good
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Figura 1. Cross-section of a Graded-Channel SOl nMOSFET.
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agreement with experimental results was attained for
the transconductance (g,,) and output conductance
(gp), in this model the derivatives of the drain current
(Ipg) were obtained numerically. However, from the
analog design point of view, the development of ana-
lytical continuous explicit expressions for the
transconductance and the output conductance would
be useful for design purposes.

In this work we present continuous charge-
based analytical equations for the transconductance
and output conductance of short-channel GC SOI
nMOSFET, valid from weak to strong inversion. The
equations include effects of channel length modula-
tion, velocity saturation and drain induced barrier
lowering. Experimental results were used to test the
resulting expressions, achieving a good agreement.

2. GC SOl CHARGE-BASED CURRENT MODEL

Considering a steep transition of the doping
concentration at the boundary of highly and lightly
doped regions of the channel, the GC SOI transistor
can be interpreted as a series association of two uni-
formly doped SOI transistors, each representing one
part of the channel — highly doped (HD) and lightly
doped (LD), as proposed in [8]. Therefore, as pro-
posed in [7], the GC SOI drain current (Ipg) can be
obtained computing that of a conventional SOI tran-
sistor [9] corresponding to the highly doped part of
the channel and including short-channel effects such
as mobility reduction, channel length modulation and
carrier velocity saturation (equation 1). This channel
region acts as a main transistor, whose drain voltage,
Vp.up» is a fraction of the drain bias, Vp, applied to
the GC structure, and is dependent on the character-
istics of both regions.

w
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where W is the channel width, L.gr is the effective
channel length, equal to L — L; , — AL — L,, (AL is the
lateral diffusion length and L, the length of the satu-
rated region), Vpgp is the main transistor effective
drain voltage, v, is the saturation velocity, v is the
thermal voltage, n is the body factor, C_ is the gate
oxide capacitance per unit of area, w, is the inversion
layer mobility, given by equation (2), as in [9].
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where a is the scattering constant, u, is the low-field
mobility, which accounts for the mobility dependency
on doping concentration and E, ¢ is the average nor-
mal field in the channel, given by

5, -2t (5 Vi)I2 o (O +0)2
’ tSi 2£Si
where
BE __ Qdepl I + ] _ VGB
2 Co.\'thi ] + CSi Coxb (I + CSz' /Co.\'b )loxb

and Qgepi=-qN,tg; (N, is the doping concentration, tg;
is the silicon film thickness), t,, is the buried oxide
thickness, Cg; and C,,;, being the silicon film capaci-
tance and buried oxide capacitance per unit area,
respectively.

In equation (1), Qpup and Qgyp are the
inversion charge densities at the drain and source
edges of the highly doped region, given by

(3a)
where
-0 ./(2C..
Q,,Z)HDZ = —C, Sy, -ln[] + ’Qo_(sz) ef g e“l
nvpSyr
(3b)

and i=D for charge density at the drain edge and i=S at
the source, Syt (<1) is a fitting parameter that controls the
transition between weak and strong inversion regimes,
Vor = Vg =nV(y) Vor = Vg —nV(y)
2nv, 2nv, Sy, >

KI= and K2-=

where V(y) is the channel potential drop, equal to Vg
and Vg, respectively, aty = L— Ly and y = 0, Ve and
Vi being the equivalent threshold voltages in strong
and weak inversion regimes, Q, the inversion charge
density at Vgp = Vg [9] and Vi the applied front
gate voltage. The Vg voltage, which corresponds to
the drain voltage that effectively reaches the so-called
“virtual” drain of the highly doped part of the chan-
nel [4], can be calculated as

_ Vo
Zn[] + exp( A ( 1 VDSAT)
I 1+ exp(Ag)] (4)

VD = ‘/DSAT - VDSAT

where Apg is a fitting parameter that controls the
transition from triode to saturation regions, Vpgar is
the saturation voltage and Vp, yp, is the potential drop
on the highly doped region, obtained as a function of
bias, geometry, threshold voltage and mobility of both
channel regions, as proposed in [7].
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3. TRANSCONDUCTANCE AND OUTPUT
CONDUCTANCE EQUATIONS DEVELOPMENT

Although analytical charge-based continuous
expressions for the transconductance and output con-
ductance of FD SOI MOSFETs have been proposed
in [9], they are valid only for long-channel devices.
According to this work, after including short-channel
effects in the SOI charge-based model, simple analyt-
ical expressions cannot be applied to obtain the deriv-
atives of the drain current, making the differentiation
of Ijpg more convenient. Therefore, in this paper, we
have obtained analytical expressions for the transcon-
ductance (g,,) and output conductance (gp) of GC
SOI devices, by analytically differentiating the drain
current of the main transistor (equation (1)) with
respect to Vgg or Ve

dl,s _ W M, x
v, Ly j. Vo Ky
Lpff vS(ll‘
QD, HDdQD ,HD _ QS,HDdQS,HD
v A0ppp  AQsmp | _ dv, dv,
! dv\ d‘/\ n Co.xf
d dav, d,
ﬁ — _DE ‘U." + U, VDE
L v, _w, | av "y,
L u, L.v 2
eff I + V eff © sat ‘u’”
e eﬁ‘vsm‘ ] + VDE v
‘eff ¥ sat

X VT(QD,HD - QS,HD) _M}

2nC,;

(5)
where V, is equal to Vg for the transconductance
equation and Vp, for the output conductance. It is
worthwhile noting that, in the above equation, the
effect of the GC structure over the effective drain
voltage the inversion charge density at the drain edge
of the main transistor is considered by means of
Qp pup- As can be seen from equation (5), g, and gp,
are function of the mobility, effective drain voltage
and inversion charge density derivatives, being the last
one given by equation (6). In this equation, one can
note that the derivative of Q; yyp with respect either to
Vg or Vp, is expressed as a function only of the deriv-
atives of K1 and K2.
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(6)
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A. Transconductance

It can be numerically verified that the term

-1

u, . . .

I+ Vpp—— in the drain current equation has
effvsnt

a small impact on the derivative of the term

w U,

Ly 1+ VDFL

Vs

Therefore, its derivative with respect to Vg has been
neglected. As a result, equation (5) turns to equation
(7), to obtain the transconductance of a GC device.

when the drain voltage is kept constant.
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On the other hand, d‘f'HD is obtained with

GF

v, Vs

dK1 dv,, ,dK2 " av,
v~ om, and v oS, that are dependent

on the derivative of the effective drain voltage of the
highly doped transistor (dVpg/dVgE)), which will be
shown below and includes the effect of the saturation
voltage (Vpgat) due to carrier velocity saturation.
However, the derivative of Vi (which is a function of
Vpsar, that is a mobility-dependent parameter) depends
on the term A, which in turn is a function of the deriv-
ative of Qp pyp- In order to make the model explicit,

L Wy w1
we have used the approximation &V, = av, nc, t©

estimate the term A [9] and afterwards we obtained a
new and more accurate expression for the derivative of
Vpg (equation 8).
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As mentioned before, the parameter Vp, g, is
the voltage drop across the highly doped part of the
channel. Although this parameter can be calculated as
proposed in [7], its derivative results in complicated

equations, and it has been approximated to [10]
|18

WLy (Vor un)
W.rp Leﬁ‘ (VGT, )

VD,HD =

1+
)

where w,; p is the mobility of the lightly doped region,
and Vgrj=Vgr — Vi is the gate voltage overdrive of
each channel region (j=HD for highly doped and
j=LD for lightly doped). Naming C = w,L;pVermp
and D= w,;pL.gVerip > the differentiation of equa-
tion (9) with respect to Vg leads to

d
+C- [ L.V W p 4 Le/j T
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_VD{D’ |:LLDV;7T,HD_ +Lpu,
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being - calculated using the same expression
GF

applied for % , replacing uw, and o, which are
GF

doping-dependent, by their respective values for

the lightly doped region and considering

dQS ,LD dQD’LD

=-nC,
av., oy and av.,

=0 (see [9]).
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B. Output Conductance

Differently from the differentiation of Ig with
respect to Vg, varying the drain bias, the derivative of

ALL n
U,

‘eff vsar

w
the term |—
of 1+ V.

has a great influence on

the value of gy, and has to be considered when differ-
entiating equation (1) with respect to V. As a result,
the output conductance of GC SOI devices can be
expressed by equation (5), replacing V, with Vy,.

The differentiation of the inversion charges
with respect to Vp is similar to the differentiation with
Ve- However, in this case, the effect of drain induced
barrier lowering (DIBL) must be included, through
the parameter 6 (Vs = Vipp — 0Vp, Vi being the
threshold voltage of a long-channel transistor).

e Oy K o

Therefore, the term av, calcu ated wit @, and

K2 o In 40p dKkl 1 dVpe| and
= . b) —=—|0-n

vy, 2nv,8y, dv, dv, 2nv; av,

dK 2 1

_ [G_n vy ] . Once again, the derivative
dv, 2nv.S,, dv,

of the inversion charge density at the drain is depend-
ent on the effective drain voltage Vg, which includes
the effect of saturation velocity and can be obtained
through equation (6). Again, Vp yp was simplified
through equation (9), resulting in

dVD,HD = ]+ MHLLD(VGT,HD) (11>

dVD Au 'nLD Leﬂ (VGT, LD )

Both equations, for g, and g, are valid for any
bias condition of the GC operation and result in very
accurate expressions for the transconductance and
output conductance of GC devices, without the need
of obtaining drain current curves, as will be shown in
the next section.

4. RESULTS AND DISCUSSION

The proposed set of equations was verified
against experimental measurements of fabricated GC
SOI nMOSEFETs. Starting from a SOI wafer with dop-
ing concentration of 1015 ¢m3 and buried oxide
thickness of 390nm, devices were fabricated with a
30nm-thick gate oxide in a silicon layer with final
thickness of 80nm. The threshold voltage ion implan-
tation led to a body concentration level of about 1017
cm3. The measured devices have channel width of
18um, length of 0.5um and 0.8um, and different
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L;p/L ratios. A conventional SOI device with
L=0.5wm has also been measured for comparison pur-
poses. The measurements were performed using a
HP4145B semiconductor parameter analyzer and
long integration time. The relation L;,/L has been
experimentally obtained from Ipg versus Vpg curves,
according to the procedure described in [4]. By using
the proposed model, devices with the same dimen-
sions and doping concentrations of the measured ones
were simulated. For all performed comparisons, the
required model parameters were obtained as present-
edin [7].

Transconductance curves are presented in fig-
ure 2 as a function of the gate voltage overdrive (Vgr)
with applied Vpg of 0.1V and 1.5V for GC SOI
nMOSFETs with L=0.5um and L;p/L=0.16, 0.29
and 0.53, which correspond to effective channel
lengths of 0.42, 0.35 and 0.24um, respectively.

As illustrated in figure 2, the proposed equa-
tion is able to describe the increase of maximum g,
and its larger degradation reported in [4] as L;p/L
increases. Besides, one can note that the g, calculated
using the proposed equation (lines) agrees very well
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Figure 2. Measured (symbols) and modeled (lines) transconduc-
tance as a function of the gate voltage overdrive for 0.5um-long
devices.
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with the experimental results (symbols), both in triode
(A) (Vps=0.1V) and saturation (B) (Vpg=1.5V).

By using the proposed gp equation and numer-
ically differentiating the measured drain current
curves as a function of drain bias of GC devices with
L=0.5um, the curves of the output conductance were
obtained, varying the L;p/L ratio with Vgr of
200mV (figure 3A). From the presented curves one
can note the reduction of g provided by the channel
engineering in comparison to the conventional tran-
sistor. Even the device with L;,/L=0.53, which suf-
fers from short-channel effects (L =0.24um), pres-
ents smaller g than the conventional transistor.
Figure 3B presents the output conductance obtained
varying the gate bias for a 0.5um-long GC device with
L;p/L=0.28, which emphasizes the capability of the
proposed equation to describe gp in a wide range of
bias, from weak to strong inversion, except in the
region where the parasitic bipolar transistor starts to
act, which was not in the scope of this work and usu-
ally is not a region of interest for analog circuits.
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Figure 3. Measured (symbols) and modeled (lines) output con-
ductance as a function of drain voltage, for 0.5um-long devices,
at Vgt of 200mV (A) and at different Vg1 for a GC device with
L, p/L=0.28 (B).
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After validating the proposed equations by
comparing the transconductance and output conduc-
tance curves, important parameters for analog applica-
tions were also obtained. The transconductance over
the drain current (g, /Ipg) ratio is an important
parameter for analog design, since is marks the tran-
sistor efficiency of converting bias current into
transconductance. Figure 4 presents the comparison
between g,,/Ipg as a function of the scaled drain cur-
rent (Ing/W/Lyp) obtained through measurements
(symbols) and the equation developed in this work
(lines) for 0.8um-long GC transistors with
Lip/1L=0.27 and 0.39 (effective channel length of
0.58 and 0.49um, respectively), obtained at
Vps = 1.5V. For the case of the modeled results, the
drain current was obtained through equation (1),
with Vpg calculated as proposed in [7]. The present-
ed results stress the continuity of the proposed equa-
tion in all regions of device operation.

By using the calculated gy, presented in figure
3A, and the drain current obtained through the model
proposed in [7] (equation 1), the curves of I,g/gp, as
a function of Vpg (which, in the saturation region,
represents the Early voltage, Vi,) were plotted and
are presented in figure 5. Besides the good matching
between modeled and measured results, one can point
out the improvement on the Early voltage provided
by the presence of the lightly doped region near the
drain. In the worst case (L;p/L=0.53) there is an
improvement of about twice in the value of Vg, in
comparison with the conventional device.

Classically, the intrinsic voltage gain (Ay) of a
single transistor is given by the ratio &m /g [2]. From
the available experimental curves, the values of exper-
imental gain were obtained for the 0.5um long GC
SOI transistors at Vpg=0.8 and 1.5V with V=200,
500 and 800mV. By using the proposed equations the
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] | inversion | inversion
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_ 30—_4—9—.—5 SRRl memm, ol L JL=0.27
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51V S1.5V | e
1E-10 1E-9 1E-8 1E-7 1E-6 1E-5 1E-4

g (WL,

Figure 4. Measured (symbols) and modeled (lines) transconduc-
tance over drain current curves as a function of the scaled drain
current obtained at Vpg=1.5V.
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curves of Ay, were obtained. The results are presented
in figure 6 as a function of Vg, being the open sym-
bols the experimental results with Vg=0.8V and the
solid symbols the results with Vpg=1.5V. The present-
ed curves allow noting the increase in the gain pro-
vided by the GC structure. Considering the worst
case, there is an improvement of at least 6.5 dB when
the devices are biased at Vgr=200mV and Vg=0.8V
and at least 8.5 dB at Vpg=1.5V and the same Vgr.

5. CONCLUSION

This work presented analytical continuous
expressions for the transconductance and output
conductance of short-channel GC SOI nMOSFETs.
Short-channel effects such as mobility degradation,
channel length modulation, velocity saturation and
drain induced barrier lowering have been included in

20
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Figure 5. Measured (symbols) and modeled (lines) drain current

over output conductance (Ips/gp) as a function of drain bias
obtained at Vg1=200mV.
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Figure 6. Experimental (symbols) and modeled (lines) DC open-

loop voltage gain as a function of Vg1 for devices with L=0.5um
biased at Vpg=0.8V and Vpg=1.5V.
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the proposed set of equations. The proposed
equations results were verified against experimental
data, providing an accurate description of the
transconductance and output conductance under
several bias conditions. The transconductance over
drain current ratio, Early voltage and open-loop
voltage gain were also used to verified the model
capability for analog design purposes. For all
performed comparisons, a good agreement was
achieved in all regions of operation, with smooth
transitions between different regions of device
operation.
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