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An analytical model for the channel potential and the threshold voltage of the short channel dual-material-gate lightly
doped drain (DMG-LDD) metal-oxide—semiconductor field-effect transistor (MOSFET) is presented using the parabolic
approximation method. The proposed model takes into account the effects of the LDD region length, the LDD region
doping, the lengths of the gate materials and their respective work functions, along with all the major geometrical parameters
of the MOSFET. The impact of the LDD region length, the LDD region doping, and the channel length on the channel
potential is studied in detail. Furthermore, the threshold voltage of the device is calculated using the minimum middle
channel potential, and the result obtained is compared with the DMG MOSFET threshold voltage to show the improvement
in the threshold voltage roll-off. It is shown that the DMG-LDD MOSFET structure alleviates the problem of short channel
effects (SCEs) and the drain induced barrier lowering (DIBL) more efficiently. The proposed model is verified by comparing
the theoretical results with the simulated data obtained by using the commercially available ATLAS™ 2D device simulator.
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1. Introduction

The complementary metal oxide semiconductor (CMOS)
technology has proven to be the most important driving force
behind the evolution of almost all kinds of technologies in
the last five decades.!?’] With the integration limit reach-
ing towards the gigascale range,>* the conventional CMOS
scaling has now approached the fundamental limits of opera-
tions, which include the leakage in channel and gate, dimin-
ished bulk effect, transport in silicon, and increased power
dissipation. > If further scaling of CMOS has to take place,
then there should be some means by which these limits of
downscaled CMOS operations can be overcome. Furthermore,
the technological trends and the possible technological op-
tions for future CMOS devices require possible solutions in
the form of new device structures, new materials, and new
technologies for conquering the physical and technology con-
straints of the downscaled device.’! In lieu of this, various
types of engineered structures for metal-oxide—semiconductor
field-effect transistors (MOSFETSs) have been developed by
the researchers to improve the performance of the conven-
tional structure.["-18]

The main types of engineering that can be done to en-
hance the performance of MOSFET are gate engineering and
channel engineering.!”) It has been shown in the literature that
using a dual-material-gate structure minimizes the hot electron
effect and lends to more control of the gate, which effectively
reduces the short channel effects (SCEs).[312 In the dual-
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material-gate MOSFET structure, two different metal gates
with different work functions are combined together causing
a step in the surface potential profile that screens the effect of
the drain on the channel. Further, the peak electric field at the
drain end is reduced, which ensures that the average electric
field under the gate is increased. This leads to an increased
lifetime of the device, minimization of the ability of the local-
ized charge to raise the drain resistance, and more control of
the gate over the conductance of the channel so as to increase
the gate transport efficiency. Long et al.!® firstly proposed the
dual-material-gate FET structure in 1997, and demonstrated
that the use of dual materials as the gate solves the prob-
lem of the SCEs and leads to better carrier transportation ef-
ficiency. Kumar et al.! presented a two-dimensional (2D)
analytical model for the surface potential and the threshold
voltage of a short channel dual-material-gate (DMG) MOS-
FET and showed that the SCEs are suppressed to a good ex-
tent because of the step in the surface potential profile. The
radio-frequency (RF) application of the DMG MOSFETSs was
reported by Dao-Ming et al.!'%1 in 2006. Later, Reddy ez al.!'!]
proposed a dual-material DG MOSFET and showed that the
SCEs are improved by using the new device structure, even
for the channel lengths far below 50 nm. Recently, Tiwari
et al.'"? proposed a channel potential and threshold voltage
model for the triple material gate DG MOSFET and demon-
strated improved hot carrier effects compared to the DMG
DG MOSFET. Another important category of unconventional
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MOSFET structure is the one having some kind of channel
engineering. For channel lengths below 100 nm, MOSFETs
exhibit considerable leakage currents; to overcome this effect,
different channel engineering techniques have been used. In
the past few years, the local high doping in the channel re-
gion near the source/drain junctions, known as halo or pocket

[13-18] has become the most prominent lateral chan-

13-18]

implants,
nel engineering technique. In a number of literatures,|
single halo MOSFET structures have been introduced for bulk
as well as for silicon-on-insulator (SOI) MOSFETs to adjust
the threshold voltage and to improve the device SCEs. Re-
cently, Fei at al.!"! presented a threshold voltage model for
high-k gate dielectric MOSFETSs with fully overlapped lightly
doped drain (LDD) structures. They showed that the MOS-
FET having the LDD structure shows better immunity to the
SCEs. However, to the best of my knowledge, no work has
been reported so far for the 2D analytical model of the chan-
nel potential and the threshold voltage of the MOSFET having
dual material gates and double halo implants.

In the present paper, the channel potential and the thresh-
old voltage in the dual-material-gate lightly doped drain MOS-
FET (DMG-LDD MOSFET) are modeled. The analytical
model is obtained by solving 2D Poisson’s equation in the
channel region. The parabolic approximation technique is uti-
lized to solve the Poisson’s equation in the channel region in
conjunction with suitable boundary conditions. The bound-
ary conditions are properly modified in order to incorporate
the effects of the dual material gates and the lightly doped
drain regions. The effects of various device parameters on the
channel potential are discussed. The threshold voltage of the
DMG-LDD MOSFET is modeled using the minimum middle
channel potential of the MOSFET. Further, the threshold volt-
age of the DMG-LDD MOSFET is compared with that of the
DMG MOSFET structure to establish the fact that the DMG-
LDD MOSFET structure shows better immunity to the SCEs.
Furthermore, the DMG-LDD structure is simulated using suit-
able models available in the library of the ATLAS™ device
simulator.[*°! The analytical results obtained from the model
are compared to the numerical simulation data obtained by the
ATLAS™ software to establish the validity of the proposed
model.

2. Device details

A schematic structure of the DMG-LDD MOSFET used
for our analysis and simulation is shown in Fig. 1, where L
(L=Li+Ly), Ly, X;, and 1, are the gate length, the length
of the LDD region, the junction depth of the LDD region,
and the thickness of the gate oxide, respectively. The x and y
axes of the schematic structure are considered to be along the
channel length and the channel thickness, respectively. The
gate electrode of the DMG-LDD structure is made up of two

different gate materials with work functions ¢ and ¢y de-
posited over lengths L; and L,, respectively. The gate mate-
rial placed at the source end has a higher work function than
the gate material placed at the drain end (i.e., dm1 > Pn2).
The gate material having the larger work function is called the
control gate, whereas that having the smaller work function is

(121 In the present work, tungsten disili-

called the screen gate.
cide (WSi,) is taken as the material for the control gate and
Hf27Tag 58Ng.15 is used in the screen gate. The gate terminal
of the DMG-LDD device is made by tying together control and
screen gates to feed the device with the same gate to source
voltage (Vgs). The p-type substrate is uniformly doped with
a doping concentration of N, = 1 x 10'® cm~3 and has pocket
implantations at both source and drain sides with a peak pocket
doping concentration of N, = 1 x 10" cm=3. The source and
the drain regions are assumed to be heavily doped with a dop-
ing concentration of Ng/p =1 x 10?! cm—3. The average dop-
ing concentration in the LDD region can be approximated as
Ny = ng /Xj, where 7, is the total doping concentration of the

LDD region and is obtained by the following equation:?!!

1 (x—xp 2
2 D,

where N, is the peak concentration, x, is the peak position,

dux, 1)

ny = /Npexp
0

generally zero depicting that the peak concentration is in the

surface of the substrate, and D, is!'?!

D. — I By ()
Co\ 2 (N/N)

In Eq. (2), x; is the position of the p—n junction and equals
the junction depth, and N is the doping concentration at the
junction.

Li(ém1)

La(ém2)

tox

Fig. 1. Schematic diagram of DMG-LDD MOSFET, where L (L =
Ly + L), Ly, Xj, and 7ox are the gate length, the length of the LDD
region, the junction depth of the LDD region, and the thickness of the
gate oxide, respectively.

3. Analytical modeling

The channel region of the short channel DMG-LDD
MOSFET device is divided into two regions for the purpose
of analytical modeling. Let ¢, (x,y) with n =1 and 2 be the
channel potentials in channel region I under gate length L;
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and chanel region II under gate length L,, respectively. The
2D channel potential @, (x,y) can be obtained in the channel
region by solving the 2D Poisson’s equation

¢n(x,y) . 9?@u(xy) _ gNa
dx? 0y? &

n=1,2, 3)

where & is the permittivity of silicon, and g is the charge of
an electron.

The boundary conditions used to solve the Poisson’s
equation can be given as follows.[!!]

Boundary condition 1 The potential function should
be continuous in the entire channel region, so the following
boundary condition should be fulfilled at the interface of the

two regions:
1 (leo) =(p2(L1,0). “4)
Boundary condition 2

de, (x,y) _ Gox <(PSn (X)VGSJF‘/tbn) (5)

dy

y=0 & Tox

where € is the permittivity of the silicon dioxide, @s, (x) is
the surface potential related to the n-th region, and Vg, is the
flat band voltage related to the n-th region

E kT N,
Vfbn = Qmp — |:Xsi+ £ + 7VTln <a>:| )
29 q

1

where ¢, is the gate material work function of the n-th re-
gion, J; is the electron affinity of silicon, Ej is the bandgap of
silicon, n; is the intrinsic carrier concentration of silicon, k is
the Boltzmann constant, and 7 is the temperature.

Boundary condition 3 The electric fluxes should also be
continuous at the interface of the two regions. Thus, we have

dor ()| _ dep(xy) ©6)
dx x=L, dx x=Ly ’

doiny)|  _de(ny)| )
dy V=t dy Y=lsi

Boundary condition 4 The potentials at the source—

channel and the drain—channel interfaces can be written as!!!]

¢1(0,0) = ¢s1 (0) = Vi, (8
@ (Li+L2,0) = @sz (L1 + L) = Voi + Vs et (9)

where V; is the built-in potential of the DMG-LDD MOSFET
and represents the potential of the n™ substrate junction in-
stead of the n™ substrate junction for the normal MOSFET

kT [ N,Ng
Vbin( 2 av). (10)
q

2
i

The Vps ff is the effective drain to source voltage in the DMG-
LDD MOSFET since the voltage drop in the LDD region may

not be neglected at a higher drain to source voltage Vps. It can
be given as[?!]

Voo oo Yos(Li+lo)
DS eff —(L1+L2)+Oan’
where « is a fitting parameter whose value ranges between 0
and 1.
The solution of Eq. (3) for n = 1 and 2 can be written

as [22]

O (%,) = ano (X) +an1 (X)y+an (x)y?, n=1,2, (11)

where a0, a,1, and a,; are arbitrary functions of x which can
be obtained by using suitable boundary conditions given in
Egs. (4)—(9). Now, substituting y= 0 in Eq. (11), we obtain

ano (X) = Qs (x), (12)

where (s, (x) is the surface potential at the Si-SiO, interface.
By putting Eq. (12) into Eq. (11), equation (11) becomes

On (x,)’) :(PSn(x)+anl (X)Y-Hlnz (x)yz' (13)

Then using boundary conditions of Egs. (5) and Eq. (7), we
obtain

e B (Vo)

Ei Tox
-V Vion
o (%) = — 2 (‘pSk (x) = Vs + Vi ) (15)
L& Tox

Further substituting a,; and a,; in Eq. (13) and putting
y =tsi/2, we have

Psn = [4gsitox(Pcn (x) + Eoxtsi (VGS - Vfbn)]
X (48sitox + eoxtsi)71 . (16)

Now, since the characteristic length A associated with the
channel potential of silicon is stringent in determining the
SCEs of the DMG-LDD MOSFET, it is essential to obtain A.
Solving the Poisson’s equation at the middle of the channel
gives a convincingly good value for characteristic length A, so
equation (3) is solved at the middle of the silicon channel as

d? ¢, (x) 1

dx2 A2

2 . _
[%n(x)J aNa — & (Vos — Vi) | 17

&

where @, (x) is the middle channel potential in the n-th region

A= \/tszl (4&sitox + Eoxtsi)

and

28oxtsi

Now, a generalized solution for Eq. (17) can be written as

Pen (x) = Ay exp (Nx) + By exp (—nx) — %7 (18)

where n =1/A = \/a and

_ Afqua — & (VGS - Vfbk)
),ngi '

Bn
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The constants A,, and B,, correspond to A, A, and By, B; for
channel regions I and II, respectively. These coefficients can
be obtained by solving Eq. (18) in conjunction with the bound-
ary conditions given in Egs. (4)—(9)

B

A = Vbi+E_Bla (19)
1
B N+ 1) —exp (0 (I + 1))
X [Vbi (1—exp(n (L1 +L2)))

Bi [exp(n(Li+Ly))  exp(—n(Li+Ly))
+V‘”‘efﬁzoc{ exp(NL1) exp (—11L1)
~2exp(n (1 + 1) | - 52 | 2PL )

exp(—n (L1 +12))
roRCRiL) o
Ay = |:Vbi+VDS,eff+[Z?_BZeXp<_n(L1+L2):|
1
* ep (LT L)’ .
1
B it ) —exp(n (L + 1))
X [Vbi (1—exp(n(L1+Ly)))
S Vis.ert — Biexp (ﬂ(iLl +L2))
" [] B 1 B 1 ]
2exp(nLy) 2exp(—nLi)
_ Baexp(n (L1+L2))[ 1 1
2a exp(L1)  exp(—nL1)
2
“ew (L +L2))” | 22

Now, by using Egs. (13), (16), (18), and (19)-(22), the 2D
channel potentials in regions I and II can be given as

On (x,y) = 4(4€gtox + Soxtsi)_l {An exp (1nx) + Byexp (—nx)

ﬁn Eoxlsi
B

a 4 Ecilox ( GS fbn)
% (esitsitox + Eoxtsiy — goxyz )

Isi

Eoxtsi (Vos — Vi

_ Cox 51( AGAS fbn) [y—yztgl] ) (23)
Esilsilox

Under the threshold condition, the channel under the con-
trol gate will not conduct until the channel under the screen
gate is turned on; it implies that to establish the conducting
channel between the source and the drain, all the gates should
be turned on. In other words, it can be stated that the thresh-
old voltage of the device can be monitored by the control gate.

Now, if @c1 min=@ec1 (X) |x—x0 _ represents the minimum middle
—A0,min
channel potential, then the distance x = x mi, can be obtained

by putting

d @1 (%0,min) _o. 24)

dx
From the above condition, x( min can be obtained as
1. B

Youmin = 5 In A—i (25)

By using Egs. (18) and (25), ¢¢1 min can be obtained as
§0c1,min:2(A131)1/2—qNaAZESTI +Vis — Vi1, (26)

The threshold voltage of the DMG-LDD MOSFET is the gate
voltage at which @i min—2¢, Where @ = (kT /q)In(N,/n;).
Upon solving with the aforementioned condition, we obtain
the expression for the threshold voltage

2T . N,
VT:71nf+qNa128£1—2(AlBl)l/2—|—Vfb1. 27)
1

4. Results and discussion

In this section, some theoretical results obtained by the
proposed model are validated by comparing them with the nu-
merical simulation results obtained by using the ATLAS™ de-
vice simulator. The drift—diffusion model is used in place of
the energy balance model because it can predict the /-V char-
acteristics of the short-channel MOS devices more realistically
than the EB model.[”>! The Caughey-Thomas high-field mo-
bility model is implemented in the ATLAS™ with a suitable
modification in the saturation velocity of the electron./2-24]
The modified saturation velocity is well matched for device
lengths L > 10 nm.?*

The work function of the control gate material is ¢ =
4.8 eV and that of the screen gate material is ¢y;p = 4.6 eV.
Further, the ratio of lengths of region I and II is taken as
Ly :Ly::1:1 for all the computations. The proposed model
is applicable for non-LDD DMG MOSFET structures after a
few modifications, hence to obtain the results for the non-LDD
structures, the doping concentration of the LDD region is re-
placed by the doping concentration of the n* region and the
pocket length is kept at zero. Further, the built-in potential
in the model is calculated for the n™-substrate junction and
Vbs eff is replaced by Vps.

The channel potential variation of the DMG-LDD MOS-
FET as a function of channel length L is shown in Fig. 2 for
different gate—source voltages Vgs. It can be observed from
the figure that the potential profile consists of two steps and
the minimum channel potential lies under the control gate.
Moreover, as Vgs increases, the peak of the potential mini-
mum shifts in the upward direction without any change in its
boundary values owing to the fact that the charge under the
gate electrode increases with increasing gate bias. Figure 3
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demonstrates the variation in the channel potential along the
channel length for different drain to source voltages Vpg. It
can be clearly seen from the figure that due to the step pro-
file, there is no significant increase in the potential under the
control gate and it is essentially screened from Vpg. It is note-
worthy from Fig. 3 that the drain induced barrier lowering
(DIBL) effect is considerably reduced for the given structure
since the drain voltage shows very little influence on the drain
current after saturation, thereby reducing the drain conduc-
tance. Figure 4 shows the variation of the channel potential
along the channel length for different peak pocket doping con-
centrations N,. It can be observed from the figure that the
potential increases as N, increases. It is due to the fact that
there is an effective increase in the carrier concentration along
the channel when N, increases. The variation of the chan-
nel potential along the channel length is shown in Fig. 5 for
different pocket lengths L,. It can be seen from the figure
that the channel potential increases with decreasing L,. It is
due to the fact that when L, decreases, the effective doping
concentration also decreases. The influence of the DIBL on
the sub-threshold behavior of the device can be monitored by
the minimum surface potential; therefore, to demonstrate the
effect, the minimum surface potential is plotted in Fig. 6 as
a function of the channel length and Vpg for the DMG-LDD
MOSFET and the DMG MOSFET. It is seen from the figure
that due to the presence of the dual material gates, there is no
significant change in the potential under gate M, even when
the drain bias is increased (also evident from Fig. 3). Note
that the DIBL effect has been observed to be even less for
the DMG-LDD MOSFET in comparison to that for the DMG
MOSFET. Figure 7 shows the threshold voltage against the
variation in the channel length for the DMG-LDD MOSFET
and the DMG MOSFET. It can be observed from the figure

0.3 . . . 1
N,=1X10'% cm—3
02 L,=15 nm, t,x, =2 nm
2_ "M ti=20 nm, Vpg=0V
= N N, =1x10" cm—3
£ 0.1} -
[5)
g
o
S of
<
g
2 —o0at .
O ®Vas=0.2V
—0.2} —— model
oA ATLAS
0 20 40 60

Position along the channel/nm

Fig. 2. Variation of the channel potential along the channel length for
different gate to source voltages Vgs.

that the threshold voltage roll-off is considerably improved for
the DMG-LDD MOSFET compared to the DMG MOSFET,
implying that the DMG-LDD MOSFET shows better SCEs.

1.6
N, =1X10'8 cm—3
L,=15 nm
S 1.2¢ tox =2 nm, tg; =20 nm 1
~ Vas=0.2 'V |
K] —— model
e 0.8}
g : oa ATLAS
S 4 §
= Vps=1V
T 04f ps=1V o)/ |
= \
5] | i
< Q
O 0 5 \
F . Vps=0.1 V4
—0.4 ! ! ! ! ! ! ! !
0 20 40 60 80

Position along the channel/nm

Fig. 3. Variation of the channel potential along the channel length for
different gate to source voltages Vps.

0.3 N,=1X10'% cm—3 A

L,=15 nm, t,x =2 nm P
Z 0.2 t4=20 nm, Vgs=0.2 V A
g Vbs=0V
£ 01t .
(&)
g
2 ot N, =2x101? Cm*3. 1
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g -0} N 1
= N, =1x10" cm~—3
O _0.2} 0
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0.3 , , , , i
0 20 40 60

Position along the channel/nm

Fig. 4. Variation of the channel potential along the channel length for
different LDD region doping N,.
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> 0.15 tsi =20 nm, Vgs=0.2 V |

% Vps=0V, N,=1x10" cm—3 J

T 0.05} :
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g | > N ]

<= —0.15}| 1

@) L,=20 nm
_025} — model |
L v eaarias
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Fig. 5. Variation of the channel potential along the channel length for
different LDD region lengths L,,.
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0.3% N,=1X10'8 cm~3, t,x, =2 nm J
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Vos—0.1 v ] MOSFET
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MOSFET (Vbs=0.1 V

—-0.3
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Fig. 6. Variation of the minimum surface potential as a function of the
channel length and Vpg for DMG-LDD MOSFET and DMG MOSFET.

047}
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E 0.3 | MOSFET

s DMG |
§ MOSFET

- 0.27F T
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@ 04 ATLAS ]
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ti=20 nm, Vgs=0.2 V
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0 1
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Channel length/nm

Fig. 7. Variation of threshold voltage Vr for different gate lengths for
DMG-LDD MOSFET and DMG MOSFET.

5. Conclusion

In this paper, the 2D channel potential has been mod-
eled for the DMG-LDD MOSFET following the parabolic ap-
proximation method. The effects of the bias voltages and the
pocket profile parameters on the channel potential have also
been studied extensively. Furthermore, the threshold voltage
of the DMG-LDD MOSFET has also been derived using the
minimum middle channel potential, and was compared to the

threshold voltage of the DMG MOSFET. The better immunity
to the SCEs has been observed in the DMG-LDD MOSFET as
compared to the DMG MOSFET. The good overall match of
the new model with the simulation results obtained using the
ATLAS™ 2D device simulator illustrate the applicability of
the analytical model.
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