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ABSTRACT: In a Bulk-DTMOS transistor, source substrate junction is slightly forward biased
due to which few mobile charge carriers are also present in source substrate depletion region.
Conventional SPICE models are based on complete depletion approximation which is more valid
for reverse biased p-n junctions. Therefore they are not appropriate for simulating circuits
implemented with Bulk-DTMOS transistors. In this paper an analytical model for Bulk-DTMOS
transistor is proposed by taking into account the presence of mobile charge carriers in source
substrate junction. Analytical results of the proposed model are compared with SPICE model and
results indicate that the proposed model can be used for more accurate simulation of Bulk-
DTMOS based circuits.
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I. INTRODUCTION: CMOS circuits have scaled downward aggressively in each technology
generation to achieve higher integration density and performance. With the current nanoscale
technology trends in CMOS circuits, effective solutions have to be sought to reduce leakage
power which is expected to dominate the chip’s total power consumption in the near future.
These solutions must be sought in all design abstraction levels: system and architectural level,
circuit level, and process/device level. Body biasing technique is a circuit level approach to
reduce leakage in scaled CMOS circuits. Dynamic threshold MOSFET (DTMOS) transistor
utilizes dynamic body bias because in DTMOS, substrate (or body) and gate of MOSFET are tied
together as shown in fig. 1, therefore input gate voltage forward biases the source substrate
junction and owing to the body effect threshold voltage (Vi) decreases in the ON state and when
the gate is turned off, Vy, returns to its original high value in equilibrium. DTMOS has proven
to be an excellent alternative for the implementation of ultra-low power and high-performance
circuits. This technique is popular in both Silicon-On-Insulator (SOI) and bulk CMOS
technology. DTMOS in SOI technology was introduced in 1994. In 1996, aggressive
technological improvements led to successful fabrication of first bulk DTMOS [8, 9] whose
current representatives show impressive figures of merit regarding gate delay-power
consumption products, well above those of conventional CMOS. Since the first introduction of
DTMOS in 1994, many novel and interesting proposals have been made regarding this device for
both SOI and Bulk CMOS technology but the modeling in bulk technology is still in early stage.
In most of the circuit implementation SPICE models are used for simulation. SPICE
models are based on the depletion approximation, which are valid for reverse biased p-n
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junctions. As in DTMOS source substrate junction is slightly forward biased, therefore due to
presence of mobile charge carriers models based on depletion approximation are not appropriate
for modeling of DTMOS and may introduce errors in DTMOS parameters like mobility,
threshold voltage etc. [6]. The remainder of the paper proceeds as follows. In section 1l
analytical model for Bulk DTMOS transistor is developed. In section Il SPICE simulation and
analytical results of the proposed model are given. Conclusions are summarized in section 1V.
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Fig.1: NMOS & PMOS transistors based on DTMOS circuit Topology

I1. The Proposed Analytical Model for Bulk-DTMOS transistor

Generally MOSFETS used in circuit applications must be biased with negative or zero Vpgs in
order to suppress the leakage current flowing from source to substrate [1].

From threshold voltage equation of MOSFET we can see that

Vin </ (20F — Vps) 1)

Models that are currently available in SPICE are not suitable for DTMOS as they are suitable for
reverse or zero biasing of Vs and are based on depletion-region approximation within the source
(-channel)-substrate depletion layer[10,11]. For all the values of Vgs > 2@ this term becomes
meaningless and circuit simulation program fails to converge and thus large errors can be
expected for more positive values of Vgs. To avoid this problem of non convergence MOS
models use an approximate term to replace eq.(1).For example

PSPICE Model

J@Br = Vgs) = (“(—Q”) ®)

VBs
1+0.520F
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BSIM Model

V(Z0F —Vps) = \/(ZQ)F) 3)

These approximations may cause significant errors for positive Vs biases. Any MOSFET has an
intrinsic BJT embedded in its structure as shown in figure 2.
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n+ n+

p substrate

Fig.2: Intrinsic BJT embedded in MOSFET structure

It is assumed that the MOSFET current flows close to the channel surface and bulk parasitic BJT
current flows through the bulk region, therefore the interaction between these two currents can be
neglected. Hence DTMOS, to the first order approximation, can be considered as parallel
combination of surface MOSFET and bulk parasitic BJT embedded in MOSFET’s structure.
Thus the total DTMOS current Iptmos

Iprmos = Ipjr + Imosrer (4)
The Pao sah result has been used as a starting point in deriving approximate closed form
relationship for bulk-DTMOS transistor as Pao-Sah formulation is continuously valid in all

biasing regions including weak inversion and saturation and the model is valid when source
substrate junction is forward biased.
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Fig.3: N-channel MOSFET structure

The Pao-Sah result [4, 5] for the drain current Ip flowing in an n-channel MOSFET can be
written as

I = ZunCy ( K xo) (E)Z J‘UDTain d%fusurface eU-Ur—¢ U
D 2L K, Lp q Ug F(U,Ug, &)

Usource

()

q is electronic charge, Z is channel width, L is channel length, W, is electron effective mobility in
the surface channel, Lp is intrinsic Debye length, K is Boltzmann’s constant, T is temperature,

Co is oxide capacitance per unit area = % Ko is oxide dielectric constant, X, is oxide thickness,
o
€, 1S permittivity of free space, Ksis semiconductor dielectric constant. Function F is given as

F(U,Up, &) = [eUr(e™V + U + 1) + eVr (eV~¢ — U — ~¢)] 3 6)

where U is normalized electrostatic potential in the semiconductor, Usgurce IS value of U at y=0
that is at source, Uppin is value of U at y=L that is at drain, Ugyrace 1S Value of U at x=0 that is at
surface, Ur is value of U at x=F below oxide semiconductor interface close to channel. y is
coordinate parallel to oxide surface of MOSFET and x is coordinate directed into the
semiconductor with x=0 at the oxide semiconductor interface as shown in figure 3.Electrostatic
potentials in the semiconductor are given as

U = Ei(buzll;;—Ei(x) @)
Uprain = =ty ®)

q
Usource = ﬁ ©)
Up = ~0%0=T = In(2) (10)

where Vp,.4in 1S Drain voltage, Vs,,.-ce 1S Source Voltage. Ideal device gate voltage i.e. i.e. gate
voltage less the flat band voltage is given as
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Ksxo
Ko Lp

VG,= % [Usurface + ( ) F(Usurface' UF’ 'f)] (11)

Usurface Can be obtained by solving (11) iteratively. Gate electrostatic potential as given as

V,
Ugate = T?‘ (12)
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Fig.4: Band diagram of N-channel MOSFET
& is given as
f — EF_FN(y) (13)

KT

Ei(bulk) is intrinsic Fermi energy level in bulk of semiconductor, Er is bulk Fermi energy
Fn(y) is the electron quasi-Fermi level in the surface channel, Na is bulk acceptor doping, n; is
intrinsic carrier concentration

The double integral Pao-Sah equation (5) can be evaluated numerically. However utilizing
Brew’s charge sheet approximation [12] one can reach an analytical formula for the drain
current. All the electrons are considered to lie inside the inversion layer which is a sheet of
infinitesimal thickness (considered zero) just below the gate oxide. But for DTMOS model
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Brew’s charge sheet approximation cannot be used as this approximation implies that the
depletion region is free of electrons whereas in DTMOS case some electrons are present due to
slight forward bias of source substrate junction.

Pao-Sah equation gives the value of total current which is located close to the silicon-
oxide interface. In DTMOS as source-body junction is forward biased and electrons are injected
from source into the bulk, therefore these injected electrons also contribute total current. To take
into account the effect of injected electrons, the limits of integral should be changed as shown in
following equation.

Ip = M(K_x) (E)Z Jyore ds f,, Usurface €02 g (14)

2L KoLp q Usource F(U,UF$)

where U; is value of U at x=J below oxide semiconductor interface considering depletion region
depth also and hence injected electrons as shown in figure 3. Adding and subtracting a term in
the numerator of (14) we get

s 5 1) () [t g ettt )
bTMOS 2L Ko Lp Usource F(U,UR$)
i.e.
_ Zﬂnco sto KT UDTllLTl Usurfaceu Ubrain Usurface e UF- & ]
IDTMOS Y Ko LD [ Usource F(U,Uf$) oy df + fUSource f au df (16)

Changing the integration over U to x we get

Iormos = z;tz,;co ,Ifz :Lc; KT [ J’;Z;‘iil Usurface%dU d§ + f:ﬁ,ﬁiﬁ Jo e Ur ¥ dx dE] (17)
i.e.
Ipraos = M sto KT [ UDram UsurfaceMdU dé + e~UF Ubrain J‘x]e—f dx df] (18)
2L KO LD Usource F(U,UR,€) Usource 0
i.e.
Iprmos = Z#ZTZCD ;(Z Zg KT [ :SZZ;Z Usurfaw%dU dé +e U x; (e7Us —eUp )] (19)
i.e.

dU d

Iprmos =

ZpnCy < K xo) (KT>2 fUDmin fusurface eU-Ur—§ _p=Up—§
2L \K,Lp q U, F(U,Ug, &)
2

Zu,C, ( sto) (KT)
+ N -UFr —Usource — p—UbDrain
[ 2L \K. L, p e "Fx; (e e )

Usource

(20)
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KTegs
2q°%n;

As Intrinsic Debye length L, = (21)

therefore

2
[zunco ( sto) (KT) e~Urx, (e—USource _ e—UDmin)
2L \KoLp/ \q
[Zu C
n-o

K x
(l) KT LD(Tlie_UF )x] (e_USource — ¢~ Uprain )]
L \k

2
|:ZnuTLCO ( KS xO) (%) e—UF x] (e_USource — e_UDTaiTl )]
_ [Z.unco (Ks %o

(22)

Where ny, is the equilibrium electron density in the bulk. Thus equation (22) represents collector
current of BJT with source as the emitter and substrate (or body) as the base.

Substituting (22) into (15) we get

Iprmos = Ip + IB]T (23)

6 o-Up—¢
Inrmos = [M(M) (KT) fUDram J‘UsurfaceMdUdE] +

2L Ko Lp q Usource F(U,UF$)

[Z#Tnco ( K;_Zfo) KT Lp(npo)x; (e~Usource — ¢=Uprain )] (24)

Now the double integral in (24) can be reduced to closed form approximation by following all
the assumptions and equations as in [5]. Thus we get

I = |22 {(vg + 1) Ve, — Voo) =2 (V& = V&) + V& [V Worain — D — v Wsouree = D) — 2 Wprain — 17 +
E(USource - 1)%]}] (25)
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Vs IS given as

KT
Vso = (%) QUP) (26)
From (10) we can write (26) as

KT N
Vo = (52) (21n (n—f)) @)
Vs, is given as
KT
Vs = (T) (2Uf + Uprain)

Vs = Vso + Vprain (28).

Vg is given as

Therefore (24) can be written as

ZinCo KT 1 2
Iprmos = [ ”L {(Vc + 7) Vs, — Vo) — ;(VSZL - V&) + Vi [\/(UDrain — 1) — (Usource — 1) — 3 (Uprain —

17 45 Wspuree = D2} |+ [H552 (52) KT L)y (e7Vs0ee — eV (30)

111 RESULT AND DISCUSSION: The equation (30) forms the core of the proposed model.
Assuming Z=10pm, L=1 pm, X,=10nm, Na=10*/cm® X; = 0.2 pm, Npo approximately same as n;
in this equation for 1um CMOS technology and various approximations, lprmos is plotted
against Vppin for constant Vg’ as predicted by the proposed model in fig.5.



IDTMOS

V. Niranjan et al, Journal of Electron Devices, Vol. 8, 2010, pp. 329-338 337

20nAT

V=0.27V

V6= 0.25V

1 1 1 1 1 1 1 1 1
20mv 40mv 60mV 80mv 100mv 120mv 140mv 160mv 180mv 200mv

+ ID(M1)

Fig.5: Bulk-DTMOS transistor current lptvos Versus drain voltage Vpgin for 1 um CMOS technology,
(analytical result: solid lines (------ ) and dotted lines (...... ) for SPICE simulation).

IV. CONCLUSION: We have modified the Pao-sah model so that it can be applied to bulk-
DTMOS transistor. Thus DTMOS transistor can be modeled as parallel combination of BJT and
MOSFET for lower values of body ,bias (< 0.4 V).The accuracy of the proposed model has been
evaluated by comparing the analytical and SPICE simulation results. Although the theory used
for developing the proposed model is valid for long channel devices but it can be utilized in
establishing models for short channel devices.

REFERENCES:

1.

2.

3.

Y. Tsividis, “Operation and Modeling of The MOS Transistor”, 2nd ed. Oxford,
1999.

Carlos Galup-Montoro and Marcio Cherem Schneider, “MOSFET Modeling for circuit
analysis and Design” World Scientific Publishing, 2007.

Ben G. Streetman and Sanjay Banerjee, “Solid State Electronic Devices”, 5" ed.,
Prentice Hall, 2001.

H. C. Pao and C. T. Sah, "Effects of diffusion current on characteristics of metal-oxide
(insulator)-semiconductor transistors,” Solid State Electronics, 9, 927-937, (1966)

R. F. Pierret and J. A. Shields, “Simplified long-channel MOSFET theory," Solid-
State Electronics., 26, 143-147, (1983).

A. Jimenez-P, F.J. De la Hidalga-W and M.J.Deen, “Modelling of the dynamic threshold
MOSFET,” 1IEE Proc.-Circuits Devices Syst., 152, 502-508, (2005).

Zhixin Yan, M. Jamal Deen, and Duljit S. Malhi, “Gate-Controlled Lateral PNP
BJT:Characteristics Modeling and Circuit Applications”, IEEE transactions on
Electron Devices, 44, 118-128, (1997).

F. Assaderaghi, D. Sinitsky, S. A. Parke, J. Bokor, P. K. Ko, and C. Hu, "Dynamic
threshold-voltage MOSFET (DTMOQOS) for ultra-low voltage VLSI," IEEE Transactions
on. Electron Devices, 44, 414-422, (1997).

W. R. McKinnon, R. Ferguson and S. P. McAlister, "A Model for Gated-Lateral BJT’s
based on standard MOSFET models,” IEEE Transactions on Electron Devices, 46, 427-
429, (1999).



V. Niranjan et al, Journal of Electron Devices, Vol. 8, 2010, pp. 329-338 338

10. F. Javier de la Hidalga and M.J.Deen, “The dynamic threshold voltage MOSFET”, IEEE
Transactions on Electron Devices, 44, 414-422, (1997).

11. Mohamed Elgebaly and Manoj Sachdev, “A sub-0.5 V dynamic threshold PMOS
(DTPMOS)scheme for bulk CMOS technologies”, The 13" international conference on
Microelectronics, Rabat, Morocco, , pp. 75-78, (2001).



