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1 Model Concept

HiSIM (Hiroshima-university STARC IGFET Model) is a complete MOSFET model for circuit simulation
based on the drift-diffusion approximation, which was originally developed by Pao and Sah [1]. The most
important advantage of the drift-diffusion approximation is the unified description of device characteristics
for all bias conditions. The physical reliability of the approximation has been proved by 2D device
simulations with channel lengths even down to 0.1um [2]. To obtain analytical solutions describing
device performances, the charge sheet of the inversion layer with zero thickness is further approximated [3].
Under the gradual-channel approximation all device characteristics are described analytically by channel-
surface potentials at the source side (¢go) and at the drain side (ps1,) (see Fig. 1). These surface potentials
are functions of applied voltages on four terminals; the gate voltage Vg, the drain voltage Vg, the bulk
voltage Vi and the earthed source. All phenomena such as short-channel and reverse-short-channel

effects are therefore treated as results of the surface potential modification [5].

G
D

Fig. 1: Schematics of the surface potential distribution in the channel.

Since the surface potentials are implicit functions of applied voltages, iteration procedures are required
in addition to global time-step iteration in circuit simulation. Therefore specific attention is paid on
calculating the surface potentials with enough accuracy even with small CPU time. Up to now validity
of HiSIM has been tested for the channel length down to 0.1pum with the pocket-implanted technology.

Though all descriptions are given for the n-channel MOSFET, they are also valid for the p-channel case.
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2 Charges

All device characteristics are described based on the charge control by applied voltages. Under the
charge-sheet approximation charges on four terminals Qg (gate), @p(bulk), @p(drain), and Qg(source),

are described [4]:

Qc =—(Qp+ Q1) = —Qsp (1)
Less

Qe = Weg A Qv(y)dy (2)
Lest

Q1 = Weg ; Qi(y)dy (3)

Lett
Qp = Weff/o LZH Qi(y)dy (4)
Qs =Q1—@p (5)

where @ is the inversion charge and y is the position along the channel, and 0 and Leg are the positions
at the source side and the drain side, respectively. The effective channel length L.g and width Weg are

calculated from the gate length Lgate and width Weate
Legt = Lgate —2 x XLD (6)
Wegt = Waate —2 x XWD (7)
where XLD and XWD are the overlap lengths underneath the gate. Lgate and Wyaie are determined
Lgate = Ldesign +2 X XPOLYD (8)
Waate = Wdesign + 2 X XPOLYD (9)

where XPOLYD accounts for deviation by etching.
With use of the Gauss law the space charge density Qgp is derived together with the Poisson equation [5]:
_QSP = COX(V(/; - ¢S(y))

— (NowlpV3 [exp{—ﬁ@s(y) C Vo)) + B(ds(y) — Vi) — 1

[N

+ @{eXp(ﬂ(aSs(y) — ¢¢(y))) — exp(B(Vis — 6¢(y))) }] (10)
Ppo
Cox = ;::; (11)
Ve = Vs — Vine + AVip (12)
q
p=L (13)
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where Vi, is the flat-band voltage and AV4y, is the threshold voltage shift from a long-channel transis-
tor [6]. The electron charge is denoted by ¢, and Lp and Ny, are the Debye length and the substrate
impurity concentration, respectively. The Boltzmann constant and the lattice temperature in Kelvin are

k and T, respectively. The quasi-Fermi potential ¢¢(y) preserves the following relationship:

¢ (Legr) — ¢¢(0) = Vg (14)

The electron concentration at equilibrium condition npg is

2

U
Npo = — 15
0= (15)
where the intrinsic carrier concentration n; is
E
ni = niTh? exp (—;ﬂ) (16)
q

and ppo is approximated to be Ngup,. The surface potentials ¢go = ¢s(0) and ¢sr, = ¢s(Les) are calculated

by solving Eq. (10) iteratively. Calculated values are depicted schematically in Fig. 2.

D1
¢SO

3

a
>

Vin Vgs

Fig. 2: Surface potentials as a function of the gate voltage, V.

The Poisson equation and the Gauss law describe the charge-density equations under the homogeneous

substrate impurity distribution

Nl

Qu(y) = —qNsubLDﬁ[exp{—ﬂ@s(y) — Vis) } + B(os(y) — Vis) — 1} (17)

D=

Ql(y) = _COX(VC/; - ¢S(y)) + qNsubLD\@{eXp{_ﬂ(qu(y) - Vbs)} + ﬂ(djS (y) - Vbs) - 1} (18)

After integrating the equations by ¢s(y) in the channel from the source side (y = 0) to the drain side

(y = Lesr), we obtain analytical equations for Qg and @, which are described as a function of ¢gy and
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¢sr.. These integrations are troublesome but done straightforward. As an example, the final equation for

Qg is shown here:

L
QB = W/o Qvdy

L
__ /0 o) {’“Z“We“ (QsBdds — dQ; >}

_ ’f” MW <t [ {Quydos - QpaQh)

W 19 .
= — luId:ﬁ [COTLStO Cox( Vbe ¢S)B§{ﬂ(¢s — Vbs) — 1} 2

+ const0 COX%§%§{5(¢S — Vhs) — 1}% — const02%%{ﬂ(¢s — Vis) — 12 zzﬂ
2 3 osL
— BT const o2 (8(6s — Vew) = 1} + G constofos]
w2 12 osL
—_— luIdseff [consto Cox(Va — Vibe) Eg [{ﬁ s — Vis) — 1} }diso
37¢sL ¢sL
_constocoX [qﬁs{ﬁ ts — Vis) — }2L§ —&—constOCoxﬁg;;[{ﬁ( — Vhs) —1} Lﬁ
— constOQBf [5%(ds1, — Vis)® = 28(¢st. — Vi) + 1 = B%(ds0 — Vis)? + 28(ds0 — Vis) — 1]}
2 SL
_ %“2/: [constO Coxﬂ {ﬁ(¢s — Vis) — 1} + 1const02ﬂ¢s} pe (19)
where
const0 = ¢Now LpV2 (20)

and p and Iy are the carrier mobility and the drain current, respectively.
Three independent charges (Qg, @1, @p) are schematically shown in Fig. 3 as a function of Vi for a given

Vys value.

Fig. 3: Charges as a function of V.
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3 Drain Current

The drift-diffusion approximation describes the drain current Iys as [1]

(21)

Lae = Wggn(y) (_ dgs(y) L dlnn(y)>

dy g dy
where n is the carrier density calculated from the relationship

Qi(y) = qn(y) (22)

Under the gradual-channel approximation with further approximations of idealized gate structure and

uniform channel doping, the final equation for Iy, is written [3, 5]

o West @
ds — chf 1 6
IDD = Cox (BVE + 1) (¢s1, — ¢s0) — gcox(d%L - ¢%)

2 3 3

~3 (qNsubLD\/i> [{6(¢SL — Vis) — 112 — {B(dso — Vhs) — 1}2]
+ (qNsubLpV2) {{5(¢SL = Vhs) — 1}% —{B(¢so — Vbs) — 1}%}

The above mentioned approximations justify also that the mobility u is independent of y. The constant

mobility along the channel has been estimated to cause a few % of inaccuracy, which is not severe in

comparison with other approximations.

By approximating

Pso = 20g (24)

¢sL, = 2Pp + Vas (25)

in the above equation, the well-known description

Weg ’ 1 V 2€si1qNsub 2
Igs = Cox |V = Vin)Vas — | =+ ———— | V3, 26
ds Leff HC o ( G th) ds (2 + 400)(% ds ( )
\/2628iCqNsub\/m
ox

Vin = Vipe + 285 + (27)

is derived for the long-channel case. The above mentioned approximation for the surface potentials is
equivalent to the drift approximation.

One remaining problem is the gradual-channel approximation, employed to derive close-form descriptions,
which limits the validity of the description only for the non-saturating condition. As Vg is increased, the

pinch-off region appears in the channel. However, no information is derived from the description about
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the position where the gradual-channel approximation finishes and where the pinch-off starts. The Iy
description is extended to the saturation condition by introducing rapid increase of the surface potential

in the pinch-off region. The modeling is explained in the channel-length modulation section.
4 Threshold Voltage

In principle the drift-diffusion approximation requires no threshold voltage V;, for describing device
performances, but device parameters such as the oxide thickness T, and Ng,, determine the subthreshold
characteristics automatically. However, measured V;;, suffers from undesired phenomena such as short-
channel effects, causing V;y, shift of short-channel transistors from long-channel transistors. This V;y roll-
off is very much dependent on technology applied. Therefore HiSIM derives technological informations
from the Viy, reduction (AV;y,), which are relevant for modeling device characteristics. The modeled AV,

is incorporated in the ¢g iteration as can be seen in Eq. (12). The AV}, consists of two effects:

(I) the short-channel effect: AViy, sc

(IT) the reverse short-channel effect: AV;, g and AVyy, p

Contributions of these two components (AVy, = AVihsc + AVinr (or AViy, p)) are schematically shown

in Fig. 4.

AVinr

Vin
AV

AVihsc

L gate

Fig. 4: Schematic contributions of the short-channel and the reverse-short channel effect on Vyy,.

4.1 (I) Short-Channel Effects

As for the short-channel effects four important phenomena are observed: (i) reduction of V4, for reduced
Lgate, (ii) the Vi, dependence on Vg, (iii) reduction of the body effect, (iv) increase of the subthreshold

swing, normally not obvious for normal case. All these phenomena are caused by the lateral-electric-field
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contribution even at threshold condition. Thus AViy, sc can be written as a function of the lateral electric
field E, by applying the Gauss law. A parabolic potential distribution along the channel is approximated,

d
which results in the position independent gradient of the lateral electric field d—y [6]
Y

€si W dEy

AV, = —
th,SC o d dy

where Wy is the depletion-layer thickness written

26512‘1)]3
Wy = \| o 29
d qNsub ( )

dE, 2(Vi; — 2®p)
dy ~— PARL1(Lgate — PARL2)?

dE
Ty is described with model parameters
Y

(501 1502 x Vo + SC3 x 228 ) (30)

gate
where the default value of PARL1 is unity, and PARL2 represents the depletion width of the junction

into the channel. SC3 is a correction of the charge-sheet approximation expected to be small.

4.2 (II) Reverse-Short-Channel Effects

The origin of the reverse-short-channel effect is categorized into two groups:

(i) Impurity inhomogeneity in the vertical direction

(obvious in the retrograded implantation): AVi, r

(ii) Impurity inhomogeneity in the lateral direction

(obvious in the pocket implantation): AViy, p

(i) Impurity inhomogeneity in the vertical direction (This is excluded in HiSIM1.0.)

The substrate impurity pileup at the surface near the source/drain contact is the cause [7]. The impurity
profile Ngup(2z) was modeled by a linear function of the depth x to allow its easy extraction. With the

depletion charge Qgep the Vi shift from the long-channel transistor is written [8, 9]

e e (lon
AVipp = Yo Quepllon) (3)

Wa
Qdcp =4q Nsub (l’)d(ﬂ (32)
0

The impurity profiles are dependent on Lgate, Which are extracted from measured Vi-v/2®p — Vi char-
acteristics as demonstrated in Fig. 5. Here 2®p is the surface potential at threshold condition. Since
non-homogeneous impurity profile does not allow to describe Wy analytically, Eq. (32) has to be solved

numerically. The gradient of Ng,p(z) and its intersect at @ = 0 are determined to reproduce measured

10
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Fig. 5: Simulated Vi,-v/¢s — Vis characteris-
tics. The gradient and the intersect are depen-

dent on the Ny, (z) profile.

Fig. 6: Symbols are the impurity profiles used
for the V4, simulation shown in Fig. 5. Lines
are extracted profiles.

Vin-v¢s — Vs characteristics. Fig. 6 compares the extracted impurity profile with the 2D process simula-
tion result [10]. Fig. 7 compares simulated and measured V;y, values as a function of Lgate. The integrated

Qacp represented by a polynomial function of Lgate is implemented into circuit simulator to eliminate the

integration procedure

QDEPCL QDEPBL
Qdep = QDEPCC + m + QDEPBC + W \/m (33)
gate gate

Vps=0V ]
0.2 ]
Vds=0.1V
O i s 3 3333l i M N
0.1 1 10
Lgate (um)

Fig. 7: Comparison of measured Vi, (solid symbols) with model results (solid lines).

QDEPCC, QDEPCL, QDEPCS, QDEPBC, QDEPBL, and QDEPBS are final model parameters. The
impurity concentration used for the surface-potential calculations is the value at the surface, Ngup(0).

The reason is that the inversion charge density @; mostly determines the MOSFET characteristics, and

11
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it distributes only in a few nm in the vertical direction.

(ii) Impurity inhomogeneity in the lateral direction

The pocket-implantation technology causes a drastic inhomogeneity along the channel. Two obvious
features are: (1) The V4, increase starts even from long Lgace and (2) the short-channel effect appears
even for long-channel transistors [11]. This is modeled by developing a new concept for the threshold
definition. The new definition is based on the idea that the threshold condition is determined by both
the inversion carrier density in the non-pocket region and that in the pocket region [12]. The gate
voltage inducing certain amount of the total carrier densities in the both regions is determined as V;y.
Two model parameters (Lp: length of the pocket penetration into the channel; Ngup: peak of the
pocket concentration) are introduced as shown in Fig. 8. The final model equation requires iteration
procedure for finding the surface potential value giving the determined threshold condition. To eliminate
the iteration for circuit simulation a simplification of the model is undertaken keeping the developed

concept [13]. The resulting description for the Vi, shift with the pocket implantation is:
g

€si dEy P
A = — —_— 34
Vin,p = (Vin,r — Vino) X . Waq y (34)
2qNsupesi (2P — Vis
Vin,r = Vibe + 205 + V2 beé( o= b (35)
2 Nsu c€Si 2¢p — Vs
Vino = Vibe + 25 + V20N 62'( . (36)
dE,p  2(Vii — 2®p) 20p
L P1 P2 x Vs + SCP3 37
dy ~ PARLIx 12 \"OP1H SO as L, (87)
0.38 ;
O mesurement
036 —— model
0.34 —— simplified model |
E 0.32}
= 0.30
0.28 }
4 ‘ ‘ ‘ ‘ 0.26 |
02 04 0.6 08 0.240 : : 0
Position in the channel [pum] ' Lyue [um]
Fig. 8: The dashed curves are simulated im- Fig. 9: Comparison of Vi, as a function of Lgae
purity profiles by the 2D-process simulator among measurements and two model results.

TSUPREM at various depths. Extracted pocket
profile with the model is depicted by a solid line.

12



HiSIM1.1 Copyright (© 2002 STARC

With the simplified equation, L, and Ngup are coupled each other. For the parameter extraction,
therefore, a separate program with the complete equation including the iteration is used.

Here Ny, is replaced to the averaged impurity concentration in the channel

Nsubc(chf - Lp) + Nsuprp

Nsu =
b Leﬂ

(38)

Vin,r and Ving are the threshold voltage for the pocket implanted case and that without the pocket,
respectively. Fig. 9 compares the Vin-Lgate characteristics of the exact model and the simplified model
with average Ngup. The derivation of the V4, equation is valid approximately for Ngupp < 3 X Ngube [13].

Beyond the Ngypp > 3 X Ngype limit, extracted Ngupp and Ly may lose their reliabilities.
5 Poly-Depletion Effect

Depletion in the gate poly-Si occurs due to the low impurity-concentration region at the gate-oxide.
However, the concentration is much higher than that in the substrate. Therefore the depletion starts
after the formulation of the inversion layer in the substrate as shown in Fig. 10. Here one model parameter,
namely impurity concentration in the gate poly-Si (Npg), is introduced. The Poisson equation has to be

solved in the substrate and in the gate poly-Si simultaneously by iteration [14]

iEsi
V& — ¢s — dspg = —%SP = escis (39)

where Fg; is the vertical electric field at the substrate surface. The electric field in the poly-Si at the

gate oxide (Epg) is written

Epg = qj\fngD,log\/5 {eXp(*ﬂﬁbSpg) + Bospg — 1} + M{‘“Mﬂ@%pf{) — PBbspg — 1} 2 (40)

pO,pg

where Lp pg, po,pe a0d ppo pe are the Debye length, the intrinsic carrier concentration for electrons and
for holes in the poly-5i, respectively. However, it can be approximated that ¢spe never enter the inversion

condition under the normal operation condition, and thus the equation is simplified
1
€oxLipg = qugLD,pgﬁ(ﬁ¢Spg —-1)2 (41)

Egs. (39) and (41) are solved iteratively under the condition of Eg; = Epe. Fig. 10 shows calculation
result of ¢gpe together with ¢go as a function of V.
To eliminate the iteration procedure for circuit simulation the calculated ¢sps as a function of Vg is

described by a simple formula, and is included in the AV;y, as the potential drop of Vi
¢spg = PGD1 x exp(Vys — PGD2 — PGD3 x V) (42)

13
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Fig. 10: Simulated surface potential at the source side (¢go) as a function of V5. The poly-depletion
potential is also shown for two doping concentrations in the poly-Si, Npg.

where PGD1 describes the strength of the poly-depletion, PGD2 is the threshold voltage of the poly-

depletion, and PGD3 is introduced to take into account the weakened depletion for large V.
6 Quantum-Mechanical Effect

The main phenomenon of the quantum-mechanical effect is the repulsion of the carrier-density peak
into the substrate away from the surface. This can be described phenomenologically by increase of the
effective-oxide thickness Tox og. T'wo major approximations are introduced to derive a simple description:
A triangular potential perpendicular to the channel and carriers occupation only in the lowest energy

level. Resulting effective oxide thickness Tox ef is written [15, 16]

Tox,cff = Tox + ATOX

1
3

= Tox + QEALP (Qb + ;;&) . (43)

48mmeq
K2

QEALP = < > =35 x 1071%(Ccm)s

€si
The coefficient QEALP, originally calculated quantum mechanically under the above mentioned approx-
imations, is treated as a fitting parameter here. From measured Cgate-Vas characteristics QEALP is
extracted (e.g. Fig. 11). The extraction is performed at Vgs = 0, resulting in position independent Qy,
and @;. However, as can be seen from the above Tox og equation, @, and Q; are required to estimate
Tox,oft, and the @y and Q; calculation requires Tox og previously. Therefore the extraction procedure has

to be done iteratively. From the calculated AT, «-Vgs characteristics shown in Fig. 12, it is seen that AT,y

14
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can be described by a simple equation
ATo = a(Vgs — Vin — b)* + ¢ (44)

where a, b, and ¢ are parameters and

Tox + ATox
‘/th = 2(I)B + Vfbc + ¥qNsude (45)

ox

Here the Vi, calculation requires again AT, previously. By substituting Eq. (45) into Eq. (44), ATy is

obtained analytically after some simplifications
Azjox - CL(V ‘/th( ox,eff = ox) - b)2 + 6 (46)
Final description implemented into HiSIM is:

Tox,eff = Tox + ATox (47)

A:Zjox - QME]-( gs ‘/th( ox,eff = ox) - QME2)2 + QME?’ (48)

where QMFE1, QME2, and QMFE3 are model parameters.

P
12
1.0
0.8

Cgate (nF/cmZ)

0.6 c
—LOoX
04 — without T L 4
—with QF 0.2 | —— DTox (model)
0.2 T‘r’,”q'e‘awr'gd& PDE " @ DTox (exact calculation)
O PPN EPEFEEIN EFEEE EFRFEE R R - O 1 1 1 1
-1.0-05 0 05 1.0 1.5 20 25 O 05 10 15 20 25
Vgs (V) Vgs (V)
Fig. 11: Comparison of measured C-V character- Fig. 12: Calculated Ty increase by the quantum
istics with simulation results by different models. mechanical effect. The solid line shows model re-

sults and symbols are exact calculation results by
solving the Poisson equation and the Schrodinger
equation simultaneously.
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7 Mobility Model

The low-field mobility is described by the following expression with three independent scattering mecha-
nisms [17]:

1 1 1 1

— =t —+ — (49)
Ho HcB HUPH HSR
Qi
pes(Coulomb) = MUECBO + MUECBIW (50)
MUEPH1
ppu(phonon) = (T'/300K)MUETMP Ee]\f{[fUEPHO (51)
MUESR1
psR (surface roughness) = — =0 (52)
Eeff
where Fog is the effective field normal to the surface written
1
Eeg = —(NDEP x Qy(Vas = VDSO0) + NINV x Qi(Vas = VDS0)) (53)
€Si

Though @y, and @; are position dependent, the dependencies can be ignored under the low-field condition
with small Vi (= VDS0 = 50mV).

The mobility universality preserves following conditions [18, 19]:

MUEPHO( ~ 0.3 (54)
MUESRO = 2.0 (55)
NDEP = 1.0 (56)
NINV = 0.5 (57)

which are independent of technology variations. Thus, MUECB0, MUECB1, MUEPH1, MUESR]1 are
remaining as fitting parameters extracted [20]. The charge-sheet approximation may disturb the univer-
sality for reduced Lgate even small Vis. A parameter NINVD is introduced for such case, taking into

account the thickness of the inversion layer
NINV = NINV — NINVD x Vg (58)
The high-field mobility is modeled as [21]

= Ko (59)

- 1oE, BB\ BB
VMAX

where the maximum velocity VMAX is temperature dependent described as

VMAX = VMAX /(1.8 + 0.4(T/300K) + 0.1(T/300K)?) (60)

16
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and BB is usually fixed to 2, and should be an even number to secure the symmetry for device charac-
teristics at Vgs = 0 [22]. E, is derived from calculated ¢g value. The maximum of VMAX should be the
maximum electron-saturation velocity (~ 1 x 107cm/s). However, the value exceeds with reduced Lgate.

This velocity overshoot is included in the following manner

VMAX = VMAX /(1.0 — VOVER/(LYQVPEFY) (61)

gate

To include the resistance caused by the potential barrier of the pocket at the drain for small Vg5 under
the strong inversion condition as demonstrated in Fig. 13, modification of I4s is done empirically with
four model parameters:

Ids

Igs = (62)
1+ ‘Ijb (I4s)RPOCP1
ds
Ry _ RPOCK1 (Logg) RPOCP? (63

Vas (Vas,er + RPOCK2)? Wes
This modification is not required for conventional MOSFETSs, but become important for the pocket

technology.

<«<—Source Drain —>

t ——with pocket
{omm-—- w/o pocket

Lch

A
Y

y (um)

Fig. 13: Simulated surface potential distribution along the channel simulated by 2D simulator.

8 Channel-Length Modulation

The gradual-channel approximation is applied to derive analytical equations for describing device charac-
teristics. However, this approximation is not valid for large Vg5 causing pinch-off condition in the channel.
Without taking into account the condition, calculated channel conductance g4s enters abruptly into the
saturation condition. To model the pinch-off phenomenon we follow the conventional method of modeling

the pinch-off region (AL) separately from the rest of the channel as depicted in Fig. 14 [23].

17
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Fig. 14: Schematics showing correlations among physical quantities in the pinch-off region.

The position y = 0’ corresponds to the end of the gradual-channel approximation, where the surface
potential is ¢gr,. The length from y = 0’ to the drain contact is AL. The surface potential at the drain
junction is ¢s(AL). After integrating the Poisson equation in the AL region by ignoring the vertical

electric field E,,, we obtain [24]

Ep — Ec
AL=€5 X ——— 64
S qNsub + Qi/Wd ( )
where
2 Nsu
Bfy = Bg + = 2 (6s(AL) — ds1) (65)
and E¢ is the electric field at y = 0'.
The gradual-channel approximation is valid at y = 0’, which leads to
IDD
Ec = 66
¢ ﬁ(Lgate - AL)QI ( )
Though E¢ includes originally AL, it is neglected to simplify the descriptions as
IDD
) S — 67
¢ ﬁLgateQi ( )

This simplification is not severe, because the contribution of E¢ on determining AL itself is not large.
For simple parameter extraction ; at the source side is applied. The final potential value at the end of
the channel (¢s(AL)) lies between ¢gr, and ¢go + Vas. This value is dependent on the junction profile

between the channel and the drain contact. This dependence is modeled with the parameter CLM1 as

¢s(AL) = (1 — CLM1)¢st, + CLM1(¢so + Vas) (68)

where CLM1 represents the hardness of the junction and must be 0 < CLM1 < 1. CLM1 = 1 means
that the contact profile is abrupt and all potential increase occurs in AL, whereas CLM1 = 0 corresponds

to the opposite condition and AL = 0. Since the velocity and the intrinsic-charge concentration together
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determine the current in the channel, the exact inversion charge ; in the pinch-off region is hardly known.
Therefore we introduce two fitting parameters CLM?2 and CLM3 to counterbalance two contributions

Qb (= qNgup x Wy) and Q5. The final description is
AL = esi(Ep — Ec)/(CLM2 x Qy, + CLM3 x Q) (69)

Though AL is determined mostly by ¢s(AL), the combination between CLM2 and CLM 3 gives influence

on the Cq, capacitance described in the Section 12.

9 Narrow-Channel Effects
9.1 Threshold Voltage

The shallow-trench-isolation technology induces the Vi, reduction for reduced channel width (Wgate).

This phenomenon is modeled by the inclusion of the edge-fringing capacitances Cyr at the edge of the

trench [25]
AVipw = ( ! ! ) Nawn W, (70)
W Cox C’ox + 2Cef/(LeffWeff) @subihd
where
260)( 2Tfox . WFC
Cef = - Leff 1n< Tox ) = D) X Leff (71)

where Tioy is the thickness of the field oxide of the trench edge, and WFC' is the reduced model parameter.
The final AV;, in Eq. (12) is
AVin = AVinsc + AVinr + AVinp + AVinw — Pspe (72)

9.2 Mobility Reduction

It is known that the trench isolation induces mechanical stress in the channel, which results in the

degradation of the mobility [26]. This is implemented with one model parameters MUEPH?2 as
MUEPH1 = MUEPH1 + MUEPH?2 x log(Wgate) (73)

where

log(Wgate) > WO (74)

The model parameter exp(W0) determines the minimum channel width to be considered.
Sometimes Iqs-Wate characteristics show not monotonously decreasing feature but increase for narrower
Wate values. This is mostly caused by the contribution of leakage current described in the next sub-

section.
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9.3 Leakage Transistor: Hump in I4

The shallow trench isolation induces also undesired hump in the Ig,-V,s characteristics of the subthreshold
region as demonstrated in Fig. 15. This is due to the high electric field caused at the edge of the trench.
At the edge the impurity concentration as well as the oxide thickness are different from the width middle.
Therefore the surface potential values are expected to be different from the middle of the width. Vi, of
the leakage current is lower than that of the main current, and thus only the subthreshold characteristics

are important for modeling. Therefore the surface potential can be derived analytically as [27]

o €si@N STI 20! 2 1
¢S,STI = vas,STI + W |jl — \/1 + m Vgls,STI — B (75)
where
Vist1 = Vs — Vi + Vin x WVTHSC (76)

This is based on the idea that the current in the subthreshold region is governed only by the diffusion
term. The carrier concentration n str is calculated analytically by the Poisson equation with the
substrate-impurity concentration Ngrr different from Ngype and Ngypp. Here the parameter WVTHSC is
introduced to distinguish the short-channel threshold characteristics of the edge from the intrinsic part.

The final leakage current equation is

Wsrt MQN,STI
Lei‘f 5

Tgs,sT1 = 2 [1— exp(—(Vas)] (77)

where Wyt determines the width of the high-field region. Calculated I4s g7r is compared in Fig. 15 with

measurements.
1073 : ; : :
L. measurement NTTIRIL 1
- - : (1L
107°L _ simulation ..;isi”" 1
i e ]
1077} .7 analytical (diffusion)
< . of /4 ]
g 1077 Lgate= 0.90um
EEUNRET| R LF 11 Wgate= 0.98um
10 111 .3 gate u
el Vps = 0.0 > —1.5V ]
L Vds = 1.5V J
10'15 L L L L
-0.5 0 0.5 1.0 15 2.0
Vg [V]

Fig. 15: Comparison of measured Iqs-Vgs (solid circles) and simulated results (lines).
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10 Temperature Dependence

Temperature dependence is included automatically in the surface potentials with 3. Additionally the
bandgap, determination of the intrinsic carrier concentration, and the carrier mobility are also temper-
ature dependent. The temperature dependence of the bandgap determines the temperature dependence

of ‘/th [28}

E, =1.1785 - BGTMP1 xT — BGTMP2 xT xT (78)
5 E

Nin = Nino x T"® exp <2gﬁ> (79)
q

Whereas the temperature dependence of the mobility determines the temperature dependence of the

I45-Vgs characteristics under the on-current condition consists of two contributions [21]:

MUEPH1
(T/300K)MUETMP X Eé\;[fUEPHO

VMAX = VMAX /(1.8 + 0.4(T/300K) + 0.1(T/300K)?) (81)

ppr(phonon) = (80)

11 Source/Drain Resistance

The source and the drain resistances Ry and Rq4 are considered by voltage drops on each terminal as:

Vgs,eff = Vgs - Ids/WeffRs (82)
Vds,eff — Vds - Ids/Weff(Rs + Rd) (83)
Vbs,eff = Vbs - Ids/WeffRs (84)

These voltage drops are calculated iteratively for given voltages to keep consistency among all device
performances. However, Rs and Rq can be also treated as extrinsic resistances, and can be included in

the equivalent circuit.
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12 Capacitances

12.1 Intrinsic Capacitances

Intrinsic capacitances are derivatives of the node charges determined as

0Q;
j#Ek: 6=-1
j=k: 0=1

HiSIM derives analytical solutions of all 9 independent intrinsic capacitances from the charges given in
Egs. (1)—(5) explicitly with the surface potentials. Therefore there is no extra model parameters for the
capacitances for HiSIM1.0.

The lateral electric field along the channel induces a capacitance Cq, which significantly affects the gate
capacitance under the saturation [29]. The induced charge associated with Cgq, is described with the

surface potential values as

¢SO + Vds - d)S(AL)

Qy = esiLegWa
ny

- Ec (86)

introducing ¢, a parameter determining the maximum field at the channel/drain junction independent
of Lgate. Under the saturation condition, Cg, dominates the gate-drain capacitance Cgq. This effect
is more visibly observed as the gate-length reduces. Therefore in Cyq modeling, Cq, is added to the

conventional components as depicted in Fig. 16 instead of inner-fringing field effects as conventionally

applied [30].
gate
e et S B
C Cint Co Cfring
e T
source drain
AL

inversion saturation
Iayer region

Fig. 16: Modeling gate-drain capacitance with Cg, added to the conventional components.
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12.2 Overlap Capacitances

The overlap capacitances are modeled as the extension of the channel-length-modulation model [24].
Therefore the surface potential at the drain ¢g(AL) influences at the same time on the capacitance
values. The further potential increase of ¢g(y) from ¢s(AL) to ¢so + Vas is modeled by two different

approximations:
(i) Approximate the lateral impurity profile of the drain contact by a polynomial function of y
(ii) Approximate the linear reduction of the lateral electric field in the overlap region

The final overlap charge at the drain side for the (ii) case are

Qgon /L
= Vs — — d 87
Wiy /s {Ves — (ds — ds0) Yy (87)
a) Yn S Lover
Qgo a .
Wgc,d = (Vgs - Vds)Lover - gyi (88)
b) Yn > Lovcr
ngd - (V s Vds)Lovcr - g{(Lovcr - yn)S + y3} (89)
W Cox & 3 "
where
1
Vs — AL)\?
Y = (_¢so+ as — Ps( )) (90)
a
The overlapped gate charge at the source side is written
ngs
= s Lover 1
=V (91)

where the parameter a determines the steepness of the lateral contact profile. However, the sensitivity of
a to the overlap capacitance is small. Therefore it is fixed to —1 x 10! in HiSIM1.0.

Two cases, (i) and (ii), can be selected by the given flag COOVLP. Both models include no extra model
parameters. Only one model parameter is the overlap length (Lover), which consists of XPOLYD, the
difference between the real gate-poly length (Lpo1y) and the design length (Lgate), and the overlap length
XLD

Lover = XPOLYD + XLD (92)

12.3 Extrinsic Capacitances

The outer fringing capacitance is modeled [31]

Cr =~ WyapeIn (1 +

o TPOLY
/2

Tox,eﬁ

where TPOLY is the gate-poly thickness. This capacitance is bias independent.
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13 Substrate Current

The substrate current Iy, is generated by the impact ionization in the depletion region at the drain

junction (see Fig. 17). Thus I,y is represented
Isub = OzIdSAL (94)

where AL is the length where the impact ionization occurs. This AL region is not necessarily restricted
in the channel, namely the same as AL determined in the CLM modeling, but can be extended into the
drain region. The coefficient « is the ionization coefficient. « is written as a function of E with fitting

parameters A and B

o= Aexp <—§) (95)

Y

Since « is a function of the electric field, and the filed is dependent on the position in the pinch-off region,

Eq. (94) has to be integrated along the pinch-off region and beyond

Iy, = / IdsA €xp (_> dy (96)
0 £,
‘ Gate
A E, D fox
— A
EW0) § «— B0 X;
<+ — Drain
B iC
0—>y l
< AL V:
Fig. 17: Schematics of the high field region.
After some simplification we derive the well-known equation [32]
A AB
Iap = = — ¢(0))Igs —— 97
= 3 00) — 00 faesp (-5 ) (97)
where
\2 _ ESii(jTox (98)

and Xj is the junction depth.
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In Eq. (97), % is replaced to SUB1, and AB to SUB2, deriving the final equation
L, = SUBL(6(y) — 6(0)) Las exp{ ~SUB2/ (6(y) - 6(0)) } (99)
where the surface potentials ¢(0) and ¢(y) are modeled

$(0) = SUB3 X gL, (100)

¢(y) = ¢so + Vas (101)

The parameter SUB3 means that the impact ionization occurs not necessarily beyond the pinch-off point,

but can be happen even before the pinch-off.

Symbol Megs. ‘ " Lgate=2.1um Symbol Meas. ‘ " Lgate=0.6um
10_7 7CUI’V€ S e 1 | Curve SIM ppusssersessensserssmunne,, i
107}
<
ERT
108!
-15 ) 15 )
1075 107 1 2 4
Vs (V) Vs (V)
Fig. 18: Comparison of simulated I, (lines) with Fig. 19: Comparison of simulated Ig,p (lines) with
measurement (dotted lines) for a long Lgate case. measurement (dotted lines) for a short Lgate case
with the same model parameter as the long Lgate
case.

From Fig. 18, 19 it can be concluded that calculated Iy, does not reproduce measured data well for Lgate
of 0.6pm in the linear region. The reason is that the description is too simple to reproduce measured
Isup for all Lgate with one model parameter set. Therefore binning is required for the I,y calculation for

the HiSIM1.0 version.
14 Gate Current

As for the gate current (Igate) the direct-tunneling mechanism is considered [33]. Since measured Igate
show nearly linear Lgate dependence, the tunneling is considered to occur in the whole channel length.

Thus the final description implemented in HiSIM is

3
2 Eg?

E

E
Iiate = qGLEAK1

1
2
Eg

exp (— GLEAK?2 ) Wcﬁ’LcH (102)
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where
_ V& — o
R (103)
where
_ $so + ¢sL
s = GLEAKS3 (104)

15 GIDL (Gate-Induced Drain Leakage) Current

The GIDL current is generated at the drain junction under the accumulation condition. The Vjs increase
induces a very narrow potential well in the drain just under the gate, causing the carrier generation.
Therefore the GIDL current is strongly dependent on Vgs. By reducing Vs further the direct tunnel-
ing dominates Igipr, resulting Vs independent. The Vs dependent Igipr, is concentrated here. The

generation mechanism is considered to be the direct tunneling
IGIDL = aIdSAL (105)

The generation occurs only in the AL region at the drain. The final equation is

B2 foF:
Icipr, = qGIDL1— exp | —GIDL2=2 | Weg (106)
E? E
where
IDL ¢ — V¢
g = GIPL3 X Vas = Vg (107)

TOX

16 Conservation of Symmetry at Vg = 0

HiSIM preserves the symmetry at Vgs = 0 automatically due to the drift-diffusion approximation as
demonstrated in Fig. 20. However, modeling of the short-channel effects induces small asymmetry. To
eliminate the asymmetry caused by the artifact of the modeling, the Vi, modeling has to include the
damping of the short-channel effect as Vjs approaches zero. This is really observed in 2D simulations.
The damping is done by a mathematical function with two parameters: VZADDO and PZADDO [34].
These values are fixed, and not necessary to be changed. A result with the damping is shown in Fig. 21

for Lgate = 0.13pm.
17 MOS-Diode Models

Model equations are taken from BSIM3v3 [35] with minor modifications.
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Fig. 20: Symmetry test at Vgs = 0 for Lgate = Fig. 21: Symmetry test at Vis = 0 for Lgate =
10pm at Vg = 3V. 0.13pum at Vg = 3V.

18 1/f Noise Model

1/f noise is caused by both the carrier fluctuation and the mobility fluctuation. The final description for

the drift-diffusion model is [36]

 I2NFTRP ( 1

S
Qi/q+ N*

2
= + NFALP x 108
Ias BfLeﬂ'Weff /’l’) ( )

where NFALP and NFTRP are the contribution of the mobility fluctuation and the ratio of trap density

to attenuation coefficient, respectively. N* is written

. Cox + Cdep + CIT

3 (109)

N*

where Cqcp is the depletion capacitance calculated with ¢g, and CIT is the capacitance caused by the

interface trapped carriers normally fixed to zero.
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19 Model Flags

Following flags are prepared to select required model options.

1. To exclude models:

Short-Channel Effect SC1=5C2=5C3=0
Reverse-Short-Channel Effect | LP =0
Quantum-Mechanical Effect QME1 = QME2 = QME3 =0

Poly-Depletion Effect PGD1 = PGD2= PGD3=0
Channel-Length Modulation CLM1=CLM2=CLM3=0
Narrow-Channel Effect WFC = MUEPH2 =0

2. Contact resistances Ry and Ry are included and equations are solved iteratively:
CORSRD = 0: no (default)
CORSRD > 1: yes
3. Overlap capacitance model is selected as:
COOVLP < 0: constant value
COOVLP = 0: approximating the linear reduction of the field (default)
COOVLP > 0: considering the lateral impurity profile
4. Substrate current Iy}, is calculated:
COISUB = 0: yes (default)
COISUB > 1: no
5. Gate current Igu¢e is calculated:
COIIGS = 0: yes (default)
COIIGS > 1: no
6. GIDL current Igipy, is calculated:
COGIDL = 0: yes (default)
COGIDL > 1: no
7. 1/f noise Sy, is calculated:
CONOIS = 0: no (default)
CONOIS # 0: yes
8. STI leakage current I4s g7 is calculated:
COISTI = 0: no (default)

COISTI # 0: yes
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20 Summary of Model Parameters

Technological Parameters

TOX oxide thickness m
XLD gate-overlap length m
XWD gate-overlap width m
XPOLYD | difference between gate-poly and design lengths m
TPOLY | height of the gate poly-Si m
RS source-contact resistance VA~'m
RD drain-contact resistance VA~ 'm
NSUBC | substrate-impurity concentration cm ™3
NSUBP maximum pocket concentration cm ™3
VFBC flat-band voltage A%
LP pocket penetration length m
XQY distance from drain junction to maximum electric field point m
Temperature Dependence
BGTMP1 | bandgap narrowing eVK!
BGTMP?2 | bandgap narrowing eVK—?2
Quantum Effect
QME1 coefficient for quantum mechanical effect Vm
QME?2 coefficient for quantum mechanical effect A%
QME3 coefficient for quantum mechanical effect m
Poly Depletion
PGD1 strength of poly depletion A%
PGD2 threshold voltage of poly depletion \%
PGD3 Vas dependence of poly depletion —
Short Channel
PARL1 strength of lateral-electric-field gradient —
PARL2 depletion width of channel/contact junction m
SC1 short-channel coefficient 1 V-1
SC2 short-channel coefficient 2 V2
SC3 short-channel coefficient 3 V~—2m
SCP1 short-channel coefficient 1 for pocket v-!
SCP2 short-channel coefficient 2 for pocket V2
SCP3 short-channel coefficient 3 for pocket V—2m
Narrow Channel
WEC threshold voltage reduction Fcm—?m
MUEPH?2 | mobility reduction —
wo minimum gate width log(cm)
WVTHSC | short-channel effect at the STI edge —
NSTI substrate-impurity concentration at the SIT edge cm ™3
WSTI width of the high-field region at STT m
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Mobility
VDSO0 drain voltage for extracting
the low-field mobility *** 50mV v
MUECBO0 | Coulomb scattering cm?V—ls7!
MUECB1 | Coulomb scattering cm?V—1s7!
MUEPHO | phonon scattering *** 0.3 em?(Vs)~H(Vem™1)MUEPHL
MUEPH1 | phonon scattering —
MUETMP | temperature dependence of phonon scattering —
MUESRO | surface-roughness scattering *** 2.0 em?(Vs)~H(Vem™1)MUESRI
MUESR1 | surface-roughness scattering —
NDEP coefficient of effective-electric field *** 1.0 —
NINV coefficient of effective-electric field *** 0.5 —
NINVD modification of NINV v-!
BB high-field-mobility degradation *** 2.0 —
VMAX | maximum saturation velocity cms~!
VOVER | velocity overshoot effect cm VOVERP
VOVERP | Lgate dependence of velocity overshoot —
RPOCK1 | resistance coefficient caused by the potential barrier | VZA~RPOCPL )y RPOCP2-1
RPOCK?2 | resistance coeflicient caused by the potential barrier A%
RPOCP1 | resistance coefficient caused by the potential barrier —
RPOCP2 | resistance coefficient caused by the potential barrier —
Channel-Length Modulation

CLM1 hardness coefficient of channel/contact junction —

CLM?2 coeflicient for @ contribution —

CLM3 coefficient for ()1 contribution —

Substrate Current

SUB1 substrate current coefficient 1 VI

SUB2 substrate current coefficient 2 \Y%

SUB3 substrate current coefficient 3 —

Gate Current
GLEAK1 | gate current coefficient 1 AV—3/20~1L
GLEAK?2 | gate current coefficient 2 Vem 1v—1o
GLEAK3 | gate current coefficient 3 —
GIDL Current

GIDL1 GIDL current coefficient 1 AV—3/2C~Im

GIDL2 GIDL current coefficient 2 Vem V13

GIDL3 GIDL current coefficient 3 —

1/f Noise

NFALP contribution of the mobility fluctuation Vs

NFTRP | ratio of trap density to attenuation coefficient V-lem—2
cIT capacitance caused by the interface trapped carriers Fem™2
Conservation of the Symmetry at Vgs = 0 for Short-Channel MOSFET's

VZADDO | symmetry conservation coefficient \Y%
PZADDO0O | symmetry conservation coefficient A%
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21 Default and Limit of the Parameter Values

’ parameter  unit min \ max \ default H remarks
TOX [m] 5n
XLD [m] 0 50n 0.0
XWD [m] 0 100n 0.0
XQY [m] 0 50n 0.0
XPOLYD  [m] 0.0
TPOLY [m] 0.0
NSUBC [em—3] 1.0x1016 1.0x109 1.0x10%7
VEFBC V] —-1.2 —0.8 -1.0
Lp [m] 1n 300n 15n
NSUBP [em~3] 1.0x 1017 1.0x10%° 1x10%7
SCP1 V-1 0 200 0.0
SCP2 V=2 0 200 0.0
SCP3 [V~2m)] 0 lm 0.0
PARL1 ] 0.8 1.0 1.0
PARL?2 [m] 0 50n 0.0
SC1 V-1 0 200 0.0
SC2 V=2 0 200 0.0
SC3 [V~2m)] 0 1m 0.0
WFC [F cm™2m] 0.0
wo [log(cm)] 0.0
QOME1 [V m] 40p
QME?2 [V] 300p
QME3 [m] 0.0
PGD1 [V] 0 20m 10m
PGD2 V] 0 1.0 1.0
PGD3 —] 0 1.0 0.8
RS [VA~!] 0 100p 80u
RD [VA-! 0 1004 80u
RPOCK1  [V2A-RPOCPL ) RPOCP2-1] 0 1K 10m
RPOCK2 [V] 0 500m 100m
RPOCP1 —] 0 5 1
RPOCP2  [—] 0 5 0.5
BGTMP1  [eVK™}] 90.25p fixed
BGTMP2 [eVK™?] —5u 54 100n
VMAX [cms™!] 1IMEG 100MEG TMEG
MUECB0O  [em?V—1s7! 1.0 1K 300
MUECB1  [em?V~—1s7! 1.0 1K 30
MUEPHO  [em?V~1s71(Vem™1)MUBPHL] 300m fixed
MUEPH1  [—] 100 IMEG 25K
MUEPH2  [—] 0 100K 0.0
MUETMP [ 1.0 2.0 1.5
MUESRO  [cm?V s~ }(Vem™!)MUESEL] 1.0 2.0 2.0
MUESR1  [] 10T 1.0x 1017 2.0x1015
NDEP ] 1.0 fixed
NINV ] 0.5 fixed
NINVD V-1 0 20m 1n
BB —] 2.0 fixed
VOVER ] 0 500m 10m
VOVERP  [—] 0 500m 100m
CLM1 ] 0.5 1.0 700m
CLM?2 ] 1 2 2
CLM3 —] 1 5 1.0
SUB1 V-1 10
SUB2 [V] 20
SUB3 ] 0.8
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] parameter  unit H min max \ default H remarks ‘
GIDL1 [AV=3/2C~ 1] 5u
GIDL2 [Vem1V—15] IMEG
GIDL3 — 300m
GLEAK1 [AV—3/2C~! 10K
GLEAK2 [Vem™ V=19 20MEG
GLEAK3  [] 300m
WVTHSC [ 0.0
NSTI [em ™3] 1.0x10'7
WSTI [m 0.0
VZADDO [V 10m fixed
PZADDO [V 5m fixed
VDS0 [V 50m fixed
NFALP [Vs] 1.0x10716
NFTRP  [V-lem™?| 10G
CIT [Fem™2] 0.0
.
22 Parameter-Extraction Procedure
STEP DUT SETUP INPUT OUT|TRANSFORM EXTRACTION extr. region [remarks
i) Rough extraction with Vth
1 Vth Vth_Vb Lgate Vth Vth_sim VFBC,NSUBC long (0)
VB
VD
2 Vth_Vb Lgate Vth Vth_sim NSUBP middle
Vth_vd VB
VD
3 Vth_Vb Lgate Vth Vth_sim SCP1,SCP2 middle
Vth-Vd VB SCP3
VD
4 Vth_-Vb Lgate Vth Vth_sim PARL2 short (1)
Vth_-Vd VB SC1,5C2
VD SC3
ii) Fine extraction with Ids-Vgs
in the subthreshold region
5 N10temp27 IDVGO005 VB ID ID_-mmm NSUBC subthreshold
VD=50mV
VG
Vs
6 N10temp27 IDVGO005 VB ID ID_mmm VFBC subthreshold
VD=50mV MUECBO,MUECB1
Vs
7 N10temp27 IDVG1 VB 1D ID_mmm MUEPH1,MUESR1| saturation (2)
VD=1V
VG
Vs
8 NO013temp27|IDVG005,06,12 ID ID_mmm LP,NSUBP subthreshold
NO3temp27 VD=50mV,0.6V,1.2V SCP1,SCP2,SCP3
NO5temp27 vG SC1,5C2,5C3
Vs PARL2
iii) Extraction with Ids-Vgs & Vds
in the linear & saturation region
9 NO13temp27 IDVGO005 VB ID ID_mmm RS,RD saturation
NO3temp27 VD=50mV
NO5temp27 VG
Vs
10 NO3temp27 IDVD VB 1D ID_mmm VOVER,VOVERP | saturation | (3),(4)
NO5temp27 VD XLD,VMAX
Nltemp27 VG
Vs
11 NO3temp27 IDVD VB ID ID_mmm RPOCK1,RPOCP1 linear
NO5temp27 VD RPOCP1,RPOCP2
Nltemp27 VG
N10temp27 VS
iv) Bxtraction
for temperature dependence
12 N10temp90 IDVG1 VB ID ID_mmm BGTMP2 subthreshold
N10temp50 VD=1V
VG
Vs
13 N10temp90 IDVD VB ID ID_mmm MUETMP saturation
VD
VG
VS

Import the “default parameter file” before extract.
The step 1 & 4 have to be repeated.
The step 6 & 7 have to be repeated.
If Idvd(saturation) inclination is not fit, you may revise it by CLM1,2, 3.
The step 8 & 11 have to be repeated.
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