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ABSTRACT A compact charge model for double-gate metal-oxide—semiconductor field-effect transistors
with the quantum confinement effect is presented. In addition to the Poisson equation, the density-gradient
equation with a realistic boundary condition is considered to include the quantum confinement effect.
The coupled governing equations are rigorously integrated. Contribution of the density-gradient equation
is clearly identified. Based on the resultant integrated equation, a compact charge model is proposed.
Expressions for model parameters are found. Numerical examples for various double-gate MOS structures

are shown.

INDEX TERMS Compact model, density-gradient equation, double-gate MOSFETSs, quantum confinement

effect, semiconductor device modeling.

I. INTRODUCTION

Multigate Metal-Oxide-Semiconductor Field-Effect
Transistors (MOSFETs) such as FinFETs [1]-[3] and
nanowire FETs [4], [5] have become the major tran-
sistor technologies. The FinFETs are currently in the
mass production. It is expected that the gate-all-around
(GAA) transistors with superior gate controllability will be
introduced soon. For example, recently, development of a
nanosheet transistor has been reported [6]. Therefore, it is
mandatory for the compact models to take into account
multigate MOSFETs appropriately.

A fundamental step in building a compact model is to
establish the charge-voltage characteristics of the given MOS
structure. In order to model the charge-voltage characteristics
in the multigate MOSFET accurately, two important factors —
the shape of the cross-section and the quantum confinement
effect — should be properly considered.

In the case of the geometric effect, recent compact mod-
els for multigate MOSFETs [7]-[11] are based on the
“equivalent double-gate MOSFET model” concept. In those
works, a general charge-voltage relation is defined and only

parameter values are dependent on the cross-section. It has
been recently shown that an equivalent double-gate MOSFET
model can be derived for an arbitrary cross-section by
neglecting the non-uniformity of the surface potential [12].

In the case of the quantum confinement effect, there are
various approaches. For example, the distance between the
electron centroid and the semiconductor-insulator interface,
which depends on the gate voltage, is added to the oxide
thickness [11]. In [10], a quantum correction term is added to
the core equation with an adjustable parameter. In another
approach [13], [14], analytic solutions of the Schrddinger
equation are used to calculate the inversion carrier density.
Although the expression for the electron density is physically
sound, coupling the electron density and the surface potential
requires additional approximations [15].

As much as the device simulation is concerned, the
density-gradient equation [16] is a de facto standard method
to consider the quantum confinement effect. Therefore,
a compact model, which considers the density-gradient
equation together with the Poisson equation, is expected
to significantly increase the transferability of the device
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FIGURE 1. Double-gate structure whose thickness is Tp¢. The center of
the substrate is located at x = 0.

simulation into the compact model. To the best of the author’s
knowledge, it is difficult to find previous works on the
compact model with the density-gradient equation.

In this work, a compact charge model for double-gate
MOSFETs, where the quantum confinement is naturally
included, is proposed. The organization of the paper is as
follows: In Section II, the geometry assumed in this work
and the governing equations are introduced. In Section III,
the coupled governing equations are rigorously integrated. In
Section IV, a compact charge model is derived. In Section V,
the numerical results for double-gate MOS structures are
shown to demonstrate the validity of the proposed approach.
Finally the conclusion is made in Section VI.

Il. PROBLEM SPECIFICATION

A double-gate structure shown in Fig. 1 is considered. The
thickness of the substrate is Tpg and the position x varies
from —%TDG to %T pG. Due to the symmetric operation,
physical quantities have the mirror symmetry with respect
to the center, x = 0. Therefore, the slope of any variable at
x = 0 vanishes. In the following, only a half structure with
x > 0 is explicitly considered.

Two governing equations and their boundary conditions
are discussed. In the substrate region, the Poisson equation
is given by

¢ p

2 + c = 0, (1)
where ¢ is the electrostatic potential and ¢ is the permittivity
of the semiconductor. Assuming the fully-depleted substrate,
the net charge density, p, is

p=—gn+qN" =—qS*+gN", 2)

where ¢q is the absolute elementary charge, n is the electron
density, S is the square root of the electron density, and N
is the net ionized doping density. For a p-type substrate, N
is negative. The boundary condition at the semiconductor-
insulator interface, x = %TD(;, is given as

d¢
dx x=%T[)G

= Cins(VG — Oys — ¢)» (3)

where Vi is the gate voltage, @y is the workfunction
difference between the metal and the intrinsic reference
semiconductor, and Cj,; is the insulator capacitance per area.
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The second governing equation is the density-gradient
equation [16], [17], which takes into account the quantum
confinement effect. The equation and its boundary con-
dition are repeated here to improve the readability. The
density-gradient equation is given by

d25+ ¢—Vrl s S @’ lqu 0, 4
—_— —_— - og — = 5 — = )
a2 " 2b, PO )" a2 25,7
where V7 is the thermal voltage, n;,, is the intrinsic carrier
density, and ¢, = —¢+Vrlog nS_, is the quantum correction.
With the quantum correction, the electron density can be
written as
¢+
n = Njy exp( 7). (®))
Vr
The coefficient b, for the semiconductor region is given by
2
yh
by = s (6)
12gmy,

where m,, is the electron effective mass and A is the reduced
Planck constant. y is a material-dependent coefficient. For
example, in the case of silicon, y = 3.6 is used in [17]. The
boundary condition for the density-gradient equation may
have various forms. The simplest one sets vanishingly small
electron density at the interface. However, in this work, a
penetrating boundary condition of S [18] is considered. The
slope of S at the semiconductor-insulator interface is given as

ds

dx lx= % Tpc

bn,insS — _§ (7)

bx, I’

where b, ins is for the insulator region and x;, is the penetra-
tion depth inside the insulator region. Therefore, the effective
decaying length, /, can be easily calculated from by, by, ins,
and the energy barrier height at the interface. In the case of
the silicon-oxide interface, [ is assumed to be 0.1 nm.

The two governing equations, (1) and (4), should be solved
together. A self-consistent solution of two equations should
be found to get the charge density on the cross-section.
Of course, the numerical simulation using the discretization
easily provides the solution. However, instead of solving
two coupled equations numerically, our goal is to establish
the seamless connection between the device simulation and
the compact model. In the subsequent sections, a general
modeling approach is presented in some detail.

1Il. INTEGRATION OF GOVERNING EQUATIONS

The central quantity of interest is the integrated charge den-
sity, which can be expressed as (with help of the Poisson
equation, (1)),

lTDG lTDG d2
0 = / 7 = —e / TAD . (8)
0 0

dx?

By applying the boundary condition, (3), and the mirror
symmetry, it is readily found that

d
O = —€—¢

= _Cins(VG - q)MS) + Cins¢s, (9)
dx

1
X=§TDG
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where ¢; = q)(%TD(;) is the surface potential. In a similar
way, the subscript s is used to denote the quantity evaluated
at x = lTDG. In addition to Oy, Q. and Qg are obtained by
integrating the electron charge and the net doping charge,

\
0, = /OZTDG (—qS2>dx - —e% (0
and
370G 1 da
04 =/0 (Ve = 5TooaN* = =G|

respectively. It is noted that Q;, Q., and Q; are the areal
charge densities for the half structure.

In order to evaluate Q; as a function of V(, another
equation is required to eliminate Cj,s¢s. When the density-
gradient equation is neglected for the double-gate MOSFET,
the task can be achieved by integrating the Poisson equation
along the position [19]. However, when the density-gradient
equation is employed, two governing equations should be
considered simultaneously. In this work, the density-gradient
equation is integrated with a weighting factor, Z—i.

Each term of the density-gradient equation, (4), is mul-
tiplied by the weighting factor, %. The first term of (4) is
easily converted into

dSd?s 1d | [(dS\?
——=-—1(=] | (12)
dx dx? 2dx| \dx
By recalling n = 52, the second term of (4) reads
as¢S ¢ dn _d (¢n dp n (13)
dx2b,  4b,dx  dx\4b, dx 4b,

A term of i—‘fn requires further manipulation. By using the
Poisson equation, (1), it is identified

dp _ do ed¢ .
—(-=—=+N
T (q dx? +

e d|(dp\*| d, .,

The third term of the density-gradient equation is written as

(14)

asvpS . 2 Vr dn n
JR— _— = = — log —
dx 2b, Nint 4b, dx Nint
d[Vrn n
= — 1—log— ). (15
dx[4bn ( o8 nint>:| (1

Using (13), (14), (15), and the deﬁmtlon of ¢, the density-
gradient equation multiplied by T can be written as

i ()]sl (2)]

d (¢NT d [ Vrn bq\]
_Ec<4bn)+5c[4bn<l_v_r>}_o' {10

VOLUME 7, 2019

When the above equation is integrated from O to %Tpg, all
terms can be readily evaluated as

_ 2gb, (dS L 1(de 2
€ dx X—ZTDG 2\ dx

1
x=5Tpc

" (ass—qbo)——ns(l—%)m
€ Vr €
L no(l _ @)ﬁ —0. 17)
VT €

where a common coefficient of — 42 is factored out for

clarity and all quantities with a subscrlpt 0 (such as ng, ¢o,
and ¢,0) are quantities evaluated at x = 0. By applying the
boundary condition, (7), we have

1/dep\? gNT
2<dx) i T O
2b, Dgs \ 9V ¢q0 qVT
—ny SN EACA 1- =0. (18
"( 2Vy VT> c +"°< vr ) e (a8

Three remarks would be instructive. Firstly, it is noted
that no additional approximation has been introduced in the
derivation procedure of (18). Although it is written in a
different way, it is still a general relation. Secondly, it
is stressed that (18) is an integrated equation. Although
it is a general relation, it is another task to calculate the
terms in (18). For example, the potential difference between
the interface and the center, ¢y — ¢, is difficult to calcu-
late from (18) itself. In principle, it is required to integrate
the Poisson equation twice to get the potential difference.
However, when the density-gradient equation is included, an
analytic solution for the overall system cannot be obtained
easily. Modeling of such quantities are required and it will
be done in Sections IV and V.

Finally, when the density-gradient equation is not consid-
ered, the semi-classical Poisson equation, where $? = n =
Rint exp(v ) is instead used, should be integrated. Following

a similar procedure, the semi-classical version of (18) can
be found as,

(%)

By comparing (18) and (19), it is clearly seen that the
density-gradient equation introduces additional terms. The
last two terms of the left-hand side in (18) are related with
the quantum correction. Therefore, the approach in this work
enables a smooth transition between the semi-classical model
to the quantum-corrected model.

Nt Vr
_¢0)q€ _(ns_n())qT:O.

+ (¢s (19)

1
x=5Tpc

IV. COMPACT CHARGE MODEL
Based on the integrated equation, (18), a compact charge
model is established. For that purpose, all terms should be
expressed as functions of the integrated charge densities.
From (9), the first term of (18) can be easily identified as
02

The second term contains ¢ — ¢g. Since ¢y — ¢pg should
be expressed as a function of the integrated charge densities
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(Q. and Qy), it is convenient to decompose the electrostatic
potential into two terms, ¢, and ¢,

¢ = ¢e + ¢Pa, (20)
which are defined as

d2¢e qSZ

- — =0, 21
dx? € @
d*¢pq  gNT
L S — 22
dx? € (22)

respectively. From the source term of (21), it is easily recog-
nized that ¢, is the electrostatic potential due to the electrons.
On the other hand, ¢, is related with the dopants. As much
as the boundary conditions of (21) and (22) are concerned,
the following conditions are imposed. When the gate voltage
is much smaller than the threshold voltage, the contribution
of the electron becomes negligible. In other words, the elec-
trostatic potential approaches to ¢,. Therefore, the boundary
condition, (3), is also decomposed as

de
= —Cinsébe. 23
€ dx X:%TDG insPe (23)
da
iy = Cins(VG — Pus — ¢a)- (24)
X Ix=5Tpc

With these boundary conditions, ¢ is the electrostatic poten-
tial obtained by neglecting the electrons, while ¢, considers
the correction only due to the electrons.

In order to calculate the potential difference, ¢s — ¢o,
not only the integrated charges but also the charge cen-
troids are required. From (22) and (11), it is found that the
uniformly distributed doping density yields the following
relation for ¢,

1 Q4

1dog 2
—_—— = —-——— == - — ) 25
3 dx leeltng 7. (®ds — Pa0) oo (25)

where the factor of % comes from the uniform distribution.
In the case of ¢,, we cannot expect the same relation, because
the electron density is not uniformly distributed. Depending
on the relative position of the electron centroid, the fac-
tor can vary. When the electron centroid is close to the
semiconductor-insulator interface, under the given surface
field, the potential difference, ¢os — o0, becomes smaller.
Let us define the normalized distance between the electron
centroid and the interface, «, as

o 27002y
2 Jo TS

; ; (26)
oG 2706 g2,

l—a=

where « = 0 and 1 represent the electrons centered at
the interface and the center, respectively. With the above
definition of « and (21), it is found that

do, P 2
¢ = o% = (- b QD)

o 1
dx lx= 3TpG €
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Then, after a simple manipulation, we have
1 1
ZQe EQe"'(l —a)Qq

2by ¢qs qVr ¢q0 qVr
—ng( 1 BEpALE A 1- )= =0. (28
ns( + 12VT VT € + 1o VT € ( )

Following the approach in [9], an expression for ¢ is
found as

1 1
50|50+ (1 —a)Q
qVr (¢s) e [2 d], (29)

= Njns €XP —
€ s — exp( =272 )no

where two dimensionless coefficients (g and ng) are
defined as

no = (1= 29 exp(222).
Vr Vr
2b : ‘
Ny = 1—}—2"—% exp%,
#Vr Vr Vr
respectively. Since the potential difference can be expressed
in terms of the integrated charge densities, we have

(30)

€29

010+ (1 = @)04]
et '
qGVTnim[ns - exp(% %)ﬂo}

For the verification purpose, the numerical solution of the
density-gradient equation is required. The silicon double-
gate MOSFETs are numerically simulated in our in-house
device simulation program, G-Device [20], [21]. The density-
gradient equation, (4), and its boundary condition, (7), are
newly implemented in the in-house simulator. In Fig. 2,
the simulation results of the in-house simulator have been
compared with those of the commercial device simulator,
Sentaurus Device [22]. A thin and lightly-doped substrate
(Tpg = 4 nm and (JN*| = 10'® cm™3) and a thick
and heavily-doped substrate (Tpg = 10 nm and |[NT| =
10" cm™3) are considered. The effective oxide thickness of
the insulator layer is 0.5 nm throughout this work. The gate
workfunction is assumed to be 4.3 eV. The quantum con-
finement effect is included and / is 0.1 nm. y is assumed to
be 3.6 [17]. Excellent agreement is achieved. The classical
solutions of the same devices are also shown (“No QM” in
the figure). The impact of the quantum confinement effect
is clearly demonstrated.

Since the above equation, (32), is the central achievement
in this work, its numerical verification is made. The surface
potential obtained from the numerical simulation is shown
as a function of the electron sheet density, N, = —&, in
Fig. 3. The right-hand side term of (32) is also calculated
by using the quantities, «, 19, and n;, which are extracted
from the numerical simulation results. It matches to the sur-
face potential perfectly because (32) is an exact relation.
For comparison, the result without the quantum confine-
ment effect is shown for the thin and lightly-doped (Tpg =
4 nm and [NT| = 1016 cm_3) structure. Again, the impact

¢s = Vrlog (32)
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FIGURE 2. Integrated electron density as a function of the gate voltage.
The silicon double-gate MOSFETs are numerically simulated by solving the
density-gradient equation (“QM"). Excellent agreement is achieved
between the simulation results obtained by the two device simulators (the
in-house simulator and the commercial simulator). For comparison, the
results without the quantum confinement effect (“No QM”) are also
shown.
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FIGURE 3. Surface potential, ¢s, and the right-hand side (RHS) term

of (32) are shown as functions of the electron sheet density, Ne = —%e.
Two different thicknesses (4 nm and 10 nm) and two p-type doping
densities (|[N*| = 10'6 and 10" cm—3) are considered. For comparison,
the result without the quantum confinement effect is shown for the thin
and lightly-doped (Tpg = 4 nm and |N*| = 106 cm~—3) structure.

of the quantum confinement effect is clearly demonstrated.
It is a remaining task to model parameters like «, 19, and
ns properly.

One interesting observation can be made in the semi-
classcial case without the density-gradient equation, where
both of 19 and 5y become unity. In such a case, the expres-
sion for ¢y becomes very similar to the one in [9], except
for different coefficients of the integrated charge densities.
A heuristic fitting coefficient for Q% term was introduced
in [9] and the resultant value was close to 0.5 regardless of
the device structure. It is not accidental at all because the
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rigorous treatment in (32) reveals that the coefficient for Qz
should be 0.5.

Finally, by combining (9) and (32), the following equation
is established,

Qd _Qe
Ve — Pys + =
Cins Cinx
0.[ 10+ (1 - @)04]
+ Vrlog , (33)
qeVTiinmior
where
@Q. + 304 Tng
Niot = Ns — €XP — 1= 1o (34)

eVr 2

is introduced for notational simplicity.

V. PARAMETER MODELING FOR INTRINSIC DEVICES

Up to now, we have derived a compact charge model, (33),
with the quantum confinement effect. For a given gate volt-
age, Q. can be calculated by solving (33) as much as « and
Nsor are fixed or expressed as functions of Q,. Unfortunately,
rigorous and compact equations for « and 1, are not eas-
ily found. As an alternative approach, these parameters are
modeled with empirical expressions in this work. In this
section, the modeling procedures for « and 1y, are briefly
presented.

When o and 7, are modeled, they can be dependent
on various simulation conditions like N,, |[NT|, and Tpg. In
this work, for the sake of simplicity, only intrinsic substrates
(INT| = 0 and Q4 = 0) are considered. We will concentrate
on their N,-dependence at a certain Tpg value. Full investi-
gation on the |N *]- and Tpg-dependence of o and 1y, will
be reported elsewhere.

Firstly, o is investigated. As already discussed in
Sections III and IV, « cannot be directly obtained from (18)
itself. Proper modeling on o is required. In order to
understand its behavior, « is extracted from the numerical
simulation results from a simple relation,

1 Qa
2¢gN,’

€ 2
o= ;I(d)s —P0) 7 + (35)

TpGNe
where Qg vanishes for an intrinsic substrate. The extracted «
is shown as a function of N, in Fig. 4. As discussed in [23],
o at a low N, is close to 0.7 for a thin substrate. When the
substrate becomes thicker, o at a low N, is decreased. With
higher Vi values, electrons are moved toward the interface
and « is decreased.

An empirical model for « is suggested to describe the
extracted o closely. Since « is related to the electron cen-
troid, its modeling can be done in a similar way with the
previous works for the electron centroid [23]-[25]. As one
possible way for its modeling, inspired by the result in [24],
an approximate expression for « has been found as

No

T 36
"No+ (1 — )N, (36)

[1 —a —a)2]3 -5
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FIGURE 4. Extracted « as a function of Ne are shown as symbols. Lines

represent results of the analytic expression in (36). Various Tp¢ values are
considered and By and Ny are dependent on Tp¢.

101 § T T T
] .1, (Tyg =4 nm~ 20 nm)

7 @nd 7, (1)

Intrinsic substrate
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10°
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10" 1(I)11 1612 1613 10"
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FIGURE 5. Extracted 749 and s as functions of Ne. At high Ne values, 7404
is almost identical to 5s. At low Ne values, 5¢¢ is a linear function of Ne.

where By and Ny are tuning parameters, which are dependent
on Tpg. For example, when Tpg = 5 nm, the calibration
yields o = 0.685 and Ny = 1.02 x 10'3 cm~2. With cal-
ibrated By and Ny, a good agreement can be obtained for
various Tpg values, as shown in Fig. 4. It is stressed again
that (36) is one of various possible relations to describe the
extracted « as a function of N,.

In addition to «, 1y, should be properly modeled. For
various devices with intrinsic substrates (Tpg varying from
4 nm to 20 nm), 7, and n; are extracted from the numerical
simulation results by using (34) and (31), respectively. The
extracted 7y, and ng are shown as functions of N, in Fig. 5.
At high N, values, 1, is solely determined by 75, because
the contribution of —exp(% TLZG)nO becomes negligible.
Furthermore, a linear dependence of 7;,; on N, is numerically
confirmed at low N, values.

Based upon the above observations, our approach to the
modeling of 1y, is as follows: Two limiting cases for high

414

and low N, values are separately modeled as 1%, and nf,
respectively, and they are combined into an overall expres-
sion for 7. As much as 775, is concerned, its modeling can
be done by finding an expression for ¢gs. It is found that
¢g4s is not much sensitive to Tpg. A fitting curve for ¢y is
found as

N, Bi
gs(Ne) = ¢gs(0)| 1 + <]7> , (37)
1

where ¢g45(0), B1, and Ny are tuning parameters. In this
specific example, ¢45(0) = —0.13 V, 1 = 0.77 and N; =
10'3 cm~? are found. By using ¢, obtained from the above
expression and (31), ngt can be readily available.
In the case of 1%, a linear function with a Tpg-dependent
proportional coefficient, B, is tried as
q9 Tpc

Uﬁ,t = :32__Ne~

38
eVr 2 (38)

Finally, two limiting expressions at high and low N, values
are merged into a single expression. It has been found that
the following form is suitable for describing 71, over the
entire N, range,

1 N 1 L+ 1
Mo(Ne) — nb(No) ¥,

_ 39
i (Ne) 39

where n¥, is another tuning parameter to consider medium
N, values (around 10!2 cm~2).

Since ¢45(0), B1, and Ny do not change much for vari-
ous Tpg values, those parameters are treated as constants in
this work. Therefore, tuning parameters, which are depen-
dent on Tpg, are only B and nM. This assumption greatly
simplifies the tuning procedure. In Fig. 6, 1;,; obtained from
the numerical simulation and the results of (39) are com-
pared. Values of ¢4s(0), B1, and Ny are fixed. It is shown
that 7, can be accurately approximated by (39) with appro-
priately chosen B, and n?gt. When Tpg is 5 nm, a set of
B2 = 0.219 and n™ = 0.8 is employed. For a 10-nm-thick
device, 2 = 0.359 and n, = 4.

In order to get the solution of (33), a set of equa-
tions (33), (36), and (39) — must be solved. Since o and
Nwe depend on N, nonlinearly, a self-consistent solution
is calculated by using the Newton-Raphson method. One
remark on the smoothness of the solution and its derivatives
would be meaningful. Although « and 7, depend on N,
nonlinearly, they are varying quite smoothly, as shown in
Figs. 4 and 6. Moreover, each of o and 1y, is expressed
with a single formula, which does not introduce any decom-
position with respect to the operational regime. Therefore,
as much as the numerical solution is obtained, its first and
higher-order derivatives are smooth. It is also confirmed from
our numerical experience.

In Fig. 7, the numerical results and the solutions of (33)
are compared. Various Tpg values from 4 nm to 20 nm are
considered. Excellent agreement is obtained as expected. The
maximum peak error of the integrated electron density is less
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FIGURE 6. Comparison of 74 (Lines) and its approximated
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FIGURE 7. Integrated electron density as a function of the gate voltage. A
magnified graph for gate voltages from 0 V to 0.5 V is drawn for clarity,
although it has been tested up to 2 V with excellent agreement. Blue
curves represent the results for the 20-nm-thick double-gate MOSFET,
which are obtained by the model in [10].

than 2% for devices considered in this example. Such agree-
ment is not accidental at all because (33) is an exact relation
as much as « and 5y, are accurately modeled. It is noted
that we have introduced some tuning parameters to describe
Nior- Although fitting those parameters is quite straightfor-
ward as much as the device simulation results are available,
the tuning parameters generally deteriorate the predictability
of the proposed model. Therefore, the dependence of « and
N on the simulation conditions (such as Tpg, |[NT|, and
y) would be an interesting topic for future research.

The comparison between our model and existing com-
pact models would be of interest. Although the systematic
benchmark test is beyond the scope of this work, the 20-nm-
thick double-gate MOSFET is simulated by using the model
presented in [10]. The model equation has been implemented
into our simulation framework and the calculated results
are shown as the blue curves in Fig. 7. In this particular
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example, its dimensionless fitting parameter for the quan-
tum confinement effect is adjusted to 0.3. Investigation on
thinner structures is an interesting future research topic.

VI. CONCLUSION

In summary, a compact charge model of the double-gate
MOSFET, (33), which is rigorously derived from the density-
gradient equation and the Poisson equation, has been newly
proposed. It has been clearly demonstrated that the quan-
tum confinement effect introduces correction terms — g
and n; — in the compact charge model. By modeling o
and 1, as functions of the integrated electron density,
the charge-voltage characteristics of the intrinsic double-
gate MOS structures have been accurately calculated. It is
expected that the approach introduced in this work can be
extended to various cross-sections of multigate MOSFETs.
The calculation of the terminal currents is also a remain-
ing step toward the full compact model for the double-gate
MOSFET.
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