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Abstract—In the spirit of quantum drift-diffusion formal-
ism, we propose a core compact model for low-effective
mass channel common double-gate MOSFET. In contrast to
the existing models, carriers in each subband are treated to
be in locally thermal equilibrium within that subband, but
not with the carriers in a different subband. We observe
quasi-linear relationship between energy eigenvalue, quasi-
Fermi level, and carrier density in each subband and exploit
it to obtain closed-form expressions for drain current and
terminal charges. Proposed model, which is free from any
unphysical model parameter or interpolating function, cap-
tures the essential device physics (strong transverse con-
finement, wave function penetration, multisubband occu-
pancy, bias-dependent diffusivity, and Fermi-Dirac distri-
bution of the carriers) while preserving the mathematical
simplicity of industry standard Silicon MOSFET models.
Drain current, conductance, and capacitances calculated
from the proposed model are found to be in good agreement
with numerical device simulation for a wide range of channel
thickness, effective mass, oxide thickness asymmetry, and
bias voltages.

Index Terms—IIl-V, compact modeling, double-gate
MOSFET, drain current, quantum drift diffusion.

I. INTRODUCTION

OW effective mass materials (III-V) are being explored

extensively owing to their inherent high carrier mobility,
which promises to deliver higher drive current under strict
power budget [1]-[7]. Moreover, these materials could be
grown over standard Silicon substrate to fabricate various
electron devices [6]-[8]. However, the low effective mass
leads to low density of states, and hence, there is less
charge available for transport. At the same time, to preserve
the electrostatic integrity, ultra-thin body multigate device
architecture is required, which results in strong transverse
quantum confinement. As a result, these devices demonstrate
different capacitance and current characteristics compared to
the conventional Si-MOSFET [9].

Development of efficient compact model is crucial for
successful realization of low-effective-mass channel MOSFET-
based integrated circuit. Although the Landauer formalism-
based transport equation could be used to model the drain
current [10], [11], due to its "position independent” nature,
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formulation of terminal charges becomes semiempirical.
On the other hand, semiclassical drift-diffusion (DD) formal-
ism has been practiced in industrial top—down compact models
over the years. In this paper, we, thus, adopt the DD formalism
to take the benefits arising from well-established techniques
available to add different small geometry effects to the core
model. However, due to the strong transverse confinement,
the basic DD formalism cannot be directly applied to such
MOSFETs. A suitable correction needs to be added in order to
include quantum electrostatics. In case of multisubband carrier
occupancy, carriers are in local equilibrium with each other in
the same subband, but not with others in different subbands.
Previous studies [12], [13], which are based on basic DD
formalism, overlooked this fact. In other words, quantum con-
finement is captured only in electrostatics (i.e., in the surface
potential equation) but not in transport. In addition, those mod-
els rely on unphysical model parameters or interpolating func-
tion to predict the device characteristics. Based on the quantum
drift diffusion formalism, here, we propose a core model for
low effective mass channel common double-gate MOSFET,
which combines the solution of coupled Schrodinger—Poisson
equation in the transverse direction with classical DD model
in the transport direction. Individual quasi-Fermi levels for
each subband are used to satisfy the above-mentioned thermal
equilibrium condition. While conducting numerical simula-
tion, we first observe quasi-linear relationships among energy
eigenvalues, quasi-Fermi levels, and charge densities in each
subband. We then use the recently proposed approximate solu-
tion of coupled Schrodinger—Poisson system [9] along with
the aforementioned linearization scheme to obtain closed-form
formulation for drain current and terminal charges without
involving any unphysical model parameter or interpolating
function. Such modeling techniques allow us to capture the
essential device physics (strong transverse confinement, wave
function penetration, multisubband occupancy, bias dependent
diffusivity, and Fermi—Dirac (FD) distribution of the carriers)
in a simple mathematical form, which is comparable to the
core of industry standards Si MOSFET models [14], [15].
Thus, it is expected that standard techniques for adding small
geometry effects practiced for Si MOSFET core model could
also be applied here. The proposed model is found to be
in excellent agreement with professional numerical device
simulator (TCAD) [16] for wide gate and drain bias range
(up to 1.5 V), channel thickness (up to 10 nm), effective mass
variation (0.02-0.1), and oxide asymmetry (100%).

Il. MODELING METHODOLOGY
The expression for drain-to-source current /pg under quan-
tum DD formalism along transport (y) direction in a common

0018-9383 © 2018 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.


https://orcid.org/0000-0003-1112-8109

CHAKRABORTY AND MAHAPATRA: COMPACT MODEL FOR LOW EFFECTIVE MASS CHANNEL COMMON DOUBLE-GATE MOSFET 889

1
Source T

Ves Gate

Fig. 1. Schematic of the common double-gate MOSFET with asymmetric
oxide thickness.

double-gate MOSFET could be written as [17]

n n

max max dEl ngel
Is=> 1 -:—WE[- Dy ] 1
DS = DS,i -~ ,ulee,t dy i dy (1)

The schematic of the structure is given in Fig. 1. Here,
the subscript i refers to subband index. Ips,; is the drain-
to-source electron current, Qge,; 1S the charge density, nmax
is the maximum number of energy subbands (in this work
ranges from 1 to 3), Ipg is the total current contribution due
to all npmax subbands, E; subband energy (Eigen value), y;
is the carrier mobility, D; is the carrier diffusivity, and W
is the channel width. Qg ; is calculated from solutions of
coupled Schrodinger—Poisson equation in transverse direction
taking into account the wavefunction penetration into gate
oxide along with FD statistics and asymmetry in gate oxide
thickness [9], and expressed as follows:

[EFJ—E;]
Qse,i = U;Cy,iln (1 +oel=w— ) . 2)

Here, U, = kT/q, Er,; and Cy,; are the quasi-Fermi level
and the associated capacitance term for i-th subband, respec-
tively [9]. E; can be calculated from the recently proposed
approximate solution of the coupled Schrodinger-Poisson
equation [9] as given by the following implicit equation:

Mmax

( gxf + ngb)(VG - Qbm) =U Z Qse,i (3)
i=1

with

Eg.
Ei = E{" —q¢n — M{(Ve — $n)=M] (Vg — pu)*+ =5~

“4)

Here, El.(o) is the subband energy under flat-band condition,
Eg se is the band gap of the channel material, M and M are
coefficients of the first- and second-order energy perturbation
terms, respectively [9], Vi is the effective gate voltage, and
¢m 1s the electrostatic potential at zero electric field point
inside the channel. It is to be noted that while calculating
charge density in [9], the second-order perturbation was used
for only 3rd subband to keep the computational budget low.
In this paper, we include the second order perturbation in all
the subbands, to accurately capture the effect of lateral and
transverse electric fields in quantum DD. Hence, unlike [9],
M is nonzero for every subband. Using (2) and (4), ¢y, is

calculated from the equation of charge density (3) derived
in [9].

In addition, it should be noted that the above-mentioned
Poisson—Schrodinger solution has been developed based
on "particle in a box" formalism, which is simple and
intuitive, easily transferable to any low effective mass channel
material, and successfully used in ultrathin body Si-MOSFET
modeling [18]. More rigorous first principle-based band
structure calculation method (density functional theory,
tight binding, etc.) is material (crystal structure) specific,
computationally expensive, and thus not fit for compact
modeling purpose. It is worth noting that the surface potential
equation (3) has been validated [9] for valley degeneracy factor
gy = 1, since it is applicable to most of the III-V materials
being explored for MOSFET channels. It may be extended
to higher values of g, by multiplying the Cy; term with
g, (which is basically multiplying the right-hand side of [9,
eq. (3)] by g,) and appropriately modifying the compensation
factors (C-5) and (C-6) of [9]. It should further be noted that
subband degeneracy is one in our case due to 1-D confinement.

It is worth mentioning that due to 2-D electron gas within
the ultrathin channel and FD statistics, Einstein’s relation
D;/u; takes a bias-dependent form [19], which, if used
directly, would complicate the model. To avoid complexity,
we use the fact that at zero drain-to-source bias, the drain
current has to be zero, and thus, D; = u; Qse,i(dE;/d Ose,i)-
Now setting u = u; Vi, following similar steps as in [13],
we arrive at:

Nmax Nmax

dEp;
Ips = Ipsi=—-uW>y. Qse,fw“. 5)

i=1 i=1

Under dc bias condition, as the total current Ips is constant
at any y, integrating both sides of (5) with respect to y under
limits y € {0, L}, we get

max
Ips = —u (%) Z

i=1 7 EFs

Erp

Ose,idEF, (6)

where Efs and Erp are Er; at source and drain, respectively,
and L is the channel length. When carriers are settled in
distantly separated multiple energy subbands, they are in a
local thermal equilibrium within their own subbands which
results in separate quasi-Fermi level for each subband. A major
merit of this paper lies in taking into account the segregation
of subband Fermi levels, which was ignored in the previous
work [13]. Although physically justifiable, incorporation of
the three separate quasi-Fermi levels poses a new challenge in
the core model development. Evidently from the expression
of surface potential equation (3), values for Er; are different
for each subbands except at source and drain end where they
thermalize to Ers and Epp, respectively. Without any prior
knowledge of all Efr;, it is therefore not possible to solve (3)
at any position within the source and drain. Such problem does
not arise in case of Si MOSFET models as they deal with
single quasi-Fermi level, and quantum confinement effect is
added as a correction to the core model through “band-gap
broadening” formalism [15].
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Fig. 2. Subband quasi-Fermi level variation with subband energy
along the channel for given bias condition. Right and left ends of
each characteristic represent their values at source and drain ends,
respecively.

In this paper, we propose a unique way of calculating
(6) by appropriately linearizing the integrand. A pursuit of
direct solution of (6) generates complicated expression involv-
ing interpolating functions [13]. We discuss the linearization
scheme in next section, and show in detail in the subsequent
sections how this leads to a simple yet accurate compact model
fit for implementing in a circuit simulator.

[1l. CHARGE LINEARIZATION TECHNIQUE

Charge linearization techniques [20] have played a major
role in developing the ‘compact’” form of drain current
expression in different industry standard Si MOSFET mod-
els [14], [15]. This helps to express drain current in a quadratic
function of surface-potential/charge-density, which could be
further used to obtain an invertible relation between lateral
position in the channel and surface-potential/charge-density.
Such a relationship is very useful in developing quasi-static
and nonquasi-static expressions for terminal charges [14], [21],
[22] using Ward—Dutton partition scheme [23]. In this paper,
we first conducted numerical device simulation to explore
the possibility of suitable charge linearization scheme, which
could be exploited to obtain a compact form of drain current
and terminal charges.

The numerical device simulation is conducted using ATLAS
numerical device simulator, a part of Silvaco TCAD suite [16].
The quantum transport model is implemented using mode-
space approach (in DDMS module) [24], where the solution
is decoupled into the Schrodinger equation in transverse direc-
tion and 1-D classical DD in each subband. Thus, the formal-
ism captures quantum effects in transverse direction, and yet
inherits all familiar models for field-dependent mobility, which
could be attached to basic DD equations.

From these simulations, we observe quasi-linear relationship
among subband quasi-Fermi levels, subband charge density
(Ni = Qse,i/q), and subband energies as shown in Figs. 2
and 3. The parametric range used involves device with
lowest (fe = 10 nm, mg. = 0.1) and highest confinement

oo 200 = = ,
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3 gl Vg =15V, =15V |
+
g 6l
5 (tN v1$oE2)
~N = nm
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Fig. 3. Subband charge density variation with subband energy along the
channel for given bias condition. Right and left ends of each characteristic
represent their values at source and drain ends, respecively.

(tse = 5 nm, mg = 0.02) under extreme gate-to-source
(Vgs = 1.5 V) and drain-to-source (Vps = 1.5 V) bias
conditions, to ensure the infallibility of charge linearization
scheme within that range. Common low effective mass channel
materials like InAs, Ing7Gag3As, GaAs, InP, and so on fall
under this range having effective masses approximately 0.024,
0.04, 0.068, and 0.08, respectively. The reason behind such a
linear relationship may be explained in the following manner:
as the electrostatic potential increases along the channel,
the subband energy levels drop, and hence, the thermodynamic
work required to add one electron to each subband, which
is the electrochemical potential or approximately the Fermi
energy [25], also drops in equal proportion. We exploit this
behavior by expressing Qse,; as a linear function of E;

Ose,i = ao,i + a1, E;. @)

Here, ao,; and a;; are linearization constants and are evaluated
by applying boundary condition on (7) at source (E; = Ej(s),
Ose,i = Ose,i(s)) and at drain (E; = Ej(p), Ose,i = Ose.i(D))-
Eis), Ose,i(s)» and Ejp), Ose,i(p) can be obtained from
(2)-(4) by applying Ef; = 0 and Er; = —Vps, respectively.
ap,; and a;; are given as follows:

Ose,i($)Ei(p) — Ose,i(p) Ei(s)

ap,i =

Ei(py — Ei(s)
ap; = Qse,i(D) - Qse,i(S)
! Ei(py — Ei(s)

It trivially follows from (7) that dQs;/dE; = ai,.
In Section IV, we develop the drain current model utilizing (7)
and quasi-linear behavior of Ef; versus E;.

IV. DRAIN CURRENT AND TERMINAL CHARGE
MODELING

We start developing our model by changing the variable in

(6) from dEF; to dE;
Nmax E[(D)
> [ "o
; Eis)

ws = (7)
DS = —HU |\
L i=1

dEF ;
2o AE: 8
iz, YE (3)

se,i
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From Fig. 2, it is clear that Er; and E; are linearly dependent
everywhere in the channel except near vicinity of drain region,
even under very high bias (Vgs = 1.5V, Vpg = 1.5 V).
We may safely ignore this sudden non-linearity in Ef; versus
E; characteristic, as charge contribution of that region is very
less when Vps is very high and the drain current approaches
saturation. Thus, we may reasonably put (dEf;/dE;) =
(dEF,i/dE;)s)y = Kp,i, where Kp; = (dEF;/dE;) evalu-
ated at source. The expression of the prefactor K p; is derived
in (A-3) of the Appendix. Hence, Ipgs is given by

114 Nmax E[(D)
Ips = —u (f) Z KP,i/E Ose,idE;. )
i=1

i(S)
Using (7) and changing variable from E; to Qs ; in (9), we get
the final expression for Ipg as

w Nmax ) )
Ips = —u (f) Z Kpr’i[Qse,i(D) - Qse,i(S)]‘ (10)
i=1

Here, Kpr,; = (Kp,i/2a1,;). Equation (10) represents a purely
physical compact drain current model for quantum well com-
mon double-gate MOSFETs. Similar to state-of-the-art Si
MOSFET models [15], it is a single piece equation which
is valid for different regimes of transistor operation. For a
constant Vgs, as Vps increases, Qs i(p) becomes negligible
with respect to Qe i(s), as is evident from Fig. 3. As a result,
at high Vpg, the drain current depends only on Qe ;(s) and
Kp i, which are constants due to constant Vgs. This is how
the proposed model captures the drain current saturation.

Derivation of the closed form analytical expression for
terminal charges requires working out the y versus Qse;
relationship, which is readily obtained from (5) and (10), and
is given by

2 2
Qse,i - Qse,i(S) L

) 2
Qse,i(D) - Qse,i(S)

y (1D

So, the gate terminal charge Qg = W > /%" fOL QOse.idy is
obtained from (11) given by

06 = (ZWL) nmzax Qge,,-(D) + Qfe,,-(g) + Ose,i(D) Pse,i(S)

3 im1 Qse,i(D) + Qse,i(S)
(12)
Using Ward-Dutton charge partition formula [23],
we calculate total drain terminal charge QOp =

—W S [ (y/L) Qse idy using (11).

From (12) and (13), the source terminal charge could
be obtained using the charge neutrality condition as Qg =
— Qg — Op. Thus, completely physical models of terminal
charges are developed unlike previous works [13], as shown
at the bottom of the next page, where the inversion charge
profile is interpolated using a quadratic polynomial making
QOp a function of Qg. The proposed model bears the same
level of compactness and simplicity as the industry standard
models of Si-MOSFET [14], [15].

This paper is based on parabolic band approximation.
In case of strong nonparabolicity, the effective mass will
become carrier energy dependent. As here we are using
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Fig. 4. Variation of normalized drain current of symmetric device with
effective gate-to-source voltage (line: model and symbol: TCAD).
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Fig. 5. Variation of normalized drain current of asymmetric device with
effective gate-to-source voltage (line: model and symbol: TCAD).

constant mobility model, it is not possible to inculcate nonpar-
abolicity effect in the core model. However, when the small
geometry effects are added to the core in an industry-standard
top-down formalism, the electric field-dependent mobility
model can be parameterized to capture this effect.

V. RESULTS AND DISCUSSION

The proposed models of drain current (10) and total charge
at gate (12) have been validated against the numerical device
simulator [16]. Under simulation environment, to solve the
coupled Schrodinger—Poisson equations inside oxide and semi-
conductor, we used SCHRO and OX.SCHRO commands,
and to solve the DD transport under transverse quantum
confinement, we used DD_MS command. The fixed material
parameters used are: Vox = 3.9 eV, Vi = 0.133 eV, €. =
13.6 ¢y and €ox = 3.9 €p, €¢ being the permittivity of free
space, W = 1 u m, and L = 1um. All the effective masses
are multiplied with mo, the free electron mass.

All the plots of drain current, capacitance, and transcon-
ductance are normalized by factors Iy = ,u(W/L)COX,aVU,Z,
Co = WLCox.av, and Gp,0 = ((W/L)Cox,avU:, respectively.
Here, Cox,av = (Coxt + Coxb)/2 is the average of the front and
back oxide capacitances.

Figs. 4 and 5 show the variation of normalized drain current
with respect to effective gate-to-source voltage both in linear
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Fig. 6. Variation of normalized drain current of symmetric device with
drain-to-source voltage (line: model and symbol: TCAD).
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Fig. 7. Variation of normalized drain current of asymmetric device with
drain-to-source voltage (line: model and symbol: TCAD).

and logarithmic scales for symmetric and asymmetric devices,
respectively. As is evident, the model yields good agreement
with TCAD simulation over different thickness and effective
masses of channel material.

The variation of normalized drain current with respect
to drain-to-source voltage for different material parameters
are shown in Figs. 6 and 7 for symmetric and asymmetric
devices, respectively. Fig. 8 corroborates the effectiveness
of the drain current model, as simulated transconductance
matches quite satisfactorily with that predicted by derivative of
proposed drain current model for different biasing conditions
and device parameters. Figs. 9 and 10 validate the terminal
gate charge model (12). The simulated gate capacitance and
gate-to-drain capacitance appear to be in good agreement with
the model. Fig. 11 demonstrates the drain-to-gate capacitance
model, which is the derivative of partitioned drain terminal
charge (13), with respect to effective gate voltage. Validation
of this model with TCAD data was not possible as it is
not possible to conduct small signal analysis under quantum

A: VDs =0.5V,0: VDs =0.2v

18 t,= 10nm, m_ = 0.04

Normalized G

015 1 15
Vs V)

Fig. 8. Variation of normalized transconductance with effective gate-to-
source voltage (line: model and symbol: TCAD).
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Fig. 9. Normalized gate capacitance versus effective gate voltage (line:
model and symbol: TCAD).
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Fig. 10. Normalized gate-to-drain capacitance versus drain voltage (line:
model and symbol: TCAD).

drift diffusion simulation. However, calculation of Qg does
not incur this problem, as it could be calculated from dc
simulation. The agreement between model and TCAD data is

0p—— (2WL) % 3Q2e,i(D) + 2Q26,i(5)+6Q§e,i(D)Qseai(5)+4Q53,i(D) Qze,i(S)

15

i=1

(Qse,i(D) + Qse,i(S))2
(13)
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Fig. 12.  Variation of normalized drain current of asymmetric shorter
channel device with effective gate-to-source voltage (line: model and
symbol: TCAD).

remarkable, although no unphysical model parameter or inter-
polating function is involved. We further show that the pro-
posed model is also applicable for short channel devices
(Fig. 12) as long as gradual channel approximation holds good.

VI. CONCLUSION

We propose a fully physical quantum DD-based core com-
pact model for low DOS material channel common double-
gate MOSFET. We employ a novel charge linearization
scheme, which enabled us to obtain simple and compact
expressions for drain current and terminal charges without
ever using any fitting parameter or interpolating function. The
models have been extensively validated over a broad range of
device as well as material parameters along with bias against
numerical device simulations. Proposed compact modeling
technique, thus, allow us to extend the quantum DD formalism
for circuit simulation, which has so far been limited to device
simulation.

APPENDIX

The inversion charge in ith subband is given by (2). Differ-
entiating both sides, we get

dQse,i _ Cq,i/q (dEF,i _ 1) (A-1)
dE; [P\ dE:

Again using the quasi-linear behavior of Qg ; versus E;,
as discussed in Section III, we have d Qg ;/dE; = ay,;. Thus,
we arrive at

dEF; q [Ei_EF,i]
~ =1 i— |1 kT .
dE; +ai,i Co +e

Hence, Kp; = (dEF,i/dE;)(s) is obtained by substituting
E; = Ejs) and Ep; = Eps =0 in (A-2)

(A-2)

q Ei(s)
Kpi=1+aj—|[l+e* | (A-3)
Cq.i
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