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A two-dimensional (2D) numerical simulation code d@fain current including self-
consistent solving of the Schrédinger and Poisspragons coupled with the drift-diffusion
transport equation in double-gate (DG) metal-oxddeticonductor field-effect transistor
(MOSFET) devices has been developed. This codbédas used to investigate the operation
of independent DG (IDG) MOSFETs compared with atadsDG MOSFETs in terms of
short-channel effects (SCEs) and carrier quantuniircement. Simulations show that IDG
MOSFET operation is different from that of DG MOSFEdue to the presence of a
transverse electric field in the first structurattimduces significant enhancement of quantum
mechanical confinement. This leads to subthresipeldormance degradation and to SCE
enhancement in IDG MOSFETs compared with DG MOSFEFBV®s show that, in contrast to
DG MOSFETs, quantum confinement effects must berntakto account in IDG MOSFET

operation even for thick silicon films (> 10 - @B).

KEYWORDS: independent double-gate MOSFETs, shbannel effects, quantum

confinement effects, numerical simulation



1. Introduction

Because metal-oxide-semiconductor field-effect distor (MOSFET) scaling is
approaching its limits, double-gate (DG) MOSFETes anvisaged as a possible alternative to
conventional bulk MOSFETSs. Despite excellent eleatrperformance characteristics due to
its multiple conduction surfaces, conventional DGOSFETs allow only three-terminal
operation because the two gates are tied togdiltgistructures with independent gates have
been recently proposkd, allowing a four-terminal operation. Independent QBG)
MOSFETSs offer additional advantages, such as dynanmneshold voltage control by one of
the two gates and transconductance modulationdditian to the conventional switching
operatiort®.

In this study, we propose a two-dimensional (2Dnetical simulation code for the drain
current including self-consistent solution of then®dinger and Poisson equations coupled
with the drift-diffusion transport equation. Thisuaptum drift-diffusion code is used to
analyze the variation with the back gate bias efcteical parameters, such as threshold
voltage (), Vr roll-off, drain-induced barrier lowering (DIBL) fefct, and subthreshold
swing (S). The difference between classical (wihout quantum confinement) and quantum
threshold voltagesAV1q), as a function of different silicon film thickrees (3-10 nm) in IDG
MOSFETS, is also thoroughly investigated. An extensomparison between the IDG mode
(the front and back gates are biased independearig)the DG mode (the front and back
gates are tied together, i.e. conventional DG MORH ks also performed to show the effects
of the transverse electric field on carrier quantonfinement and subthreshold performance
characteristics of IDG MOSFETSs.

2. Simulation Details

2.1 Smulated devices



The IDG MOSFET considered in this study is scheradlyi shown in Fig. 1(a). The
structure is symmetric with an intrinsic thin siicfilm and a highly doped source and drain
regions (Np = 3x10° cmi®). Identical midgap metal gate®; = ®mp = 4.61 eV) and front
and back gate-oxide layers of 1.0 nm thicknesg €T Tox, = Tox) have been also considered.
The front and back gates are biased wigh ahd \ep, respectively. In order to investigate the
SCEs and quantum mechanical confinement in IDG MEISE different gate lengths (L =
200, 50, and 20 nm) and silicon film thicknesses£T1.0, 5, and 3 nm) have been simulated.
2.2 Quantum drift-diffusion simulation code

In this study, we developed a 2D numerical simafatode that describes the operation
of IDG MOSFETSs. The code can take into account asgtric devices (i.e., with independent
gate bias, different gate work functions, or diéigr gate-oxide thicknesses) and both n-
channel and p-channel IDG MOSFETS.

The code is based on the numerical solution of Rloésson equation or Poisson-
Schrédinger system coupled with the standard difftsion transport equation (DDTE). The
charge density (and consequently, the drain cyrreah be evaluated in both classical
(Poisson + DDTE) and quantum-mechanical (Poissdmé8inger + DDTE) cases; the latter
being commonly called “quantum drift-diffusion” the literatur&®.

Poisson, Schrodinger, and DDTE equations are sakgety a finite difference scheme
with a uniform mesh on a 2D domain including tharafel, source and drain regions, gate-
oxide layers, and gate electrodes. Electric fiddgtration in the source and drain regions and
electron wave function penetration in the gate-exalers can thus be taken into account. A
flowchart of the code is shown in Fig. 1(b).

In the following, we briefly describe the equatidios an n-channel fully depleted IDG

device. Similar equations can be derived for p-oearstructures. For a given channel



geometry and bias conditions, the 2D Poisson eguasi solved [see the flowchart in Fig.
1(b)] considering the charge density givefl as

p(x,y) =ax[ Npop—n(x,y), (1)
where ¢ is the absolute value of the electron @&haxgop is the doping atom concentration in
the Si film (Nbop = +Np in the source and drain regions ansbN= -N, in the channel), and
n(x,y) is the electron density.

In the classical case, n is evaluated using thd-kmelwn Fermi-Dirac or Boltzmann

statistics

0x,Y)= Ne exi B( Bz (x,y)>-@¢ ()] @
where3 = g/KT, ®e(X) is the 1D electron quasi-Fermi level (carri@nsport is purely 1D in
the channel device if the ratio of channel lengtHilm thickness is typically greater than 3,
which is the case in this study)e(E,y) is the minimum of the conduction band, anglis\the
effective three-dimensional (3D) density of stdtsthe conduction band.

In the quantum case, Poisson and Schrodinger egsdtrig. 1(b)] are self-consistently
solved™®. Owing to the thin body, a strong vertical confiret (in the y-direction) causes
the separation between carrier subbands to be iargeergy. Every subband is then treated
individually and the quasi-Fermi level populatedyom few modes even at a high bias. The

quantum charge density is given a¥”

”Q(X,y):%ZZNZ“,ev Msp G %| W (X’yfx 'r'{ ol EXFE_B( & 00 (X)]} )

Lt iz
where subscript t refers to transverse electrons #0.1%mp, g = 4,m', = /m'm; ),

subscript | refers to longitudinal electrons(m0.98<mg, g = 2, m,, =m;), E(x) is theith

(t or I) carrier energy subband induced by the dineensional (1D) vertical confinement,

¥ (x,y) is the corresponding normalized wave functiand N, is the maximum number of
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modes considered (we assume hegg=R0 to correctly treat both source/drain and chhnne
regions).

The next solving step concerns the continuity gqodtig. 1(b)], which is numerically
solved to ensure a constant drain current alongctt@nel (x-direction). The continuity
equation gives the numerical solution of the qu=esimi level®x(x) used in egs. (2) or (3).
After reaching convergence, the drain current dgnisi finally evaluated from the drift-

diffusion expressiof?"*")
dd(x
306Y)= =@ x ) e yx e, @)

where u is the electron mobility. To facilitate our undersding of quantum confinement
effects in IDG MOSFETSs, we considered here a comstability (the mobility dependences
as function of transverse and longitudinal elediatds, lattice temperature, and doping level
and the subband modulation on the channel mobdry not taken into account in our
simulation:%z)). Note that the solution of the Poisson-Schrodirgystem can also be coupled
with the ballistic transport equation, as was pnése in a previous wotk ™)

The code provides considerable additional inforavatand valuable physical insights
(such as the 2D profile of electrostatic potentiédssical and quantum carrier densities in the
channel, energy levels, and total inversion chaoge}ll to investigate the SCEs and quantum-
mechanical effects in IDG MOSFETs. Simulated(Vs) characteristics in DG and IDG
MOSFETSs have been compared in the classical cabedata obtained from simulation with
a commercial codé'® (Atlas Silvacd®). An excellent fit has been obtained for largeges
of gate lengths, silicon film thicknesses, angl Values.

We end this section with a discussion of the dorvalidity of our simulation approach.
As device dimensions continue to decrease, thenghdangths (widths and/or thicknesses)
are approaching the characteristic wavelength ofigkes (for example, the de Broglie

wavelength at the Fermi energy) and quantum effaces expected to be increasingly
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significant. Quantum effects (related to both @rrconfinement and quantum ballistic
transport) may dominate the operation of nanosdaléces: for example, it is expected that
direct source-to-drain tunnelling will be a seridumiting physical phenomenon for future
device scaling (typically below 6-8 nm channel lgmy'™). The drift-diffusion transport
model considered in this study does not have ptigdicapability for simulating quantum
transport in ultra small structures; quantum tramspools are thus required for accurate
description of nanoscale device operation. Diffegproaches have been developed, one of
the most precise being the solving of the Schr@elingquation with open boundary
conditions, as performed using the non-equilibri@neen’s function (NEGF) formalisth'®
29 However, in this paper, the smallest channeltleiegnsidered in simulation is L=20 nm.
For channel lengths larger than 20 nm, it can hesidered that quantum transport is still
limited and that carrier transport can be describgdthe drift-diffusion approach with a
sufficient accuracy.
3. Resultsand Discussion

For all simulations, a constant carrier mobilityfy) = 200 cn?/(V.s)] in the silicon film
(source-channel-drain) has been considergg(VEr) characteristics of an n-channel IDG
MOSFET in classical (dash lines) and quantum (sbiids) cases for different back gate
biases are shown in Fig. 2(a). We can firstly notg Vg, modulatesds(Ver) characteristics
in both the classical and quantum cases. Then,ntaen electrical parameters in the
subthreshold regime (threshold voltagg Yubthreshold swing S, and off-state currggtdre
also modulated by &, These parameters depend on the transverse eléetd Ec in the

structure, given &%

Ee = (VGf _VGb)_ (VFBf _VFBb)’ (5)

€.
TSi + Z(SI]TOX
8ox




where \fgs and \kgp are the flat-band voltages at the front and batksy(in our casep¥s =
Vs, because the two gates are considered identarad)ss; andeox are the silicon film and
oxide-gate permittivity, respectively. We can atduserve in Fig. 2(a) the marked effect of
quantum mechanical confinement on the electricahrpaters of the IDG MOSFET even
when the silicon film is relatively thick. To commeathe effects of quantum confinement in
IDG MOSFETSs (\éb# Var) and DG MOSFETs (8= Vai), Ibs(Var) curves in the classical
and quantum cases are presented in Fig. 2(b) §=\0 V. In DG MOSFETS, thep$(V i)
characteristic in the quantum case simply shiftgatdls the right side and the subthreshold
swing is the same as that obtained in the classasg¢. In IDG MOSFETS, the subthreshold
swing is degraded in addition to the shift of thgVsr) characteristics in the quantum case
compared with the classical case. Figure 2(b) shinasthe effects of quantum mechanical
confinement are more important in IDG MOSFETs tmBG MOSFETSs. The explanation is
that carriers are confined in a triangular quantwell in IDG MOSFETs and not in a
rectangular quantum well, as is the case in DG MO Therefore, in IDG MOSFETS,
carriers are subjected to electric-field-inducedargum confinement, in addition tosT
induced structural confinement. In DG MOSFETS, titamsverse electric field is very weak
(Exc ~ 0 V/Im) and quantum effects are predominantly tdugtructural quantum confinement.
Thus, the quantum-induced shift igs(Vsr) curves is larger in IDG MOSFETSs than in DG
MOSFETSs.

Figure 3 shows the threshold voltage [extractedii®y constant current method at a
current of 100 nA/L(nm) frompk(Vgs) curves at ¥ = 1.0 V] in the IDG MOSFET, as a
function of g, for L = 50 nm and two different silicon film thioksses in both the classical
and quantum cases. The high threshold voltagedusréo the midgap metal gates chosen for
DG MOSFET structures. As expected, the threshollage varies linearly when &4

increases from -1.0 to ~0.1 V in both the classacal quantum cases. This Whear variation
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of the threshold voltage and other peculiaritieslDé MOSFETs, such as the gain in
sensitivity to \&p, can be practically used for circuit applicaticngh as signal mixers and
memory cell$®. Figure 3 shows that the quantum threshold voliagéways higher than the
classical one owing to quantum confinement thatseatelectron density reduction in the
silicon film. We also note that the classical angmtum threshold voltages are nearly equal
when Vg, reaches ¥ = Vi, i.e., when kK tends to zero. Thus, the effect of carrier
quantization in IDG MOSFETSs is minimal when thensgaerse electric field is close to zero,
i.e., when the electric-field-induced quantum coefnent is weak.

The threshold voltage as a function gf ih the IDG MOSFET (at ¥, = 0 V) and the
DG MOSFET for L = 50 nm in the classical and quamttases is presented in Fig. 4. In the
DG MOSFET, the reduction ingTonly induces a slight increase in threshold vataghe
difference between the quantum and classical tbtdsioltages is small in the DG MOSFET
for all silicon film thicknesses. A different behaur is obtained for the IDG MOSFET: the
increase in threshold voltage when; Tecreases is large, particularly in the quantum
simulation. The difference between the classical gnantum V is found to be markedly
increased in the IDG MOSFET compared with the DGSFET, owing to the occurrence of
electric-field-induced quantum confinement in tH@Gl MOSFET in addition to structural
quantum confinement. These results illustrate ipeifscant impact of quantum confinement
on electrical parameters of IDG MOSFETS, partidyléor thin silicon films.

In order to investigate SCEs in IDG MOSFETSs, thervll-off variation versus g in
both the classical and quantum cases at differgpis/shown in Fig. 5. The roll-off for a
specific channel length L is calculated g% 0.1 V as (L = 200 nm)- V1(L). The V roll-
off is higher in the quantum case, because thetgoanonfinement tends to move the charge
centroid away from the front interface, and thheg, ¢tontrol by the front gate of SCEs is less

effective. This effect is confirmed by the- Yoll-off behaviour with \&p,: the quantum Yroll-
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off is higher for \k, = -0.6 V than for \é, = 0 V, because in the first case, the transverse
electric field is larger, leading to a significaquantum confinement. The charge centroid is
moved towards the back interface and the contr8®Es is more difficult®? for Vgp=-0.6

V than for Vispb= 0 V. In this latter case, the quantum confinemgmtotably reduced and the
charge centroid is near the front interface. WherisTreduced (e.g.,sT= 3 nm), the ¥ roll-

off strongly decreases for alleyand in both the classical and quantum cases, owibgtter
control by the front gate of the electrostatic ptied in the channel. The comparison between
the quantum and classical simulations in Fig. Sashthat, although SCEs are reduced when
silicon film is thinned, quantum confinement markedegrades the SCE immunity of IDG
MOSFETSs.

For short-channel devices (e.g., L = 20 nm), itingortant to study the impact of
quantum mechanical effects on the DIBL effect [ghldted as [¥(Vp = 0.1 V) - V¢(Vp =
1.0V))/AVp]. In Fig. 6, DIBL is plotted as a function ofgyin both the classical and quantum
cases and compared with DIBL in DG MOSFETs. Thgue confirms that quantum
confinement is more important in IDG MOSFETs tharDG MOSFETs. Our results show
that for a \&pless than about 0.2 V, DIBL in an IDG MOSFET is Wwesathan that in a DG
MOSFET for the classical simulation, whereas, fog guantum simulation, DIBL in a DG
MOSFET is always weaker than that in an IDG MOSF&imilarly to Vr roll-off, this is due
to the effect of quantum confinement on the chamy&roid that is pushed towards the back
interface and makes the SCE control more difffcilt This result illustrates the difference in
electrical behaviour between DG and IDG MOSFETSsti@adarly for short-channel devices.

The effect of quantum confinement, i.e., carrieergy quantization, can be particularly
well illustrated by plotting the difference betwe#re quantum threshold voltage and the
classical threshold voltage\¥rq) as a function of ¥, [Fig. 7(a)] and & [Fig. 7(b)]. To

better understand the effect ogdvariation on quantum confinement, the transvelsetrec
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field as a function of ¥, is shown in Fig. 8 for L = 50 nm and three siliddm thicknesses
in the quantum case. The transverse electric ifsetélculated using eq. (5), where\¥s used
under the threshold voltage conditionss(¥ V1 with Vp = 0.1 V). We can firstly note that
when the transverse electric field is minimum ia #tructure (for ¥, approximately 0.4 V),
AV1q is minimum. When ¥, moves away from this value and decreases towargsgative
value or increases above 0.4 V, the transversetrielefield increases and quantum
confinement is enhanced (thexVry increases). Furthermore, when; Ts reduced, the
transverse electric field further increases ANG, strongly increases with the reduction i T
[as shown in Figs. 7(a) and 7(b)]. For comparidéig, 7(b) also showaVq variation as a
function of Ts; in the DG MOSFET: in this cas&Vrq is almost negligible for & > 5 nm
owing to the weak structural quantum confinementhick films. This figure confirms that
quantum confinement is less important in DG MOSFHies in IDG MOSFETSs, where both
Tsi-induced structural and electric-field-induced cuam confinements occur. The main
conclusion drawn from Fig. 7(b) is that while in DBOSFETs one can consider that
quantum confinement is negligible fogi® 5 nm, in IDG MOSFETs quantum confinement
cannot be neglected even for thick films;i(¥ 10 nm, depending ongy). For negative ¥y,
quantum confinement is significant even fai ¥ 15 nm. These results show that quantum
effects must be considered in the modeling of ID@SFET operation not only for thin
films, but also for relatively thick silicon filmsfor which quantum confinement can be
neglected in DG MOSFET operation.

Finally, the last parameter extracted from th&\ ) characteristics is the subthreshold
swing. Figure 9(a) shows the subthreshold swing @sction of \&y in both the classical and
guantum simulations for IDG and DG MOSFETs witg ¥ 10 nm and L = 50 nm. The
variation in S for a ¥y higher than 0.2 V is not shown, because S is l&ge (for example,

if Vep= 0.4V, S > 140 mV/dec) owing to SCEs and the dewannot be used under these
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bias conditions. The subthreshold slope is higinethe IDG MOSFET than in the DG
MOSFET. The DG MOSFET has a nearly ideal subthiésslope (S = 62mV/dec), while the
best (minimum) subthreshold swing in the IDG MOSFET76mV/dec in the classical
simulation. This value increases withspMowing to a strong electron accumulation near the
back gate. The quantum mechanical effects alsofsntids parameter in IDG MOSFETSs due
to the shift of the charge centroid away from ttenft interface, which enhances the SCEs.
Figure 9(b) shows the effect of;Ton the subthreshold swing in IDG and DG MOSFETSs.
Since the reduction in g does not significantly affect the subthreshold rgvin DG
MOSFETSs, in IDG MOSFETSs, the subthreshold swingnbkanced in both the classical and
quantum cases ford¢= 0 V. The difference between the classical andhtiura simulations is
guasi constant but not negligiblel6 - 20 mV/dec).
4. Conclusions

In this study, short-channel effects and quantumficement in IDG MOSFET devices
have been investigated using a 2D numerical sinomatode that calculates the drain current.
The main electrical parameters of IDG MOSFETs @hatd voltage, ¥ roll-off, AV, and
subthreshold swing) have been compared with thése@® MOSFETSs for different gate
lengths and silicon film thicknesses. The resuttsws that the electrical operation of IDG
MOSFETs differs from that of DG MOSFETs owing toetlpresence of an important
transverse electric field in the first structurehisl transverse electric field significantly
modifies the quantum well shape and leads to theuroence of electric-field-induced
quantum confinement in IDG MOSFETs, in addition Tg-induced structural quantum
confinement. This phenomenon leads to subthrespettbrmance degradation and to the
enhancement of SCEs in IDG MOSFETs compared withND@SFETs. This study shows
that in IDG MOSFETs, quantum effects can be impurtaven for F > 10 - 15 nm

(depending on ¥), while in DG MOSFETs quantum confinement is ngigle for Tsi > 5
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nm. We demonstrate that quantum confinement mutdk®a into account in the modeling of
IDG MOSFETS, not only for thin silicon films butsal for relatively thick silicon films, for

which quantum confinement can be neglected in DGIHET operation.
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Figure captions

Figure 1. (a) Schematic view of simulated IDG MOSFHhe main device electrical and
geometrical parameters of the structure are ald§metk (b) Flowchart of 2D numerical
simulation code developed for calculation of dditfusion drain current characteristics

including classical and quantum simulations.

Figure 2. Impact of quantum-mechanical effects @indcurrent of n-channel IDG MOSFET:
(@) Ibs(Ver) characteristics for different back gate biases,£/-0.4 to 0.4 V, step 0.4 V) for
studied architecture (L = 200 nmg;E 10 nm, \b= 1.0 V); (b) comparison betweeps{V r)

characteristics in IDG MOSFET 4= 0 V) and DG MOSFET (¥,= V).

Figure 3. Impact of SCEs and quantum confinemerthagshold voltage as function of back
gate voltage, extracted inp\ 1.0 V characteristics of n-channel IDG MOSFET n(arison
between quantum (solid lines) and classical (dasés) simulations for L = 50 nm and

different silicon film thicknesses §I= 3 and 10 nm).

Figure 4. Threshold voltage versus silicon filmcHriess in classical and quantum cases for

IDG MOSFET (Mep= 0 V) and DG MOSFET with L =50 nm ang¥ 1.0 V.

Figure 5. Comparison between Yoll-off in quantum and classical cases versusail film

thickness for different back gate biasegy¥-0.6 and 0 V) with L = 50 nm andp\= 0.1 V.
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Figure 6. Quantum and classical simulations of MGSFET DIBL versus back gate bias for
L = 20 nm and § = 10 nm. Predicted DIBL in DG MOSFET in classicaldaguantum

simulations is also indicated.

Figure 7. Difference between threshold voltagescutated in classical and quantum
simulations AV+q) of n-channel IDG MOSFET atp£ 1.0 V: (a)AV+1q versus back gate bias
for L = 50 nm and different silicon film thickness€ls;= 3, 5, and 10 nm); (b) comparison of
AV+1¢(Tsi) characteristics for L = 50 nm in IDG MOSFETd)~ -0.8, 0, and 0.4 V) and DG

MOSFET.

Figure 8. Transverse electric field in L = 50 nnthannel IDG MOSFET in quantum
simulation versus back gate voltage for differeffican film thicknesses. The transverse
electric field is calculated using eq. (5), wheres V6 used under the threshold voltage

conditions (\&s = Vr with Vp = 0.1 V).

Figure 9 (a) Subthreshold swing as function of bgate voltage in classical and quantum
cases for n-channel IDG MOSFET in IDG mode;{¥ 0 V) and DG mode. The simulation

parameters are L = 50 nmgE 10 nm, and ¥ = 1.0 V; (b) S(Ti) characteristics in classical

and quantum simulations for n-channel IDG MOSFETIDG mode (\ép = 0 V) and DG

mode with L =50 nm andpd&= 1.0 V.
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Figure 3. Moreau et al.
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Figure 4. Moreau et al.
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Figure 7. Moreau et al.
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Figure 8. Moreau et al.
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