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Abgtract : A quantum model based on solutions to the Schrodinger- Poisson equations is developed to investigate the
device behavior related to gate tunneling current for nanoscale MOSFETs with high- k gate stacks. This model can
model various M OS device structures with combinations of high- k dielectric materials and multilayer gate stacks,
revealing quantum effects on the device perf ormance. Comparisons are made for gate current behavior between
NnMOSFET and pMOSFET high- k gate stack structures. The results presented are consistent with experimental da-
ta,whereas a new finding f or an optimum nitrogen content in Hf SION gate dielectric requires further experimental

verifications.
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1 Introduction

The on-going research on materials, device
structures and assembly methods for microelec
tronic devices with feature dzes smaller than
100nm carries the goal to keep Moore’ s law in
force beyond limits of current microchip technolo-
gy. To understand the device behavior and provide
design aidsfor sub-0. 11 m devices,numerous stud-
ies have been conducted on the modeling of the
gate current and gate capacitance of nanoscale
MOSFETSs. Control and reduction of gate leakage
current bear practical sgnificance for low power
CMOScircuits and to alleviate the scaling limits.
Highrk gate stack structures as candidates to re
place slicon dioxide layer for nanoscale MOSFETSs
have received great attention due to their promise
in reduction of gate current and standby power
consumption* *'. A number of high-k gate stack
structures have been studied experimentally and
theoretically ,with most of the modeling approaches
based on the WKB approximation. The WKB ap-
proaches have gained popularity recently due to
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their smplicity and less numerical work. However ,
they have inherent shortcomings in that some
physics agpects are parameterized ,that it is unable
to evaluate gate current and capacitance s multane-
oudy. In addition,in principle, it cannot model
combinations of various high-k stack dielectrics
with interfacial layers properly. Therefore, most
approaches existed are insufficient to carry out the
tasks for sgnificant engineering of high-k stack
structures and slicon dielectric interface ,which are
required due to complications associated with appli-
cability and compatibility of the materials and pro-
cessng of the highrk stacks with dlicon technolo-
gies. Furthermore ,most modeling work performed
and published o far is mainly focused on nMOS
FETs with high-k gate stacks. For pMOSFETSs,to
our knowledge ,only modeling work published was
presented in Ref.[6] ,in which the W KB approach
was al 0 employed.

In thiswork ,a unified formulation is employed
to model nanoscale n and pMOSFETs with high-k
stacks as their gate dielectrics,aimed at the gate
current reduction and eval uation of other relevant
device properties. When the device feature szes
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reach nanoscale dimensions,a gate dielectric thick-
ness of less than 2 Onm would be required for
nanoscale MOS devices with power supply voltages
of 1 0 to 1 5V. The smultaneous requirement to
keep the same or greater gate capacitance and low-
er gate current entails the same or greater equiver
lent oxide thickness (EOT) as well as a thicker
physical insulating layer for reduction of gate tun-
neling current. The same or larger gate capacitance
is necessary for good gate control over the channel
current and reduction of the short channel effects.

2 Method of calculation

The present model is based on self-cons stent
solutions of the Schrodinger- Poisson equations pre-
vioudy developed for modeling quantum-tunneling
devices”® ,with modifications made for nanoscale
MOSFETsin the y direction perpendicular to the
dielectric layers. The gate current components of
the thermionic emisson, FN tunneling,and direct
tunneling through the oxide barrier are evaluated
as awhole usng a traveling wave calculation ,here-
after referred to as Jao ,while the tunneling compo-
nent from theinversion layer quantum well is eval-
uated by a transmisson calculation, hereafter re-
ferred to as Jao ,both obtained from the solutions
of the Schrodinger equation, self-consistently with
its potential term determined by the Poisson equar
tion. The calculated electron wave functions rele-
vant to the current transport are shownin Fig.1 to
illustrate the current transport components origi-
nated from the 3D electrodes and 2D quantum well
in the inverson
layer. As an example of the 2D wave functions,
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Fg.1 Hectron wave functionsfrom the 3D and 2D e
lectron states Only the third quas-bound state in the
inversion layer is shown.

Wi , only the wavefunction at the third level of
the quasi-bound states is shown.

We first calculate the self-consistent potential
and charge distributions in the polysilicon and
substrate regions from the coupled Poisson equa-
tion and Fermi distribution function. The electro-
static potential across the device in the y direction
is determined by the doping profile and mobile
charges,as governed by the Poisson equation.

TALD — . S (No () - () - () + p()]
(1

where€ (y) is the dielectric constant of individual

high- k stack layers, n(y) is the electron density,

and p(y) isthe hole density in the quasi-equilibri-

um contact regions in terms of local Fermi levels,
_ 2 E - E

n(y) = Nc Jz[—Fl/Z ke T (2)

p(y) = Ny ‘J%{—Fuz Ev(V)kB- TEF(V)
where Nc and Nv are the effective densities of
states in the conduction band and valence band,
respectively ,and

(3)

o 12
e (4)

Fu2€) :J-o 1+ exp (x _E)dX

is the Fermi-Dirac integral function. Note that
Fermi levels Er (y) are assumed to be constants,
respectively,in the poly-silicon and silicon sub-
strate regions and that conduction band and va-
lence band edge are related to the potential
by[7,8]
Ec(y) = Ec(£ ®) - q[V(x) - V(£ )]
(5)
Ev(y) = Ec(£ ) - g[V(X) - V(£ )] - B
(6)
where E; is the energy bandgap of silicon. The
Fermi integrals in Egs. (2) and (3) can be ex-
panded by rapidly converging power series in
terms of the ratios r1 = n(y)/ Nc and rz2=p(y)/
Nv , respectively, based on the Joyce-Dixon ap-

proximation!”® :
N
E, - E _ K
e T -lgrn = kZA(k)rl (7)
N
Ev(y) - Ee(y) i _ K
e T Igr. = kZA(k) r. (8)

with the coefficient A ( k) determined using a
least-squares fit technique. In each y point, Egs.
(1) ,(7) ,and (8) lead to three coupled nonlinear
equations with three unknows,i. e. ,the electron
density ,hole density and potential ,which are then
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solved using the Newton iterative method with a
sparse matrix technique. For the charges inside
the quantum well of the inversion layer formed
under positive gate bias voltages and for the gate
current components through and/ or above the ul-
trathin oxide barrier, quantum calculations are
performed by directly solving the Schrodinger e
quation:
B x@%fjﬂ + Ec(U(y) = B(y)
(9)
The self-consistent electron charge at the j-th en-
ergy subband in the i-th valley in the inversion
layer is given by

L ke T Ei- Ee
ni(y) = m]-[hz |n|:1+exp[— e T J] X

| Wy (Ey,y) |° (10)
whereW; ( Ej, y) is the electron wavefunction at
the j-th subband in the i-th valley from the solu-
tion of the Schrodinger equation in the inverson
layer. The gate current evaluation is performed by
the traveling wave calculations for the thermionic
emisson, Fowler-Nordheém (FN) tunneling, and
direct tunneling through the oxide barrier ,givin
B = - ah SWOR I () i <A

(11

where weighting function W (k) is given by

Wk = mmzlfﬁzT'" 1+ EkB_ T
and § = W ki/2m” is the longitudinal energy of
the electron with wave-vector k.

For the electron tunneling current from thein-
verson layer into the oxide and gate electrode,a
transmisson calculation is performed. Based on the
wave functions calculated in theinverson layer ,the
transmisson is given by

2 .

T a1 ke Y 9
where G ,jis the transmitted wave amplitude in the
i-th valley and the j-th subband ,and A, the inci-
dent wave amplitude in the corresponding subband
and valley. The 2D gate current component originar
ted from the subbands in the inverson layers is
then

(12)

Joo = ZJi,j =q ZnijTijfij (14)

where Tj is the electron transmisson probability ,

C_E
1) J-\.r[h

the electron impact frequency on the in-

terface, n; the sheet electron density ,and E; the
quas-bound state energiesin the i-th valley and the
j-th subband. The total gate current dendty is the
sum of the 2D and 3D components.

In the present approach ,we treat the thermi-
onic emisson, FN tunneling,and direct tunneling
current components in a unified formulation. Most
of other treatment to these current componentsin-
volve complicated formulas and ,in many cases fit-
ting parameters. We condder that the separation of
the current transport componentsis a reflection of
the historical development of the MOS scaling ef-
forts toward nanoscale dimensons, and that, in
principle ,tunneling depends on the overall poten-
tial profile in the electron tunneling path, rather
than a particular part of the potential profile.
Therefore ,the separation and delimitation of vari-
ous gate current components may involve incond st-
encies in the interfacing and integration of those
components. In addition ,the gradual potential bar-
rier approximation inherent in the WKB approach
may become improper for the sharp potential inter-
faces between the polyslicon and substrate for
nanoscale MOSFETSs. In our opinion ,as the feature
szes approach nanoscale dimensions, the device
structure in the direction of interest may well be
treated as an integrated ,open quantum system ,and
afully self-consstent solution to the Schrodinger-
Poisson equations is necessary and sufficient to
model all the gate current transport components
and obtain all the device terminal properties of in-
terest.

An important feature of the present model lies
in that the electrostatic potential V (y) and the ma
terial parameters can be accurately specified at each
y point in the multilayered stack structures,allo-
wing eval uation of various schemes of combination
having different stack materials and different lay-
ers. Moreover ,the possble fixed charge and inter-
face charge distributions in the stacked layers can
also be accommodated in Poisson’ s equation, as
long as these charge distributions are available.
Therefore ,the present approach enables usto stud-
y multilayer high-k stack structures of nanoscale
MOSFETs,cons sting of various dielectric materi-
alsfor various configurations.

As the channel length is further reduced,the
two-dimensonal effects like the edge direct tunne-
ling ( EDT), draiminduced barrier lowering
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(DIBL) ,and V roll-off become nomnegligible. In
the high drain bias,these problems cannot be de-
scribed directly in 1D model. In this work ,to snlve
the 2D problems such as EDT ,we begin by usng
2D Poisson equation and electron and hole current
continuity equations to solve the charge and poten-
tial distribution throughout the device. Then,in y-
direction (perpendicular to the dielectric layers) ,
we solve the 1D Schraodinger- Poisson equations for
each x position (assuming x-direction along the
channel) using the calculated charge and potential
distribution as input data. Using the gate current
model given above ,we can compute the tunneling
current density for each x postion,which we can
integrate to obtain the total gate current.

3 Resultsand discussion

3.1 Comparison with experiment

Figure 2 shows a comparison between the cal-
culated and measured gate tunneling current char-
acteristicsof nMOS and pMOS structures (EOT of

Open circles:experimental data
Solid lines:calculated data
Groupl:Si;N, EOT=1.4nm
Group2:5$10, EOT=2.3nm

pMOS %
102 1 L

“ 1 1 1
-20 -15 -10 05 0 05 1.0 15 20
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Gate current/(A-cm?)
e

3

nMOS

Fig.2 Comparison of gate current for pMOS and
nMOS with calculated data and experimental data The
experimental data are taken from Refs. [9,10]. The e
lectron and hole barrier height, efective mass, are
known for 90 (3 10eV/ 4 5eV ,0. 40mp/ 0. 32mp) and
S3Na (2 10eV/ 1 90eV ,0 50mo/ 0. 40mp) ' and die-
lectric constant for SOz (3 9) and S3N, (7. 8) ¢,

2 3or 2 7nmfor SO ,1 4nmfor S3N4) ,with ex-
cellent agreement between the theory and experi-
ment. The curves of Group 1 are for the S3N4 car
ses,and the curves of Group 2,3 are for the cases
of SO:. It isapparent that the gate current decrea
ses with increasng dielectric thickness for SO:.

Furthermore for the same SO: film thickness,the
gate current densty for the mMOS case is larger
than that for the p-MOS case due to the lower con-
duction band off sets in the nMOS structures and
higher valence band off sets in the pMOS struc
tures™ . However for the cases of S:N. ,the gate
current in pMOS is larger than that in nMOS due
to the higher conduction band off set in nMOSFET
for binary dielectric materials and the higher elec-
tron effective mass in the dielectric layer for
NMOSFET ,as explained in Ref.[10].

3.2 Hfects of highk didectric thickness

For high-k stack structuresconssting of a sn-
gle high-k layer and a SO: layer , HfO. stacks are
taken as an example of gate current dependence on
the thickness of the high-k layer with the same
EOT of L 3nm,as shown in Fig. 3. All the high-k
stacks make a reduction of gate current as com-
pared with SO: gate dielectric layer ,especially at

lower gate voltages applicable for nanoscale
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Fig. 3 Calculated gate current versus gate voltage with
different physical thickness of the high-k dielectric with
the same EOT (1 3nm) for HfO:/ SO, gate stack
structures The electron barrier height ,eff ective mass,
and didectric constant for HfO, are 1 50eV!¥,
0. 20me™ Jand 25 respectively.

NMOSFETSs,due to the additional physical widthin
the tunneling path for the lower energy €electrons
that contribute most of the gate current ,as shown
in Fig.4. Asexpected ,the physical thickness of the
high-k layer plays a dominating role at the lower
gate voltages. The difference can be as large as 4

5 orders of magnitude between the high and low
Hf O2/ SO: thickness ratios for the same EOT ,as
observed in the Fig. 3. At higher gate bias voltages
near and above the barrier height of the high-k die-
lectric layer ,however ,the gate current is dominated
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by FN tunneling and thermal emisson. Therefore
the magnitude of gate current of the high-k stack
structure and the SO structure becomes compara-
ble ,and that the former can be orders of magnitude
larger than that of the SO: structure at even high-
er gate voltage. In other words,at lower gate bias,
the gate current is mainly affected by the dielectric
constant of the high-k dielectric material utilized,
while at higher bias,it is mainly determined by its
barrier height.

Direct tunneling
/ O/"——__—_
Poly-Si Si
High-k [S1©

Fg.4 Hectron direct tunneling band diagram of high-
k gate stack nanoscale MOS structure

Other types of high-k stack structures using
S0/ Ta0s/ SO: gate dielectrics™ and adding
Al,O; capping layer'™ have been proposed to ale
viate the interfacial structure problems”. The
present modeling approach is applied to study of
this type of multiple layered structures,with the
material and structural parameters secified accu-
rately in the individual stacked layers.

Recent studies ™™ have shown that the direct
tunneling between the source/ drain extenson and
gate overlap region,i. e. the edge direct tunneling
(EDT) ,dominates the off-state current ,especially
in very short channel devices. This resultsfrom the
fact that the ratio of the gate overlap to the total
channel length is larger for the short channel de-
vice than that of the long channel device.

Figure 5 shows the s mulated gate current ver-
sus the length of overlap region for highrk stack
structures. In the figure ,we can see that the gate
currents are higher with larger overlap length. This
effect is due to the fact that the flat-band voltage
for channel region is negative, whereas the flat-
band voltage for the overlap region is amost zero ,
thus resulting in higher vertical electric field,and
more leakage current density for the overlap re
gion. It is a0 noted that the gate current is re-

10

i Curvel.-mo,/Sio,?.s&o.mm)
[ Curve2:Hf0O,/SiO;(1.9& Inm)
F Curve3:HIO/Si00.6&1.20m)

EOT=1.3nm

2

Gate current/(A-cm?)

3
'l y i 1 1 L 1 A L 'l
0 2 4 6 8 1012 14 16 18 20
Overlap length/nm

Fg.5 Calculated gate current versus the length of o-
verlap region with different physical thicknesses of the
high-k dielectric with the same EOT (1 3nm) for
Hf O2/ S0O: gate stack structures

duced with increasng dielectric thickness of S0O:
layer in the HfO./ SO: stacks. Thisisattributed to
the interplay among variousfactorsof the structure
and material parameters,such as the oxide barrier
height ,electron eff ective masses ,and dielectric con-
stant. However ,EDT current is mainly affected by
its barrier height. As expected ,with increasng the
length of overlap region ,the EDT effect resultsin
higher vertical field. Thus,the thickness of SO:
plays a dominating role, due to SO: layer with
higher barrier in the tunneling path for the higher
energy electronsof EDT.

3.3 Hfects df nitrogen incorporation

It isreported that incorporation of nitrogenin-
to hafnium dlicate (HfFSO) , hafnium auminate
(HfAIO) and HfO: greatly enhances the dielectric
constant of dlicates, suppresses dopant diffuson
from gate poly-S into the channel during high tem-
perature annealing process,and increases crystalli-
zation temperature of the high-k stacks™'. These
properties are ascribed to the homogeneity of the
bond structure in the film containing nitrogen
through high temperature annealing. These inr
provements make these Hf-based materials more
suitable for the CMOS process. The increase of ni-
trogen content leads to an increase of the dielectric
constant but a decrease of the conduction band off-
set as well as the valence band off set. It isinterest-
ing to observe that ,as the only exception among
most high-k dielectrics,the conduction band off set
with nitrogen incorporation may be larger than the
valence band off set ,such asin the case of Hf SON.
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It is an advantage for the reduction of gate current
in mMOSFETs. For the pMOSFETs, however ,
such property would not be useful since the hole
tunneling is dominant for the gate current.

In Fig. 6 ,the effectsof nitrogen content on the
gate current are shown for tunneling current
through Hf SON dielectric film. Three different e
lectron effective masses in between that of SO,
HfO. ,and S3N. were used in the calculations as
the value of the electron and hole effective massis
not available ,and such modeling calculations have

108
Groupl:pMOS,V,=-1.0V o "
"‘E oHE(Hf+Si &
S oHf/(Hf+Si g s
E g g
;)3 102
b I S 7 — _
T —m=0.27m,
EOT=1.1nm@|V,)=1.0V = =~-m=0.30m,
10—|0 L i 1
0 10 20 30 40

N content/%

Fg.6 Smulated tunneling current through Hf SON
didectric filmsof different nitrogen contentsfor nMOS
FET and pMOSFET

not beenfoundin the open literature. However ,the
values of dielectric constant and barrier height
were taken from experimental work™! with the N
content up to 40 % for the curves of Hf/ (Hf + S)
being 60 %,and up to 35% for the rest of the
curves ' . The results here show that for both ca
ses,there is an optimum value of the N content
(approximately 10 %) where minimum gate current
may be achieved. Thisis attributed to the interplay
between the dielectric constant and barrier height ;
the incorporation of N leads to an increase of the
dielectric constant while maintaining essentially the
same barrier height until the N content reaches
10 % where the barrier height start decreasng sg-
nificantly. This optimum value of N content is a
new finding from this work ,to be verified experi-
mentally. It is also noted that the gate current in
the pMOSFETs is larger than that of the nMOS
FETs with the same EOT and N content ;thisis
because that ,with the virtually same dielectric con-
stant ,the valence band offset in the pMOSFETs is
smaller than the conduction band offset in the
NMOSFETS.

4 Conclusion

Based on quantum modeling of electron tunne-
ling,we have modeled the influence of quantum
effectson the gate current of nanoscale p- and n-
MOSFETs with high-k stack dielectric structures.
The main feature of the present approach is that
most of the effects of interest can be studied s mul-
taneoudy and in a unified fashion ,without having
to use fitting parameters as done in approaches
based on the WKB approximation. Moreover ,s nce
the material and structural parameters can be spec-
ified accurately at each structura point, various
configurations of high-k stack materials and their
combinations can be investigated properly. There-
fore ,the present approach can be used to provide
guidelinesfor experimental studies of high-k stack
structures for nanoscale MOSFETSs. Our modeling
results have demonstrated effects of dielectric film
thickness,nitrogen incorporation ,and various stack
configuration ,on the gate current ,showing cons s
tency with experimental results. A new finding has
a0 been generated as a result of thiswork ,indica
ting the optimum nitrogen content for nitrogen in-
corporation scheme. However further experimental
work is required to verify this result.

References

[1] Fan Y Y,Nieh R E,LeeJ C,et a. Voltage and temperature
dependent gate capacitance and current model : application to
ZrO> MOSCAPs. IEEE Trans Hectron Devices, 2002, 49
(112) :1969

[2] Fan Y Y, Xiang Q,AnJ et a.Impact of interfacia layer and
trandtion region on gate current performance for high-k gate
dielectric stack :itstradeoff with gate capacitance. |IEEE Trans
Hectron Devices,2003 ,50(2) :433

[3] Kizlyali | C,Huang R Y S,Roy P K. MOS transstors with
stacked 902~ Ta2Os-S 02 gate dielectrics for gigascae inte-
gration of CMOS technologies. IEEE Trans Eectron Device
Lett ,1998,19(11) :423

[4] Zhao Y,White M H. Modding of direct tunneling current
through interfacia oxide and high-k gate stacks. Solid-State
Electron ,2004 ,48:1801

[5] ZhangJ,YuanJ S,Ma Y ,et a.Desgn optimization of stacked
layer dielectrics for minimum gate leakage currents. Solid
Sate Hectron ,2000 ,44:2165

[6] YuHY,HouY T,Li M F,eta.Investigation of hole tunne-
ling current through ultrathin oxynitride/ oxide stack gate die-
lectricsfor prMOSFETSs. IEEE Trans Hectron Devices,2002 ,
49(7) :1158

[7] SunJ P,MansR K,Chen WL ,eta.CV and I-V character-
istics of quantum well varactors.J Appl Phys,1992,72(9) :



1176

27

(8l

2340
SunJ P,Haddad G | ,Mazumder P,et d. Resonant tunneling
diodes: model s and properties. Proceedingsof the IEEE,1998 ,

gate leakage current in 1L 61nm Hf Oz high-k dielectric polysil-
icon gate with Al203 capping layer. Hectron Lett ,2002,38:
1223

86(4) :641 [14] Yang KN ,Huang H T ,Chen M J ,et a. Characterization and
[9] HouY T,Li M FJin Y et a.Direct tunneling hole currents modeling of edge direct tunneling (EDT) leakagein ultrathin
through ultrathin gate oxides in metal-oxide-semiconductor gate oxide MOSFETSs. |EEE Trans Hectron Devices,2001 ,48
devices.J Appl Phys,2002,91(1) :258 (6) :1159
[10] Yeo YC,LuQ,Lee W C,et a.Direct tunneling gate leakage [15] Choi C H,Nam K Y ,Yu Z P et a. Impact of gate direct tun-
current in transstors with ultrathin slicon nitride gate dielec neling current on circuit performance: a smulation study.
tric. IEEE Electron Device Lett ,2000,21(11) :540 |EEE Trans Hectron Devices,2001 ,48(12) :2823
[11] Hou Y T,Li M F,Yu H Y et a. Modeling of tunneling cur- [16] Koyama M ,Kaneko A ,Ino T ,et a. Effectsof nitrogenin Hf-
rent through HfO2 and ( HfO2) x (Al203) 1- x gate stacks. SON gate dielectric on the electrical and thermal characteris
|EEE Hectron Device Lett ,2003 ,24(2) :96 tics. [IEDM Tech Dig,2002 :849
[12] Cassan E,Gadin S,Dollfus P et a. Anayssof eectron ener- [17] Koike M ,Ino T ,Kamimuta Y M ,et a. effect of Hf-N bond on
gy distribution function in ultrathin gate oxide -MOSFETs properties of thermally stable amorphous Hf SON and appli-
usng Monte Carlo smulationfor direct tunneling gate current cability of this material to sub-50nm technology node L Slis.
calculation. Physca B ,1999 ,272:550 IEDM Tech Dig,2003:107
[13] Yang C W,Fang Y K,Chen C H ,et a.Dramatic reduction of
Kk MOSFET ’
1.t 2 1
(1 . , 210096)
(2 : )
MOSFET ( ) Schrodi nger- Poisson
, k k MOSFET. k
MOSFET , PpMOSFET nMOSFET
: k; ;
PACC: 7340G; 7340Q
: TN386 A : 0253-4177(2006) 07-1170-07
* ( :60371037,20573019)
T . Email :wangwei @njupt.edu.cn
2006-01-24 ,2006-03-29 (€2006



