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1 　Introduction

The on2going research on materials , device
st ruct ures and assembly met hods for microelec2
t ronic devices wit h feature sizes smaller t han
100nm carries the goal to keep Moore’s law in
force beyond limit s of current microchip technolo2
gy. To understand the device behavior and provide
design aids for sub2011μm devices ,numerous st ud2
ies have been conducted on t he modeling of the
gate current and gate capacitance of nanoscale
MOSFETs. Cont rol and reduction of gate leakage
current bear p ractical significance for low power
CMOS circuit s and to alleviate t he scaling limit s.
High2k gate stack st ruct ures as candidates to re2
place silicon dioxide layer for nanoscale MOSFETs
have received great at tention due to t heir p romise
in reduction of gate current and standby power
consumption[ 1～5 ] . A number of high2k gate stack
st ruct ures have been studied experimentally and
t heoretically ,wit h most of t he modeling app roaches
based on t he W KB approximation. The W KB ap2
proaches have gained pop ularity recently due to

t heir simplicity and less numerical work. However ,
t hey have inherent shortcomings in t hat some
p hysics aspect s are parameterized ,t hat it is unable
to evaluate gate current and capacitance simultane2
ously. In addition , in p rinciple , it cannot model
combinations of various high2k stack dielect rics
with interfacial layers p roperly. Therefore , most
approaches existed are insufficient to carry out t he
tasks for significant engineering of high2k stack
st ruct ures and silicon dielect ric interface ,which are
required due to complications associated wit h appli2
cability and compatibility of t he materials and pro2
cessing of t he high2k stacks with silicon technolo2
gies. Furt hermore , most modeling work performed
and p ublished so far is mainly focused on nMOS2
FETs wit h high2k gate stacks. For pMOSFETs ,to
our knowledge ,only modeling work p ublished was
presented in Ref . [ 6 ] ,in which t he W KB approach
was also employed.

In this work ,a unified formulation is employed
to model nanoscale n and pMOSFETs wit h high2k

stacks as t heir gate dielect rics , aimed at t he gate
current reduction and evaluation of other relevant
device p roperties. When t he device feat ure sizes
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reach nanoscale dimensions ,a gate dielect ric thick2
ness of less t han 210nm would be required for
nanoscale MOS devices wit h power supply voltages
of 110 to 115V. The simultaneous requirement to
keep t he same or greater gate capacitance and low2
er gate current entails t he same or greater equiva2
lent oxide thickness ( EO T) as well as a t hicker
p hysical insulating layer for reduction of gate t un2
neling current . The same or larger gate capacitance
is necessary for good gate cont rol over t he channel
current and reduction of t he short channel effect s.

2 　Method of calculation

The present model is based on self2consistent
solutions of t he SchrÊdinger2Poisson equations p re2
viously developed for modeling quant um2t unneling
devices[7 ,8 ] ,wit h modifications made for nanoscale
MOSFETs in t he y direction perpendicular to the
dielect ric layers. The gate current component s of
t he t hermionic emission , FN t unneling , and direct
t unneling through t he oxide barrier are evaluated
as a whole using a t raveling wave calculation ,here2
after referred to as J 3D ,while the t unneling compo2
nent f rom t he inversion layer quant um well is eval2
uated by a t ransmission calculation , hereaf ter re2
ferred to as J 2D , both obtained f rom t he solutions
of t he SchrÊdinger equation , self2consistently wit h
it s potential term determined by t he Poisson equa2
tion. The calculated elect ron wave f unctions rele2
vant to t he current t ransport are shown in Fig. 1 to
illust rate t he current t ransport component s origi2
nated f rom t he 3D elect rodes and 2D quantum well
in the inversion
layer . As an example of t he 2D wave f unctions ,

Fig. 1 　Elect ron wave functions f rom the 3D and 2D e2
lect ron states 　Only the third quasi2bound state in the

inversion layer is shown.

Ψ2D , only t he wavef unction at t he t hi rd level of

t he quasi2bound sta tes is show n.

We f i rst calcula te t he self2consiste nt p ote ntial

a nd c ha rge dist ributions i n t he p olysilicon a nd

subst rate regions f rom t he coup led Poisson equa2
t ion a nd Fe rmi dist ribution f unction . The elect ro2
static p ote ntial across t he device i n t he y di rection

is dete r mi ned by t he dop i ng p rof ile a nd mobile

cha rges , as gove rned by t he Poisson equation .
52 V ( y)

5 y2 = -
q

ε( y)
[ ND ( y) - NA ( y) - n ( y) + p ( y) ]

(1)

w hereε( y) is t he dielect ric consta nt of i ndividual

high2 k stack laye rs , n ( y) is t he elect ron de nsit y ,

a nd p ( y) is t he hole de nsit y in t he quasi2equilibri2
um contact regions in te r ms of local Fe rmi levels ,

n ( y) = NC
2
π

F1/ 2
EF ( y) - EC ( y)

kB T
(2)

p ( y) = NV
2
π

F1/ 2
EV ( y) - EF ( y)

kB T
(3)

w here NC a nd NV a re t he ef f ective de nsities of

states i n t he conduction ba nd a nd vale nce ba nd ,

resp ectively , a nd

F1/ 2 (ξ) =∫
∞

0

x1/ 2

1 + exp ( x - ξ)
d x (4)

is t he Fer mi2Dirac i ntegral f unction . N ote t ha t

Fe r mi levels EF ( y) a re assume d t o be consta nts ,

resp ectively , i n t he p oly2silicon a nd silicon sub2
st ra te regions a nd t hat conduction ba nd a nd va2
le nce ba nd e dge a re rela ted t o t he p ote ntial

by [ 7 ,8 ]

EC ( y) = EC ( ±∞) - q [ V ( x) - V ( ±∞) ]

(5)

EV ( y) = EC ( ±∞) - q[ V ( x) - V ( ±∞) ] - Eg

(6)

w here Eg is t he e ne rgy ba ndgap of silicon . The

Fer mi integrals i n Eqs . ( 2 ) a nd ( 3 ) ca n be ex2
p a nde d by rap idly converging p owe r se ries i n

te r ms of t he ra tios r1 = n ( y) / NC a nd r2 = p ( y) /

NV , resp ectively , based on t he J oyce2Dixon ap2
p roxi mation [ 7 ,8 ] :

EF ( y) - EC ( y)
kB T

- lg r1 = ∑
N

k = 1
A ( k) r

k
1 (7)

EV ( y) - EF ( y)
kB T

- lg r2 = ∑
N

k = 1
A ( k) r

k
2 (8)

wit h t he coef f icie nt A ( k ) dete rmi ned usi ng a

least2squa res f it tech nique . In eac h y p oi nt , Eqs .
(1) , (7) , a nd (8) lea d t o t h ree coup le d nonli nea r

equations wit h t h ree un knows , i . e . , t he elect ron

de nsit y , hole de nsit y a nd p ote ntial ,w hic h a re t he n
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solve d usi ng t he Newt on ite rative met hod wit h a

sp a rse mat rix tech nique . For t he cha rges inside

t he qua nt um well of t he inve rsion laye r f or med

under p ositive gate bias voltages a nd f or t he gate

cur re nt comp one nts t h rough a nd/ or a bove t he ul2
t ra t hi n oxide ba r rie r , qua nt um calcula tions a re

p e rf or me d by directly solvi ng t he SchrÊdi nge r e2
quation :

-
∂2

2
× 5

5 y
1

m 3 ( y)
×5ψ( y)

5 y
+ EC ( y)ψ( y) = Eψ( y)

(9)

The self2consiste nt elect ron cha rge at t he j2t h e n2
e rgy subba nd i n t he i2t h valley in t he i nve rsion

laye r is give n by

n ij ( y) =
m 3

i kB T
π∂2 l n 1 + exp -

E ij - EF

kB T
×

| ψij ( E ij , y) | 2 (10)

w here ψij ( E ij , y) is t he elect ron wavef unction at
t he j2t h subband in t he i2t h valley f rom t he solu2
tion of t he SchrÊdinger equation in the inversion
layer . The gate current evaluation is performed by
t he t raveling wave calculations for the t hermionic
emission , Fowler2Nordheim ( FN ) tunneling , and
direct t unneling t hrough t he oxide barrier ,giving

J 3D = - q∂ ∑
k

W ( k) I m ψ3
k ( y) 1

m 3 ( y)
×5ψk ( y)

5 y

(11)

where weighting f unction W ( k) is given by

W ( k) =
m 3 kB T
2π2 ∂2 ln 1 +

EF - El

kB T
(12)

and El = ∂2 k
2
l / 2 m 3 is t he longit udinal energy of

t he elect ron wit h wave2vector kl .
For the elect ron tunneling current f rom t he in2

version layer into the oxide and gate elect rode , a
t ransmission calculation is performed. Based on the
wave f unctions calculated in the inversion layer ,t he
t ransmission is given by

T ij =
| Ct r , ij | 2

| A in , ij | 2 ×k t r , ij

kin , ij
×m 3

in , i

m 3
t r , i

(13)

where Ctr , ij is t he t ransmit ted wave amplit ude in the

i2t h valley and the j2t h subband ,and A in , ij t he inci2
dent wave amplit ude in the corresponding subband
and valley. The 2D gate current component origina2
ted f rom t he subbands in t he inversion layers is
t hen

J 2D = ∑
i , j

J i , j = q ∑
i , j

n ij T ij f ij (14)

where T ij is t he elect ron t ransmission probability ,

f ij =
Eij

jπ∂ t he elect ron impact f requency on t he in2

terface , nij t he sheet elect ron density , and Eij t he
quasi2bound state energies in the i2t h valley and t he
j2t h subband. The total gate current density is t he
sum of the 2D and 3D component s.

In the p resent approach ,we t reat t he t hermi2
onic emission , FN t unneling , and direct t unneling
current component s in a unified formulation. Most
of other t reatment to these current component s in2
volve complicated formulas and ,in many cases ,fit2
ting parameters. We consider t hat the separation of
t he current t ransport component s is a reflection of
t he historical develop ment of t he MOS scaling ef2
fort s toward nanoscale dimensions , and t hat , in
p rinciple ,t unneling depends on t he overall poten2
tial p rofile in t he elect ron t unneling pat h , rat her
t han a particular part of the potential p rofile.
Therefore ,t he separation and delimitation of vari2
ous gate current component s may involve inconsist2
encies in t he interfacing and integration of t hose
component s. In addition ,t he gradual potential bar2
rier approximation inherent in t he W KB approach
may become improper for t he sharp potential inter2
faces between t he polysilicon and subst rate for
nanoscale MOSFETs. In our opinion ,as t he feat ure
sizes approach nanoscale dimensions , t he device
st ruct ure in t he direction of interest may well be
t reated as an integrated ,open quant um system ,and
a f ully self2consistent solution to the SchrÊdinger2
Poisson equations is necessary and sufficient to
model all t he gate current t ransport component s
and obtain all t he device terminal p roperties of in2
terest .

An important feat ure of the p resent model lies
in t hat t he elect rostatic potential V ( y) and t he ma2
terial parameters can be accurately specified at each
y point in t he multilayered stack st ructures , allo2
wing evaluation of various schemes of combination
having different stack materials and different lay2
ers. Moreover ,t he possible fixed charge and inter2
face charge dist ributions in t he stacked layers can
also be accommodated in Poisson’s equation , as
long as t hese charge dist ributions are available.
Therefore ,t he p resent approach enables us to st ud2
y multilayer high2k stack st ruct ures of nanoscale
MOSFETs ,consisting of various dielect ric materi2
als for various configurations.

As t he channel lengt h is f urt her reduced , t he
two2dimensional effect s like t he edge direct tunne2
ling ( ED T ) , drain2induced barrier lowering
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(DIBL ) ,and V T roll2off become non2negligible. In
t he high drain bias , t hese p roblems cannot be de2
scribed directly in 1D model . In t his work ,to solve
t he 2D p roblems such as ED T ,we begin by using
2D Poisson equation and elect ron and hole current
continuity equations to solve t he charge and poten2
tial dist ribution t hroughout the device. Then ,in y2
direction (perpendicular to the dielect ric layers) ,
we solve t he 1D SchrÊdinger2Poisson equations for
each x position ( assuming x2direction along the
channel) using t he calculated charge and potential
dist ribution as inp ut data. U sing t he gate current
model given above , we can comp ute t he t unneling
current density for each x position , which we can
integrate to obtain t he total gate current .

3 　Results and discussion

3. 1 　Comparison with experiment

Figure 2 shows a comparison between t he cal2
culated and measured gate tunneling current char2
acteristics of nMOS and pMOS st ruct ures ( EO T of

Fig. 2 　Comparison of gate current for pMOS and

nMOS with calculated data and experimental data 　The

experimental data are taken f rom Ref s. [ 9 ,10 ] . The e2
lect ron and hole barrier height , effective mass , are

known for SiO2 (3110eV/ 415eV ,0140 m0 / 0132 m0 ) and

Si3 N4 (2110eV/ 1190eV , 0150 m0 / 0140 m0 ) [10 ] , and die2
lect ric constant for SiO2 (319) and Si3 N4 (718) [6 ] .

213 or 217nm for SiO2 ,114nm for Si3 N4 ) ,with ex2
cellent agreement between t he theory and experi2
ment . The curves of Group 1 are for the Si3 N4 ca2
ses ,and t he curves of Group 2 ,3 are for t he cases
of SiO2 . It is apparent t hat t he gate current decrea2
ses wit h increasing dielect ric t hickness for SiO2 .

Furt hermore ,for the same SiO2 film t hickness ,t he
gate current density for t he n2MOS case is larger
t han t hat for t he p2MOS case due to t he lower con2
duction band off set s in t he nMOS st ruct ures and
higher valence band off set s in t he pMOS st ruc2
t ures[10 ] . However ,for t he cases of Si3 N4 , t he gate
current in pMOS is larger t han t hat in nMOS due
to t he higher conduction band off set in nMOSFET
for binary dielect ric materials and t he higher elec2
t ron effective mass in t he dielect ric layer for
nMOSFET ,as explained in Ref . [ 10 ] .

3. 2 　Effects of high2k dielectric thickness

For high2k stack st ruct ures consisting of a sin2
gle high2k layer and a SiO2 layer , HfO2 stacks are
taken as an example of gate current dependence on
t he t hickness of t he high2k layer wit h t he same
EO T of 113nm ,as shown in Fig. 3. All t he high2k

stacks make a reduction of gate current as com2
pared wit h SiO2 gate dielect ric layer , especially at
lower gate voltages applicable for nanoscale

Fig. 3 　Calculated gate current versus gate voltage with

different physical thickness of the high2k dielect ric with

the same EO T ( 113nm ) for HfO2 / SiO2 gate stack

st ructures 　The elect ron barrier height ,effective mass ,

and dielect ric constant for HfO2 are 1150eV [4 ] ,

0120 m0
[11 ] ,and 25 [4 ] ,respectively.

nMOSFETs ,due to t he additional p hysical widt h in
t he t unneling pat h for t he lower energy elect rons
t hat cont ribute most of the gate current ,as shown
in Fig. 4. As expected ,the p hysical t hickness of t he
high2k layer plays a dominating role at t he lower
gate voltages. The difference can be as large as 4～
5 orders of magnitude between t he high and low
HfO2 / SiO2 t hickness ratio s for t he same EO T ,as
observed in t he Fig. 3. At higher gate bias voltages
near and above the barrier height of the high2k die2
lect ric layer ,however ,t he gate current is dominated
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by FN t unneling and thermal emission. Therefore
t he magnit ude of gate current of t he high2k stack
st ruct ure and t he SiO2 st ruct ure becomes compara2
ble ,and t hat t he former can be orders of magnit ude
larger than that of t he SiO2 st ruct ure at even high2
er gate voltage. In ot her words ,at lower gate bias ,
t he gate current is mainly affected by t he dielect ric
constant of t he high2k dielect ric material utilized ,
while at higher bias ,it is mainly determined by it s
barrier height .

Fig. 4 　Elect ron direct tunneling band diagram of high2
k gate stack nanoscale MOS structure

Ot her types of high2k stack st ruct ures using
SiO2 / Ta2 O5 / SiO2 gate dielect rics[12 ] and adding

Al2 O3 capping layer [ 13 ] have been proposed to alle2
viate t he interfacial st ruct ure p roblems[12 ] . The
present modeling app roach is applied to st udy of
t his type of multiple layered st ruct ures , wit h the
material and st ruct ural parameters specified accu2
rately in t he individual stacked layers.

Recent studies[ 14 ,15 ] have shown t hat t he direct
t unneling between t he source/ drain extension and
gate overlap region , i . e. t he edge direct t unneling
( ED T) , dominates t he off2state current , especially
in very short channel devices. This result s f rom the
fact that t he ratio of t he gate overlap to t he total
channel length is larger for t he short channel de2
vice than t hat of t he long channel device.

Figure 5 shows the simulated gate current ver2
sus t he length of overlap region for high2k stack
st ruct ures. In t he figure , we can see that t he gate
current s are higher with larger overlap lengt h. This
effect is due to t he fact t hat t he flat2band voltage
for channel region is negative , whereas t he flat2
band voltage for t he overlap region is almost zero ,
t hus resulting in higher vertical elect ric field , and
more leakage current density for t he overlap re2
gion. It is also noted t hat the gate current is re2

Fig. 5 　Calculated gate current versus the length of o2
verlap region with different physical thicknesses of the

high2k dielect ric with the same EO T ( 113nm ) for

HfO2 / SiO2 gate stack st ructures

duced with increasing dielect ric t hickness of SiO2

layer in the HfO2 / SiO2 stacks. This is at t ributed to
t he interplay among various factors of t he st ruct ure
and material parameters , such as t he oxide barrier
height ,elect ron effective masses ,and dielect ric con2
stant . However , ED T current is mainly affected by
it s barrier height . As expected ,wit h increasing t he
lengt h of overlap region ,t he ED T effect result s in
higher vertical field. Thus , t he thickness of SiO2

plays a dominating role , due to SiO2 layer wit h
higher barrier in t he t unneling pat h for t he higher
energy elect rons of ED T.

3. 3 　Effects of nitrogen incorporation

It is reported that incorporation of nit rogen in2
to haf nium silicate ( Hf SiO ) , haf nium aluminate
( HfAlO) and HfO2 greatly enhances t he dielect ric
constant of silicates , suppresses dopant diff usion
f rom gate poly2Si into t he channel during high tem2
perat ure annealing p rocess ,and increases crystalli2
zation temperature of t he high2k stacks[16 ] . These
p roperties are ascribed to the homogeneity of t he
bond st ruct ure in the film containing nit rogen
t hrough high temperat ure annealing. These im2
provement s make t hese Hf2based materials more
suitable for t he CMOS process. The increase of ni2
t rogen content leads to an increase of t he dielect ric
constant but a decrease of t he conduction band off2
set as well as the valence band off set . It is interest2
ing to observe t hat , as t he only exception among
most high2k dielect rics , t he conduction band off set
with nit rogen incorporation may be larger t han t he
valence band off set ,such as in t he case of Hf SiON.
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It is an advantage for t he reduction of gate current
in n2MOSFETs. For t he pMOSFETs , however ,
such property would not be usef ul since t he hole
t unneling is dominant for the gate current .

In Fig. 6 ,t he effect s of nit rogen content on the
gate current are shown for t unneling current
t hrough Hf SiON dielect ric film. Three different e2
lect ron effective masses in between t hat of SiO2 ,
HfO2 ,and Si3 N4 were used in the calculations as
t he value of t he elect ron and hole effective mass is
not available ,and such modeling calculations have

Fig. 6 　Simulated tunneling current through Hf SiON

dielect ric films of different nit rogen content s for nMOS2
FET and pMOSFET

not been found in the open literat ure. However ,t he
values of dielect ric constant and barrier height
were taken f rom experimental work [17 ] with t he N
content up to 40 % for t he curves of Hf/ ( Hf + Si)

being 60 % , and up to 35 % for the rest of the
curves[16 ] . The result s here show t hat ,for both ca2
ses , t here is an optimum value of the N content
(approximately 10 %) where minimum gate current
may be achieved. This is at t ributed to t he interplay
between t he dielect ric constant and barrier height ;
t he incorporation of N leads to an increase of the
dielect ric constant while maintaining essentially the
same barrier height until t he N content reaches
10 % where t he barrier height start decreasing sig2
nificantly. This optimum value of N content is a
new finding f rom this work , to be verified experi2
mentally. It is also noted t hat t he gate current in
t he pMOSFETs is larger than t hat of t he nMOS2
FETs wit h t he same EO T and N content ; t his is
because t hat ,wit h t he virt ually same dielect ric con2
stant ,t he valence band off set in t he p MOSFETs is
smaller t han t he conduction band off set in the
nMOSFETs.

4 　Conclusion

Based on quant um modeling of elect ron tunne2
ling , we have modeled t he influence of quant um
effect s on t he gate current of nano scale p2 and n2
MOSFETs wit h high2k stack dielect ric st ruct ures.
The main feat ure of t he p resent approach is t hat
most of the effect s of interest can be studied simul2
taneously and in a unified fashion , wit hout having
to use fit ting parameters as done in approaches
based on the W KB app roximation. Moreover , since
t he material and st ruct ural parameters can be spec2
ified accurately at each st ruct ural point , various
configurations of high2k stack materials and t heir
combinations can be investigated properly. There2
fore ,t he p resent approach can be used to provide
guidelines for experimental st udies of high2k stack
st ruct ures for nanoscale MOSFETs. Our modeling
result s have demonst rated effect s of dielect ric film
t hickness ,nit rogen incorporation ,and various stack
configuration ,on t he gate current , showing consis2
tency wit h experimental result s. A new finding has
also been generated as a result of t his work ,indica2
ting the optimum nit rogen content for nit rogen in2
corporation scheme. However ,f urt her experimental
work is required to verify this result .
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高 k 栅介质纳米 MOSFET栅电流模型 3

王 　伟1 , 　孙建平2 　顾 　宁1

(1 东南大学生物电子学国家重点实验室 , 江苏省生物材料与器件重点实验室 , 南京　210096)

(2 美国密西根大学电气工程和计算机科学系 , 美国)

摘要 : 介绍了一种纳米 MOSFET(场效应管)栅电流的统一模型 ,该模型基于 SchrÊdinger2Poisson 方程自洽全量子
数值解 ,特别适用于高 k 栅介质和多层高 k 栅介质纳米 MOSFET. 运用该方法计算了各种结构和材料高 k 介质的
MOSFET 栅极电流 ,并对 pMOSFET 和 nMOSFET 高 k 栅结构进行了分析比较. 模拟得出栅极电流与实验结果符
合 ,而得出的优化氮含量有待实验证实.
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