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We propose a computationally efficient, accurate and numerically stable quantum-mechanical
technique to calculate the direct tunnelifigfT) gate current in metal-oxide-semiconduc(®OS)
structures. Knowledge of the imaginary partof the complex eigenenergy of the quasi-bound
inversion layer states is required to estimate the lifetimes of these states. Exploiting the numerically
obtained exponential dependenceldfon the thickness of the gate-dielectric layer even in the
sub-1-nm-thickness regime, we have simplified the determinatidn iofdevices where it is too

small to be calculated directly. It is also shown that the MOS electrostatics, calculated
self-consistently with open boundary conditions, is independent of the dielectric layer thickness
provided that the other parameters remain unchanged. Utilizing these findings, a computationally
efficient and numerically stable method is developed for calculatinguheeling currentgate
voltagecharacteristics. The validity of the proposed model is demonstrated by comparing simulation
results with experimental data. Sample calculations for MOS transistors withkhggte-dielectric
materials are also presented. This model is particularly suitable for DT current calculation in devices
with thicker gate dielectrics and in device or process characterization from the tunneling current
measurement. €003 American Institute of Physic§DOI: 10.1063/1.1589173

I. INTRODUCTION meaningful results could hardly be obtained in Ref. 10 using
a QM method for MOS structures with gate-oxide thickness
Current scaling of metal-oxide-semiconductor field- greater than 3 nm, even though calculation of the tunneling
effect-transistorsMOSFET) has led to the fabrication of de- current through such thick oxide layers is necessary in many
vices in the sub-100-nm regime. In such devices, a large gatapplications, e.g., flash memory devices and device and pro-
current flows due to the direct tunnelif®T) of inversion  cess characterization from the tunneling current measure-
carriers. This DT current is important from both device per-ment. For this reason, in spite of the known accuracy of the
formance and characterization points of view. Many studieQM methods, SC techniques are often used although many
have been reported on the modeling of direct tunneling gatef the approximations involved in the SC techniques cannot
current'~2 These studies can be broadly classified into ayet be physically justified.
semiclassicalSCO?~* and a quantum-mechanice®M)*’~° In this article, we propose a computationally efficient
method. SC techniques are based on the calculation of thtechnique to calculate the DT gate current in MOSFETS us-
transmission probability, usually employ the WKB approxi- ing a QM method. This technique is accurate and is free from
mation, and often ignore the two-dimensiof2D) nature of  the numerical limitations of the existing QM methods. The
the inversion electrons. A modified WKB approximation haseffect of wave function penetration on self-consistent elec-
been proposed in Ref. 5 to include the effects of reflectiongrostatic potential is also accounted for. This effect has re-
from potential discontinuities. This approximation has beercently been shown to be an important factor for accurate
applied in Ref. 6 with reasonable success to obtain quantitanodeling of DT current?
tive agreement between model and experiment. On the other
hand, QM methods consider the finite lifetime of the quasi-
bound, 2D inversion carriers. QM methods are preferredl' MATHEMATICAL MODEL
when Schrdinger’s equation is to be solved with open  In our QM model, we make the approximations usually
boundary conditions including the effects of wave functioninvoked in most DT current calculations? One-
penetration into the gate dielectric. A number of recent studdimensional(1D) calculation is performed to determine the
ies have compared the two DT current calculation techniqueself-consistent potential profile. We assume that the tunnel-
in MOS deviced:'**While the QM methods have a more ing rate is small enough so that the inversion carriers can be
rigorous physical basis and provide more accurate simulatiotaken to be in thermal equilibrium. The conduction electrons
results, they are also numerically more complicated to applyre described in terms of single-band effective mass Hamil-
in practical situations. Because of the numerical difficultiestonian and electrons in the gate-dielectric region are repre-
sented by a constant effective masg, with a parabolic
Author to whom correspondence should be addressed; electronic maifliSPersion relationship. Although a few recent studies have
anhaque@buet.ac.bd focused on determining,, in SiO, and a number of other
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highK dielectric materials? in the absence of detailed An advantage of this technique is that it is free from any
knowledge about the bandstructures of the dielectric materimatrix manipulation, and consequently, it is computationally
als, m,, is still widely treated as a fitting parameter. efficient and numerically stable.

When electrons tunnel out of a MOS inversion layer, the  AlthoughI” and 7 can be calculated in a straightforward
system becomes quasibound with finite lifetimes of the in-way using Eq.(3), it requiresN, to be resolved in energy
version carriers. In such a system, the eigenenergies are comwith sufficient accuracy to calculate the FWHM. Normally,
plex quantitiesE;; —E;; +il';; . Here, the real pai;; is the  in devices with gate-oxide thicknes$ ) equal to less than
energy of thejth quasi-bound state in thi¢h valley and the 2.5 nm, this poses no serious limitation. However, in struc-
imaginary partl’;; is related to the lifetimer;; of the corre-  tures withT,,=3 nm, I is very small and its determination
sponding state following the relationshig, =#/2I';; . Ac-  demands precisions which are much higher than usual thus
cording to the QM methods, the DT current is calculatedrequiring very high computational time. A similar situation

from the known values of;; using Eq.(1): arises in modeling MOSFETs with higk- gate-dielectric
materials. AsT,, goes below 1 nm, to reduce the DT gate
J—z e_Ni,- 1 current and to increase reliability, the ITRS roadmap has
Iy T @) called for possible replacement of Si®y highK gate di-

n,iMgikT
TR

In

the jth state of thath valley, is given by thicknesgEOT), the tunneling rate decreases dhdlecomes
2 traction, it is necessary to perform DT current calculations
of-states(DOS) effective mass of electrons, ary is the ~ With open boundary conditions each time, the problem be-
T. In Ref. 7, Schidinger’s equation has been discretizediNg sections, we address both these issues and provide an
fined over a finite region of interest, becomes non—Hermitian”I' CALCULATION OF T
14 has shown that the energy derivative of the phase of thgart of the complex eigenenerdy, for a number of device
a Lorentzian form and its full width at half-maximum used to estimat€ efficiently in devices where it is too small
numerical standpoint, direct calculation of such a derivative  Numerical results are obtained by self-consistent solu-
matrix. Since the transfer matrix method itself suffers fromtential profile are taken into account by solving
the 1D local DOSN;p, is given by a series of delta func- equation over the entire MOS structdfenMOS devices are
estimated from the FWHM of the energy broaderiég, . mentioned in Sec. Il, we have treated, as a fitting param-
element of the retarded Green’s functiGit: 16 simulated DT current with experimental dafaA metal gate
1

Nip(ZE)=~ ;jm[GR(z,z;E)], (3) AE:, and the dielectric constants, of these materials are

face. The diagonal element @GR can easily be calculated a function of the physical layer thickness for three gate-

electric materiald! Due to the higher physical thickness of
where,N;;, the concentration of the inversion electrons inthe highK  dielectric layers for a given equivalent oxide
rather small in these devices. Also in many cases, such as
Er—E; trend studies for a particular technology and parameter ex-
1+ex KT
many times for the same basic structure. Due to the necessity
In Eq. (2), n,; is the valley degeneracyng; is the density- Of solving Schradinger's and Poisson’s equations iteratively
Fermi energy. comes computationally arduous and often accuracy must be
Many different schemes have been proposed to calculatgompromised in order to achieve higher speed. In the follow-
using a finite difference technique. As a consequence of udlternate way to perform these calculations.
ing open boundary conditions, the Hamiltonian matrix, de-
Numerical determination of the complex eigenvalues of the
non-Hermitian matrix provides an estimationlofReference In this section, we numerically calculate the imaginary
reflection coefficient(determined using the transfer matrix structures with different gate-dielectric materials, and pro-
formalism around the energies of each quasi-bound state hgsose an empirical expression fbr This expression can be
(FWHM) is equal toI'. This method has been applied in to be calculated accurately by direct evaluation of the
Refs. 10 and 11 to calculate the lifetimes. However, from afWHM.
is difficult.** Therefore, a suggestion has been made in Reftion of coupled Schidinger’s and Poisson’s equations. Ef-
11 to calculatel” from the diagonal element of the transfer fects of wave function penetration on the self-consistent po-
numerical instability, we have earlier proposed anotheiSchralinger’s equation with open boundary conditions
means for calculating’ in Ref. 15. In a truly bound system, within the self-consistent loop and by solving Poisson’s
tions at the eigenenergies. When leakage océlyg,broad-  assumed to be fabricated 600 silicon. Values of different
ens in energy and becomes a Lorentzian functlbean be  parameters fof100) silicon are given in Ref. 18. As already
The Green'’s function formalism is applied to estimbtg,.  eter with a value equal to 0§, for SiO, as well as for other
The 1D local DOS, by definition, is related to the diagonaldielectrics. This value for Si©has been obtained by fitting
with a work function equal to 4.1 eV is considered. The
conduction band offsets of various dielectrics with silicon,
taken from Ref. 20 and are presented in Table I.
where z direction is normal to the silicon—dielectric inter- Figure 1 shows calculatddof the lowest energy state as
with open boundary conditions using the logarithmic deriva-dielectric materials. Substrate doping densitiN
tive technique, which has been described in detail in Ref. 16=10" cm™3. Each curve is for a fixed inversion carrier den-
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TABLE |. Dielectric constants and conduction band offsets at silicon—
dielectric interface for different dielectric materials used in our calculation
(see Ref. 2D

Material Dielectric constan AE_ to silicon (eV)

Sio, 3.9 3.2

Si;N, 7 2

Ta,05 26 1.3

sity, Ng=ZX;;Nj; . It is observed that for a giveNs, I' de-
creases exponentially with increase in dielectric layer thick-
ness for all the materials. At higher thickness of the dielectric
layers, the exponential dependencexpectedo hold, but it

is found to be valid even for a dielectric layer thickness of
0.5 nm, wherel is within two orders of magnitude of the
real part of the complex energy. In practical devices, there is
usually some residual oxide between the highdielectric

and the silicon substrate. This is due to the presence of native
oxide formed during fabrication. Also in some cases,
SiO,-highK dielectric stacks are fabricated intentionally to
achieve a better control over the interface state density and
barrier propertie?® Therefore, we investigatd” for the
stack-gate structures. Figure 2 shoWwsf the lowest energy
state for two stack-gate structures as a function of EOT for

I (10"%V)

I (10™%eV)

M. Hakim and A. Haque
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different values of\,. The stacks consist of a 0.5 nm native FIG. 2. T, as a function of equivalent oxide thickne&O0T) for stack gate
oxide layer between higk- material and silicon substrate. structures at different inversion charge densitiés, Substrate doping den-

The value ofm,, andN, are the same as those used in Fig.

sity Ny=10" cm 3,

10° F : : : — 1. We see from Fig. 2 thal' of the stack structures also
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FIG. 1. Imaginary part of the lowest eigenenerfyas a function of physi-

depend on EOT in an exponential manner. We have also
calculated” for higher energy statgsesults not shownand

its dependence on dielectric layer thickness or EOT has been
found to be similar to that of the lowest state. From these

results, we propose the following empirical expressionlfor

as a function of dielectric layer thickness:

= Foe_TOX/L,

wherel'y andL are empirical constantd.,, in Eq. (4) rep-
resents physical thickness in the case of pure dielectric lay-
ers, and EQOT in dielectric stacks. It should be noted that Eq.
(4) remains valid as long ds for each state is much smaller
than the separation between the energies of the adjacent
quasi-bound states.
I" for the lowest energy state is plotted as a function of
the thickness of the dielectric layer for three different dielec-
tric materials in Fig. 3 foN,=2X 10" cm™
eters are the same as those used in Fig. 1. Electron effective
massm,, in the gate-dielectric region also has an important
effect on I'. my, in general, decreases with decreasing
AEc.® Figure 4 is the plot of” for Si;N, and TaOs gate
dielectrics wherem,, values of 0.4 and 0.2B, have been
used for SiN, and TaOs, respectively. From the results
presented in Figs. 1-4, it is evident that Hg) remains
valid for a wide range of parameter values dhglandL are
functions of the dielectric material, substrate doping density
N, inversion carrier densityNg, and electron effective

4

3. Other param-

cal thickness of various gate dielectric layers at different inversion chargdN@ss in dielectric regiom,,. Table Il summarizes the ex-
densitiesNg. Substrate doping density,= 10" cm™3. tracted values of o andL (physical thicknegsas functions
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FIG. 3. T" vs physical thickness of various gate dielectric layers at dlfferentlvl DT GATE CURRENT

N for a substrate doping densily,=2x 10'% cm™3.

In order to calculate the DT current, in additionlipit is
necessary to estimaté; [Eq. (2)]. Nj;, in turn, depends on
Ei; measured relative to the Fermi enerdgy; is usually
determined from the self-consistent solution of Sclimger’s
and Poisson’s equations. Figure 5 shows the real part of the
lowest eigenenergl(, for three different dielectric materials
as a function of the dielectric layer thickness for a given
substrate doping density. While for the saig, E;; varies

of MOS physical parameters. It is shown thatiepends very
weakly onNg andN,, but is sensitive to changes E .
I'y increases with increasing, and Ng and also increases
with decreasingAE. . A reduction inm,, caused’ to de-
crease slightly with a corresponding increasé.in
Equation(4) can be used in a useful way to estimAtan
devices with thicker dielectrics or with different dielectric ; ! , ; .
layer thicknesses. For a given gate-dielectric mateNal, from dielectric to dielectric due to different amount of wave

andm,,, we calculatel” for eachN, corresponding to two function penetration into the gate-dielectric region, for a
small values of EOT by direct evaluation of the FwHM, 9\VenNs and a given dielectric materiak,, is independent
Sincel is relatively large for these devices, determination ofof the layer thickness even down to 0.5 ri; is known to
the FWHM faces no numerical difficulty. These results areP€ independent of dielectric material ag, when Schrd-

used to obtaif'g andL for eachN,. Equation(4) is then inger’s equation is solved with closed boundary conditiths,
applied to findI" for different values of EOT without having

but even the use of open boundary conditions does not make
to perform any additional calculation. Equatied is appli- i depend oriT, for the range considered here. The same

cable even where direct estimation of the FWHM is beyondf€nd is also observed for higher subban@esults not
the precision limit of the compiler. In order to investigate the SPOWn- This implies thatN;; remains unaffected as the di-

regime of validity of Eq(4), T" has also been calculated with electric layer thickness is changed keeping other parameters
an energy or gate bias dependemy,. As long asm,, does the same. Cpnsequgntly, tp calculat.e the DT current in de-
not depend of,,, the form of Eq.(4) is found to remain vices wnh d|ﬁgrent dlglectrlc.Iayer.thlcknessegj obta'lned.
valid. It should also be pointed out that although we havdor a device with athlnner. dielectric layer @rmg gst|mat|on
reached Eq(4) using the Green's function formalism, this Of I'o @ndL may be used instead of resolving Safirger’s
relationship is quite general and is independent of the techfduation each time. To calculate the gate voltage correspond-

nique employed to calculafé Therefore, any of the existing N9 {0 @ certain inversion carrier densilys, one typically
method& !4 15may be used along with E¢4) to estimatd”  US€S EA(S):

efficiently in devices where it is too small to be determined

directly. Ves=Voxt ¢st @mst Vool - (5)
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TABLE II. Extracted values of'; andL [Eq. (4)] for different combinations of MOS physical parameters.

Dielectric materials andn,,

Physical Sio, SisN, SisN,
parameters (myy=0.5my) (mgy=0.5my) (mgy=0.4m,)
Na NR Ty L I'o L I'o L
(cm™3) (cm™?) (meV) (nm) (meV) (nm) (meV) (nm)
10'8 10° 10.5 0.082 18.3 0.102 16.2 0.114
3x10%? 16.3 0.086 30.0 0.105 26.9 0.118
6% 1012 19.4 0.089 37.9 0.108 34.2 0.121
10t 22.2 0.094 47.0 0.112 429 0.125
2x10' 10° 15.3 0.083 25.5 0.103 22.7 0.115
3x10%? 22.0 0.086 37.3 0.107 335 0.119
6x 102 25.9 0.088 44.4 0.110 40.2 0.123
10 30.1 0.091 525 0.114 48.2 0.127

Here,V,, is the voltage drop across the dielectric laygyis  the obtained information can be used in a computationally
the silicon surface potentiak,, is the work function differ-  efficient and straightforward way to accurately determine the
ence, and/, is the voltage drop due to depletion effects in DT current and the corresponding gate voltage in similar
the polysilicon gate. We have verified that even in strongstructures at any other dielectric layer thickness. Thus the
inversion, the relationshily,,= T,Foy Can be used to esti- problem of calculating theéunneling currentgate voltage
mate the voltage drop across the dielectric layer with an errocharacteristicds greatly simplified for cases where it is nec-
less than 1%. Herds,, is the electric field within the dielec- essary to perform the calculation in a device with a thick
tric at the silicon—dielectric interface. In Fig. 6, silicon sur- dielectric layer or in similar structures with many different
face potentialpg for different dielectrics are presented as adielectric layer thicknesses. Such situations may arise in
function of the dielectric layer thickness. Again we find thatflash memory devices and in device and process character-
@5 is different for different dielectrics due to wave function ization by tunneling current measurement.
penetration effectéthe differences increasing with increas- We now check the validity of the proposed model by
ing Ng), but for a given dielectric material and a givélh, comparing our simulated DT current with experimental data.
¢ does not depend on the thickness of the dielectric layeFor this purpose, we consider MOS devices with Sgate
for a thickness as low as 0.5 nm. We have also observed thdielectric. The substrate and the polysilicon doping densities
Vol is independent of the thickness of the dielectric layerare 5< 10' and 16° cm 3, respectively. Figure 7 is the plot
From the above discussion, it is evident that the need foof our simulated DT current evaluated using two different
solving Schrdinger’s and Poisson’s equations self- techniques. Both techniques use Et. for the current cal-
consistently each time is completetyiminatedin calculat-  culation. In the first method]’;; for all four devices is ob-
ing the DT current through dielectric layers of different tained by direct evaluation of the FWHM of the energy
thicknesses. Once MOS electrostatics is self-consistentlgroadened 1D DOS and MOS electrostatics is independently
solved for two structures with thinner gate dielectric layers,calculated each time. In the second methiog,for the two
devices withT,,=1.46 and 1.55 nm are estimated by direct

20 T T T T
— : 3 : — r /T — 1— 3
10 \/\ 3X'1012 cm'2 —._SIO2 N %) 1.25} * U * 1 21 * i
i ~ N=10"cm’
+S|3N4 1 _Si': s
> or 122 TaOg ©
CIEJ A/6x10 cm | 2 100} i
= -top = : : 1 g |
u'J,- 1 2 \N =6x10% cm? —e—SiO
- D 115+ s 2 -
w -20r o . P —A—SiN,
~ /10 cm’ ‘% /Ns=3x1o‘2 cm? —%—Ta,0,
| : . * o 110} A ]
U o vV
L
_40 N 1 N 1 N 1 N 1 —
0.4 0.8 1.2 1.6 2.0 92 405 : . . .
Dielectric thickness (nm) 0.4 0.8 1.2 16 2.0

Dielectric thickness (nm)
FIG. 5. Real part of the lowest eigenenergy, measured relative to the Fermi
energy, as a function of the physical thickness of various gate dielectri¢=IG. 6. Silicon surface potentiagds as a function of the physical thickness
layers. of various gate dielectric layers.
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FIG. 7. Comparison of the simulated DT gate current, calculated by MofFollfsc.ji?férSelr:?l\J/IaaltLje:s?)-fré](a)t'? Elu;{funlgtlir:)r':/slcil?gElff(\)l\r”r:]heztﬁgi(r;gi;eeSt:gCtgsrzz
different approaches, with experimental result frdRef. 6 Here SiQ is the ’ P 9 prop

gate-dielectric material. technique.

calculation of the FWHM. These values are used to obtaifig- 8, we have calculated gate current as low as
T'o andL at eachNy. Equation(4) then givesT";; required to 10" %> Acm™ 2 without running into any numerical difficulty.
calculate the DT gate current in the two devices with thickerSuch low current would have been extremely difficult to cal-
gate-oxide layerNij , ¢s, Vpoy, andF o for the two thicker ~ culate using the existing QM techniques. . .
devices are also obtained from the corresponding values in Finally, we study the gate current through dielectric
the thinner devices. Results of the two simulation technique§tacks in Fig. 9. The stack structures are described in Sec. Ill.
are found to be identical. Excellent agreement between simyAdain, using the proposed technique, we have been able to
lation and measuremefdata taken from Ref.)ds achieved —estimate very low values of the gate current without any
which demonstrates the accuracy of the proposed method_CompUtational d|ff|CU|ty It is observed that the gate current
Next, the proposed technique is applied to calculate DTNCcreases sharply when a pure highdielectric layer is re-
gate current in MOS structures with high-gate dielectrics Placed by a stack structure with the same EOT. The reason
Where direct evaluation df requires extreme'y h|gh numeri_ for this increase is the reduction in the phySical thickness of
cal precision. Device parameters are as mentioned in Sedhe dielectric layer as pointed out in Ref. 7. This phenom-
1. Figure 8 shows DT gate current as a function of gateenon iS pal’ticularly Stronger in deViceS W|th h|gher EOT and
voltage for SiN, and TaOs gate-dielectric materials at three lower AEc.
values of EOT. As expected, for a given EOT, the current
decreases significantly with increase in dielectric constant/. CONCLUSIONS

This is due to the fact that the physical thickness of the . .
: : . . . . . . We have proposed a computationally efficient, accurate,
dielectric layer increases with an increase in the dielectric

constant when EOT remains fixed. Higher slope of the gatéamd numerically stable QM technique for calculating the di-

current for TaOg dielectric has been attributed to its lower rect tu_nnelmg 9‘?’“6‘ current in .MOS devices. Ut|I|Z|ng the
; . numerically obtained exponential dependence of the inverse
value of AE., in agreement with the results of Ref. 7. In

lifetime of the quasi-bound states on dielectric layer thick-
ness, we have suggested an easy way for estimating lifetimes
in devices with thicker gate dielectrics where direct determi-
nation is very difficult due to numerical limitations. When
DT current in many similar devices with different dielectric
layer thicknesses is to be calculated, independence of the
MOS electrostatics on the thickness of the dielectric layer
_ ] eliminates the need for self-consistent solutions of Swhro
_________ ] inger’'s and Poisson’s equations in all structures except for
',—’/’4' ] two with thinner dielectric layers. As a consequence, calcu-
_____ A lation of the tunneling current is greatly simplified. The va-
- '/__—/ ____T;d‘ ] lidity of our method has been demonstrated by comparing
- 5 im Pure diefecstrici simulated results with experimental data. Sample calcula-
s s s 3 tions of the DT gate current in MOSFETs with higghgate
0.5 1.0 1.5 2.0 dielectric have been presented which shows the effectiveness
Gate voltage (V) of the proposed technique.

FIG. 8. Simulated DT gate current in MOSFETs with pure higtgate-
dielectric materials for different values of EOT. Calculations are performed !S. H. Lo, D. A. Buchanan, Y. Taur, and W. Wang, IEEE Electron Device
using the proposed technique. Lett. 18, 209 (1997).
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