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Briefs

Effects of Neglecting Carrier Tunneling on Electrostatic  states. According to the International Technology Roadmap for semi-
Potential in Calculating Direct Tunneling Gate Currentin  conductors (ITRS), by 2005, the gate leakage current should be mod-

Deep Submicron MOSFETs eled within an accuracy of 40% [14]. Therefore, each of these factors
should be studied carefully. In this brief, we focus on only one effect
M. M. A. Hakim and A. Haque and study the validity of the approximation, which neglects the effects

of carrier tunneling on potential profile and calculates the tunneling
_ _ o _ _ currentin a postprocessor. A numerically efficient technique, proposed
Abstract—We investigate the validity of the assumption of neglecting car- recently [15], has been applied in the calculation of the DT current with

rier tunneling effects on self-consistent electrostatic potential in calculating . S . - . .
direct tunneling gate current in deep submicron MOSFETSs. Comparison and without considering tunneling within the self-consistent loop. Sim-

between simulated and experimental results shows that for accurate mod- Ulated results are compared with experimental data.
eling of direct tunneling current, tunneling effects on potential profile need
to be considered. The relative error in gate current due to neglecting carrier
tunneling is higher at higher gate voltages and increases with decreasing

oxide thickness. We also study the direct tunneling gate currentin MOS-  we use the logarithmic derivative technique of the retarded Green’s
FETs with high- K gate dielectrics. function, G, to solve one-dimensional (1-D) Schrédinger’s equation

Index Terms—Direct tunneling current, MOSFET modeling, quantum  in the direction normal to the silicon—gate-oxide interfacdifection)
effects, wave function penetration. with open boundary conditions. This method is discussed in details
in Refs. [11], [15]. The logarithmic derivative of the retarded Green’s
function G¥ is defined by

Il. THEORY

|. INTRODUCTION
Current scaling down of MOSFET feature sizes has led to the fab- . 2h [0GH(z, i B) Y
rication of devices in the sub-100 nm regime, with gate-oxide thick- Zi= im.; BE Gi'(z =1 E) 1)

ness equal to less than 2 nm. In such devices, a high gate current flows

due to the direct tunneling (DT) of inversion carriers. A number afhereG® is the retarded Green’s function for th valley at point
studies have been reported in the literature on the modeling of direcijue to a unit excitation at point. Since by definition, first-deriva-
tunneling gate current [1]-[9]. The electrostatic potential in silicofive of G* is discontinuous at = =’, two boundary conditions are
near silicon—gate-oxide interface is typically determined from the sefequired to calculateZ; as a function ofz. To obtain these condi-
consistent solution of Schrddinger’s and Poisson’s equations. Closrshs, it is assumed that the value of the potential deep inside the gate
boundary conditions commonly used for the solution of Schrodingergetal is constant at’(—oc), and the value of the potential deep in-
equation are that the wave function goes to zero at silicon—-gate-oxiglge bulk silicon is also constant it o). V(£oc) are readily known
interface and at some point deep inside the bulk [10]. However, duedfd are given by the bulk values. This assumption implies that the
the finite potential barrier height, some penetration of the wave functigfve function deep inside the semiconductor is exponentially decaying
into the gate oxide occurs [5], [11]. This penetration is actually respof\-E < eV(~c)) and deep inside the gate metal, the wave function is a
sible for the DT gate current. Because of the computational involvgtane wave E > eV(—o0)). From the properties of one-dimensional
ment associated with the common solution techniques of Schrodingg'sD) Green'’s functions, it can be shown [15] that foralh =’

equation with open boundary conditions, in many studies, the potential

profile is determined self-consistently neglecting the DT of the carriers, Zi(z, 2y E)=Z (=1 E) 2)

and the tunneling current is calculated in a postprocessor outside the

self-consistent loop [2]-[5]. A comparison between closed and opgRq for all- < -’

boundary models for gate current calculation has been performed in

[12], but in this study too, while using open boundary conditions, the Zi(z, 2's E) = Z (: E) 3)
effects of tunneling within the self-consistent loop are neglected. It is '

already known that the effects of carrier tunneling on potential profi‘_eeuzgr (Z7) does not depend orf as long as > ' (= < 2'). Z

is nontrivial [9], [13]. This raises questions on the accuracy of calculaz pe calculated as functions-ofollowing a method analogous to the

tion of the tunneling current in a postprocessor. Recently, the DT Cys e gance transformation technique of microwave transmission lines
rent has been calculated considering the effects of carrier tunnellngﬁg _

the potential profile [7]-{9]. As stated above, inclusion of tunneling ef- |, the presence of tunneling, the Hamiltonian for the MOS structure
fects within the self-consistent loop results in a computationally timg, .o mes non-Hermitian and the eigenenergies become complex, where
consuming numerical procedure. the real part gives the energy of thith quasi-bound state in thigh

In fact, accurate modeling of DT current depends on a number alyey £ and the imaginary part is related to the lifetime,. In
factors such as modeling of the gate dielectric material and interfagiqr 1o avoid determining complex eigenenergies of a non-Hermitian

matrix, we evaluate the local 1-D density-of-states (DO8)-p» at

some point within the quantum well in termsZS‘ft [15]
Manuscript received April 24, 2002. The review of this brief was arranged by

Editor J. Vasi. 1 -
The authors are with the Department of Electrical and Electronic Engineering, Ni_p,(z; E)===Sm [Gl (z, % E)]

Bangladesh University of Engineering and Technology, Bangladesh (e-mail: ™ )

anhaque@buet.ac.bd). 450 i @)
Publisher Item Identifier 10.1109/TED.2002.802650. h ZH 5 E)—-Z7 (5 BE)]°

0018-9383/02$17.00 © 2002 IEEE



1670 IEEE TRANSACTIONS ON ELECTRON DEVICES, VOL. 49, NO. 9, SEPTEMBER 2002

E;;’s are calculated by locating the peaks\Wf- p, andr;; = %/2T;;. 10° E " T " T
Here,T';; is the full-width at half-maximum (FWHM) of the energy L
broadened DOS around tlith quasi-bound state in ttith valley. Once E
E;;s are calculated, corresponding wave functions, including penetrig—~ 10° E
tion into the gate-dielectric, are evaluated in a straightforward manne g i
using [15, (9)]. One-dimensional Poisson’s equation is solved for th <
combined metal-oxide-semiconductor regions. As the inversion char¢ € 102 k

density, required for the solution of Poisson’s equation, is described i e
terms of wave functions calculated with open boundary conditions, th 3 F E
effects of tunneling on the electrostatic potential within the self-consis % 10" e  Experiment 1
tent loop are taken into account. After the convergence of the self-cor & With tunneling 3
sistent loop, the DT gate current is determined from the relationship 3 - — — Without tunneling
eNij 10° 755 ' 10 15
J = ; T, ©) Gate voltage (V)

whereN;; is the concentration of the inversion carriers in fitestate Fig- 1. Comparison of simulated DT gate currents, calculated with and

of theith valley [10]. In order to calculaté without considering tun- without considering carrier tunneling effects on electrostatic potential, with
. y ’ . . - , . g . experimental results (from [4]). Here, SiGs the gate-dielectric material.

neling effects on potential profile, Schrédinger’s equation within the

self-consistent loop is solved with the usual closed boundary conditic~ g

that the wave function goes to zero at the silicon—gate-dielectric inte
face. I
Tox=1nm

Ill. RESULTS AND DISCUSSIONS

The results of our numerical calculations for nNMOSFETSs are pre = 40 [
sented in this section. Calculations are performed at room temperati &
and values for different parameters for (100) silicon are taken fror Q g5
[10]. We have taken the substrate doping concentraNanto be 5
x 10'7 em™® and polysilicon doping densit¥V,., = 10*° cm™®.
These values are the same as used in [4]. The effective mass of el ~ 30
trons in gate-oxide region has been a topic of controversy. Using a ¢ Sio
tailed microscopic theory, Stadedt al. have shown that the electron o5 : \ . ! . 2
effective mass in oxide is not a constant and have questioned the 0.5 1.0 1.5
lidity of effective mass approximation in gate oxide. However, sucl Gate voltage (V)
microscopic models make routine device simulation computationally
prohibitive. Therefore, the more common practice is to represent el€dy. 2. Relative errors due to neglecting carrier tunneling effects in DT gate
trons in gate-oxide region by a constant effective mass, treated as adfigrents for devices with different SiQhickness.
ting parameter. We, too describe electrons in gate oxide by a constant
effective massn,, = 0.5m, with a parabolic dispersion. This value
was originally proposed by Weinberg [17] and has been used success 10°
fully in [4], [6] to model experimental DT current. It may be mentioned «~ 10*
that our open boundary conditions for the solution of Schrédinger's S 4
equation will remain unaffected even if the gate-oxide region is rep- =10
resented by a microscopic model, since these condictions are applie & .
deep inside the gate metal as well as deep inside the bulk silicon ant § -
do not depend on how the oxide is modeled. £ 10
Fig. 1 shows the calculated DT gate current with and without con- <5 10
sidering carrier tunneling effects on the self-consistent electrostatic po-  19*
tential. Results are also compared with the experimental data of [4] for
the same widths of the gate oxide. It is found that excellent agreemen
between simulated and experimental values is obtained when carrie
tunneling effects on electrostatic potential are incorporated in the calg 3. simulated DT gate currents in MOSFETs with hihgate-dielectrics
culation. The DT current is underestimated when it is evaluated inf@an EOT= 1.5 nm, calculated with and without considering carrier tunneling
postprocessor outside the self-consistent loop. The relative errorsfigcts on electrostatic potential.
the DT currents due to the neglect of the tunneling effects, for the de-
vices studied in Fig. 1, are presented in Fig. 2. Fig. 2 also shows i effects of neglecting carrier tunneling on potential profile in calcu-
errors in devices with gate-oxide thicknéss = 0.5 nm and 1.0 nm. |ating DT current becomes more dominant with device scaling.
We observe that the errors are significant for the entire range of theNext, we study DT current in MOSFETs with high- gate
gate voltage. The error increases with increasing gate voltage sincejiglectrics. Aluminum with a work function equal to 4.1 eV is
higher gate voltages, the effects of carrier tunneling on electrostatic ponsidered as the gate metal for the devices studied in Figs. 3 and 4.
tential become more dominant [13]. Moreover, the error also increasasbstrate doping density is the same as that for the devices studied
with a reduction in gate-oxide thickness. Therefore, we conclude thatFig. 1. Fig. 3 is the plot of DT currents for devices with different
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Fig. 4. Relative errors due to neglecting carrier tunneling effects in DT cur-
rents through highs™ dielectrics of three different equivalent-oxide thickness
[6]
(EQOT).
[7]
TABLE |
DIELECTRIC CONSTANTS AND CONDUCTION BAND OFFSETS AT
SILICON—DIELECTRIC INTERFACE FORDIFFERENT DIELECTRIC
MATERIALS USED IN OUR CALCULATION FROM [18] (8]
Material | Dielectric constant (K) | AE¢ (eV) to silicon
Si0, 3.9 3.2
SigNy 7 2 9]
Al,O4 9 2.8
Ta205 26 1-1.5
[10]
[11]

gate dielectrics for an equivalent-oxide thickness (EOT) of 1.5 nm.
In the absence of any widely accepted model for electron effective
mass in gate-dielectric region, we assume that it is the same as
that in SiQ, i.e., 0.5n¢ with a parabolic dispersion. The values [12]
of the dielectric constant§K’) and the conduction-band offsets at
silicon-gate-dielectric interface\ E; have been taken from [18] and

are given in Table I. As expected, the DT current decreases with
increase ik because of the increase of the physical oxide thickness.
Fig. 4 shows the relative errors in the DT currents for three different
EOT. The error increases with decreasing'«. We have numerically
verified that with a reduction in potential barrier height for inversion [14]
electrons at silicon—gate-dielectric interface, the effects of carrie
tunneling on electrostatic potential increases even for the same EOT.
Consequently, the error in the tunneling current also increases. Again,
we find that for a given dielectric, the error is higher for lower EOT. [16]

5]

IV. CONCLUSION [27]

We have studied the validity of the assumption of neglecting carygj
rier tunneling effects on electrostatic potential in calculating direct tun-
neling gate current in deep submicron MOSFETS. It is concluded that
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for accurate modeling of the DT gate current, tunneling effects on po-
tential profile should be taken into account. Neglect of the tunneling
effects on potential profile leads to an underestimation of the DT cur-
rent. The relative error is significant over the entire range of the gate
voltage and increases with decreasing oxide thickness. We have also
studied the DT current in MOSFETS with higki-gate dielectrics. Re-
sults show that the error in calculating the tunneling current for the
same EQOT increases with decrease in the potential barrier height at sil-
icon—gate-dielectric interface. Also, for a given gate dielectric, the error
increases with device scaling.
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