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Abstract--Quantum transport theory in the den- 
sity-gradient approximation is applied to the  
analysis of tunneling phenomena in ultra-thin o x  - 
ide (<25.&) MOS structures. Detailed comparisons 
are made with experimental I-V data for samples  
with both n* and p+ polysilicon gates and all of the  
features of this data are found to be understandable 
within the density-gradient framework. Bes ides  
providing new understanding of the experiments,  
these results show the density-gradient approach t o 
be useful for engineering-oriented device ana lys i s  
in quantum regimes with current flow. 

. I. INTRODUCTION 

Advanced silicon technology is exploiting ever thinner 
layers of SiO, and it is becoming increasingly important to 
be able to understand, model and engineer the quantum me- 
chanical effects associated with these thin layers. For exam- 
ple, inversion layer confinement effects become strongly 
manifested in this regime and for this reason have been widely 
studied [ 11. ,Equally important are effects associated with 
quantum mechanical tunneling. Such tunneling has of course 
long been central to floating-gate memories, however, more 
recently it has become a critical issue in ultra-scaled MOS- 
FETs [2]. I! an extreme example [3] gate oxides were made 
as thin as 9A and, although the devices performed supremely 
well (gm=l.2S/mm), their electrical characteristics, stand-by 
power and perhaps long-term reliability were adversely af- 
fected by their large gate tunneling currents. Heretofore ef- 
fects of this type have been modeled with microscopic ap- 
proaches that are either overly simple. [4] or too complex for 
broad engineering application [5]. This situation led us to 
develop density-gradient theory [6] which we here apply to ul- 
tra-thin MOS tunneling. By making close comparisons with 
experimental I-V data we both validate the density-gradient 
approach and improve our understanding of the ultra-thin ox- 
ide MOS physics. 

11. DENSITY-GRADIENT THEORY 

Density-gradient (DG) theory is a macroscopic approxi- 
mation to quantum mechanics in which the nonlocality of 
quantum mechanics enters the theory solely via an assump- 
tion that the equations of state of the electron and hole gases 
depend not only on the gas densities as in diffusion-drift the- 
ory but also on the gradients of their densities. More micro- 
scopically, this approach may be viewed as retaining only the 
lowest order terms in a density-gradient expansion of full 
quantum transport theory [7]. In previous work [8] we 
showed that with this simple foundation a theory is obtained 
that is often surprisingly accurate in describing effects of 
quantum confinement and tunneling. And because of its sim- 
plicity, DG theory can more readily incorporate and efficiently 
deal with other complications of real devices such as multi- 
dimensionality that are not so easily treated by alternative mi- 
croscopic theories. Moreover, as a generalization of the con- 
ventional diffusion-drift description, DG theory fits naturally 
into the framework of conventional device simulation. Steps 
toward exploiting this latter advantage have been undertaken 
in Ref. 9 where density-gradient corrections have been incor- 
porated into the general-purpose simulation code PROPHET 
from Lucent Technologies. 

The. key equation of DG theory (for electrons) [5] is an 
expression of Newton's Second Law which in 1-D takes the 
form 

where 
vn=cpO(n) -L~xx  2b , s =4i 

a, is the electron mass-to-charge ratio, b, measures the 
strength of the gradient effect in the electron gas [7],  (P, is the 
chemical potential, v, is the average electron velocity and all 
other parameters have their usual meanings. A variety of mi- 
croscopic derivations for the coefficient b, have been given [8] 
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and their results may be summarized as 

where we take r,, a dimensionless parameter accounting for 
statistical effects, to have its pure state value of one [7,8]. In 
semiconductor regions the scattering (p, term) dominates the 
inertia (% term) and the latter can be neglected. However, in 
barrier regions the tunneling is typically elastic meaning the 
mobility is infinite and in this case the inertia term must be 
non-negligible (at least in some portion of the barrier) as it 
ensures that the electron velocity remains finite. Further- 
more, without scattering to mix the electrons the electron 
population in the barrier splits in two with each sub- 
population having the electrochemical potential of its origi- 
nating electrode. Since we include holes in the calculations 
also this means we have four distinct carrier types in the bar- 
rier region. Each is governed by its own transport equation 
(continuity plus momentum balance) and, in addition, each is 
coupled via the electrostatics and must satisfy a set of consis- 
tent boundary conditions. 

111. APPROACH 

In this paper we use DG theory to model MOS tunneling 
measurements. This serves both to evaluate DG theory and 
to provide better understanding of the observed device chmc- 
teristics. The experimental data were obtained on well- 
characterized MOS capacitors and MOS test transistors 
(operated as gated diodes) with n+- and p'-poly gates and with 
oxides in the range of 11-40A. These devices were fabricated 
and electrically tested at Hewlett-Packards ULSl Research 
Laboratory. The DG theory "predictions" are obtained by 
formulating an appropriate boundary value problem in DG 
theory and solving it using numerical methods. Our numen- 
cal scheme is a standard fully-coupled Newton approach which 
we have found to work best when applied to a quasi-Fermi 
level formulation of the equations. This has been imple- 
mented in a general-purpose code which is applicable to arbi- 
trary 1-D heterostructures. Solutions are obtained both for dc 
and for small-signal ac conditions though only the former are 
exhibited here. In viewing these solutions --- for I-V 
curves, band diagrams, etc. --- one should be cognizant of 
their various uncertainties and the degree to which they may 
be regarded as true predictions. First, there are the approxima- 
tions of DG theory for which our earlier work [8] provides 
some level of trust as do the findings of this paper. Second 
and more important, the MOS problem contains some impre- 
cisely known quantities relating to the oxide --- tunneling 

' effective mass, barrier height and oxide thickness --- which 
are crucial since the tunneling currents depend exponentially 
on them. Indeed, one can say that no tunneling theory is ca- 
pable of ab initio predictions without a detailed model of the 
oxide. And for this reason, all such simulations including 

ours contain an element of curve-fitting when matching the- 
ory to data. For our work, the best that can be said is that the 
values we assume for the oxide parameters are physically rea- 
sonable and internally consistent. 

IV. SIMULATION RESULTS 

In Fig. 1 the band diagram and carrier density profiles as 
calculated by DG theory are shown for an n'-poly capacitor 
with to, = I5A and Vg=-O.7V. As seen in the Figure, barrier 
penetration by both electrons and holes occurs with the famil- 
iar exponential decay. The existence of four carrier types in 
the barrier with appropriate directionality is evident in the 
Figure. For this bias significant current is carried across the 
barrier by both electrons (net flow to the right) and holes (net 
flow to the left). The actual simulation region was 2pm long 
thus illustrating the ability of the DG description and our 
numerical scheme to deal with slowly-varying conventional . 
bulk device behavior while at the same time resolving the 
rapid variations occuring in the tunnel barrier. This consis- 
tent treatment of electron and hole transport in the semicon- 
ductors and in the barrier contrasts with many conventional 
analyses where the semiconductor is treated classically and 
tunneling is grafted on using formulas of one-electron quan- 
tum mechanics [8]. 
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Fig. 1, Band diagram and profiles showing barrier region. 

In Fig. 2 the measured I-V characteristics (points) of an 
n+-poly test transistor with three different oxide thicknesses 
and with the source grounded (Fig. 2a) or floating (Fig. 2b) 
are compared with DG simulation results (lines). All cases 
show excellent agreement. The differences between the two 
Figures (seen for positive bias) arise because with the source 
floating the inversion layer is not grounded, the tunnel barrier 
is in series with the depletion layer and current flow is limited 
not by tunneling but by the small depletion layer generation. 
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For the latter, in simulation we take 2,  = T~ = sec so as 
to get reasonable agreement with the data. This analysis also 
explains why, with the source floating, the current is inde- 
pendent of the oxide thickness for inversion biases (Fig. 2b, 
positive bias). The effect of the source contact can also be 
seen in band diagrams inc Fig. 3. With the source floating 
(Fig. 3b) there is a non-equilibrium variation in the minority 
carrier quasi-Fermi level that results from the inversion layer 
being in better contact with the gate (via oxide tunneling) 
than with the substrate. If the lifetime were reduced suffi- 
ciently then the depletion layer generation would grow and 
eventually short-circuit the tunneling effect causing Figs. 2a 
and 3a to approach Figs. 2b and 3b. 
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Fig. 3b. Profiles in an n+-poly diode with source floating. 

Another interesting feature of the I-V data and simulation 
(Fig. 2) is the change in slope that occurs under negative 
bias. This results from the fact that when the oxide is less 
than about 25A the built-in voltage is enough to invert the 
substrate. When negative bias is applied the bands gradually 
unbend with most of this unbending occuring in the oxide so 
long as the inversion layer exists. The changing barrier shape 
causes the current to increase rapidly. But when the inversion 
layer suddenly disappears the band-bending in the substrate 
starts to decrease significantly, the changes to the barrier 
shape moderate and, as a result, the rate of increase in tunnel- 
ing current also slows. A plot of the simulated areal electron 
density in the substrate as a function of the forward bias (Fig. 
4) supports this explanation: The break points in the I-V 
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Fig. 4. Inversion layer density in n+-poly transistors with bias. 

curves occur when the inversion layer begins to disappear. 
As is seen experimentally, the voltage at which this happens 
is largest for the thinnest oxide. 

A final point relating to these simulations may be seen 
in the simulated I-V curves of Fig. 2a (lower left) where we 
show the onset of a significant hole tunneling contribution. 
The source of these holes is the growing accumulation layer 
in the p-type substrate. . In this regime it becomes increas- 
ingly important that holes be included in the simulation. 

. 

As a last set of comparisons between simulation and ex- 
periment in Fig. 5 we exhibit I-V results for p'-poly capaci- 
tors (with much lower substrate doping). Good agreement be- 
tween theory and experiment is again obtained. The satura- 
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Fig. 6. Band diagram of 17.3A p+-poly capacitor with V = +0.5V. 

tion under positive bias results from the lightly-doped sub- 
strate being depleted at these biases (Fig. 6) .  This causes the 
incremental voltage to be dropped across the depletion layer 
rather than the oxide and so the tunneling current is little af- 
fected. 

. SUMMARY 

Overall, the DG simulations of this work compare quite 
favorably with data describing all of the features of the meas- 
urements in reasonably quantitative fashion. Besides provid- 
ing new understanding of these experiments, our results dem- 
onstrate that the density-gradient approach can be of great 
value for engineering-oriented device analysis in quantum re- 
gimes particularly when other complications of real devices 
are important. 
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