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Circuit/Device Modeling at the Quantum Level

Zhiping Yu, Senior Member, IEEERobert W. DuttonFellow, IEEE and Richard A. KiehlFellow, IEEE

Abstract—Quantum mechanical (QM) effects, which manifest this direction is the gate oxide thickness, which now has fallen
when the device dimensions are comparable to the de Brogile wave- pelow 20A (2 nm) for the most advanced MOS devices. Another
length, are becoming common physical phenomena in the current 5gh6ct which determines the device characteristics is the carrier

micro-/nano-meter technology era. While most novel devices take t t al the ch | d lateral directi B
advantage of QM effects to achieve fast switching speed, minia- ransport along the channel (named lateral direction). Because

ture size, and extremely small power consumption, the mainstream Of the two-dimensional (2-D) confinement of carriers in the
CMOS devices (with the exception of EEPROMSs) are generally suf- channel, the mobility (or microscopically speaking the carrier

fering in performance from these effects. Solutions to minimize the scattering) would be different from the three-dimensional (3-D)
adverse effects caused by QM while keeping the down scaling trend g at1aring. Theoretically, the 2-D mobility would be higher than

hnol feasibili i i htinth h - . .
Sﬁjcnitr;oac;%yinedal;s;?rlylfil/v%selc.ie) are being soughtin the research com its 3-D counterpart because of less available energy states during

This paper presents a perspective view of modeling approaches the scattering (the 3-D energy band is split into 2D subbands
to quantum mechanical effects in solid-state devices at the devicein k-space due to QM effects). The transport issue is actually

and circuit simulation levels. Specifically, the macroscopic mod- |ess critical in modeling for deep submicron devices since
eling of silicon devices to include QM corrections in the classical the carriers tend to traverse the channel with maximum speed

transport framework is discussed. Both device and circuit models , . . . .
will be provided. On the quantum devices, such as the single elec- (either saturation velocity or ballistically) for ultrashogt 100

tron junctions and transistors, the emphasis is placed on the prin- NM) gate length at feasible power supplyl(V). Yet another
ciple of logic circuit operation. manifestation of QM effects is the tunneling phenomenon,

Index Terms—Pevice and circuit simulation, MOS, quantum which is the-cornerstqne for the oper-ation of many quantum
mechanical effects, single electron devices. and conventional devices, such as single electron transistors
and EEPROMSs, and now starts to have severe impact on MOS
operation as the gate oxide thickness keeps shrinking. To extract
information accurately about the charge distribution alone
Q UANTUM mechanical (QM) mechanisms have played tequires the solution of Schrodinger and Poisson equations,

. INTRODUCTION

significant role primarily in compound semiconductor deassuming QM effects are to be fully accounted for. For most
vices, such as resonant tunneling diode functioning aglavice applications, however, one-dimensional (1-D) solution is
switch and quantum well lasers for optoelectronic applicatiorigsually enough to reveal the critical information and to provide
However, due to the ever shrinking feature size of CMOS dgecessary corrections to the classical picture. Multidimensional
vices (toward tens nanometers in gate length), the QM effedtgore than 1-D) solutions of Schrodinger and Poisson equations
manifest themselves even in the conventional silicon devidssdifficult to obtain and in most cases is not necessary for
such as CMOS. In addition, small structures bring forth effecigediction of device characteristics.
such as single electron tunneling, which might lead to new typesBut from the circuit modeling point of view even 1-D solution
of devices. of Schrédinger and Poisson equations is an overkill approach in
Since CMOS devices are ubiquitously used in digital arig¢rm of both the complexity and computational cost. Analytical
analog circuits, the circuit aspect of these QM effects has to &ad macroscopic (in the sense of sticking to the classical trans-
modeled properly. The operation of MOS devices is based on t@ort framework by adding correction terms to account for the
fundamental aspects: 1) the channel charge induced by the gatentum mechanical effects) models would be preferable and
at the surface of the substrate, capacitance—volt@g®)(and could provide practical solutions. We term this type of solution
2) carrier transport from the source to drain along the chann@pproach a®M corrections
current-voltagel£V). QM effects in the surface potential well In this article, QM corrections will be demonstrated in both
have a profound impact on both the amount of charge whitihe device and circuit modeling levels. Te-V simulation of
can be induced by the gate electrode through gate oxide andM@S capacitors with gate oxide thickness of 30 A and below
profile of channel charge in the direction perpendicular to thill be used as examples. The discrepancy between the classical
surface (named transverse direction). The critical dimensiondnd QM corrected simulation can be as large as 20% compared
to the measured data, while the QM correction method achieves
practically the same result as does the more complete solution
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of the DG model using a script language approach will also Béiis carrier density together with the ionized doping concen-
presented. tration contribute to the Poisson equation. The self-consistent
After describing the compact MOS model approach witkolution of Schrédinger and Poisson equations will provide the
QM corrections, the device and circuit models for logic circuitsarrier profile in the channel. This is essentially the manifesta-
based on the single electron junctions will be discussed as thmn of quantum effects in terms of gate-induced charge.
conclusion of this paper. In contrast to MOS models, theseFrom the solution, there are two prominent features in the
simulators are at a very early stage of development and wpentum mechanical picture compared to the classical results.
simple physical models describing only the most essential 1) The channel carriers now are distributed among discrete
physics. Their importance is in providing tools to examine the  ejgenenergy levels instead of in a single energy band. The

basic feasibility of such new device and circuit concepts. same Fermi-Dirac statistics applies to the sheet (2-D) in-
stead of space (3D) carrier density.

[l. CORRECTIONMETHODS INQM MODELING OF SILICON 2) The peak of the space carrier concentration is located

MOS Devices some distance away from the surface in the substrate,

As stated in the introduction section, the QM effects on MOS ~ Which is a result of superimposition of wavefunctions at
structures manifest mainly in two aspects: channel charge and  the different energy levels.
carrier transport along the channel. We will only discuss the Qe above solution approach to QM effects, however, cannot
modeling of the channel charge in this section. easily be applied to multidimensional device simulation because
The channel charge is altered from its classical distributi¢f the difficulty in solving Schrddinger equation in multidi-
by QM effects through two mechanisms: 1) The quantizatidRensional space, resulted from the delicacy in specifying the
of energy band to subbands in the surface potentia| well, eﬁ&pundary condition for wavefunction. Even though the multidi-
tively raises the ground energy level available for carrier to of2ensional Schrodinger equation can eventually be solved, the
cupy in the surface region; 2) The carrier density distribution #hormous computational effort and the limited benefit brought
the transverse direction is now determined by the superimpd2y-such a solution do not justify it in practical applications.
tion of wavefunctions (eigenfunctions) at discrete energy levelsInstead, researchers have been seeking approximate methods
(eigenvalues), both of which can be obtained from solving tti@ incorporate QM effects in the classical physical framework
Schrédinger equation in the surface potential well and appIyiﬁ’g adding correction terms to the conventional transport models.
the Fermi—Dirac statistics. Due to the repulsive boundary cofle discuss here three analytical models used in the device sim-
dition at the Si/SiQ interface (the barrier of Sigto carriers in ulation along this line of approach. All can be implemented in
the substrate) to the wavefunctions, the resulting carrier profifelltidimensional device simulators.
peaks at a certain distance away from the interface in the surfacd he first such an analytical model was proposed by Hansch
quantum (i.e., potential) well. [1], which considers only the second aspect of the QM effects
The pioneer work in solving 1-D Schrédinger and Poissd charge distribution, that is, the repulsive boundary condi-
equations in the transverse direction considering band strdien for channel carriers at the Si/Siinterface. To satisfy this
ture was performed by Stern of IBM in late sixties and earlgoundary condition, the Hansch model introduces a shape func-
seventies [4]. The key idea is to treat the channel carriers t#¥) Which is to be imposed upon carrier concentration in the
a 2-D gas, and then the sheet carrier density (per unit surfdc@nsverse direction. Effectively, the 3-D density of states (DOS)
area) can be determined by the (2-D) effective density of stafegcomes a function of depth with near zero value at the surface:
(DOS) and the edge (i.e., bottom) of the subbands using normal B (ar0)? /A
Fermi—Dirac statistics. Since the 2-D DOS is a constant, inde- Ne(z) = Ne [1 e } ©)

p_endent of the energy, a simple expression for sheet carrier d\?/ﬂérezo is an offset to model the nonzero carrier concentration
sity, NV, results in at the Si/SiQ interface due to the finite (i.e., noninfinite) oxide
Epr — E; barrier height\ is a characteristic length as a measure how fast
T) the QM effects diminishes away from the interface. Note that
except of the modification of the effective density of states, ev-
where I'o(z) = In(1 + ¢®) is the zero-order Fermi integral erything stays in the classical drift-diffusion picture. The current
and the index is for the energy valleys in the first Brillouin expression, however, now has to be changed accordingly to re-
zone, and other symbols have conventional meanings. The géct the fact thatV becomes position-dependent. This can be
ergy levels for the bottom of (2-D) valleys are eigenvalues frogccomplished by explicitly evaluating symbolically the gradient
solving the Schrodinger equation, together with the eigenfungf the quasi-Fermi level in the current expression, considering
tions, which represent the probability of carriers appear in a paifre position dependency of all relevant physical quantities.
ticular depth, in the transverse direction. Since the total carrier
concentration is known over the entireaxis (the sheet density Jn = —qpnnVoy. (4)
for ith subband), the normalization of eigenfunctidf(z), is
simply [5° ¢#(2)dz = 1, and the carrier concentration at
would be

N; = N¢i by <

The treatment is much like in dealing with heterostructure de-
vices [5]. By usingzg and X as fitting parameters, device simu-
lation incorporating the Hansch model gives correct carrier pro-
n(z) = Z N;C2(z). (2) file and can fit theC-V data with acceptable overall accuracy
. (Fig. 1). Still there are two shortcomings with this model. From
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Fig. 2. SimulatedC-V using van Dort model compared to measured data for

. . . a MOS capacitor with gate oxide thickness of 31 A. The spike occurs at the
Fig. 1. SimulatedC—Vusing Hansch’s model compared to measured data f@gthand condition, i.e.Fg = 0.

a MOS capacitor with gate oxide thickness of 31 A. The optimized parameters
are far from their default values and the trend in the accumulation region is not
right. broadening (i.e., increase) are proportional to the 2/3 power of
the surface transverse fielfls. Considering the gradual decay

a physical point of view, the characteristic lendtlshould be of the bandgap broadening away from the surface, the following
a function of the surface potential well which is predominantlselation is used for modeling of bandgap increase:
characterized by the transverse surface electric field: the larger
the electric field, the smaller theshould be. But in the Hansch AE (z) = /3F§/3g(z) (5)
model, this dependence is lacking. The other shortcoming is that
the Hansch model neglects the fact that the ground energy lewélere 3 is a physical constant anlz) is a decaying function
is raised to above the band edge due to the energy quantizatj@h,Because the correction tert\E,, is directly related to the
which has a direct impact on the threshold voltage shift. Fig.applied bias through the surface field and the model captures
compares the simulation results with the measured data fortam essential aspects of the quantum mechanical effects, the
nMOS capacitor (p-substrate) with the gate oxide thicknessmbdel works very well in simulating th€—V data as shown in
31 A using classical and Hansch models. It can be seen thid. 2.
the general agreement with the measured data by applying thégain there are problems with the van Dort model. First of all,
Hansch model is good, but by using the default values for phytsy simply making the bandgap as the function of surface elec-
ical parameters in the model the discrepancy at the threshtid field and position (decay length), the profile of the channel
voltage region, where the capacitance rapidly increases with tteeriers remains classical, that is, the carriers are peaked at the
increase of the gate bias, is big and in the accumulation regi®iiSiO; interface. Second, it can be proved and intuitively de-
the Hansch model fails to predict the continuous increase of tte@mined as well that charge is proportional to the amount of the
capacitance. To achieve a better simulation accuracy, the valgaadgap increasing, so it is proportionalﬂ’é/g, implying that
for key parameters have to be adjusted from their physicatlye gate capacitance which is the derivative of channel charge
meaningful default values. w.r.t. the gate bias, will suffer singularity #s = 0, the flat-

The other model, proposed by van Dort [2], takes a differehind condition.
approach to including the QM effects. The model tries mainly To overcome these drawbacks, a hybrid model is proposed
to catch the fact of energy quantization, which effectively irrecently [3], which combines the Hansch and van Dort models
creases the bandgap at the surface region of the substrate uhgenaking the effective density of states the function of distance
the gate. The amount of the bandgap increase is related to ahd at the same time by correlating the bandgap in the surface
surface transverse field. By solving the Schrodinger equaticggion with the surface transverse electric field. To eliminate the
within a triangular potential well, one can find the relationshipingularity of evaluating the capacitance at the flat band condi-
between the bandgap change with the transverse field. The midah, s = 0, the following expression is used:
eling does not stop here, however. The van Dort model also
includes the effect due to the repulsive boundary condition on AE. x I ) (6)
the channel carriers, which is achieved by realizing that the dis- 7 g FEo F;%/?’
tance of the peak in the channel carrier profile is related to the
strength of the surface transverse field and their product canByeadjusting the coefficients ande, the above expression has
considered as an additional increase in the bandgap. Throtigé same asymptotic behavior as the original one but no singu-
detailed analysis, it is found that both effects on the bandgkuity at /'s = 0. A comparison is shown in Fig. 3.
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a physical system in semiconductor process and device simu-
90.0 L _A'\S/'ﬁj:gg W/ as2.8E7 ] lation have recently been developed jointly at Bell Laborato-
B —-— Hansch w/ optimum params ries and Stanford. The first serious application of this program,
7S, called PROPHET, in device simulation is the implementation of
the above DG model. The new physical system with five vari-
ables was quickly assembled (i.e., prototyped) by users at the
script language level and has been applied to the analysis of the
same MOS capacitor problem as discussed above. The results
are very promising both in terms of the accuracy and physical
meaningfulness. A detailed discussion of this computational ex-
periment is provided in [8].
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Vg (volts) lation level. In the circuit analysis even such complexity is not
acceptable. Hence, there are several compact models available
Fig. 3. SimulatecC—V using hybrid model compared to measured data for §2r incorporating the QM effects in the circuit simulation.
MOS capacitor with gate oxide thickness of 31 A. The simul&@ed curve is The first approach is to use the effective oxide thickness in-
not only smooth and all parameters are close to the physical ones. stead of the physical one. A simple formula based on detailed
guantum mechanical analysis gives the following expression for
ll. DENSITY GRADIENT APPROACH TOQM MODELING the effective oxide thickness [7]:

A more physics-based, yet still macroscopic, approach to in- tow,off = tox + ¢ (Qb + % Qi)—l/?’ (9)
corporating the QM effects in classical transport model is the
so-called density-gradient (DG) theory. The theory was deve¥herea = 3.5 x 10710 (C cm)/3, andQ, and @, are the
oped based on the observation that the electron gas is energelk and inversion layer charges per unit area, respectively. As
ically sensitive not only to its density but also to the gradieran example, for the physical gate oxide thickness of 68 A, to
of the density. DG theory (or method) captures the nonlocaliachieve a reasonable fit to the measu@4V, the effective (or
of quantum mechanics to the lowest-order f3j and can be called electrical) oxide thickness would be 79 A [10].
derived directly from quantum mechanics [6]. From the macro- The other approach resembles more the van Dort model used
scopic transport modeling point of view, DG theory essentialip the device simulation. Essentially, the surface potengialin
adds one additional term as the driving force, which is propaa-compact MOS model (say, BSIM 3v3), is calculated from the
tional to the gradient of a quantity which has something to d@M-corrected intrinsic carrier concentration‘?l\q, as follows:
with the Laplacian of the square root of the carrier density, in

. . . e QM _  CL _(AE,/2kT
the carrier flux (i.e., current density). Specifically, for electrons, ng o =1 (B F /2K (10)

andAE, results from the van Dort’s bandgap broadening model

2
F, =nu,Vy — D, Vn + 2nbu,V Vivn (7)
vn

_ 13 €55 1/3 2/3
2= o) "t
where the third term on the right-hand side of the equation ac- s .
counts for the quantum corrections, which can also be consireres = 4.1 x 10 ) ev-cm ".md in the compact model the
ered to lump with the first term and constitutes the SO_Ca"é[ﬁ\nsverse surface field can either be calculated based on the

quantum potential, and the coefficiénbas the dependence of charge in the substrate (the sum of inversion and depletion
charges in the channel region and below) or be approximated

usingFs = (Vgs+Vin)/(6t,5) for nMOS [9]. All the symbols
(8) above have conventional meaning except of those explained
explicitly. The calculation results by using the above model for

The DG formulation can be used to model both the carrier coél-o'%“m CMOS process agrees well with both the measured

finement (and repulsive boundary condition) and tunneling I -V data and simulatet+V from the device simulation [10].
an MOS system.

There is an implementation issue involving the DG model,
i.e., there will be fourth order derivative term arin the carrier
continuity equation due to the quantum correction term as com-As we have just discussed, highly scaled CMOS devices be-
pared to only the second-order derivative for the conventiormme sensitive to the quantum mechanical wave nature of elec-
drift-diffusion model. The difficulty in discretization caused bytrons. We now turn our attention to a case that is based on a
higher order derivative can be alleviated by introducing addijuantum mechanical tunneling process and where the discrete-
tional variables and equations to the physical system. A newss of electrons plays an essential role. This is the case of
concept and platform for solving a system of PDESs representi@gulomb blockade or single electron tunneling effect.

h?
b = "
12mq

V. CoMPACT MODEL FOROTHER QM DEVICES. SINGLE
ELECTRON TUNNELING DEVICES
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Single electron effects [11] are the basis of a number of pro-
posals for radically new types of logic and memory circuitry
and are important in conventional devices such as flash mem-
ories when scaled to ultra small dimensions. When an elec-
tron tunnels through a junction with a capacitad¢¢hat is so Input
small that the Coulomb energy associated with a single elec-
tronic chargel. = ¢%/(2C) is large compared with other ener-
gies in the system, a number of potentially useful effects occur.
For example, when biased by a dc currént single junction
exhibits coherent oscillations at a frequenty= I/q. The
oscillations occur due to the interplay between the quasicon- (@ (b)
tinuous charging of the junction and the discrete tunneling of
electrons. Effectively, the discrete tunneling is blocked until thég. 4. (a) Basic CSET inverter gate for single electron transistor logic.
junction voltage reaches a level where the free energy of tfpd Basic TPL inverter gate for single electron tunneling phase logic.
system (the Coulomb energy) is reduced by the tunneling event.
As a result, the junction behaves like an ultrasmall oscillat@nd

in which a single electron tunnels each ac cycle. This provides V, =q¢(C Y — 4 [(CTh)+(CH,] 4
the basis for a logic approach in which the logic states are re- 2

lated to the electrical phase of the oscillation, called “tunnelinghere

phase logic” [12], as will be described later. If two ultrasmall V; voltage drop across the barrier before the tun-
junctions are connected in series and the common node is cou- neling event;

pled to a gate electrode, this same interplay of quasicontinuoug®—* reciprocal capacitance matrix of the system;

charging and discrete tunneling leads to a dc electrical characterk and!  label the islands on either side of the barrier.
istic somewhat similar to that of a conventional MOSFET. Cur- Simulation of the random dynamics of single electron sys-
rent is blocked for certain ranges in the gate bias and flows fi@ms can be done by using a Monte Carlo method to determine
other ranges, thereby providing a gate controlled switch. Logite “actual” tunneling event once the ratefor all the junctions
approaches reminiscent of CMOS have been proposed for sact known. Monte Carlo simulators have been developed by the
devices, called “single electron transistors” [13], as discussearious groups working in the field and several simulators, in-
later. A variety of other types of electronic circuitry, includingcluding MOSES and SIMON? are readily available.
logic circuits in which the logic state is represented by the pres-The Monte Carlo method models the underlying microscopic
ence or absence of a single electron on a particular tunnelplgysics of the system and thus provides not only average
junction [14], [15] and memories based on the storage of a singjeantities needed to determine dc device characteristics but
electron (or a few electrons) on a small island have also be&lso the tunneling dynamics needed in the study of circuit op-
proposed [16]. eration. In addition, this method allows complex systems to
Most models of single electron devices are based on a simpke simulated in reasonable computing times. However, Monte
theory referred to as the “orthodox” theory [17]. A basic ag=arlo techniques are not useful for including such effects as
sumption of the orthodox theory is that the resistaficef the co-tunneling, a quantum mechanical effect in which several
tunnel barriers in the system is much greater than the quantauents occur at the same time. In this case the “master” equa-
unit of resistance?q. This means that the tunnel barriers havéon method has been used. In this method, the time evolution
low-transparency, thereby insuring that the electron is localizefithe probability of each stajg is found by solving the system
within a particular conducting island at any instant of time. Thef equations
electron tunneling time through the barrier is also ignored within dp:
the orthodox theory. Furthermore, electron energy quantization dtZ = Z Tjmip; —Lisyme). (15)
within the small conductive islands forming the tunnel junctions j
is not taken into account. Thus the commonly used models base

on the orthodox theory of single electron tunneling are reall q‘he master equation method has been incorporated into the
. : . y 9 ng fograms SIMON and SETTRANS (see footnote 1). The use-
semiclassical, with much of the quantum mechanical nature |

out. The models focus on the statistical nature of the tunnelmu}ness of the maste_r equation approach 1S “m.'ted' howev_er, to
. . ; sinple systems having only a few tunnel junctions. Also, since
process as influenced by changes in the electrostatic energy, Iin . o :
the system his approach deals only with averages, it is not useful for in-

The tunneling of an electron through a barrier is a rando\r/ﬁasm‘:]"’mng the dynamms of the microscopic tunneling events in
single electron circuits.

event and occurs at a rdfghat depends on the resulting reduc= Fig. 4 shows examples of two types of single electron cir-

tion the free (electrostatic) energyl¥’ of the system. Within cuits to which the modeling techniques described above have
the orthodox theory

1Pprogram developed by workers at the State University of New York and
1 1 available via anonymous ftp from the site hana.physics.sunysb.edu/pub/
DAaw) = —I(AW/Q)TW/(,CT) (12) 2Program developed by workers at the Institute for Microelectronics,
q I—e Technical University of Vienna, and available through website http://mem-
AW =q(V; = V3) (13) bers.magnet.st/catsmeow/
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been applied. Fig. 4(a) shows the basic inverter gate of CSEDdels applicable to a broad range of devices and their opera-
logic, a logic scheme that resembles CMOS technology. Thisn ranges, however, underlining physics have to be preserved
approach is based on generatingld¥ characteristics similar as much as possible.

to FET's by exploiting the single electron tunneling effect in

pairs of series-connected junctions (single electron transistors),

as mentioned above. The dc input voltage changes the back- ACKNOWLEDGMENT
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