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Abstract

We propose a novgbarameter-free effective potential scheme for use in conjunctisith
particle-based simulations. The method is based perturbation theory around thermodynamic
equilibrium and leads to an effective potentialesal in which the size of the electron depends
upon its energy. The approach has been testedeosxtimple of a MOS-capacitor by retrieving
the correct sheet electron density. It has alsom hised in simulations of a 25 nmchannel
nano-MOSFET that requires very high substrate dppn prevent the punch-through effect
which, on the other hand, leads to pronounced guamhechanical space-quantization effects.
We find that the use of the new effective poterdjgbroach gives correct experimentally verified
threshold voltage shifts of about 220 mV and dreumrent degradation of about 30%. The
largest contribution comes from the barrier fieltiet is pre-computed in the initial stages of
the simulation. Thus, rough estimates on the rblguantum effects on device operation can be

made by using the barrier field only.



1. The Evolution of theldea for Use of Effective Potentials

The inclusion of one-particle quantum effects ia tlescription of the inversion layer at
the semiconductor/oxide interface of a metal-oxddaticonductor device involves solving the
1D Schrédinger equation for the carriers in an apipnately triangular potential well self-
consistently with a 1D Poisson equation. As a tesule obtains bound states which give rise to
two major features.educed sheet density andcharge set-back. Namely, since the lowest bound
state can be regarded as the new bottom of theuctiod band, the spacing between the Fermi
level and the conduction band edge is effectiveyraased, which results in the reduced sheet
charge density with respect to the case in whidmntum effects are excluded. Moreover, the
probability density in the lowest bound state nows ha maximum away from the
semiconductor/oxide interface, resulting in chadggplacement from the oxide, which accounts
for an effective increase in the oxide thickness.

An alternative to solving the Schrodinger wave d¢igumais the use of quantum
potentials. The idea of quantum potentials originatrom the hydrodynamic formulation of
guantum mechanics, first introduced by de Broghe Badelung [1,2,3], and later developed by

Bohm [4,5]. In this picture, the wave function igitten in complex form in terms of its
amplitude R(r,t) (the density function) and phaSér,t), ¢ (r,t)=R(r,t)exqiS(r t) h].

These are then substituted back into the Schrodiegeation to obtain the following coupled

eqguations of motion for the density and phase
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where p(r,t) =R(r ,t)2 is the probability density. By identifying the velocitya= 0S/m, and
the flux asj = pv, equation (1) becomes the continuity equation. Heegaations (1) and (2)

arising from this so-calleadelung transformation to the Schrédinger equation have the form
of classical hydrodynamic equations with the additdf an extra potential, often referred to as

the quantum or Bohm potential, written as

2
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where the density, is related to the probability density aér,t) = Np(r,t) = NR(r t)?, where

N is the total number of particles. The Bohm potérgssentially represents a field through
which the particle interacts with itself. It hasebeused, for example, in the study of wave
packet tunneling through barriers [6], where theedffof the quantum potential is shown to
lower or smoothen barriers, and heatlew for the particles to leak through.

An alternate form of the quantum potential was psgal by lafrate, Grubin and Ferry [7],
who derived a form of the quantum potential basadmoments of theAigner-Boltzmann
equation, the kinetic equation describing the time evolutadrthe Wigner distribution function

[8]. Their form, based on moments of the Wigner fiomcin the pure state, and involving an

expansion of orde@(hz) , IS given by

_
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which is sometimes referred to as tegner potential, or as the density gradient correction.
Such quantum potentials have been extensively usedensity-gradient and quantum-

hydrodynamic methods. Their use in particle-based simulatioresws becomes questionable



due to the presence of statistical noise in theesgmtation of the electron density and the
considerable difficulty to calculate the secondidgive of the density on a completely
unstructured mesh given by the particle discratimat

To avoid this problem, Ferry and Zhou derived anfdor a smooth quantum potential
[9], based on the effective classical partitiondiion of Feynman and Kleinert [10]. More
recently, Gardner and Ringhofer [11] derived a simaguantum potential for hydrodynamic
modeling, valid to all orders of?, which involves a smoothing integration of thessiaal
potential over space and temperature. There, itshias/n that, close to the equilibrium regime,
the influence of the potential on the ensemble lmaneplaced by the classical influence of a
smoothed non-local barrier potential. While thigeefive potential depends non-locally on the
density, it does not directly depend on its denixest. Through this effective quantum potential,
the influence of the barriers on an electron is d&lquite some distance from the barrier. The
smoothed effective quantum potential has been gsedessfully in quantum-hydrodynamic
simulations of resonant tunneling effects in ormmaahisional double-barrier structures [12].

In analogy to the smoothed potential represenmtatidiscussed above for the quantum
hydrodynamic models, it is desirable to define aatin quantum potential for use in quantum
particle-based simulations. Ferry suggesteckeféattive potential scheme that emerges from a
wave packet description of the particle motion, keghthe extent of the wave packet spread is
obtained from the range of wavevectors in the tla¢irstribution function (characterized by an
electron temperature). The effective potentMly, is related to the self-consistent Hartree

potential,V, obtained from the Poisson equation, through segmal smoothing relation

Vg (x):J.V(x+y)G(y,ao)dy, (5)



whereG is a Gaussian with standard deviatign This effective potentiaVes is then used to
calculate the electric field that accelerates thagiers in the transport kernel of our in-house
Monte Carlo particle-based device simulator. Thdcutation of Ve has a fairly low
computational cost, but the requirement that tleetat field is updated every 0.01 fs to get
physically accurate particle trajectories and tmiglate the artificial heating of the carriers ret
vicinity of the Si/SiQ interface (where the fields are the strongestiisad the computational
cost. Note also thatithin this approach the parameter a, hasto be adjusted in the initial stages

of the smulation via comparisons of the sheet/line density of tD@1D structure being
investigated using the effective potential approamid the 1D/2D Schrédinger-Poisson

simulations.

2. Thermodynamic Effective Quantum Potential

The basic idea of the thermodynamic appradacaffective quantum potentials is that the
resulting semiclassical transport picture shouléldyithe correct thermalized equilibrium

guantum state. Using quantum potentials, one giyeeplaces the quantum Liouville equation
[
atp+E[H,,0]=0 (6)

for the density matrixo(x, y) by the classical Liouville equation

6tf+#kﬂﬂxf—%[]xvu]]kf -0, )

for the classical density functioh(x,k). Here, the relation between the density matrix ued

density functionf is given by the Weyl quantization



f(x,k):W[,o]:J',o(x+y/2,x—y/2) exp(ik /) dy. (8)

The thermal equilibrium density matrix in the quant mechanical setting is given by

P =eP" | where B=1/ksT is the inverse energy, and the exponential is tstoed as a

matrix exponential, i.e.,oeq(x,y)=ZA¢/A(X)EXF’(—,B'/1)¢//1(y)D holds, with {¢,} the

orthonormal eigensystem of the Hamiltonidln In the semiclassical transport picture, on the

other hand, the thermodynamic equilibrium densitgiction foq is given by the Maxwellian

2
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feq(x,k):exp[—’gz—*| —,B\/J. Consequently, to obtain the quantum mechanicabiyect
m

equilibrium states in the semiclassical Liouvillguation with the effective quantum potenté,

we set

gl |
foq (X, k) = exp ———— - BV :W[peq]:jp(x+y/2,x—y/2)exp(lkﬂ/)dy. (9)
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This basic concept was originally introduced by rifagin and Kleinert [10]. Different forms of

the effective quantum potential arise from différepproaches to approximate the matrix
exponentiale ™" .

In the approach presented in this paper, we reptes€” as the Green’s function of the
semigroup generated by the exponential. Introduam@rtificial dimensionless paramejeand
defining p(x,y.y) =" &, (x)exp(-yBA)y, (y)D , we obtain a heat equation fgw by
differentiatingp with respect tgzand using the eigenfunction property of the wawefionsy, .

This heat equation is referred to as the Bloch &gua



N

0,0=-—(Hp+pMH), p(x,yy=0=3d(x-y), (10)

and o™ (x,y) is given by p™ (x,y,y=1). Under the Weyl quantization this becomes, with th

2
usual HamiltoniarH = —h—DAX +V and defining the effective ener@by f =W|[p] =75,
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Ik
The effective quantum potential is in this formidatgiven byE (x,k,y=1) =V, +W' The

logarithmic Bloch equation is now solved ‘asymptatiy’, using theBorn approximation, i.e. by
iteratively inverting the highest order differemtiaperator (the Laplacian). This involves
successive solution of a heat equation for whiehGlneen’s function is well known, giving (see

Ref. [13] for the details)

o _ 1 ¢ oom* o BhPKLE B e i€xy)
VO (x,k) (277)3J,Bh2kﬁfsmh( P Jex{ 8m*|£| Jv(y)e dydé.  (12)

Note that the effective quantum potenti& now depends on the wave veckofFor electrons at
rest, i.e. fork = 0, the effective potentidl® reduces to the Gaussian smoothing given in Eq. (5).
Also note thathere are no fitting parameters in this approach, i.e. the size of the wavepacket is

determined by the particle’s energy.

The potentiaV (y) that appears in the integral of Eqg. (12) can beasgmted as a sum of

two potentials: the barrier potentl‘a&(x), which takes into account the discontinuity at the



Si/SIG; interface due to the difference in the semiconmluand the oxide affinities, and the

Hartree potentiaV, (x)that results from the solution of the Poisson equatNote that the

barrier potential is 1D and independent of time aeeds to be computed only once in the
initialization stage of the code. On the other hatiee Hartree potential is 2D and time-
dependent as it describes the evolution of chamy® fjuasi-equilibrium to a non-equilibrium
state. Since the evaluation of the effective Harfetential, as given by Eq. (12), is very time
consuming and CPU intensive, approximate solutiethods have been pursued to resolve this
term within a certain level of error tolerance.

We recall from the above discussion that the banpotential is just a step-function.

Under these circumstanags, Vg (X) =B(1,0,0 d(x), whereB is the barrier height (on the

order of 3.2 eV) andj is a vector perpendicular to the interface. Weauabt need only the

gradient of the potential so that, using the pseadifferential operators (see Appendix A), we

compute
ﬁh2|l:| |2 2m*S|n(ﬁk2]$nDj|€:|Xj
O,V = X O.Vg (). 1
This gives
B h2|{|2 2m*sinh(’82%?1j
eIV (% p)=—(1,0,0" - L abg g | 14
Ve (% p) =5 @jex{ﬁgm*] Gp, C b (4

Note thatVE(;g is only a function oi(xl, pl), i.e. it remains to be strictly one-dimensionahene

x; andp, are the position and the momentum vector perpatati¢o the interface. This, when

combined with the fact that we have to calculaig ititegral only once, is a reason why we have



decided to tabulate the result given by Eq. (14aonesh. In Figure 1, we show the barrier field
for low-energy (top panel) and for high-energy (bot panel) electrons. In both cases we
observe that the field decays almost exponentigitii depth and increases with increasing the
energy of the carriers. This is more clearly seethe low-energy portion of the results given in
Figure 1, where there is almost zero-field for lemergy electrons and a significant increase in
the field for high-energy electrons.

The Hartree potential, as computed by solving dhrdimensional Poisson equation,
depends in general upah particle coordinates. For example, on a rectamgmesh the 2D
Hartree potential is given By (%, X,,t), and one has to evalua# (X, X,, p1, P.t) using Eq.
(12) N times each time step for all particles position emamentax”, p",n=1, ... ,N (whereN
is the number of electrons, which is large). Tiss of course, an impossible task to be
accomplished in finite time on present state-ofdhitecomputers. We, therefore, suggest the
following scheme. According to (12), we evaluate tuantum potential by multiplying the

Hartree potential by a function &if], , or by multiplying the Fourier transform of the fttae

potential by a function ohé . We factor the expression in Eq. (12) into

H 2 2 H 2
Ve (x.k) = AM”_ Ginh ,Bh.kD]]X exp 2N O, Vi (X) = LU ,Bh.kDDX Vi (%)
Bhk [, 2im* 8m* Bh3k I, 2im*
(15)

with

8m*

() =exs| 27 [0, o () o

The evaluation of the potenti!e(l_? (x) which is a version of the Gaussian smoothed pialen

due to Ferry [9], is computationally inexpensivecs it does not depend on the wavevektor



On the other hand, because of the Gaussian smgot}’ﬁr(x) will be a smooth function of

position, even if the Hartree potentig] (x) Is computed via the Poisson equation where the
electron density is given by a particle discretmat Therefore, the Fourier transform of the
potentiaIVS (x) will decay rapidly as a function of, and it is admissible to use a Taylor

expansion for small values & in the rest of the operator. This gives

. 2.4 2
2im Sinh(MJﬂ_w, (17)

Bh3km, 2im* 24(m*)?

or

ﬂ2h2 2
axrv,j?(x”,p“):axrv,ﬂ(x”)—w >, p]plox XV (x"). n=1K N (18)
i k=1

for all particles. This is done simply by numeridéferentiation of the sufficiently smooth grid
function VHo and interpolation. The evaluation of (18) is tivcey we have to pay when we

compare the computational cost of this approacbpg®sed to the Ferry approach [9] which
uses simple forward, backward or centered diffezescheme for the calculation of the electric
field. However,with this novel effective potential approach we avoid the use of adjustable

parameters.

3. Simulation Results

To verify the validity of our approach, we firstrfimed self-consistent simulations of
MOS capacitor structures and calculated the reddti the sheet electron density due to the

band-gap widening effect and the increase in therame distance of the carriers from the



interface proper. The simulation results from thiesestigations are shown in Figure 2. For the
purpose of completeness, we also simulate thistsitel using SCHRED, the 1D Schrddinger-
Poisson solver that was developed at Arizona &tateersity and extended at Purdue University
to include the capability of modeling double-gateuctures. Notice the excellent agreement
between the SCHRED simulation data for the shestrein density and the simulation results
obtained by utilizing the novel effective potentgproach proposed in this paper.

Having performed these initial calibration testsd d@mving been convinced that the
method correctly predicts quantum effects in tridag potential wells, we proceed with the
simulation of 25 nm MOSFET device. The parametérhe device structure being simulated
are as follows: the substrate doping equals @8, the doping of the source and drain regions
is 10° cm®, the junction extension is 30 nm, the oxide thedeis 1.2 nm and the gates are
assumed to be metal gates with work-function etputle semiconductor affinity. We have used
relatively low doping of the source/drain regioms reduce the number of particles in the
simulation ensemble (i.e. reduce the simulationetifar computing one bias point). With
comparison to Silvaco ATLAS simulations, we finditlone order of magnitude smaller doping
in the source/drain regions gives rise to significseries resistance effects which, in turn, leads
to on-current degradation of about 20%. However,abwice for the source/drain doping is not
going to affect the conclusions derived from thizrkv

First, in Figure 3, we show the carrier confinemethin the triangular potential well
with and without the inclusion of the quantum-metbal size-quantization effects. From the
results shown in this figure, it is evident thattbthe low-energy and the high-energy electrons
are displaced by almost the same amount. Alsothatehere is practically no carrier heating for

the case when the effective potential is used ioutating the driving electric field. The carrier



displacement from the interface proper is also $&en the results presented in Figure 4. Notice
that there is approximately 2 nm shift of the el@ctdensity distribution near the source end of
the channel when quantization effects are includetie model. Also note that carriers behave
more like bulk carriers at the drain end of theroled and are displaced in the same manner
when using both the classical and the quantum-nmécilanodel.

The channel length variation of the sheet electtensity is shown in Figure 5. We use

classical, fuIIy—quantum(V,$+VBQ) and quantum-barrier field modeQVE?) for these

calculations. We also compare our simulation resfdt the sheet electron density with those
that utilize the approach due to Ferry. There aremal noteworthy features to be observed on
these figures. First, the pinch-off of the sheet&bn density near the drain end of the channel is
evident in all models used. Second, the barrier ted full-effective potential scheme give
almost the same value for the sheet electron dengitich suggests that the repulsive barrier
field dominates over the attractive field due te tHartree potential. Third, the method due to
Ferry leads to significantly lower value for theesh electron density, thus underestimating the
drive current.

The average electron velocity and the averagerele@nergy are shown in the left and
the right panels of Figure 6, respectively. Compgthe results for the average carrier energy on
the right panel, we see that the data for the e#@sen we have not included the effective
potential and the case when we have used the nalelrfar the effective potential agree very
well with each other. The approach due to Ferrggisignificantly lower value for the carrier
energy near the source end of the channel whichhbas explained to be due to the bandgap
widening effect. When we confront these data wlii tesults for the average electron velocity,

we see that in the low-energy region near the soencl of the channel the velocity is almost the



same for all cases considered. At the drain endfivdedegradation of the velocity due to the
smearing introduced by the quantum potential. Agdia inclusion of the barrier field and of the
guantum-corrected Hartree term give similar valwesich suggests that for the device being
considered in this study only the barrier field bagificant impact.

The device transfer and output characteristicsshosvn in Figure 7 and 8, respectively.
Again, from both figures we see that the proposdéidqiantum potential and the barrier potential
give similar values for the current. Looking mornedetail the device transfer characteristics we
find that the quantization effects lead to thredhebltage increase of about 220 mV. When
properly adjusted for the oxide thickness diffeeenthis result is consistent with previously
published data. Evidently, the shift in the thrddheoltage leads to a decrease in the on-state
current by 30 %. The later observation confirmgieafindings that one must include quantum
effects into the theoretical model to be able topprly predict the device threshold voltage and

its on-state current.

4. Conclusions

In summary, a novel effective potential approacls baen proposed and tested in
simulations of quantization effects in 25 nm nan@$®FET device. The approach is parameter
free as the size of the electron depends upomésyg. We have justified the correctness of the
approach with simulations of the gate voltage ddpane of the sheet electron density and the
average distance from the interface that were cosdp#o equivalent SCHRED simulation
results. The excellent agreement between thesedfta sets suggests that we are able to
correctly predict the effective oxide thickness regase due to quantum-mechanical size-

guantization effects that lead to a reduction @& sheet electron density. The nano-MOSFET



simulation results also confirm this charge dispraent effect near the source end of the channel
where quantization effects play significant rolaielto the larger smearing of the potential for
high energy electrons, we see a decrease in thercaelocity when quantization effects are
included in the model. This leads to smaller dirrent in both the device transfer and output
characteristics. The charge displacement from miverface, and the effective increase of the
oxide thickness, gives rise to a threshold voltagd#t of ~220 mV which is consistent with
earlier observations. The shift in the thresholdtage leads, in turn, to a drain current
degradation of about 30 %. Hence, the observapoesented here, that utilize the new effective
potential approach, confirm that quantum-mechanigpace-quantization effects must be
included in the theoretical model to correctly pcethe device behavior. In some cases, this can
be achieved with the incorporation of the barrieldfthat is pre-computed in the initial stages of
the simulation and does not require additional GPte during the simulation sequence. We
believe thathis new effective potential approach is more reliable in ssimulation of quantization

effects in nano-scale devices with barriers that have different size and shape.
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Appendix A
We are using pseudo-differential operators (PD®¢ as a compact notation to write
integral convolution operators. The general prilecip that one has a function of two variables

A(x,2). One applies the PDA(x,[y) to a functionVv(x) by:

* Replacingy byi&. Hereg is the frequency variable corresponding in the Fourier

transform.

* Multiplying A(x,i¢) with the Fourier transforiv (£) .

» Back Fourier transforming.

This means to perform the following operations:

A OV (X) = [ AXIENV (E)eHdE, V€)= (21) 9V (v e DYdy .

In the above expressiod|s the dimension of, i.e.d =1 ord = 2 in our case.



Figure Captions

Figure 1.

Figure 2.

Figure 3.

Figure 4.

Figure 5.

Figure 6.

Figure 7.

Figure 8.

The variation of the quantum barrierdielith depth and wavevect&r Top panel:
low energy electrons, bottom panel: high energygtedes.

Variation of the sheet electron densigysus gate voltage in a MOS capacitor
structure.

Electron localization within the triangulpotential barrier for the case when
quantization effects are not included in the mdtigd panel) and for the case when
we include quantum-mechanical space-quantizatiéectsf by using the effective
potential approach presented in this paper (bopanel).

Electron distribution in the device withqleft panel) and with (right panel) the
incorporation of quantum-mechanical size-quaniragffects.

Variation of the sheet electron densliby@ the channeNew-barr corresponds to

the case when we only include the influence ofttheier field.New represents the
case when we include both the barrier and the emrtontributions to the total
electric field.

Average electron velocity (top panel) average electron energy (bottom panel)
variation along the channel.

Device transfer characteristic¥gy= 0.1 V.

Device output characteristics.
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Figure 2.Ahmed et al.
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Figure 3.Ahmed et al.

Vg=Vd=10V

Channel Electrons
(Kinetic Energy Shown) .

Potential Well

5 10 15 20 25
Distance Along the Depth [nm]

1.2

Quantization: New Approach

Vg=Vd=10V

Channel Electrons
(Kinetic Energy Shown)

o ©
+ (7]

Energy [nm]

- fa——— Potential Well 1

04 5 10 15 20 25
Distance Along the Depth [nm]




Figure 4 Vasileska et al.
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Figure 5.Ahmed et al.

—_— l’“""‘“"‘"«u— — W/o quant. e
o M‘\i New-Barr .
- H New
10 ¢ ,111 meme Ferry .

—_
[
T

Sheet Electron Density [cm
o

0 10 20 30 40 50 60 70
Distance Along the Channel [nm]




Figure 6.Ahmed et al.

x 10°

— W/o quant.
351 New-Barr

L]

r
w

]
T

Electron Velocity [m/s]

_05 1 1 1 1 1 1
0 10 20 30 40 50 60 70

Distance Along the Channel [nm]

0.7 . .
— wi/o quant.
06l New-Barr. : i
New :

S mrmee Ferry '
E 05 'i -
>, Vg=Vd=10V '."é
=2 i
q.) 0.4 r J.; !.IE -
5 Py
c 0.3} i\
o kY
..3 Y
o 0.2
L

0.1

U| 1 1 1 1

0 10 20 30 40 50 60 70
Distance Along the Channel [nm]



Figure 7.Ahmed et al.
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Figure 8.Ahmed et al.
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