Chapter 11
Surface Roughness Scattering in MOS
Structures

Raheel Shah and Merlyne DeSouza

Abstract The comprehensive Ando’s surface roughness (SR) model examined
for nMOSFETSs. Four distinct source terms contribute in SR scattering. Relative
strength of these contributing source terms are evaluated and compared. The most
influential term turned out to be due to scattering with the “physical steps” at the
interface. Remote SR scattering is also significant in ultra-thin MOS structures. The
proposed model of Gdmiz et al. for remote SR scattering is studied. It is shown that
modification to the Gdmiz model is necessary in order to observe the full impact of
rms height of the abrupt “steps”.

Keywords Surface roughness - ultra-thin MOSFET - mobility - modelling and
simulations

11.1 Introduction

Apart from electron-phonon scattering the most damaging effect to charge carrier
mobility in MOS structures is scattering at the rough insulator/substrate interface.
This scattering is particularly dominant at high inversion densities, however, due
to its nature, it weakly depends on lattice temperature variations. Unlike phonon
scattering it is not intrinsic in nature, since with technological advancement the
insulator can be grown on the substrate with relative smoothness.

Theoretical models of interface scattering date back to 1968, when Prang and Nee
performed simulations to quantify the irregularities of a rough surface [1]. This was
followed by a model with explicit mobility dependence on the transverse effective
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field by Matsumoto and Uemura, which is still adopted today for its simplicity [2].
But a more complete and comprehensive theory is by T. Ando which is by far the
best available model regarded by the researchers [3,4]. Ando treated various source
terms contributing towards surface roughness in detail. Recently Jin and co-workers
have extended Prang and Ando’s model to SOI (silicon on insulator) structures
where the severity of surface roughness has been predicted to hinder ballistic trans-
port in ultra thin SOI MOSFETS [5].

This chapter is organised as follows: an introduction to the underlying physics
of the problem and the statistical measure to compute the “surface randomness”
is given. Next various scattering potentials associated with surface roughness are
presented. Surface roughness limited mobilities are simulated, incorporating the
source terms presented in the previous section and their relative strengths are also
compared.

Remote surface roughness model presented by Gamiz et al. and appropriate mod-
ification to it is also discussed along with the explanation to the observed trend in
remote SR limited mobility.

11.2 Physics of the Problem

Surface Roughness (SR) in the context of MOS structures is associated with random
fluctuations of the boundary between the insulator and the substrate. This rough-
ness appears as atomic “steps” at the interface between the two materials. Deviation
from the ideal flat surface introduces electric potentials from number of sources e.g.
dipoles created at the interface, associated image charges, etc.

Moreover, wavefunctions of charge carriers are also physically perturbed from
their normal states and consequently the potential of the system changes as well
(wavefunctions and electrostatic potential are linked together via Schrddinger-
Poisson coupled equations). Thus, charge carriers interact with the rough surface
via these potentials and their momentum dissipates in the process.

Surface topology is usually unknown, thus it has to be modeled appropriately.
Quantitatively roughness is measured via a 2D roughness function, A(r), which de-
scribes the fluctuations from an assumed ideal flat boundary. The two- dimensional
vector r is measured along the interface plane.

The autocovariance function C (r) determines the statistical properties of the
roughness function A(r), which depends on two parameters viz.: A — the rms height
of the steps and A — the average width of the fluctuation (see Fig. 11.1 for illustra-
tion). Mathematically it is given by:

C(r) = (A(r) A(r—r')) (11.1)

which simply gives the probability of a random step at position r to be repeated at
(r — 1), the notation in (11.1) (e) represents the average value of a function.
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Fig. 11.1 Roughness function with the two parameters, A and A, illustrated

In relation to surface roughness, two forms of the autocovariance function are
widely accepted — The Gaussian form, first proposed by Prang and Nee [1] and the
exponential function [6]. Mathematically they are given as:

C(r) = (A A(r—1)) = A2 /2 (Gaussian)
= AZe77/A (Exponential) (11.2)

Fourier transformation is needed to convert the autocovariance function from real
space into k-space. Also according to Wiener—Khinchin theorem the Fourier trans-
form of the autocovaraince function is in fact the “Power Spectrum Density”,
|S (q)|2 of the function. Gaussian form mimics the nature (“Normal distribution™)
and has the other advantage that its Fourier transform is again Gaussian and thus
easy to manipulate. However, Goodnick et al. [6] showed that the exponential form
of the autocovariance fits more accurately to experimental data, measured through
High Resolution Transmission Electron Microscope (HRTEM). The exponential
form is expected for a stochastic Markov process [7]. The power spectrums for the
two forms are given by [6]:

1S(@))> = TA2 A% A (Gaussian)
= nA2A%(1 + q2A2/2)_% (Exponential) (11.3)

In simulations the exponential form will be utilized, which is, as stated, more con-
sistent with measurement. Surface roughness limited mobility is greatly affected by
the choice of A and A which are obviously device process dependent. In litera-
ture the range of these two parameters widely varies as: A = 0.5 — 2.0nm and
A =0.2—-0.7nm [7-10].

11.3 Associated Scattering Potentials

According to Ando’s argument there are two main sources of surface roughness
scattering affecting the charge carrier’s motion, viz. [3,4]:

e Fluctuation of wavefunctions due to physical “steps” at the interface (F(l))
e Fluctuation in potential energy due to Coulomb interactions
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Fig. 11.2 Solid lines depicting the “normal” situation whereas dashed lines are presenting the
distortions due to the interfacial “steps”. (a) Wavefunctions and the conduction band edge are
perturbed at the interface. (b) Image charge and a dipole are illustrated

The effects of “change in the potential energy” are further classified as

e Change in image potential (I'®)
e Creation of interface polarization charges (I'®)
e Fluctuation in charge carrier densities (I'*))

The first main source of scattering is obvious, since the “steps” at the interface
perturbs the surface potential which consequently affects the wavefunctions, eigen-
values, etc. (see Fig. 11.2a), or simply the wavefunctions originate from the two
surfaces: perturbed and unperturbed. This change in wavefunctions is propagated
all along the depth of the substrate.

In order to compute the channel mobility the matrix element arising from the
scattering potentials is required. Matrix element associated with change in wave-
functions is given by [5, 11]:

V(2) ¢, (2)

%)
0z 5@+ Ei 0z

0z

r;) %&(z) @+ E; £i(x)¢ dr  (11.4a)

Il
o —

where i and j stand for initial and final subbands of a conduction valley, respec-
tively, E; is the eigenvalue corresponding to the wavefunction &;. The potential well
in the substrate is denoted by V (in units of energy e.g. eV).

Next among the “Coulomb pieces” i.e. SR induced charge fluctuations: the scat-
tering potential associated with the second term (I'®)) appears due to the mismatch
of the dielectric constants of the two materials (Si and SiO,) across the interface. SR
deforms the image potential developed at the surface. M. Saitoh studied 2D electrons
on the surface of *He fluid and calculated the potential resulting from such image
charges, this idea and expression was utilized in the context of 2DEG in inversion
layer by Ando [4, 12].
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Scattering matrix for the change in image potential is given by:

222 F =
rPg = / &(z){Kl(qZ) — 2 Kolgz{ &) dz (11.4b)
g l6mes qz 2
0

where € = (&5 — £,x)/ (5 + €ox) With g5 and ¢, as the dielectric constants of the
substrate and the oxide, respectively. Ko and K; are modified Bessel functions of
the second kind and of order zero and one, respectively.

The third Coulomb interaction (I'®) is also related to the difference in dielec-
tric constants of the adjacent materials. An extra polarization charge is formed
which changes the electric field distribution [13]. The arising electrostatic poten-
tial is calculated by considering an effective dipole moment at z = 0. The matrix
element pertaining to I'®) is given by [5, 13]:

Fi(f/')(q) = 95/ Ei(@) {Egre "} &5 (2) dz (11.4¢)
0

where e is the electronic charge and E .4 is the effective field at the substrate side of
the interface.

Lastly, the fluctuations at the interface also affect the electron distribution nor-
mal to the interface (I'® term). The redistributed electron charges give rise to an
additional scattering potential whose matrix element is [5, 14]:

(o) o0
82 ’ - _ ’ 811 /
Fi(fj-)(‘I) = g /Si(z)fj(z)dz/ {e_q‘z_zl + ge q‘””} %dz/ (11.4d)
0 0

where n(z) is the volume density of electrons along the z-direction (normal to the
interface).

All the three “Columbic potentials” are wave vector ¢ = |k i— ki| dependent
while potential due to change in wavefunctions is only electron energy dependent. It
is to be noted that matrix elements given above are under the assumption of infinite
potential barrier at the interface and vanishing wavefunctions deep into the thick
substrate.

With four different source terms contributing in SR scattering, an “effective”
matrix element is required whose squared value could be plugged in the scattering
rate computed through Fermi golden rule [11].

It is well known that the scattering potential is effectively “screened” by the sheet
of electrons present between the source of the electric potential and the scattered
charge carriers, within certain specific distance called as the Debye length [7, 13].
Screening has a profound effect on the SR limited mobility; it is thus inevitable to
include screening effects in simulations. SR limited mobilities are calculated using
appropriate expressions in this context [14].
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Fig. 11.3 Relative strengths of four sources of SR scattering are compared. The most damaging
source for channel mobility is the I‘,-(}j) term

11.4 Relative Strength of the Scattering Potentials

Once the screening mechanism is formulated the SR limited mobilities can be
evaluated using the above mentioned four scattering potentials. Next, the relative
importance of each scattering potential is evaluated. Figure 11.3 is a compilation of
the results for SR mobility with the effects of individual scattering terms and with
their combined influence.

It is clearly evident that the most dominant scattering source is due to the per-
turbations in electron wavefunctions (I'"). The weakest source is the variation of
electron density due to physical “steps” introduced i.e., ' (g), though computa-
tionally it is a most time consuming term to evaluate. The percentage difference
between mobility computed with all terms and then with T 4+ '@ (¢) + T (g)
terms is around 1% at E,; = 1MV /cm. Thus these three terms are sufficient to
account for SR scattering and I' (¢) can be safely ignored.

11.5 Remote Surface Roughness Scattering

Another scattering mechanism, closely related to SR scattering, is the “Remote
Surface Roughness” (RSR) scattering. For ultra thin oxide layered MOS struc-
tures, charge carriers in the channel can significantly dissipate their momentum
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by remotely interacting with the gate/insulator interface. Similar to oxide/substrate
interface the second interface i.e. gate/oxide interface is not smooth and deviates
from the ideal plane. Degree of roughness at the two interfaces is uncorrelated and
depends on the device processing mechanism.

Extending the concept first presented by Li [15], Gdmiz et al. proposed a sim-
ple scattering model for the remote surface roughness mechanism [16, 17]. In their
proposed model the Hamiltonian of the system is given by:

H' = Ho + AZ(Z)A(I') (11.5)
where:
AV(2) = Vit 8 (2) — Vo(2) (11.6)

with V;, +a,, as the perturbed potential in the presence of “steps” at the
gate/insulator interface while Vj is the unperturbed potential i.e. in the case of ideal
boundary. Surface topology is measured via 2D roughness function, A(r), which de-
scribes the fluctuations from an assumed ideal flat boundary. The two-dimensional
vector r is measured along the interface plane. Hy is the initial unperturbed Hamil-
tonian and the final Hamiltonian H’ arising from the change in potential energy
along the z-direction. The rms value of the step height at the second interface is
denoted by A,,. Using the Hamiltonian (11.5) the matrix element was constructed
as [16]:

T AV
i = / fi(z)w(z)éj(Z)dz (11.7)
0

The matrix element (11.7) modulated by dielectric function £(g) is utilized to com-
pute the RSR scattering rate. However, Hamiltonian (11.5) of the present system
can also be used to construct a relatively better RSR matrix element, following the
approach described below:

Consider the change in the Hamiltonian of the system due to the presence of a
random “step” at the interface, given by:

AH = H — Hy (11.8)

Next the matrix element for the changed Hamiltonian is generated from Eq. (11.8):

0,0 = [ 6+ MO G+ A
0

- / & [Holé; (2)dz (11.9)
0
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Note that for the final Hamiltonian H’, the final perturbed wavefunctions are used.
This perturbation is caused due to the potential difference arising at the gate/oxide
interface. Substituting Eq. (11.5) in (11.9) to get:

AV (2)

I = f £i(z+ A(r)) [Ho + A( )] £;(z+ A(r))dz
0

—/Si (2)[Hol§) (2) dz (11.10)
0

Next using Taylor’s theorem for the expansion of the wavefunctions to the lowest
order reveals:

;) = / [Si(z) + %; (Z)A( )} [Ho n AA(Z)A( )}

0

S/ (Z)

[SJ(Z) + —=—A(r )} dz — /SZ(Z) [Ho] & (2) dz (11.11)

Ignoring the product terms involving A (r)*:

5} (Z)

oo| §i(z)Ho&j(z) + Ho&i (2) A(r) +
rie = AV( 500
66 S DA 80+ Hoty () LA
—/Si(Z) [Hol & (z) dz (11.12)
0
Now, from the time independent Schrodinger equation:
Hoé = EE (11.13)

Equation (11.12) is modified using (11.13) and after simplification the net result is:

%,
o (505 240+ 55050

()= A) [ dz Bom (11.14)
/ 55 D)

IP;(r) = A@x) I (11.15)
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where,
AV 0&;
¥ (60 260+ 5 g0
FS?R:de m %1 () < (11.16)
0 +E; 51 £ (2)

is the modified form of the matrix element given earlier in Eq. (11.7).

In (11.16) the derivative of the electron wavefunctions appears, which essentially
is a characteristic of surface roughness scattering [1]. The matrix element given in
(11.6) over estimates the RSR limited mobility as compared to one in computed
using (11.14). Another shortcoming of the Gdmiz model is that the effect of rms
A, is not present explicitly (it cancels out in the scattering rate when squared matrix
element is multiplied with power spectrum |S(¢)|?). The only weak dependence of
A, appears in Gdmiz model is through simulated value of AV (z) (via the coupled
Schrédinger Poisson solver) in (11.6), while the modification presented here to the
transport model includes A,, explicitly and thus its effect is realistically observed.

For comparison, results obtained using the two model equations are shown in
Fig. 11.4. In this study, two different theoretical values of A, (0.5 and 0.3 nm)
are used for a fixed oxide thickness of 1.0 nm. Potential AV(z) in (11.6) with
wavefunctions and eigenvalues are computed using UT-Quant Schrodinger-Poisson
solver [18]. With A,, = 0.5 nm, the drop from the “Universal mobility” is around
5% at Eegr ~ IMV/cm.
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Fig. 11.4 RSR limited mobility computed using Gamiz et al. model [16] and the modified
model proposed in this work. Gdmiz model overestimates the mobility as compared to the modified
model
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11.5.1 Observed Trend in RSR Mobility

From Fig. 11.4 two observations can be clearly made, first: smoother the surface
(small A,,) better is the RSR limited mobility. The reason for this behavior is obvi-
ous. Secondly: Initially RSR mobility increases with increasing sheet density, Ny,
after reaching to an absolute maximum, mobility then starts declining. Possible rea-
sons for this trend are explored below.

The scattering potential, which is in fact the difference in perturbed and unper-
turbed potentials (V;, +a,, (z) — Vo(z)), decreases with evolving sheet density, Nj.
Figure 11.5 illustrates this fact graphically. Additionally, screening also contributes
towards mobility enhancement. On the other hand, with increasing transverse field,
the wavefunctions are more squeezed towards the interface and thus magnitude of
the matrix element increases, consequently lowering the mobilities (see (11.7) or
(11.16)). At the maximum (“breakeven point”), observed in Fig. 11.4, the two ef-
fects i.e. AV(z) and the “squeezing wavefunctions” just balance each other. Beyond
this point, a further increase in gate voltage favors the impact of squeezed wavefunc-

tions and thus mobility starts dropping, similar to the trend observed in “normal” SR
mobility.
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Fig. 11.5 Difference in the unperturbed and perturbed potentials are plotted for two different sheet
concentrations. For strong inversion the difference in potentials AV drops sharply
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