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Abstract

Surface-roughness scattering of electrons at the Si-SiO2 interface is a very impor-

tant consideration when analyzing Si metal-oxide-semiconductor field-effect transistors

(MOSFETs). Scattering reduces the mobility of the electrons and degrades the device

performance. 250-nm and 50-nm bulk MOSFETs were simulated with varying device pa-

rameters and mesh sizes in order to compare the effects of surface-roughness scattering in

multiple devices. The simulation framework includes the ensemble Monte Carlo method

used to solve the Boltzmann transport equation coupled with a successive over-relaxation

method used to solve the two-dimensional Poisson’s equation. Four methods for simulat-

ing the surface-roughness scattering of electrons were implemented on both devices and

compared: the constant specularity parameter, the momentum-dependent specularity

parameter, and the real-space-roughness method with both uniform and varying electric

fields. The specularity parameter is the probability of an electron scattering specularly

from a rough surface. It can be chosen as a constant, characterizing partially diffuse

scattering of all electrons from the surface the same way, or it can be momentum depen-

dent, where the size of rms roughness and the normal component of the electron wave

number determine the probability of electron-momentum randomization. The real-space

rough surface method uses the rms roughness height and correlation length of an actual

MOSFET to simulate a rough interface. Due to their charge, electrons scatter from the

electric field and not directly from the surface. If the electric field is kept uniform, the

electrons do not perceive the roughness and scatter as if from a flat surface. However, if

the field is allowed to vary, the electrons scatter from the varying electric field as they

would in a MOSFET. These methods were implemented for both the 50-nm and 250-nm

MOSFETs, and using the rms roughness heights and correlation lengths for real devices.

The current–voltage and mobility–electric field curves were plotted for each method on

the two devices and compared. The conclusion is that the specularity-parameter meth-

ods are valuable as simple models for relatively smooth interfaces. However, they have

limitations, as they cannot accurately describe the drastic reduction in the current and

the electron mobility that occur in MOSFETs with very rough Si-SiO2 interfaces.
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List of Tables

1 Device dimensions for the 50-nm and 250-nm MOSFETs . . . . . . . . . 9

2 Doping concentrations for the 50-nm and 250-nm MOSFETs . . . . . . . 9

6



1 Introduction

1.1 Surface-Roughness Scattering

Electron transport through metal-oxide-semiconductor field-effect transistor (MOS-

FET) devices is affected by various scattering mechanisms which shorten the free flight of

the electrons flowing inside the device [1–4]. Electrons scattering can reduce the electron

channel mobility [1] and decrease the amount of current that is able to flow through the

device [4]. These effects are particularly noticeable when the device is operating at lower

temperatures [1]. Although there are many scattering mechanisms within the device that

can act upon the electrons, certain scattering mechanisms dominate throughout different

regions of the device depending on the probability of each specific scattering mechanism;

if more than one scattering mechanism is active, the type with the largest probability

takes precedence [2–4].

The boundary between silicon (Si) and silicon dioxide (SiO2) interface at the surface

of the device is rough [1–4] and, since electrons are not allowed to enter the oxide, they

must scatter from the rough surface [3]. The surface roughness at the Si-SiO2 interface

occurs during the oxide growth stage of fabrication [2]. The roughness of this boundary is

affected by the temperature during the oxide growth and the temperature during the post-

oxidation annealing phase [4]. The roughness at the Si-SiO2 interface leaves a fluctuation

of thickness in the oxide, as well as an inconsistent minimum boundary at the surface in

the channel region of the device [2], which causes the electric field to vary at the Si-SiO2

interface [5]. The variation in the electric field causes the electron to scatter [1–5]. Since

most electrons are located within the channel region of the device during inversion, the

surface-roughness scattering becomes a dominating scattering mechanism in the channel

region of the device, particularly with a larger rms roughness height or with a higher

electron concentration [1–3]. For an unintentionally roughened interface between Si and

SiO2 the rms roughness height is measured to be on the order of 2 Å, as measured using

cross-sectional high-resolution transmission electron microscopy (HRTEM) [1]. The rms

roughness height for an unintentionally roughened interface is relatively low and looks

almost smooth with only a few steps into the Si surface, as shown in Figure 1(a) [1].

The rms roughness height for an intentionally roughened surface was measured to be

approximately 3 Å [1], however, even though the rms roughness height did not change

much, the roughness is more apparent, as seen in Figure 1(b), which causes an increased

level of scattering.
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(a)

(b)

Figure 1: High-magnification pictures of an (a) unintentionally roughened and an (b) inten-
tionally roughened Si-SiO2 interface in a Si(100) MOSFETs taken using cross-sectional high-
resolution transmission electron microscopy. (From Goodnick et al. [1])

This report will focus on the surface-roughness scattering at the Si-SiO2 interface in

a planar bulk MOSFET devices [3, 4]. First, the basic description of the bulk MOSFET

devices will be explained, followed by an explanation of the device simulation framework

used to model the MOSFET devices. Second, we will explain the four different ways

in which surface roughness was modeled: constant spectularity parameter, momentum-

dependent specularity parameter, and real-space roughness with and without a varying

electric field. Lastly, the results of the simulations for each of the different approaches

of modeling surface-roughness scattering in both MOSFET devices are displayed and

compared to show the accuracy and real-world validity for each of the different methods.

1.2 MOSFET Description

A MOSFET is a planar four-terminal semiconducting device with source, drain, gate,

and substrate terminals [3]. MOSFETs are fabricated with Si due to its abundance and

the easy growth of SiO2 on top of Si [3,4]. MOSFETs can be n-type (majority carriers are

electrons) or p-type (majority carriers are holes.) For the purposes of this paper the focus

will be on n-type MOSFETs, such as the one shown in Figure 2 [3]. Electrons move from

the source terminal of the device, which is generally grounded, to the drain terminal of

the device through the n-type channel. The channel is induced by a positive voltage being

applied to the gate terminal of the device [3], which lowers the potential barrier, allowing
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electrons to flow [4]. The larger the voltage applied to the gate, the larger the current

through the device, since more electrons are able to flow from the source to the drain

due to the lower potential barrier [4]. The fourth terminal of the device is the substrate,

which is attached to the p-type substrate of the device and is usually grounded [3]. The

MOSFETs that were simulated are two-dimensional MOSFETs with a 250 nm channel

length and a 50 nm channel length, and with device dimensions of Table 1 and doping

concentrations of Table 2.

MOSFET Device Dimensions
Channel Source/Drain Source/Drain Bulk Device Oxide
Length Length Depth Depth Width Thickness

250 nm 50 nm 36 nm 400 nm 1.4 µm 5 nm
50 nm 22.5 nm 10 nm 120 nm 7.3 µm 1.5 nm

Table 1: Device dimensions for the 50-nm and 250-nm MOSFETs.

MOSFET Doping Concentrations
Channel Source/Drain Doping Bulk Doping
Length Concentration Concentration

250 nm 1019 cm−3 1016 cm−3

50 nm 2·1019 cm−3 1015 cm−3

Table 2: Doping concentrations for the 50-nm and 250-nm MOSFETs.

n+n+

Gate
SiO2

 p-type Si substrate

250nm

50nm

Source
Drain

Figure 2: A three-dimensional schematic of an n-type MOSFET with 50 nm source and drain
terminals, a 250 nm channel length, and roughness shown at the Si-SiO2 interface.

9



2 Device Simulation

The MOSFET simulator uses the device parameters from section 1.2 in order to cre-

ate a two-dimensional mesh of the device. Using these parameters a starting number

of electrons are initialized and placed into the mesh cells. When the device is still in

equilibrium, the potential, electric field, and electron distribution are calculated for each

mesh cell. Voltage is then applied to the gate and drain terminals, and the electrons are

allowed to move along the channel. The motion of electrons occurs for a time step where

each electron is tracked as it moves from one mesh cell to another. Each electron keeps a

constant direction and magnitude until it scatters via one of the simulated mechanisms

(surface-roughness scattering, acoustic scattering, intervalley scattering, Coulomb scat-

tering, and boundary scattering), and then a new direction and magnitude is calculated

accordingly. If the electron reaches the source/drain, the electron exits the device and

eliminated. New electrons are also created and enter the device via the source/drain.

Once the motion of electrons is simulated, the new potential, electric field, and electron

distribution is determined. At the end of the time step the electrons entering/exiting the

device is sampled, and a new time step begins. The time step iterations continue until

the device reaches steady state.

2.1 Ensemble Monte Carlo Method

Electron transport through a MOSFET device can be described by the Boltzmann

transport equation (BTE). The BTE is the continuity equation for the flow of particles

in the six-dimensional phase space of both position and momentum. Given in its common

form, the BTE is [4, 14]:

∂f

∂t
+ ~v· ∇~rf + }

d~k

dt
· ∇~kf =

∑
~k′

{S(~k′, ~k)f(~k′)[1− f(~k)]− S(~k,~k′)f(~k)[1− f(~k′)]}, (1)

where f(~r,~k, t) is the one-particle distribution function which gives the probability of

finding an electron within d3~r of position ~r and within d3~k of wavevector ~k at time t.

Where } is Planck’s constant, ~v is the particle’s velocity, and the right-hand side of

the equation is the collision integral, which is the net scattering of the electrons from the

different in and out scattering mechanisms S(~k′, ~k) represents the transition rate from the

initial state (~k) to the final state (~k′) [4,14]. The BTE describes a semiclassical approach

to describing the transport of electrons inside of a device, since it treats particles as if

they have an explicit position and momentum (which violates Heisenberg’s uncertainty

principle); however, the dynamics and scattering processes of the particles are treated

quantum mechanically [4, 14].

The ensemble Monte Carlo (EMC) technique is a numerical method to directly solve

10



the BTE [4, 15]. The basic process of the EMC technique is to simulate the motion of a

particle during a set time step for each particle ∆t, where the particle will experience free

flight and collisions with other particles (such as phonons and impurities) which causes

the particle to scatter. This process of free flights and scattering events for each par-

ticle occurs until the time step is complete, as shown in Figure 3 [4, 15, 16]. Scattering

events are treated as instantaneous [14]. Additionally, the duration of the free flight and

scattering mechanisms of the particles are selected stochastically according to given prob-

abilities describing the process, which relies on generated random numbers [4,15]. These

random numbers are also used to determine which scattering mechanism terminated the

free flight of the particles, as well as to determine the new wavevector [14]. The EMC

process continues for each electron until the simulation reaches steady state. The motion

at various times of the simulation may be sampled in order to estimate the value of in-

teresting quantities such as the average energy, the average drift velocity in the presence

of an electric field, and the average current, where these terms are averaged across the

depth of the MOSFET [4,14].

n=1
2
3
.
.
.
N

t-Δt t+Δtt
Time

Scattering=
Event      

Figure 3: Flight Dynamics schematic for Ensemble Monte Carlo simulation. The horizontal
lines display the trajectories that particles 1-N take through time. The dotted vertical lines
represent the sampling times separated by ∆t, and the stars represent the scattering events

During the free flight of the electron in the MOSFET simulation shown in Figure 4,

the electron drifts a small amount in the x and y directions and the boundaries of the

device are checked in order to determine if the electron scattered from a boundary in

order to keep the electron inside the device. If the electron hits the top of the source or

drain of the device then the electron scatters outside of the device and is deleted. At some

point in the free flight the electron scatters from another particle and a single scattering

mechanism is chosen. In the MOSFET simulation, the scattering mechanisms that an

electron could scatter from are acoustic (phonon), intervalley (phonon), and Coulomb

(impurity) scattering mechanisms, as well as the self-scattering mechanism which is used

to maintain a constant total scattering rate [4]. Once the scattering mechanism is chosen,

the energies and wavevectors are updated according to the chosen scattering mechanism
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and the energy and momentum conservation laws respectively [4, 14]. The electron then

continues to drift and the process continues until the time step is finished. Afterward,

extra electrons are eliminated and new electrons are created at the source and drain

contacts.

Since the charges used in the free flight part of the EMC are distributed within the

mesh cells instead of being located at discrete grid points inside the device, the particle

mesh method (PM) is used in order to move the charge from the mesh cell to discrete grid

points at the corners of the cell [17]. The PM method that is used is the nearest-element-

center (NEC) scheme. The NEC scheme was chosen because it reduces the self-forces

and increases the spatial accuracy. The NEC PM method is carried out in four steps.

First, the charges are assigned to the mesh by dividing the charges in the cell equally into

four corner grid points originally surrounding the charge [4]. Then the two-dimensional

nonequilibrium Poisson’s equation is solved at these grid points using the SOR method

as described in detail in section 2.2 [4, 17]. Afterward the electric fields are calculated

from these points from using the new potential calculated from the two-dimensional

Poisson’s equation and lastly the field is interpolated in order to find the force on each

charge [4] [17]:

Ex
i,j =

(φi,j − φi+1,j)

dx
, Ey

i,j =
(φi,j − φi,j+1)

dy
, (2)

where dx and dy are spacing between the mesh grid points, which is the mesh size, and

Ex
i,j and Ey

i,j are the electric fields in the lateral and transverse directions respectively [4].

Then, the motion of the electrons is sampled in order to calculate the average energy,

average drift velocity, and average current [4]. Lastly, the net number of electrons entering

and exiting the source and the drain contacts during the EMC simulation are calculated

in order to calculate the current, as described in more detail in section 4.1 [4].
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Create and eliminate electrons at the source and drain contacts

Use NEC scheme to move the charge from the mesh cell to the grid points

Solve nonequilibrium Poisson equation and update electric field

Calculate the net charge in the source and drain

Sample electron's motion

Δte=Δτ

Δt2=Δte Δt2=Δt

Δte2=Δte

Drift the electron

Check the boundaries of the device

Determine which scattering mechanism scattered the electron

Δtp=Δt-Δte2

Δt2=Δtp Δt2=Δt3

Δte2=Δte2+Δt3
Δte=Δte2

Δte=Δte-Δt

Generate free flight Δt3

Drift the electron

Check the boundaries of the device

No Yes

Δte≥Δt

?

Δte<Δt Yes

No

?

Δτ=Δte

Δt3≤Δtp

No Yes?

Δte>ΔtYes ?
No

Free-flight-scatter procedure
for all electrons in use

Figure 4: Monte Carlo procedure flowchart for one iteration in a MOSFET device.
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2.2 Two-Dimensional Poisson’s Equation

The two-dimensional Poisson’s equation is:

∇2φ(x, y) = −q
ε

(p(x, y)− n(x, y) +N+
D −N

−
A ) = −ρ(x, y)

ε
, (3)

where φ(x, y) is the electrostatic potential, q is the elementary charge, ε is the dielectric

constant for the material, n(x, y) and p(x, y) are the electron and hole charge densities

respectively, N+
D and N−A are the concentrations of ionized donors and acceptors respec-

tively, and ρ(x, y) is the space charge density [4,7,8]. The electron and hole densities are

classically calculated as:

n(x, y) = nie
−φ(x,y)
kBT/q , (4)

p(x, y) = nie
−φ(x,y)
kBT/q ,

where ni is the intrinsic carrier concentration, kB is Boltzmann’s constant, and T is the

temperature [7, 8]. In order to solve the two-dimensional Poisson’s equation, it must

first be discretized using the finite-difference approximation, which leads to the five-

point stencil in two dimensions, as seen in Figure 5 [8–10]. Applying the finite-difference

discretization to Poisson’s equation in the bulk region of the MOSFET and using the

five-point stencil scheme, the five-point difference equation is obtained [10]:

φi,j

φi,j-1

φi,j+1

φi-1,j φi+1,j

yj-1

yj

xi-1 xi

Figure 5: Two-dimensional five-point stencil scheme used for the finite-difference discretization
of the two-dimensional Poisson’s equation.
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ai,jφi+1,j + bi,jφi−1,j + di,jφi,j+1 + ei,jφi,j−1 − ci,jφi,j = αρi,j, (5)

ai,j =
yj + yj−1

xi
, bi,j =

yj + yj−1

xi−1

,

di,j =
xi + xi−1

yj
, ei,j =

xi + xi−1

yj−1

,

ci,j = ai,j + bi,j + di,j + ei,j, αi,j =
(xi + xi−1)(yj + yj−1)

2
,

Where xi and yj are the current mesh grid spacing in the x and y directions respectively,
xi+xi−1

2
and

yj+yj−1

2
are the change in the mesh grid spacing in the x and y directions

(dx, dy) respectively, and ai,j, bi,j, di,j, ei,j, ci,j, and αi,j are Poisson’s coefficients [8–10].

Additionally, at the boundaries of the device Neumann boundary conditions are used,

changing Poisson’s coefficients to [11]:

x = 0 : ai,j = 2ai,j, bi,j = 0, (6)

x = xmax : ai,j = 0, bi,j = 2bi,j,

y = 0 : di,j = 2di,j, ei,j = 0,

y = ymax : di,j = 0, ei,j = 2ei,j,

However, at the ohmic contacts of the device Dirichlet boundary conditions are used,

changing Poisson’s coefficients for equation (5) to [11]:

ai,j = bi,j = di,j = ei,j = 0, ci,j = 1, (7)

Unlike in the bulk Si of the MOSFET, at the Si-SiO2 interface the dielectric constant

is position dependent due to the two different materials at the interface, and therefore

the finite-difference discretization of Poisson’s equation will differ from equation (5).

Using Gauss’ law the following relationship between the electric fields in the device is

determined [11]:

εoxEox − εsiEsi = Qint, (8)

where εsi and εox are the dielectric constants in Si and SiO2 respectively, Esi and Eox

are the transverse electric fields in Si and SiO2 respectively, and Qint is the charge at

the Si-SiO2 interface [11,12]. Assuming the Si-SiO2 interface to be ideal with no charges

located at the interface, Qint = 0, the equation becomes [12]:

εoxEox = εsiEsi, (9)
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For an ideal insulator, meaning there is no charge located inside the oxide, the transverse

electric field is:

Eox =
φox
tox

, (10)

where φox is the potential drop across the oxide and tox is the oxide thickness [11, 12].

Additionally, the transverse electric field in the silicon is:

Esi =
∂φ(x, y)

∂y
=
φi,j+1 − φi,j

yj
, (11)

Assuming an ideal MOSFET with no contact potential between the metal and semi-

conductor, the gate voltage drops partially across the oxide and the semiconductor and

becomes:

VG = φox + φs, (12)

where VG is the voltage at the gate, and φs is the surface potential drop across the

silicon [12]. Plugging equations (10)-(12) into equation (9), and rearranging the terms

the equation becomes:

γ(VG − φs)
tox

=
φi,j+1 − φi,j

yj
, γ =

εox
εsi
, (13)

which leads to the oxide part of the transverse aspect of the potential:

βi =
γyj(VG − φs)

tox
, (14)

Plugging the Si and SiO2 transverse potentials into the transverse part of Poisson’s equa-

tion, the finite-difference discretization of Poisson’s equation at the Si-SiO2 interface

becomes:

ai,jφi+1,j + bi,jφi−1,j + di,j(φi,j+1 + βi)− ci,jφi,j = αρi,j, (15)

ai,j =
yj
xi
, bi,j =

yj
xi−1

,

di,j =
xi + xi−1

yj
, ei,j = 0,

ci,j = ai,j + bi,j + di,j(1 +
γyj
tox

), αi,j =
(xi + xi−1)(yj)

2
,

Since the Si-Sio2 interface is a line and therefore one-dimensional, the y-direction does

not vary and the five-point stencil scheme at the interface no longer includes yj−1 nor

φi,j−1, therefore making dy = yj, and changing Poisson’s coefficients to those in equation

(15).

After the two-dimensional Poisson’s equation has been discretized, it is then solved

iteratively using the successive over-relaxation (SOR) method to solve for the new po-
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tential. The SOR method is a variation of the Gauss-Seidel method for solving Poisson’s

equation that is used in order to save computation time when running the simulation,

since the SOR method improves the rate of convergence when solving Poisson’s equa-

tion [4, 13]. The general form of the SOR method for a non-uniform mesh for the bulk

region of the MOSFET is [10]:

φn+1
i,j = (1−ω)φni,j+

ω

ci,j
[ai,jφ

n
i+1,j+bi,jφ

n+1
i−1,j+di,jφ

n
i,j+1+ei,jφ

n+1
i,j−1+αi,jρi,j], 0 < ω ≤ 2,

(16)

where φn+1
i,j is the new potential, φni,j is the old potential, 1

ci,j
[ai,jφ

n
i+1,j + bi,jφ

n+1
i−1,j +

di,jφ
n
i,j+1 + ei,jφ

n+1
i,j−1 + αi,jρi,j] is the standard Gauss-Seidel method, and ω is the weight

factor or relaxation factor in order to improve convergence [4, 10, 13]. When ω > 1 the

system is over-relaxed and the Gauss-Seidel part is weighted more heavily, and if ω < 1

the system is under-relaxed and φni,j is weighted more heavily; this is done to weight the

value closer to the solution in order to improve convergence [4]. However, if ω=1 the

equation is not weighted and the standard Gauss-Seidel method is used [4]. Additionally,

due to charge neutrality, at the ohmic contacts in the device ρi,j = 0; therefore, the

potential does not change at the ohmic contacts [8, 9, 11]. At the Si-SiO2 interface in

the MOSFET, the SOR method equation is the same as for a bulk MOSFET, except

that the finite-difference discretization equation for the Si-SiO2 interface is used in the

Gauss-Seidel method part of the SOR equation instead of the finite-difference discretiza-

tion equation for the bulk. The two-dimensional Poisson’s equation is calculated once

when the device is in equilibrium and then iteratively during the ensemble Monte Carlo

method when the device is no longer in equilibrium.

2.3 Initialization

When modeling a MOSFET, the first aspect of the simulation is the initialization steps.

All of the necessary constants must be set and the specific material parameter constants

must be set to the appropriate values for Si and SiO2 [4]. Additionally, the dimensions

of the specific device being simulated as described in section 1.2 must be set. Also, other

constant parameters specifically needed for the simulation must be set such as the time

step and the total time of the simulation [4]. Once all of the constants are initialized

then the MOSFET device is sectioned off into a rectangular mesh grid with mesh cells of

either uniform 1 nm×1 nm or 0.5 nm×0.5 nm mesh sizes for a 250 nm channel MOSFET

or a non-uniform mesh with a minimum mesh size of 2 Å and a maximum mesh size

of 1 nm. These mesh cells allow the simulation to perform calculations throughout the

device one mesh cell at a time. Next the regions of the device are determined and

flagged, such as ohmic contacts which are the source, drain, and substrate contacts,

the Si-SiO2 interface, and the bulk. The doping in these different regions as defined
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in section 1.2 are also defined in the MOSFET [4]. Next the coefficients for the two-

dimensional Poisson’s equation are calculated for each region of the device and the initial

potential is calculated [4]. Afterward the scattering rates for acoustic, intervalley, and

Coulomb scattering processes are calculated from Fermi’s Golden rule [4]. Then the two-

dimensional Poisson’s equation is solved through each region for the equilibrium case

where voltage is not applied to the source, drain, or substrate, as described in detail in

section 2.2.

After the two-dimensional Poisson’s equation in equilibrium reaches convergence, the

electric field is updated from the new potential just calculated and the electrons are

initialized [4]. During the electron initialization, a starting number of electrons is chosen

for the device simulation and the electrons are distributed into the mesh cells throughout

the device according to the specified density [4]. The density of the electrons in each mesh

cell is calculated using the potential that was calculated by solving the two-dimensional

Poisson’s equation in equilibrium [4]. Each electron is then given a starting position

within the device, an initial random wavevector, a time constant, and a starting energy [4].

Since there is rarely the same correspondence between the number of electrons in the

simulation and the number of electrons in an actual MOSFET device, for simplicity each

electron as well as other particles throughout the device can be represented as super-

particles in the simulation [6]. Each super-particle represents a finite number of actual

particles in the device [4]. The charge corresponding to each super-particle is weighted

appropriately to the number of particles that it represents [6]. Throughout the course of

this paper when mentioning an electron in a discussion of the simulation, it is actually

a super-particle instead of a single electron. Once the electrons are initialized, voltage is

applied to the terminals of the device so the device is no longer in equilibrium and the

ensemble Monte Carlo procedure iteration is conducted, as described in more detail in

section 2.1 [4].
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3 Modeling Surface-Roughness Scattering

3.1 Constant Specularity Parameter

Simulating the surface-roughness scattering of electrons inside of a MOSFET can be

done by using a simple model. Generally when scattering off of a perfectly smooth

surface, particles will scatter specularly [5, 18, 19]. When an electron scatters specularly

from the Si-SiO2 interface, the direction of the electron’s y component of the wavevector

trajectory is flipped when it hits the perfectly smooth surface, as can be seen in Figure

6. However, in order to simulate that the surface at the Si-SiO2 interface is rough from

this method the electron must have the potential to scatter diffusely as well, as shown in

Figure 6 [18,19].

Gate
SiO2

n+n+

Source Drain

Specular Scattering Diffuse Scattering
φ

θ

Figure 6: Schematic of the top section of a MOSFET where the Si-SiO2 interface is perfectly
smooth, and the electron can either scatter from the oxide specularly or diffusely.

A constant specularity parameter p, between 0 and 1, can be chosen to determine

the probability if the electron scatters specularly [19, 20]. During the simulation, a ran-

dom number uniformly distributed between 0 and 1 is chosen and compared with the

constant specularity parameter; if it is less than or equal to the specularity parameter

then the electron scatters specularly. If the electron scatters specularly the magnitude is

unchanged and the new direction is determined by:

ky = −ky, (17)

where ky is the component of the wavevector in the y direction [4]. Since flux is automati-

cally conserved for specular scattering the polar and azimuthal angles do not change [21].

Otherwise if the random number is greater than p the electron scatters diffusely with a

probability of 1−p ; however, for diffuse scattering flux is not automatically conserved as

it is for specular scattering and the polar and azimuthal angles must change to conserve

flux [21]. In order for the flux to be conserved, the flux that enters the surface must be

equal to the flux that exits [20–22]. Using the inversion method to generate the random
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number used for flux conversion [23]:

r(θ) =

∫ θ
0

cos θ sin θdθ∫ π
2

0
cos θ sin θdθ

= sin2 θ, (18)

where the numerator is the entering flux and the denominator is the exiting flux, and

r(θ) is a random number between 0 and 1, and θ is the polar angle [21–23]. Integrating

the equation for θ and for φ and inverting the solution the electron’s new angles are:

θ = sin−1(
√
r(θ)), (19)

φ = 2πr(φ), (20)

where r(θ) and r(φ) are random numbers between 0 and 1. The azimuthal angle has a

full 360 degree range, as is expected. However, the polar angle only has a range of 90

degrees in order to conserve the flux, as shown in Figure 6 and Figure 7 [21].Using these

values the electron’s new direction and magnitude is determined from:

~k =
√
k2
x + k2

y + k2
z , (21)

kx = ~k sin θ cosφ, (22)

ky = ~k cos θ, (23)

kz = ~k sin θ sinφ, (24)

where ~k is the wavevector, kx is the component of the wavevector in the x direction,

ky is the component of the wavevector in the y direction, kz is the component of the

wavevector in the z direction, and r is a random number between 0 and 1, as is shown in

Figure 7 [4,24]. The ky component of the wavevector is not dependent on the azimuthal

angle since it is the dominant part of the wavevector and the direction and magnitude of

the y component is straight down.

If the constant specularity parameter is 1, then the electron scattering from the Si-

SiO2 interface is always specular and the MOSFET device will behave as a MOSFET with

a perfectly smooth surface [5, 19, 20, 25]. On the other hand, if the constant specularity

parameter is 0 then the electrons always scatter diffusely off of the Si-SiO2 interface and

the MOSFET device will behave as if it has a perfectly rough surface [5, 19, 20, 25]. All

other constant specularity parameters between these two points, and the roughness of the

Si-SiO2 can be tweaked by simulating the MOSFET device with a constant specularity

parameter closer to 0 for a rougher surface or closer to 1 for a smoother surface [5, 19].
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Figure 7: Schematic of the electron coordinate system and wavevector magnitude and direction
for a surface-roughness scattering event, where kx, ky, and kz are the wavevector components
and θ and φ are the polar and azimuthal angles, respectively.

3.2 Momentum-Dependent Specularity Parameter

The height of the rough surface and the momentum of the electron affect the scat-

tering of the electron from the rough interface, so the momentum-dependent specular-

ity parameter is a more robust method for simulating the surface roughness than the

constant-specularity-parameter method [5,20]. The simulation still uses the basic model

described in section 3.1 with a perfectly flat surface, as shown in Figure 6. However,

instead of a constant specularity parameter, which is manually set and does not vary

throughout the Si-SiO2 surface to determine when the electrons scatter specularly or

diffusely, the momentum-dependent specularity parameter is calculated as a function of

the momentum of the electron prior to scattering from the Si-SiO2 interface [20]. The

momentum-dependent specularity parameter is derived based on diffraction theory and

in the case of no correlation length is:

p(ky) = e−(2∆ky)2 , (25)

where ky is the electron’s previous component of the wave vector in the y direction, from

equation (23), ∆ is the rms roughness height, and p(ky) is the momentum-dependent

specularity parameter [20,25,26]. The roughness of the surface is determined from the rms

roughness height, which is generally between 0-5 Å, [27] with 0 rms roughness height being

a perfectly smooth surface and 5 Å rms roughness height being a relatively rough surface,

and 2 Å being a measured value for rms roughness height for an unintentionally roughened
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surface for a MOSFET using HRTEM [1]. Additionally, the specularity parameter is a

function of the momentum in the y direction only, since it is the component of the

wavevector normal to the rough interface [26]. During the simulation a random number

is chosen uniformly between 0 and 1 and compared with the calculated momentum-

dependent specularity parameter. If the random number is less than or equal to the

momentum-dependent specularity parameter then the electron scatters specularly with

a probability of p(ky). The new direction is chosen as it is done in section 3.1 and the

flux is automatically conserved [21]. Otherwise, if the random number is greater than the

momentum-dependent specularity parameter then the electron scatters diffusely with a

probability of 1− p(ky) [20, 26].

Similarly to section 3.1 the flux must be conserved, however, since the probability

of scattering diffusely is no longer a constant the diffuse scattering distribution is more

complex than before. As done in section 3.1 the incoming flux must be equal to the

outgoing flux [20–22]:

1− p(ky) = C(1− e−(2∆ky)2) cos θdθ, (26)

where 1− p(ky) is outgoing distribution from scattering diffusely and the right hand side

is the incoming flux, C is a constant, and dθ is the angle from which the particles are

hitting the surface. Then integrating 1−p(ky) and again using the inversion method [23]:

rθ =

∫ θ
0
C(1− e−(2∆ky)2) cos θ sin θdθ∫ π

2

0
C(1− e−(2∆ky)2) cos θ sin θdθ

, (27)

where the numerator is the incoming flux, the denominator is the outgoing flux, and r(θ)

is a random number between 0 and 1. After integrating and rearranging the terms the

formula is then:

rθ

(
1− 1− e−(2∆~k)2

(2∆~k)2

)
=
e−(2∆~k)2 − e−(2∆ky)2

(2∆~k)2
+ sin2 θ, (28)

However, it is not possible to solve for the polar angle θ directly from equation (28), and

a numeric method must be used.

The method that was chosen to solve for the polar angle in the MOSFET simulations

is Newton’s method [28]. However, in order to use Newton’s method an initial guess must

be chosen for the polar angle which was calculated by expanding the right hand side of

equation (28) to the second order in the polar angle [28], which is:

(1− e−(2∆~k)2)θ2, (29)

After setting equation (29) equal to the left hand side of equation (28) and solving for
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the polar angle, the initial staring value is calculated to be:

θ ≈

√√√√rθ

(
1

1− e−(2∆~k)2
− 1

(2∆~k)2

)
, (30)

which is then plugged into equation (28) for the initial value for Newton’s method to

numerically solve for the polar angle [28]. Newton’s method for numerical analysis is:

θnew = θold −
f(θold)

f ′(θold)
, (31)

where θold is the current guess for the polar angle, f(θold) is the solution of equation (28)

using the current guess for the polar angle, f’(θold) is solution of the derivative of equation

(28) using the current guess for the polar angle, and θnew is the newly calculated polar

angle [28]. The polar angle is presumed to converge when:

f(θold) ≤ tolerance, (32)

where the tolerance is a preset number close to zero [28]. If equation (31) is not true

then the process is repeated until the polar angle converges, which is the reason that

even though a smaller tolerance leads to a more accurate solution it also leads to a longer

computation time [28]. Calculating the azimuthal angle using this method produces the

same distribution as before in equation (20), and the wavevector of the electron after

diffusely scattering from the Si-SiO2 interface is calculated the same way as was done in

section 3.1 from equations (21) - (24), with the new polar angle [4, 21,24].

3.3 Real-Space Roughness

The most accurate approach to simulate the scattering of particles off of a rough surface

is to add a real-space rough surface to the simulation. The real-space rough surface can

be generated with both a uniform electric field and a varying electric field. In both cases,

the simulation uses a real-space rough surface and charged electrons that have Coulomb

interactions with the electric field. In the case of the uniform electric field the electrons

do not see a varying field, and therefore act as if a flat surface exists. With the varying

electric field, the electrons scatter from the varying electric field created by the real-space

rough surface [1,3,5]. Real-space rough surface for an electron for a uniform electric field

as well as for a varying electric field can be seen in Figures 8 and 9. However, for the

uniform electric field the electron does not observe the rough surface and scatter from

the uniform field. For either case, the real-space rough surface is created from a chosen

autocorrelation formula.
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Figure 8: Schematic of a MOSFET with a real-space rough surface at the Si-SiO2 interface. A
magnification of the circled zone in the schematic of the rough surface is demonstrated in Figure
9. The red circle is the electron, the white arrows represent how much the electron would have
traveled into the oxide, and the black arrows represent the scattering mechanisms as described
in sections 3.1 and 3.2, with a closer look at the diffuse scattering mechanism.

Figure 9: Magnification of the circled region in Figure 8, displaying the movement of an
uncharged electron through a random rough region of the Si-SiO2 interface. The black arrows,
which show the electron’s path, scatter specularly off of the sides of the rough surface, and the
ending position is similar to the aforementioned diffuse scattering mechanism.

Though many different autocorrelation functions could be used, the two most com-

monly used functions are the Gaussian autocorrelation function:

CGaussian(~r) = ∆2e
−|~r|2

ξ2 , (33)

and the exponential autocorrelation function:

Cexponential(~r) = ∆2e
−|~r|
ξ , (34)

where C(~r) is the autocorrelation function, ~r is the position vector, ∆ is the rms rough-

ness height, and ξ is the correlation length [1–4,18,26,27]. Goodnick et al. measured the

roughness using HRTEM, tested the electron transport in several MOSFET devices, and

derived the exponential autocorrelation function from their findings. It was determined

that the exponential autocorrelation was a more accurate representation of surface rough-

ness in a MOSFET than the previously used Gaussian function [1]. For this reason this
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paper will focus on the exponential autocorrelation function. Goodnick et al. also mea-

sured an rms roughness height of 1.99±0.28 Å and an exponential correlation length of

36.7±23.4 Å on a normally prepared Si(100) sample without adding additional roughness

or removing any background order [1]. On the other hand, the authors measured an rms

roughness height of 2.82±1.20 Å and an exponential correlation length of 42.1±34.7 Å

on intentionally roughened Si(100) without removing any background order, with using

hydrochloric acid to roughen the Si-SiO2 interface further [1].

Generating a rough surface from the exponential autocorrelation function is done by

first defining the surface area that needs to have a rough surface, which is defined by

M ×N , for a rough surface of Y0,k, since the roughness height being calculated is in the

y direction [27, 29]. The surface area is x × z, the number of rows in the x direction

multiplied by the number of columns in the z direction. However, since the MOSFET

device is simulated as two-dimensional structures, M = z = 1, since there is only the

zero column in the z direction, and N = x = L
Lmesh

, where L is the channel length and

Lmesh is the mesh cell length, which is 0.5 nm for the real-space roughness for the 250-nm

device simulation and 2 Å for the 50-nm device simulation, due to the mesh spacing at

the interface being the minimum mesh size [27, 29]. The smaller the mesh size the more

accurate the rough surface will be compared to an actual rough surface in a MOSFET.

The exponential autocorrelation function will be defined as C0,j(~r) by setting C0,N−1−j(~r)

for all j = 0, 1, · · · , N
2
− 1, and the power spectral density is then found from taking the

Fourier transform of the autocorrelation function [27,29]:

F (C0,j(~r)) = S(q) =
π∆2ξ2(

1 +
q2ξ2

2

) 3
2

, (35)

where, F (C0,j(~r) is the Fourier transform of the autocorrelation function, S(q) is the

exponential power spectral density, and q is the scattered wavevector [1–4]. However,

since q is not directly known, a fast Fourier transform of the exponential autocorrelation

function is used to achieve the power spectral density.

Next, the set of random phases uniformly distributed between 0 and 2π are generated:

φ0,0 = φ0,N
2

= 0, (36)

φ0,N−j = −φ0,j j = 0, 1, · · · , N/2− 1,

where φ0,j is the random phase angles matrix, N is the length in the x direction, and

j is the current step in the x direction [27, 29]. In order to generate the varying Si-

SiO2 interface height variations and thus create the rough interface, the inverse Fourier
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transform of the modified power spectral density must be taken:

Y = F−1(
√
S(q)eiφ), (37)

where Y is a matrix of the minimum columns in the y direction at the Si-SiO2 interface,

S(q) is the power spectral density, i is the imaginary number, and φ is the random phases

matrix [27, 29]. The dimensions of the MOSFET device and the y minimum values are

then slightly altered in order to verify that the smallest value in the y direction is set

to zero instead of a negative number, in order to have positive array indices. The new

y minimum values are stored in a matrix and referenced when looping through all of

the valid y columns of the MOSFET device in order to prevent the electrons from being

initialized inside of a mesh box inside of the oxide.

During the free flight the electron drifts a small amount and its position is compared

to the boundaries of the MOSFET device in order to determine if the electron scattered

from one of the boundaries of the device [4]. If the electron starting position or ending

position of the drift was within range to scatter off of the Si-SiO2 interface, then the total

drift the electron would have taken is divided into smaller sections in order to better

determine if the electron reached the Si-SiO2 surface from any direction. Each electron

within range of the interface is checked to determine if it reached the Si-SiO2 through each

section of the drift in order to determine which boundary it scattered off of and which

direction it scattered, if it in fact scattered from the Si-SiO2 interface. With an actual

rough surface the electron always scatters specularly, as shown in Figure 6, and therefore

flux is always conserved [20]. However, it can scatter specularly off of the x boundary of

the Si-SiO2 interface or off of the y boundary. If it scatters from the x boundary of the

Si-SiO2 interface the electron scatters specularly off of the boundary in the x direction,

the new x position is the x boundary it scattered from, the y position is calculated from

the ratio of the full drift x and y components, and the x component of the wavevector is

flipped for the next drift of the electron:

kx = −kx, (38)

where kx is the x component of the wavevector [4]. If the electron scatters specularly

off of the boundary in the y direction, the new y position is the y boundary it scattered

from, the new x position is calculated from the ratio of the full drift x and y components,

and the y component of the wavevector is flipped for the next drift, as done in equation

(17) [4]. If the electron did not scatter off of the Si-SiO2 or was not in range of the Si-SiO2

interface, the side boundaries are checked to determine if the electron scattered off of the

sides. Additionally, if the electron did not scatter off the of the Si-SiO2 interface but hits

the top of the source and drain then the electron exited the MOSFET device and it is
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removed from the group of active electrons, and it refrains from future drifts [4].

If the electron did scatter off of the Si-SiO2 interface, the amount left for the electron

to drift must be determined. Since the amount of drift for the electron’s position is

velocity dependent, in order for the new drift to be determined the time the electron

took to drift to the boundary that it scattered from must be calculated:

dx = hm(iv)〈kx〉τ

1 + af2

2hhm(

(
kx −

qτfxtm(iv)

}

)2

+

(
ky −

qτfytm(iv ± 1)

}

)2

+ k2
z)

1 +

√
1 + af4(

(
kx −

qτfxtm(iv)

}

)2

+

(
ky −

qτfytm(iv ± 1)

}

)2

+ k2
z)


−1

,

(39)

where hm(iv), tm(iv), tm(iv ± 1), and hhm are relations of the effective masses specific to

each of the three valleys, 〈kx〉 is the average of the past and present magnitude of the

x component of the wavevector, af2 and af4 are multiples of the nonparabolicity factor,

kx, ky, and kz are the x, y, and z components of the wavevector, q is the charge of an

electron, } is Planck’s constant, fx and fy are the particles electric field in the x and

y direction, and τ is the time the electron took in its current drift [4]. Since equation

(39) cannot be directly solved for τ , it must be solved numerically as was done in section

3.2 [28]. However, unlike in section 3.2 the derivative of dx is not apparent, so Newton’s

method is not a valid method to solve for τ and instead the bisection method for numeric

analysis is used [28].

The bisection method for numeric analysis is done by first solving for:

f(τ) = hm(iv)〈kx〉τ

1 + af2

2hhm(

(
kx −

qτfxtm(iv)

}

)2

+

(
ky −

qτfytm(iv ± 1)

}

)2

+ k2
z)

1 +

√
1 + af4(

(
kx −

qτfxtm(iv)

}

)2

+

(
ky −

qτfytm(iv ± 1)

}

)2

+ k2
z)


−1

−dx,

(40)

where τ is both set to 0 and to the original τ . When τ is set to 0 this τ is referred to

as variable a, and when τ is set to the original τ it is referred to as b; these are the two

starting values for the bisection method [28]. Additionally, for the bisection method to be

a valid method for solving a problem numerically f(a) and f(b) must have opposite signs

from one another; for calculating τ , f(a) is negative and f(b) is positive [28]. Once the

initial values are calculated and the functions verified, the bisection method algorithm is

conducted:

c =
a− b

2
, (41)

where a is the minimum potential value for τ and b is the maximum potential value for τ ,

and c is the bisection of these two points [28]. Afterward f(c) is calculated by plugging

c into equation (40). In order to ensure that f(a) and f(b) have opposite signs for the

next iteration, if f(c) is negative c is the new value for the variable whose function was
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previously negative, in the case of calculating τ , a = c, and if f(c) is positive c is the new

value for the variable whose function was previously positive, in the case of calculating

τ , b = c [28]. The algorithm is then repeated until c converges:

f(c) ≤ tolerance, (42)

where the tolerance is a preset number close to zero [28]. Once the new τ is calculated

it is subtracted from the original τ , which is the amount of time the electron has left

to drift during its current free flight after having scattered from the Si-SiO2 interface.

The electron drifts again, and the process is repeated for the specified electron until the

electron runs out of time for its current drift.

In the case of the uniform electric field, the boundary condition for Poisson’s equation

is a flat Si-SiO2 interface at j = ymin throughout the length of the channel. With the

electric field kept uniform, the electrons scatter from the field as if from a flat surface.

In the case of the varying electric field, the boundary condition for Poisson’s equation

is a varying Si-SiO2 interface at j = nymin(i), along the channel. In addition to the

interface, the oxide thickness must also vary as a function of nymin(i), due to the real-

space roughness, for the electric field to vary properly. Poisson’s equation can then be

solved as described in section 2.2 for a varying Si-Si2 interface and oxide thickness, thus

allowing for the creation of a varying electric field. With the electric field allowed to vary,

the electrons scatter from the varying electric field and observing the rough surface.
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4 Simulation Results

4.1 Current and Voltage Calculations

Surface-roughness scattering and other scattering mechanisms degrade the performance

of MOSFET devices [30]. The degradation of the current caused by the surface-roughness

scattering can be seen in the current–voltage curves [30]. In the simulation, the current

was extrapolated by taking the net electrons entering/exiting the source and drain during

each time step, multiplying by the normalization factor to obtain the number of actual

electrons from the super-particles, multiplying by the charge of a single electron in or-

der to obtain the charge, dividing by the device width to obtain the charge per width,

plotting the charges–time steps, and then calculating the slope of the charge–time plot

to obtain the source and drain currents per width [4, 31]. However, since the net charge

entering/exiting the source and drain per time step is very noisy, a fit line must be used

in order to extract the charge throughout the device [31]. In order to fit the charge and

therefore calculate the slope, the linear least squares fit (LSF) of the charge-time plot

must be taken.

The linear LSF method was implemented by fitting the data points with a straight

line:

y = mx, (43)

where y is the net charges, x is the time steps and m is the slope of the line, which is the

value of the current [4,33]. In order to avoid unnecessary variations from the charge–time

plot, the line equation was used without a y-intercept. In order to extract the desired

line, the sum of the residuals squared must be taken:

S =
n∑
i=1

(y −mx)2, (44)

where n is the number of data points and S is a system of n simulations [32, 33]. The

slope is then calculated by differentiating S with respect to the slope:

∂S

∂m
= −2

n∑
i=1

x(y −mx) = 0, (45)

separating out the terms and solving for the slope the equation is [32,33]:

m =

∑n
i=1 xy∑n
i=1 x

2
, (46)

where m is the slope [32] of the charge–time plot, as well as the current through the

device from the preset voltages. The current at the drain is extracted in this method in
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order to obtain the drain current–drain voltage (ID-VD) and drain current–gate voltage

(ID-VG) graphs. For the ID-VD plot, the gate voltage is set to 1V and the drain voltage is

swept from 0-1V and for the ID-VG the drain voltage is set to 0.4 V and the gate voltage

is swept from -0.4-1.2 V.

4.2 Current–Voltage Curves

The MOSFET devices that were simulated for all the various methods are the devices

described in section 1.2 using the simulation method described in section 2 and con-

taining acoustic, intervalley, and Coulomb scattering mechanisms in addition to surface-

roughness scattering. In order to best compare the current–voltage curves, all methods of

surface-roughness scattering were implemented on both devices. For each set of current–

voltage curves for both devices the constant specularity parameter of p = 1 (perfectly

smooth surface) and p = 0 (perfectly rough surface) [5, 20] curves for the device are

displayed for reference, in order to determine where each specified curve is located in

comparison to the two extremes. Since the constant-specularity-parameter method is not

the most accurate method for simulating the surface roughness, it is possible to have

current–voltage curves below the perfectly rough curve.

4.2.1 250-nm MOSFET Devices

For the 250-nm MOSFET the current–voltage curves obtained from the constant-

specularity-parameter method as described in section 3.1 are shown in Figure 10(a) and

Figure 10(b). These curves were simulated with p = 0.5 (fairly rough surface), as well

as the two extreme values, to demonstrate the range of values that can be achieved us-

ing the constant-specularity-parameter method. As seen from the large range between

the two extremes, the drain current can be drastically decreased due to the amount of

scattering from the roughness that is introduced at the Si-SiO2 interface. Thus, the

constant-specularity-parameter method is a valid way to compute the surface-roughness

scattering of electrons, since it can display the effects for an actual MOSFET device by

modifying the specularity parameter until it matches the experimental data. However,

since the constant specularity parameter is a fitting parameter, and not able to reach

roughness below p = 0, it is not the most robust way to simulate the surface-roughness

scattering in a MOSFET.
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Figure 10: (a) ID-VD and (b) ID-VG curves for a 250-nm MOSFET using the constant-
specularity-parameter method. The red curves are the current-voltage curves for a perfectly
smooth MOSFET, the black curves are for a perfectly rough MOSFET, and the blue curves are
a fairly rough MOSFET.

A more robust method used to simulate surface-roughness scattering of electrons in

a MOSFET is the momentum-dependent specularity-parameter method, as described in

section 3.2, since it uses the actual MOSFET’s rms roughness height in order to calculate

the specularity parameter. The current–voltage curves for the momentum-dependent

specularity-parameter method using an rms roughness height of 2 Å [1] are shown in

Figures 11(a) and 11(b).
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Figure 11: (a) ID-VD and (b) ID-VG curves for a 250-nm MOSFET using the momentum-
dependent specularity-parameter method with an rms roughness height for an unintentionally
roughened MOSFET. The red and black curves display the two extremes, perfectly smooth
and rough, respectively, and the blue curves display a MOSFET with a momentum-dependent
specularity parameter with rms roughness height of 2 Å.

The current–voltage curves for the momentum-dependent specularity-parameter method

using an rms roughness height of 5 Å [1,27] are shown in Figures 12(a) and 12(b). Both

sets of the momentum-dependent specularity-parameter curves are within the two ex-

tremes, displaying that the momentum-dependent specularity-parameter methods valid-

ity for simulating the surface-roughness scattering of electrons in of a MOSFET. However,

it is not the best method for simulating the surface-roughness scattering because the ac-
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tual roughness in the MOSFET also depends on the correlation length of the MOSFET.
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Figure 12: (a) ID-VD and (b) ID-VG curves for a 250-nm MOSFET using the momentum-
dependent specularity-parameter method with an rms roughness height for an intentionally
roughened MOSFET. The red and black curves display the two extremes, perfectly smooth
and rough, respectively, and the blue curves display a MOSFET with a momentum-dependent
specularity parameter with rms roughness height of 5 Å.

Another method used to simulate surface-roughness scattering in a MOSFET is adding

a real-space rough surface with a uniform electric field, as described in section 3.3, since

it uses an actual MOSFET’s rms roughness height and correlation length in order to

generate a real-space rough surface. The current–voltage curves for a MOSFET with
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∆ = 2 Å, ξ = 35 Å are shown in Figures 13(a) and 13(b). Due to the uniform electric

field, the curves are similar to the perfectly smooth curves for the constant-specularity-

parameter method, since the electrons scatter from the uniform electric field and not

rough surface.
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Figure 13: (a) ID-VD and (b) ID-VG curves for a MOSFET using the real-space rough-surface
method with a uniform electric field, a 0.5 nm mesh, ∆ = 2 Å, and ξ = 35 Å for a 250-nm
MOSFET. The red and black curves display the two extremes, perfectly smooth and rough,
respectively, and the blue curves display a MOSFET with roughness generated from an rms
roughness height of 2 Å and correlation length of 35 Å.

The most accurate method used to simulate surface-roughness scattering of electrons
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in a MOSFET is adding a real-space rough surface with a varying electric field, as de-

scribed in section 3.3, since it uses an actual MOSFET’s rms roughness height and cor-

relation length in order to generate a real-space rough surface, which varies the electric

field. The current–voltage curves for an unintentionally roughened MOSFET (∆ = 2 Å,

ξ = 35 Å) [1] are shown in Figures 14(a) and 14(b).
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Figure 14: (a) ID-VD and (b) ID-VG curves for a 250-nm MOSFET using the real-space
rough-surface method with a varying electric field, a 0.5 nm mesh, and an rms roughness height
and correlation length for an unintentionally roughened MOSFET. The red and black curves
display the two extremes, perfectly smooth and rough, respectively, and the blue curves display
a MOSFET with roughness generated from an rms roughness height of 2 Å and correlation
length of 35 Å.
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The current–voltage curves for an intentionally roughened MOSFET (∆ = 3 Å, ξ = 40

Å) [1] are shown in Figures 15(a) and 15(b). Both sets of curves for the real-space

roughness with a varying field are within the two extremes, displaying that a real rough

surface is a valid method for simulating the surface-roughness scattering of electrons in

of a MOSFET.
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Figure 15: (a) ID-VD and (b) ID-VG curves for a 250-nm MOSFET using the real-space rough-
surface method with a varying electric field, a 0.5 nm mesh, and an rms roughness height and
correlation length for an intentionally roughened MOSFET. The red and black curves display the
two extremes, perfectly smooth and rough, respectively, and the blue curves display a MOSFET
with roughness generated from an rms roughness height of 3 Å and correlation length of 40 Å.
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4.2.2 50-nm MOSFET Devices

The decrease from the 250-nm device to the 50-nm device, while keeping the voltage the

same, allows the current through the device to increase; therefore the current vs voltage

curves for the 50-nm device are higher than that of the 250-nm device. Additionally, since

the 50-nm device is simulated with a non-uniform mesh as opposed to the uniform mesh

for the 250-nm device, the surface-roughness scattering of electrons for the 50 -nm device

is more accurate than for the 250-nm device since the mesh size near the channel of the

device can be made much smaller than for the 250-nm device. The smallest reasonable

mesh size achieved for the 250-nm device was 0.5 nm uniform mesh, due to the time

limitations required by solving Poisson’s equation. On the other hand, the 50-nm device,

due to the non-uniform mesh, was able to achieve a 0.2 nm mesh size at the channel of

the device with the time limitations. Due to the mesh size limitation for the real-space

rough-surface method the surface was only roughened at the ends of the channel and not

as much in the middle of the channel. However, due to the decrease in mesh size at the

channel the 50-nm device was able to have roughness throughout most of the channel

region, making it a more accurate surface-roughness simulation than the 250-nm uniform

mesh device simulation. In addition to the non-uniform mesh the 50-nm device has an

increased width size from the 250-nm device, which allows more electrons to flow through

the device.

For the 50-nm MOSFET the current–voltage curves obtained from the constant

specularity-parameter method as described in section 3.1 are shown in Figure 16(a) and

Figure 16(b). As was done with the 250-nm device, the constant-specularity-parameter

curves were simulated with p = 0.5 (fairly rough surface) as well as the two extreme values

to demonstrate the range of values that can be achieved using the constant-specularity-

parameter method. As before, due to the large range between the extremes the current

can be drastically decreased due to surface-roughness scattering, showing the validity

of the constant-specularity-parameter method. However, since the constant specularity

parameter is a fitting parameter used to vary the roughness until the correct roughness

is achieved, it is not the most robust method for simulating surface-roughness scattering

in a MOSFET device. Additionally, the constant-specularity-parameter method cannot

always simulate the roughness of an actual MOSFET, which can be more rough the per-

fectly roughened MOSFET simulation using the constant-specularity-parameter method.
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Figure 16: (a) ID-VD and (b) ID-VG curves for a 50-nm MOSFET using the constant-
specularity-parameter method. The red curves are the current–voltage curves for a perfectly
smooth MOSFET, the black curves are for a perfectly rough MOSFET, and the blue curves are
a fairly rough MOSFET.

A more robust method used to simulate surface-roughness scattering of electrons in

a MOSFET is the momentum-dependent specularity-parameter method, as described in

section 3.2, since it uses the actual MOSFET’s rms roughness height in order to calculate

the specularity parameter. The current–voltage curves for the momentum-dependent

specularity-parameter method using an rms roughness height of 2 Å [1] are shown in

Figures 17(a) and 17(b).
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Figure 17: (a) ID-VD and (b) ID-VG curves for a 50-nm MOSFET using the momentum-
dependent specularity-parameter method with an rms roughness height for an unintentionally
roughened MOSFET. The red and black curves display the two extremes, perfectly smooth
and rough, respectively, and the blue curves display a MOSFET with a momentum-dependent
specularity parameter with rms roughness height of 2 Å

The current–voltage curves for the momentum-dependent specularity-parameter method

using an rms roughness height of 5 Å [1,27] are shown in Figures 18(a) and 18(b). As for

the 250-nm device, both sets of the momentum-dependent specularity-parameter curves

are within the two extremes, displaying that the momentum-dependent specularity-

parameter method is a valid method for simulating the surface-roughness scattering of

electrons in of a MOSFET. However, it is still not the best method for simulating the
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surface-roughness scattering because the actual roughness in the MOSFET is dependent

on more than the rms roughness height.
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Figure 18: (a) ID-VD and (b) ID-VG curves for a 50-nm MOSFET using the momentum-
dependent specularity-parameter method with an rms roughness height for an intentionally
roughened MOSFET. The red and black curves display the two extremes, perfectly smooth
and rough, respectively, and the blue curves display a MOSFET with a momentum-dependent
specularity parameter with rms roughness height of 5 Å

Another method used to simulate surface-roughness scattering in a MOSFET is adding

a real-space rough surface with a uniform electric field, as described in section 3.3, since

it uses an actual MOSFET’s rms roughness height and correlation length in order to
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generate a real-space rough surface. The current–voltage curves for a MOSFET with

∆ = 2 Å, ξ = 35 Å are shown in Figures 19(a) and 19(b). As for the 250-nm device,

the curves for the real-space rough surface with a uniform electric field are similar to the

perfectly smooth curves using the constant-specularity-parameter method.
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Figure 19: (a) ID-VD and (b) ID-VG curves for a MOSFET using the real-space rough-surface
method with a uniform electric field, ∆ = 2 Å, and ξ = 35 Å for a 50-nm MOSFET. The red
and black curves display the two extremes, perfectly smooth and rough, respectively, and the
blue curves display a MOSFET with roughness generated from an rms roughness height of 2 Å
and correlation length of 35 Å.

The most accurate method used to simulate surface-roughness scattering of electrons
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in a MOSFET is adding a real-space rough surface with a varying electric field, as de-

scribed in section 3.3, since it uses an actual MOSFET’s rms roughness height and corre-

lation length in order to generate a real-space rough surface, and the electric field varies

due to the rough surface. The current–voltage curves for an unintentionally roughened

MOSFET (∆ = 2 Å, ξ = 35 Å) [1] are shown in Figures 20(a) and 20(b).
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Figure 20: (a) ID-VD and (b) ID-VG curves for a 50-nm MOSFET using the real-space rough-
surface method with a varying electric field, and an rms roughness height and correlation length
for an unintentionally roughened MOSFET. The red and black curves display the two extremes,
perfectly smooth and rough, respectively, and the blue curves display a MOSFET with roughness
generated from an rms roughness height of 2 Å and correlation length of 35 Å.
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The current–voltage curves for an intentionally roughened MOSFET (∆ = 3 Å, ξ = 40

Å) [1] are shown in Figures 21(a) and 21(b). Due to the increased roughness along

the channel of the 50-nm device, both sets of curves for the real-space rough surface

with a varying electric field method are below the perfectly rough curves, displaying the

limitations of the constant-specularity-parameter method.

V
D
 (V)

0 0.2 0.4 0.6 0.8 1

I D
 (

uA
/u

m
)

0

0.5

1

1.5

2

Drain Current vs. Gate Voltage when V
G

=1V

p=1

"=3 8A, 9=40 8A

p=0

(a)

V
G

 (V)
-0.4 -0.2 0 0.2 0.4 0.6 0.8 1 1.2

I D
 (

uA
/u

m
)

0

0.5

1

1.5

Drain Current vs. Gate Voltage when V
D
=0.4V

p=1

"=3 8A, 9=40 8A

p=0

(b)

Figure 21: (a) ID-VD and (b) ID-VG curves for a 50-nm MOSFET using the real-space rough-
surface method with a varying electric field, and an rms roughness height and correlation length
for an intentionally roughened MOSFET. The red and black curves display the two extremes,
perfectly smooth and rough, respectively, and the blue curves display a MOSFET with roughness
generated from an rms roughness height of 3 Å and correlation length of 40 Å.
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4.3 Mobility and Electric Field Calculations

Surface-roughness scattering and other scattering mechanisms greatly degrade the cur-

rent and the electron mobility in MOSFETs [34, 35]. The channel mobility is a measure

of how quickly an electron can move from the source to the drain of the device, and

scattering slows the electrons down and causes them to take longer to travel from the

source to the drain. The degradation of the low-field mobility due to surface-roughness

scattering and as other scattering mechanisms can be seen from the mobility–effective

electric field curves [34, 35]. A schematic representation of all of the scattering mecha-

nisms and their contribution to the mobility degradation can be seen in Figure 22 [34].

As shown, surface-roughness scattering can greatly degrade the mobility of the device.

In the simulation, the channel mobility and effective electric field were extracted using

two different methods and compared [38,40].
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Figure 22: Schematic representation of the effect of Coulomb (ionized impurity) scattering,
acoustic and intervalley phonon scattering, and surface-roughness scattering, as well as temper-
ature, on the electron mobility [34].

The first method used the current equation in the linear region of the ID-VD curve of

the MOSFET device in order to calculate the mobility:

ID = µCox
W

L
(VG − Vth)VD, (47)

Cox =
εox
tox

,

where µ is the mobility, Cox is the oxide capacitance where εox is the permittivity of the

oxide, tox is the thickness of the oxide, W is the width of the device, L is the length of the

device, and Vth is the threshold voltage [2,36,37]. However, since the threshold voltage is
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not a known quantity it must be extracted from the ID-VG curve of the device, which was

done using the extrapolation in the linear region method: Vth is found as the gate voltage

at the axis intercept (ID=0) in the ID-VG curve at its maximum slope [37–39]. Once

the threshold voltage is found, the mobility is calculated by solving equation (47) for the

mobility [2]. In order to calculate the channel mobility, the mobility must be calculated

at drain voltages that are within the linear region of the ID-VD curve [39]. Additionally,

the effective transverse electric field for an n-type MOSFET can be found from:

Eeff,y =
VG + Vth

6tox
, (48)

where Eeff,y is the effective transverse electric field [37, 41]. Then, in order to create

the channel mobility–effective transverse electric field curve, the mobility and effective

transverse electric field are calculated at various gate voltages that are larger than the

threshold voltage, while keeping the drain voltage a constant value [39].

The second method used to calculate the mobility and the effective transverse electric

field was to extract the mobility and the effective electric fields at the device level by:

µ(x) =
〈vdrift(x)〉
Eeff,x(x)

, (49)

where 〈vdrift(x)〉 is the average drift velocity in the x direction, calculated by sampling

the motion of the electrons in the device in the Monte Carlo simulation described in

section 2.1 and Eeff,x(x) is the effective lateral electric field in the x direction [4, 39, 40].

Both of the effective electric fields of the MOSFET device were calculated by averaging

the values along the depth of the device:

Eeff (x) =

∫ ymax
0

E(x, y)n(x, y)dy∫ ymax
0

n(x, y)dy
, (50)

where n(x, y) is the electron concentration in the device [40]. The average drift velocity

in the x direction is also calculated using the same formula in equation (50), replacing the

electric field with the drift velocity [40]. Once all of the values are obtained the mobility

can then be calculated from equation (49). The channel mobility–effective transverse

electric field curve is then obtained by plotting these values inside the channel region

of the device. However, these mobility values are very sensitive and should be averaged

over a small depth in the device and must be plotted near the middle of the channel

region, away from the source and drain, in order to avoid extraneous values due to the

electric-field variation near the source and drain contacts.
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4.4 Mobility–Electric Field Curves

As mentioned in section 4.2, the MOSFETs that were simulated for all the various

methods of modeling the surface-roughness scattering of electrons were the MOSFETs

described in section 1.2 with Coulomb, acoustic, and intervalley scattering mechanisms

already present. Additionally, for both MOSFET devices, the mobility and electric fields

were calculated only using the first method described in section 4.3 where the mobility and

electric field are both calculated from the ID-VD curves. The calculations of the mobility

and electric field from the device level was conducted and plotted, however, due to the

sensitivity of the mobility calculation using this method and its dependence on having a

large number of electrons initialized in the device, the values did not approach reasonable

mobility values for a MOSFET, and therefore the curves are not displayed. However,

the mobility–electric field curves would have looked similar to those calculated from the

current method, if the MOSFET devices had been initialized with enough electrons. Also

as was done in section 4.2, for all of the mobility curves for both devices the constant

specularity parameters of p = 1 (perfectly smooth) and p = 0 (perfectly rough) are

displayed for reference, to compare each curve to the two extremes for the constant-

specularity-parameter method [5, 20]. Also, as was mentioned for the current–voltage

curves it is possible for the mobility–electric field curves to display a curves that are

lower than the rough curve simulated by the constant-specularity-parameter method, due

to the limitations in the roughness simulation with the constant-specularity-parameter

method.

4.4.1 250-nm MOSFET Devices

For the 250-nm device, the mobility–electric field curves obtained from the constant-

specularity-parameter method (as described in section 3.1) are shown in Figure 23. These

curves were simulated with p = 0.5 (fairly rough surface), as well as the two extreme

values, in order to demonstrate the range of values that are obtainable using the constant-

specularity-parameter method. As can be seen from the curves, the channel mobility of

the electrons greatly decreases due to the surface-roughness scattering.
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Figure 23: Mobility–electric field curves for a 250-nm MOSFET using the constant-specularity-
parameter method. The red and black curves display the two extremes, perfectly smooth and,
rough respectively, and the blue curve is a fairly rough MOSFET.

The channel mobility–electric field curve for the momentum-dependent specularity-

parameter method with an rms roughness height of 2 Å [1] is shown in Figure 24.
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Figure 24: Mobility–electric field curve for a 250-nm MOSFET using the momentum-dependent
specularity-parameter method with an rms roughness height for an unintentionally roughened
MOSFET. The red and black curves display the two extremes, perfectly smooth and rough,
respectively, and the blue curve displays a MOSFET with rms roughness height of 2 Å.

The channel mobility–electric field curve for the momentum-dependent specularity-parameter

method using an rms roughness height of 5 Å [1, 27] is shown in Figure 25. Both of the

momentum-dependent specularity-parameter curves are within the two extremes.
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Figure 25: Mobility–electric field curve for a 250-nm MOSFET using the momentum-dependent
specularity-parameter method with an rms roughness height for an intentionally roughened
MOSFET. The red and black curves display the two extremes, perfectly smooth and rough,
respectively, and the blue curve displays a MOSFET with rms roughness height of 5 Å.

The channel mobility–electric field curve for a real-space rough surface with a uniform

electric field, as described in section 3.3 for a MOSFET with ∆ = 2 Å, ξ = 35 Å is shown

in Figure 26. The curve is similar to the perfectly smooth constant-specularity-parameter

curve, since the electrons scatter from the uniform electric field, instead of the rough

surface.
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Figure 26: Mobility–electric field curve for a 250-nm MOSFET using a real-space rough-surface
method with a uniform electric field, 0.5 nm mesh, ∆ = 2 Å, and ξ = 35 Å. The red and black
curves display the two extremes, perfectly smooth and rough, respectively, and the blue curve
displays a MOSFET with an rms roughness height of 2 Å and correlation length of 35 Å.

The channel mobility–electric field curve for the real-space roughness with a varying

electric field, as described in section 3.3 for an unintentionally roughened MOSFET (∆ =
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2 Å, ξ = 35 Å) [1] is shown in Figure 27.
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Figure 27: Mobility–electric field curves for a 250-nm MOSFET using a real-space rough-surface
mehtod with a varying electric field, 0.5 nm mesh, and an rms roughness height and correlation
length for an unintentionally roughened MOSFET. The red and black curves display the two
extremes, perfectly smooth and rough, respectively, and the blue curves display a MOSFET
with an rms roughness height of 2 Å and correlation length of 35 Å.

The channel mobility–electric field curve for the real-space roughness with a varying

electric field for an intentionally roughened MOSFET (∆ = 3Å, ξ = 40Å) [1] is shown in

Figure 28. Both of the real-space roughness with a varying electric field curves are within

the two extremes, displaying the method’s validity.
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Figure 28: Mobility–electric field curves for a 250-nm MOSFET using a real-space rough-surface
method with a varying electric field, 0.5 nm mesh, and an rms roughness height and correlation
length for an intentionally roughened MOSFET. The red and black curves display the two
extremes, perfectly smooth and rough, respectively, and the blue curves display a MOSFET
with an rms roughness height of 3 Å and correlation length of 40 Å.
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As was seen for the current–voltage curves, when comparing the real-space roughness

curves with a varying electric field, the surface-roughness effect greatly increases even

with a small change in the rms roughness height and correlation length, demonstrating

that even a small amount of roughness can degrade the mobility of the device.

4.4.2 50-nm MOSFET Devices

The decrease from the 250-nm device to the 50-nm device decreases the mobility of

the electrons in the device, due to the large decrease in channel length, which starts

causing short channel effects. Additionally, the device width was increased in order to

increase the number of electrons to have enough for calculating the mobility at the device

level, however, the number of electrons was still not sufficient. For the 50-nm device the

mobility–electric field curves obtained from the constant-specularity-parameter method

as described in section 3.1 are shown in Figure 29. These curves were simulated with

p = 0.5, as well as the two extreme values. As can be seen from the curves, the channel

mobility of the electrons can greatly decrease due to the surface-roughness scattering.
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Figure 29: Mobility–electric field curves for a 50-nm MOSFET using the constant-specularity-
parameter method. The red and black curves display the two extremes, perfectly smooth and
rough, respectively, and the blue curve is a fairly rough MOSFET.

The channel mobility–electric field curve for the momentum-dependent specularity-

parameter method with an rms roughness height of 2 Å [1] is shown in Figure 30.
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Figure 30: Mobility–electric field curves for a 50-nm MOSFET using the momentum-dependent
specularity-parameter method with an rms roughness height for an unintentionally roughened
MOSFET. The red and black curves display the two extremes, perfectly smooth and rough,
respectively, and the blue curve displays a MOSFET with rms roughness height of 2 Å.

The channel mobility–electric field curve for the momentum-dependent specularity-parameter

method using an rms roughness height of 5 Å [1, 27] is shown in Figure 31. Both of the

momentum-dependent-specularity-parameter curves are within the two extremes, dis-

playing the method’s validity.
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Figure 31: Mobility–electric field curves for a 50-nm MOSFET using the momentum-dependent
specularity-parameter method with an rms roughness height for an intentionally roughened
MOSFET. The red and black curves display the two extremes, perfectly smooth and rough,
respectively, and the blue curve displays a MOSFET with rms roughness height of 5 Å.

The channel mobility–electric field curve for real-space roughness with a uniform elec-

tric field, as described in section 3.3 for a MOSFET with ∆ = 2 Å, ξ = 35 Å is shown in
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Figure 32. As for the 250-nm device case, the real-space roughness with a uniform electric

field curve is similar to the perfectly smooth constant-specularity-parameter curve.
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Figure 32: Mobility–electric field curve for a 50-nm MOSFET using a real-space rough-surface
method with a uniform electric field, ∆ = 2 Å, and ξ = 35 Å. The red and black curves
display the two extremes, perfectly smooth and rough, respectively, and the blue curve displays
a MOSFET with an rms roughness height of 2 Å and correlation length of 35 Å.

The channel mobility–electric field curve for the real-space roughness with a varying

electric field, as described in section 3.3 for an unintentionally roughened MOSFET (∆ =

2 Å, ξ = 35 Å) [1] is shown in Figure 33.
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Figure 33: Mobility–electric field curves for a 50-nm MOSFET using a real-space rough-surface
method with a varying electric field, and an rms roughness height and correlation length for
an unintentionally roughened MOSFET. The red and black curves display the two extremes,
perfectly smooth and rough, respectively, and the blue curves display a MOSFET with an rms
roughness height of 2 Å and correlation length of 35 Å.
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The channel mobility–electric field curve for the real-space roughness with a varying

electric field for an intentionally roughened MOSFET (∆ = 3 Å, ξ = 40 Å) [1] is shown

in Figure 34. As with the current–voltage curves, both sets of the mobility–electric

field curves for the 50-nm device are close to or below the perfectly rough curve from

the constant-specularity-parameter method. The real-space roughness with a varying

electric field curves display larger roughness for the 50-nm device because the 50-nm

device allows for a larger amount of roughness along the channel of the device, due to the

decrease in the mesh size from 0.5 nm to 0.2 nm from the 250-nm device to the 50-nm

device. Instead of having large roughness at just the ends of the channel, the 50-nm

device has finer roughness more throughout the channel of the device. The additional

roughness in the channel causes more scattering of the electrons, and therefore a more

realistic roughness in the device.
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Figure 34: Mobility–electric field curves for a 50-nm MOSFET using a real-space rough-surface
method with a varying electric field, and an rms roughness height and correlation length for an
intentionally roughened MOSFET. The red and black curves display the two extremes, perfectly
smooth and rough, respectively, and the blue curves display a MOSFET with an rms roughness
height of 3 Å and correlation length of 40 Å.
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5 Conclusion and Future Work

In this project, a 250-nm bulk MOSFET with a uniform mesh and a 50-nm bulk

MOSFET with a non-uniform mesh were simulated with different methods for calculat-

ing surface-roughness scattering of electrons. The methods that were simulated are the

constant-specularity-parameter method, momentum-dependent specularity-parameter method,

real-space roughness with a uniform electric field, and real-space roughness with a vary-

ing electric field. All of the simulations use device parameters for a Si MOSFET and

use ensemble Monte Carlo to solve the Boltzmann transport equation. The simulation

also includes the successive over-relaxation method, used to solve the two-dimensional

Poisson’s equation. The specularity-parameter methods used assume an electron scatters

from the surface of the device instead of the electric field. For the real-space rough-surface

method, the electron has Coulomb interaction with a spatially varying electric field. All

of the methods were simulated on both MOSFET devices, and the current–voltage and

mobility–electric field curves were plotted.

The constant-specularity-parameter curves were simulated for three parameters: per-

fectly smooth (p=1), fairly rough (p=0.5), and perfectly rough (p=0). The momentum-

dependent specularity parameter was used with two different rms roughness heights and

was shown to approximate a fairly large range of roughness, similar to the constant-

specularity-parameter method. The real-space rough surface with a uniform electric

field was simulated with both unintentionally roughened and intentionally roughened rms

roughness heights and correlation lengths. Both sets of curves displayed features similar

to those of a perfectly smooth interface, since the electrons do not observe the roughness

because the field is kept uniform. Lastly, the real-space roughness with a varying electric

field was also simulated with both unintentionally roughened and intentionally roughened

rms and correlation lengths. The 250-nm MOSFET was simulated with a uniform mesh

of 0.5 nm for the real-space rough surface and therefore was not able to have a fine rough

surface. Instead, the rough surface was fairly flat in the middle of the channel, causing

the electrons to not scatter from surface-roughness in large areas of the long channel of

the device. The 50-nm MOSFET was simulated with a non-uniform mesh, with a mesh

size of 0.2 nm at the interface of the device, and therefore was able to have a much

finer rough surface throughout a larger area in the channel than the 250-nm device. The

50-nm devices displayed a larger amount of degradation due to the roughness scattering

than the 250-nm device. For instance, using the real-space roughness method both the

current–voltage and mobility–electric field curves were more degraded than the perfectly

rough (p=0) constant-specularity-parameter method. The 250-nm device would display

degradation greater than obtained for the perfectly rough (p=0) constant-specularity-

parameter method, as well. However, due to the larger mesh size from using a uniform

mesh, the data displayed for the 250-nm device for the real-space roughness method are
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not as accurate as for the 50-nm device.

Future work includes simulations with larger electron ensembles, which would enable

more accurate calculations of the position-dependent channel mobility. Additionally, this

project could be expanded to display the surface-roughness scattering non-planar devices,

such as the three-dimensional FinFET. Lastly, the simulations could be compared to

experimentally derived data for the operation of MOSFET devices with the same device

parameters, rms roughness heights, and correlation lengths to determine the real-world

validity of the models used in this project.
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